
APPLICATIONS OF PHOTOGENERATED “DARK ISOMER” 

BORIRANES: DEAROMATIZATION AND THERMAL ENERGY 

STORAGE 

 

 

by 

 

Billy Deng 

 

 

 

 

 

A thesis submitted to the Department of Chemistry 

in conformity with the requirements for 

the degree of Master of Science 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(August, 2020) 

 

Copyright © Billy Deng, 2020 



i 

 

Abstract  

The works described herein investigate the bimolecular ground state reactivity of boron-containing 

photochromic systems. Despite a remarkable development in the synthesis and characterization of N,C- and 

C,C-chelate organoboron species over the last decade, only their photoreactivity and photophysical 

properties have been well documented. Their ground state reactivity is largely unknown, and apart from 

luminescence, no applications exploiting their photochromic properties have been reported. To complement 

their photoreactive profiles, N,C- and C,C-chelate organoboron species will be reacted with conventional 

organic reagents to target specifically the boron center and boron-chelated ligands to elucidate structural 

changes in thermal conditions. 

 

The first study describes the one-pot, light-assisted dearomative functionalization of N,C and C,C-chelate 

four-coordinate boron compounds via  [4+2] cycloaddition (Diels-Alder reaction) at a boron-anchored 

mesityl ring. The synthesis progressed rapidly under ambient conditions and all of the four products reported 

in this work contain a borirane ring that is stable towards oxygen, unlike its starting precursors which 

undergo oxidative deborylation. The simplicity of this post synthetic modification strategy prompts further 

investigation into boron-assisted dearomatization of simple aromatic rings. 

 

The second study uses a N,C-chelate four coordinate boron photoswitch for solar energy storage. The 

compound of interest photoisomerizes from a four-coordinate organoboron to a borirane-containing species 

with 365 nm light and was found to liberate 14 kcal/mol of energy upon its thermally triggered reversion 

back to the original organoboron in the solid state. We find that the reverse reaction from borirane to N,C-

chelate boron compound can be catalyzed by three salts containing the −B(C6F5) counter ion. Radical species 

were discovered as key intermediates in the reversal process and were detected via NMR and EPR 

spectroscopy. The facile reversal of the photoswitch and detection of heat generated in the reversal process 

make this class of compounds suitable candidates for solar energy storage applications. 
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Chapter 1. Introduction 

The fifth element on the periodic table, boron, has three valence electrons to allow formation of 

three covalent bonds, resulting in a sp2 trivalent boron species with a vacant pz orbital perpendicular 

to the bonding plane and thus adopting a trigonal planar geometry. Trivalent organoboron is 

isoelectronic with tertiary carbocation and electron-deficient partly due to its empty pz orbital and 

the low electronegativity of boron, the former making trivalent organoboron a natural π-acceptor. 

Occupying the pz orbital by coordination with an electron pair donor (i.e. Lewis base) produces a 

formally anionic, tetravalent (four-coordinate) species which is isoelectronic with a sp3 hybridized 

carbon. This duality in bonding modes of boron allows for the synthesis of structurally complex, 

and often geometrically strained moieties that would not otherwise be possible for corresponding 

carbon analogues. Boron-containing molecules often possess photophysical features such as 

fluorescence and phosphorescence, and some systems exhibit additional photoreactivity such as 

photoisomerization and photoelimination. Organoboron also often demonstrate exotic thermal 

reactivity such as boron insertion into rings and activation of aromatic systems. Consequently, 

boron compounds play a significant role in synthetic and material chemistry as boron-based 

catalysts (e.g. hydroboration and Suzuki-type C-C coupling), luminescent and electron transport 

materials, and building blocks for organic syntheses.    

 

For over a decade, the focus in the Wang group has been on the synthesis and characterization of 

photo-responsive, four-coordinate N,C and C,C-chelate organoboron compounds with the general 

structure: B(LX,C)Ar2;
3–7 where L is a diaryl chelate ligand with one ring containing either X =  

nitrogen (e.g. as in pyridine)3 or carbon (e.g. as in N-heterocyclic carbene; NHC)4 coordinating to 

the boron pz orbital, and Ar is an aryl group. These compounds were found to luminesce and/or 
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undergo multi-structural photoisomerization in ultraviolet (UV) light. To complement these 

findings, this work will explore the ground state reactivity of select photoisomers of B(LX,C)Ar2 

type compounds. Specifically, we aim to provide insight into the bimolecular reactivity of these 

photoisomers under thermal conditions through two approaches: 1) by exploiting a boron-activated 

aryl ring in the forward photoisomer via functionalization with organic electrophiles, and 2) by 

screening a series of homogenous catalysts to reverse the photoisomerization of a N,C-chelate 

organoboron species to harness the energy difference between the photoisomers, both with the goal 

to establish potential applications for these types of organoboron compounds as imparted by their 

photoreactivity.  

 

This Chapter will first briefly describe the principles of photochemistry and photophysics, 

followed by an introduction into the photochromic systems including those produced in the Wang 

lab, then the di-π-methane photoisomerization characteristic of the latter photochromic systems to 

form their corresponding borirane structures. This Chapter will also provide an introduction to 

NMR and EPR spectroscopy, as Chapter 3 will utilize these two techniques to monitor the 

evolution of a boron radical species formed during the thermal reaction of a B(LX,C)Ar2-type 

compound with a catalyst. Accordingly, boron radicals reported in literature will be reviewed. 

1.1 Photochemistry and Photophysics 

 

Photochemical and photophysical processes are involved in every aspect of life on Earth; from 

photosynthesis and bioluminescence to solar panels and light emitting diodes (LEDs). Carl W. 

Scheel made the initial observation that violet light best darkened silver chloride in 1777,8 

following which, intensified efforts to investigate light-related processes led to breakthroughs such 
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as the formulation of the Stark-Einstein Law of Equivalence in the early 1900s,  and  development 

of the molecular orbital theory in the and its relation to absorption and emission spectra in organic 

molecules during the 1930s. Slowly but surely, a modern branch of science – photochemistry – has 

emerged from the principles of photophysics and study of photoreactivity of compounds, which is 

now integrative with traditional methods of synthetic chemistry as well as other scientific and 

engineering disciplines. 

 

Photochemistry concerns the reactivity of excited state molecules, which are electronically excited 

species produced from molecules in their ground state by the absorption of a photon of suitable 

energy. Molecules in the excited state have a different electronic structure compared to their ground 

state and impart reactivity not available to thermal reactions. A closely related (and often 

overlapped) area – photophysics – refers to the photoexcitation of molecules to their excited state 

and deactivation processes thereof, the latter process of which can be either radiative 

(luminescence) or nonradiative. The photoreactivity of a molecule constitutes part of the 

nonradiative deactivation process, which, together with a ground state’s electronic and molecular 

characteristics and their influence on the molecule’s absorption spectrum, tightly intertwines 

photophysics and photochemistry.  

1.2 Photophysical Processes 

Photophysics typically focuses on absorption and emission processes of photons ranging from 200-

900 nm in wavelength, which constitutes mid-UV to near-infrared regions in the electromagnetic 

spectrum.  The molecule A in its ground state is separated by a quantized energy difference E1, 

E2…En from its excited states S1, S2, … Sn, and absorption of a photon equal to or exceeding the 
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energy difference (equation 1) promotes the molecule to the excited species A*, as shown in 

equation (2).  

E = hv (1) 

A + hv → A* (2) 

Where E is the energy of the photon, h is Planck’s constant (6.63 × 10−34 J s) and v is frequency of 

the radiation.8 As shown in Figure 1, promotion to a vibrational energy state within excited state 

S1 or S2 (purple arrows) is possible depending on the wavelength of the photon, followed by 

nonradiative relaxation to the lowest vibrational energy state (v = 0) within the same electronic 

energy state and dissipation of the excess energy as heat; this process is termed vibrational  

Figure 1: Jablonski diagram showing the electronic singlet states S0 – S2, triplet state T1, and 

various excitation and relaxation processes. 

relaxation (VR) and can be interpreted as the loss of kinetic energy from molecular vibrations and 

collisions. Vibrational energy states between electronic energy states can overlap thereby allowing 
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an internal conversion (IC), which is the nonradiative transition between energy states while 

conserving spin multiplicity (e.g. singlet → singlet for an excited closed-shell molecule). 

Alternatively, the excited state can deactivate to the ground state by emission of a photon as 

fluorescence; the transition is likewise spin-conserved and therefore rapid. As per Kasha’s rule, 

fluorescence occurs only at the lowest vibrational level in S1, because above this energy level, rates 

for both VR and IC are extremely fast (~1012 s-1) compared to that of fluorescence (< 109 s-1). 

Consequently, the two processes are usually the dominant modes of relaxation until fluorescence 

is kinetically competitive at the lowest vibrational state in S1, where the energy difference with the 

ground state is much larger than in-between excited states. Another possibility is an intersystem 

crossing (ISC) between isoenergetic vibrational levels from the singlet to the triplet (Sn → Tn) 

state, it is a nonradiative, spin-forbidden transition that is relatively slow (10-6 — 100 s-1) compared 

to other deactivating processes. Following ISC to the T1 state, the excited triplet can vibrationally 

relax to the ground state and likewise release heat as in the singlet state, or it can radiatively relax 

by phosphorescence. As the latter is rate limited by ISC, the timescale difference between 

phosphorescence and fluorescence is that of microseconds (µs) versus nanoseconds (ns). In some 

molecules with a small energy differential (ΔEST) between S1/T1 vibrational states – optimally 

below 200 meV – the T1 state can be thermally induced to repopulate the S1 state by reverse 

intersystem crossing (RISC), a likewise spin-forbidden process. Assuming the excited state can 

fluoresce, S1 repopulation is characterized by an initial “prompt” ns-scale fluorescence from a 

populated S1, followed by a delayed, µs-scale fluorescence, the latter of which is brought on by 

RISC from the T1 population. A small ΔEST allows for the acceleration of triplet-to-singlet 

transition with little input of thermal energy, therefore mitigating the acceleration of competing 

nonradiative processes.9 Molecules capable of RISC and fluorescence are potential thermally-
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activated delayed fluorescence (TADF) emitters, which can theoretically utilize all four spin 

orientations (singlet and triplet) of the excited species to emit fluorescence at a higher efficiency 

compared to conventional fluorescent emitters.  It is noteworthy that all the above relaxation 

processes conclude in the regeneration of original ground state species. However, reaction in the 

excited state, such as photoisomerization and photoelimination, also constitutes part of the 

nonradiative deactivation process, which is kinetically competitive with all the above processes, 

and can produce novel structures (Chapter 1.3). 

Absorption of a photon (i.e. vertical excitation) induces a change in electron distribution in the 

excited molecule, the process of which is approximated to be instantaneous with respect to change 

in molecular geometry. This approximation is a corollary to what is known as the Franck-Condon 

principle, which states that the transition in energy level can only be vertical such that the 

vibrational level (kinetic energy) in the excited state is instantly compatible with that in the ground 

state, as shown by the absorption arrows marked “A” in Figure 1. By extension, a vibrational 

energy level in the excited state is favoured when it corresponds to a minimal change in the nuclear 

coordinates with respect to the ground state. If instead photon absorption was to induce a diagonal 

transition in Figure 1, there would be a shift along the X-axis which would entail a change in 

nuclear coordinates. A taller vertical arrow (e.g. to v=0 → v’=2) would instead imply an increase 

in kinetic energy, both of which processes are disfavoured. Spectroscopically, barring solvent, 

temperature effects and overlapping vibrational relaxations, the Frank-Condon principle produces 

an absorption band with its peak centering on the favoured vibrational level, denoting the most 

possible nuclei arrangement upon excitation.  
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The excitation and relaxation processes described above can manifest differently even in the same 

excited states, for alteration of temperature, solvent, excitation wavelength or ground state 

structure can bring about completely different photophysical and photochemical properties to the 

excited state. Understanding the interactions between these processes and how they relate to 

molecular structure becomes critical when deciphering the photoreactivity of a system. 

 

1.3 Photochemical Processes 

Aside from luminescence and VR to produce thermal energy, photoreaction is the third 

deactivation process for an excited state species. Photoreactions can form products that are 

inaccessible by thermal conditions because ground state reactions will favour the pathway with the 

lowest activation energy. Consequently, products in divergent pathways or requiring a higher 

temperature (than that of a thermodynamically favoured product) might never form. In contrast, 

excited states of different energies have their unique electronic structures which impart selectivity 

towards certain products. Relaxation of higher energy excited states can also lead to exploration of 

pathways that are energetically impossible in thermal conditions. For example, an excitation 

wavelength of 400 nm, corresponding to an energy gap of ~3.1 electronvolts (eV), is equivalent to 

a temperature requirement of 3.5 x 104 K when related through the Boltzmann constant, which 

would lead to destruction of the compound well before catalyzing the target reaction. 

 

The photoreactivity of a molecule can be divided into three types (Figure 2): adiabatic reaction (a), 

nonadiabatic reaction (b), and reaction via a ground state intermediate generated from a low-lying 

excited state (c). The potential energy surfaces (PES), drawn in Figure 2 as curves, describe the 

change in energy and nuclear coordinates for the S1 excited state and S0 ground state, with troughs 
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of the PES representing energy minima and peaks representing energy maxima, the latter of which 

can also be interpreted energetically as activation barriers, and a transition state in terms of nuclear 

coordinates. The structural changes occur exclusively in the excited state in Figure 2a, and VR (or 

fluorescence) takes place at a local minimum from a product excited state back to the ground state 

(P). The potential energy provided by the excitation photon in an adiabatic transformation is used 

solely for the molecular transformation and not lost as heat. For example, minor structural changes 

such as proton transfers and rotation about a single bond8 can outcompete other deactivation 

 

Figure 2. Potential energy surfaces of (a) adiabatic reaction, (b) nonadiabatic reaction, and (c) a 

“hot” ground state reaction from a low-lying excited state. R: reactant, P: product, I: intermediate, 

F: fluorescence. 

 

processes and occur entirely along the S1 PES. However, more complex transformations might 

only proceed adiabatically if the excited state has a sufficiently long lifetime, and those reactions 

would instead occur along the T1 PES after ISC, which in that case phosphorescence would be the 

radiative process. 2b represents a nonadiabatic reaction wherein the ground state and excited state 
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PES cross at a point – a region known as a conical intersection (CI). The molecular geometry and 

the electronic configuration of the species at the CI are degenerate, and both product and the 

reactant can form from the conical species. cis/trans photoisomerizations are predicted to be 

nonadiabatic with a conical species having a 90◦ twisted geometry that can relax to either 

isomers.8,10 The reaction in 2c proceeds in the ground state after VR from a low energy excited 

state to form a high energy intermediate (I), which then proceeds to form the kinetic product (P). 

Reactions involving biradical intermediates, such as the photodimerization of 1,3-butadiene, 

typically proceed by this pathway.8  

 

Organic and organometallic compounds can undergo several types of photoreactions, many of 

which following the promotion of π- or nonbonding (n-) electrons to occupy antibonding π* 

orbitals in the excited state.3,8 Occupation of antibonding orbitals increases reactivity of a system 

by distorting molecular geometry11,12 thereby weakening bonds, and by enhancing both 

nucleophilicity and electrophilicity due to the generation of a half-filled highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) in the excited state 

(Figure 3).8  

Figure 3. Ground state and excited state photoreactivity of aromatic compounds. 
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The last scenario is often demonstrated in excited aromatic compounds, wherein an electron in one 

of the degenerate orbitals is promoted to the LUMO, removing the degeneracy and allowing typical 

electrophilic photosubstitution but also nucleophiles such as -OH and -CN.8,13–15   

Photorearrangements of arenes can also produce strained bicyclic structures too energetic to form 

under thermal conditions. Likewise, excited alkenes, azo (N=N) and C=N (imines, aldimines, etc.) 

moieties can undergo a variety of novel reactions such as cis-trans (E/Z) isomerization,16 

sigmatropic rearrangements,17 electrocyclization, di-π-methane rearrangement, 

photocycloaddition, photoinduced nucleophile, proton, hydride, and electron transfers.8,10,16,18–20 

Compounds containing carbonyl, azo groups and halogens can also undergo photofragmentation. 

 

Apart from photofragmentation and photoinduced bimolecular transfers, the listed above reactions 

are all photoisomerizations and can either be unidirectional or bidirectional with light between 

isomers; systems capable of the latter under different wavelengths of light are referred to as 

photochromic systems. Photochromism is a process of fundamental importance in many light-

activated molecular applications, as further discussed in Chapter 1.4.  

 

1.4 Photochromism: “Molecular Photoswitches” 

 

Since photochromic compounds can interconvert between isomers by some means, they are 

frequently coined “molecular photoswitches” in literature.18,21–26  These systems consist of a 

thermodynamically stable isomer which photoisomerizes to a metastable photostationary state 

(PSS).22 The PSS can return to the stable isomer by photoexcitation at another wavelength or by 

thermal equilibration. The term photoswitch extends to describe systems where the 
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photoisomerization is unidirectional (i.e. where the metastable isomer must convert back via heat 

or a catalyst). Photoisomers differ in many molecular properties, including geometry, polarity, 

dielectric constant, and absorption wavelength, which make them candidates for two-state 

responsive systems.27 Most photoswitches isomerize in the 280-400 nm range and are used for 

materials applications such as light-driven molecular motors, optical data storage devices,28 

mechanophores,29,30 simple logic systems,8 and solar energy storage.21,24,25,31–37 Photoswitches for 

in vivo biological applications operate in the visible (400-900 nm) and near-infrared (NIR, 900-

2500 nm) to avoid exposing the target tissue to UV, and are candidates for protein targeting, 

antibacterial agents, and  light-sensitized drug delivery.38 

 

Pure PSS, wide band separation, reversibility and bi-stability are critical properties for all 

photoswitch systems, and simultaneously optimizing these components remains a challenge in 

photoswitch design.26,33,38 One of the most widely-investigated systems – the unsubstituted 

azobenzene (AB) – photoisomerizes from a thermodynamically stable E-isomer (E-AB)  to an 

energetic Z-isomer (Z-AB) at 320-400 nm (Figure 4).  

Figure 4. Top: The azobenzene photoswitch. Bottom: Siewertsen and coworkers’ bridged 

azobenzene.39 The trans isomer is the thermodynamically unstable isomer. 
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Z-AB reverts to E-AB with blue light or when left in the dark due to a relatively low reversion 

barrier (-95 kJ mol-1).16 Consequently, AB photoreactions usually produce a mixture of both 

isomers in the PSS because of significant absorption overlap between the isomers as well as the 

low energy barrier to reversal.  The introduction of electron donating groups at the para and/or 

ortho positions on the phenyl groups in AB decreases the n−π* energy gap by raising n (HOMO) 

and bathochromically shifts the absorption maxima to the visible region.18,23,26,38–40 This also 

increases the rate of thermal relaxation from Z-AB to E-AB up to the nanosecond timescale.26 

Slowing the thermal relaxation by introducing bulky substituents is possible, however, they are 

usually electron-rich and repeated irradiation leads to photobleaching.26 Siewertsen and 

coworkers39 reported a cyclic AB pair with a thermodynamically stable Z-AB (Figure 4) which 

converts to the metastable E-AB with relatively high purity. E-AB shows good reversal and band 

separation for selective irradiation but has limited stability (lifetime = ~4.5 h in r.t.). Likewise, 

Konrad and coworkers recently reported a tetrachloroazobenzene with a PSS of up to 96% and fast 

thermal relaxation (t1/2 ~5h in r.t.).40 Indeed, most AB systems are limited by the dichotomy of 

optimizing PSS purity and thermal stability of the energetic isomer. The related stilbene system, 

where N=N is replaced with C=C, undergoes alkene E/Z isomerization and demonstrates much 

better thermal stability at its metastable PSS. However, the photoisomerized Z-stilbene, if not 

functionalized by bulky substituents (methyl, phenyl), can further undergo 6π electrocyclization 

followed by irreversible dehydrogenation to form phenanthrene analogues, thereby destroying the 

system.27 Several other types of bidirectional photoswitches follow likewise an E/Z isomerization 

pathway to form the metastable isomer. For example, donor–acceptor Stenhouse adducts (DASAs, 

Figure 5)41,42 are conjugated, thermodynamically stable trienes and undergo a stepwise Z→E 
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photoisomerization in the presence of visible light (500-680 nm), followed by a thermal 4π-

electrocyclization.22,38,42  

 

Figure 5. Stepwise photoisomerization and thermal isomerization of a donor-acceptor Stenhouse 

adduct (DASA) to form a bicyclic zwitterion metastable isomer.41,42 

 

DASAs can photoisomerize bidirectionally in both polar and nonpolar solvents and achieve pure 

PSS, however, tend to suffer from low thermal stability at the metastable PSS (t1/2 = 5 min to ~3 

hr)42.  

1.5 Organoboron Photoswitches 

 

While many organoboron compounds do exhibit interesting photophysical properties, such as 

fluorescence and TADF, as well as some degree of photoreactivity,9,17,43–48 reports of boron-

centered photoswitches remain exceedingly rare. Boron’s ability to change valency (as alluded to 

in Chapter 1) renders it a lucrative candidate for photochromic systems. The catecholborane-AB 

pair 1-1a exhibits light-induced bidirectional photochromism, with the forward reaction producing 

a maximum of 35% 1a after 2 hours of irradiation and 98% yield in the reverse reaction49 which is 

typical of AB photochromism. 

The UV-driven forward reactions in ring-embedded organoboron pairs 2-2a50 and 3-3a51 are 

thermally reversible. 2a has a 4 kcal/mol barrier to reversal resulting in a t1/2 = 9.3 h in ambient 
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conditions when left in the dark. 3a was similarly reversible overnight to reform 3, although the 

barrier to reversal was not reported.  

 

Figure 6. Boron-centered photochromic systems. 

 

1.6 Photochromic B(LN/C,C)Ar2 Compounds  

Figure 7 shows several compounds produced in our lab which exhibit photochromism. With the 

exception of the diphenyl compound 4.4, these species can photoisomerize via a di-π-methane 

rearrangement, with the tetravalent boron serving as the saturated center for the formation of a 3-

membered borirane ring (see Chapter 1.7 and 1.8).3–7 The representative compound 4 (Ar = 

pyridine) is a pale-yellow species in solution (benzene, toluene, acetonitrile, hexanes, DMF) and 

quantitatively converts to the dark blue species 4a under 365 nm light, which can be thermally 

converted back to 4. 

Time-dependent density functional theory (TD-DFT) studies showed that the HOMO in all the 

compounds in Figure 7 is largely localized at the aromatic anchors, and the LUMO is at the 

N,C/C,C chelate. A charge transfer (CT) from the HOMO (π-Ar) → LUMO (π*-LX,C) is 
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responsible for the lowest energy absorption band (~365 – 400 nm for 4, 4.1-4.3, and 5, 300 nm 

for 6). We found that the steric bulk imparted by the mesityl anchors on the boron serves two 

purposes: 1) protects the boron center against oxidative attack, and 2) prevents cascading, multi-

structural photoisomerization. For example, in the case of 4, 4a is the terminal photoproduct. Its 

asymmetrical derivatives 4.1-4.3 also form the corresponding photoisomers 4.1a-4.3a, those 

however additionally undergo an irreversible hydride transfer from the dearomatized aryl ring to 

the pyridine ring. The diphenyl species 4.4 is stable towards UV irradiation; it was rationalized 

that the stronger B-phenyl bond and lower electron density in the HOMO due to absence of methyl 

groups, versus the opposite in 4, stabilizes the HOMO of 4.4 towards photoreaction.6 

Figure 7. Four-coordinate organoborons 4-6 and their corresponding photoisomers 4a-6a. 

Asymmetric derivatives of 4 (4.1-4.4) and their corresponding photoisomers 4.1a-4.4a, as well as 

the deborylated organic compound 4*-6* and 4.1*-4.3*. (Ar = aromatic ring, Mes = mesitylene) 
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The different chelates in 5 and 6 also enables their photoisomers 5a and 6a to undergo further 

cascading reactions different from those of in the ground and excited states, respectively (see 

Chapter 2.2.1). Compounds 4, 4.1-4.4 and 5 are colourless to yellow in appearance and fluoresce 

ranging from sky-blue to green, while 4a-4.3a and 5a range from dark blue to dark green and do 

not fluoresce. 6a is orange in appearance owing to a higher LUMO level (-2.0 eV)4 versus that of 

4a (-2.5 eV) .3,4 Therefore, reaction progress can be tracked visually by the gradual dimming of 

fluorescence and colour of the solution, which have led us to refer to the borirane-containing 

isomers collectively as the dark isomers. The dark isomers easily undergo oxidative deborylation 

in the presence of air to produce the corresponding triaryl backbone 4*-6* and 4.1*-4.3* and 

cycloproduct (BMesO)3. Finally, photoisomerization to the dark isomers results in the 

dearomatization of an anchoring mesityl group, forming a borirane-fused, trimethyl-substituted 

cyclohexadiene unit that will form the basis of the study in Chapter 2.  

 

1.7 The Di-π-methane Rearrangement 

 

The rearrangement follows a biradical mechanism wherein two conjugated systems separated by a 

saturated atom, couple via a 1,3-shift of one -ene group to form a cyclopropane ring system that 

incorporates the saturated atom (Figure 8). In the case of photochromic compounds mentioned in 

Chapter 1.6, the coupling is between one anchoring mesityl group and phenyl chelate with the 

boron acting as the saturated center, the rearrangement results in an aryl-fused borirane (boron 

analogue of cyclopropane).8,52 Initial excitation produces a transient biradical species followed by 

formation of an initial cyclopropyl species (biradical 1), followed by conformation change to form 

biradical 2 and bridging to form the final cyclopropyl-containing product. 
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Figure 8. The di-π-methane rearrangement of 3,3-dimethyl-1,1,5,5-tetraphenyl-1,4-pentadiene. 

  

Flexible acyclic structures, such as the initial pentadiene in Figure 8, or structures where the 

conjugated systems are close to each other can undergo rearrangement entirely within S1 (i.e. from 

direct irradiation). Cyclic and rotation-restricted structures will typically rearrange in the triplet 

state; thus sometimes requiring a triplet sensitizer which itself is initially converted to a triplet 

species and in turn excites the reactant to the triplet state; the barrelene to semibullvalene 

rearrangement in Figure 9 occurs in the T1 state.52 Alternatively, S1→T1 ISC can occur to allow 

isomerization in the triplet state, as was recently found to be the case in 4 to 4a. The reaction 

proceeds via a reactive biradical intermediate (consistent with the di-π-methane mechanism) in T1 

which rapidly relaxes to the S0 transition state through an avoided crossing to form the dark isomer 

4a.53 

 

Figure 9. The barrelene to semibullvalene di-π-methane Rearrangement.  
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1.8 The Borirane Ring 

Trivalent borirane is a saturated three-membered ring containing a boron and two carbons; it is 

isoelectronic with the cyclopropyl cation (+CH(CH2)2) (Figure 10(i)).  

Figure 10. (i) From left to right: cyclopropyl cation, borirane, and base-stabilized 

boratanorcaradiene. (ii) Boriranes produced by Berndt.54,55 (iii) Borirane produced by Denmark. 

(iv) Borirane produced by Braunschweig.56 

 

The strained bond angles coupled with the inherent electron deficiency of boron makes boriranes 

highly reactive. Therefore, a common strategy to stabilize the ring is to quench the π-acidic boron 

center with Lewis donors such as NHC, pyridine (as seen previously), lutidine, etc. The ring 

carbons are also typically crowded with bulky substituents such as t-butyl,54,55 phenyl or mesityl 

groups to deter bimolecular reactivity. Berndt et al. employed the latter strategy to produce a series 

of base-free boriranes 7-9 that remain the only borirane species without a Lewis donor as of this 

work (Figure 10(ii)).54,55 Denmark likewise produced the first base-stabilized borirane containing 
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a pyrrolidine-pyridine donor (Figure 10(iii)).57 More recently, Braunschweig produced a carbene-

coordinated borirane 11 that is stable to air and moisture even at elevated temperatures, thus 

demonstrating the stabilizing effects of a strong electron donor.57  

Computation work by Bettinger58 showed that the electrocyclic disrotatory ring opening from the 

free borirane to the propyl-1,3-diyl species in Figure 11 has a barrier of 15-18 kcal/mol. More 

interestingly, the barrier reforming the ring from the diradical (i.e. an intermediary step in the di-

π-methane rearrangement) is less than <1kcal/mol, which agrees with our previous finding that the 

diradical species in T1 is extremely reactive and forms the borirane without a detectable 

intermediate.  

 

Figure 11. Ring cleavage of borirane to a propyl-1,3-diyl diradical. 

A pilot study by Schuster44 isolated the borirane-related compound boratanorcaradiene, a borirane 

fused cyclohexadiene (Figure 7), by irradiation of 12 in 254 nm light to induce a di-π-methane 

rearrangement to form 12a. This example of the rearrangement represents the first instance of boron-

assisted dearomatization.  12a is highly air and moisture sensitive presumably due to the absence 

of a strong π-donor at boron and little steric hindrance. Following which two instances of NHC-

stabilized boratanorcaradienes have been independently reported by Braunschweig and Taniguchi, 

respectively.56,59 The boratanorcaradiene structure also reoccurs in our photochromic systems 

shown in Figure 7. However as of this work, these are the only reports of this boron-containing 

bicyclic structure. 
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Figure 12. Photoisomerization of 12 to 12a. 

 

1.9 Detection of Radicals by NMR Spectroscopy 

 

1.9.1 Observation of Diamagnetic Samples in NMR 

A nucleus has intrinsic angular momentum, or spin (I), as well as a spin-associated magnetic 

quantum number MI = I, I-1… I. MI dictates the direction of the nucleus’ spin in an external applied 

magnetic field B0, where a negative value is spin down and vice-versa. In the absence of B0, a 

collection of nuclei with I > 0 will have a random assortment of magnetic dipoles and are 

degenerate in energy. In the case of 1H (I = 
1

2
), B0 will orient the nuclei parallel and antiparallel to 

the direction of the field and their corresponding energies will be dictated by MI, where spin-aligned 

nuclei MI
+1/2 is lower in energy and more populated than the spin-opposed MI

-1/2 (antiparallel) 

nuclei. The sample under B0 in Figure 13 has more spin-aligned nuclei, resulting in the net 
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magnetization vector pointing in the direction of the positive Z-axis at equilibrium. The splitting 

of spin states in a B0, separated by an energy difference, is the Zeeman effect.60–62 

Figure 13. A sample of I = 
𝟏

𝟐
 nuclei (i.e. 1H). Left: Along an arbitrary Z-axis, nuclei have random 

orientation. Right: in an external magnetic field (B0), the nuclei align parallel with the field with 

MI  = ±
𝟏

𝟐
 and precess about the direction of B0 (red arrows); spin-aligned nuclei are in excess. 

 

Disrupting the equilibrium by applying a radio frequency (RF) pulse to the field-aligned sample 

moves the net magnetization vector (Mz) away from the direction of the field by θ and towards the 

XY plane. θ is proportional to the duration of the RF pulse; a 45° RF pulse will excite the Mz 

halfway towards the XY plane (Figure 14).  

Figure 14. External magnetic field (B0) applied along the Z-axis. Left: applying an RF pulse tilts 

the net magnetization vector (Mz, blue arrow) by θ towards the XY plane, the nucleus (green ball) 
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precesses at the Larmor frequency about the Z-axis. Right: relaxation of Mz producing free 

induction decay (swirls). 

As Mz relaxes back to equilibrium, the nuclei will precess about the Z-axis at their Larmor 

frequency νL which is a function of the nuclei’s gyromagnetic ratio:61 

𝑣𝐿 =  
𝛾𝐼𝐵0

2𝜋
 

 

(3) 

where B0 is the applied magnetic field and 𝛾𝐼 is the gyromagnetic ratio. In turn, 𝛾 is a ratio of the 

nucleus’ magnetic dipole moment (𝜇) and the nucleus’ spin angular momentum (
ℎ𝑙

2𝜋
):   

𝛾𝐼 =  
2𝜋𝜇𝐼

ℎ𝐼
 

 

(4) 

Therefore, νL of a nucleus is proportional to its magnetic dipole moment and is unique to the nuclei. 

As Mz relaxes from the XY plane, νL of different nuclei in the sample induce voltage oscillations 

due to a fluctuating magnetic field. These oscillations are recorded as a function of time in the form 

of a free induction decay (FID) and Fourier-transformed to obtain the frequency spectrum. 

Differential oscillation induced by nuclei surrounded in different chemical environments will 

produce unique chemical shifts in the Fourier-transformed NMR spectrum. 

1.9.2 Relaxation 

 

After an RF pulse, Mz returns to equilibrium via T1 (spin-lattice) and T2 (spin-spin) relaxation. The 

former is the re-magnetization of the sample along the Z-axis (B0) and primarily affects peak 

intensity and the accuracy of the chemical shift. T1 is contributed by intramolecular dipole-dipole 

(DD) coupling interactions as a result of molecular motion, wherein the one magnetic dipole 

relaxes when it interacts through space with nearby dipoles. Lower energy magnetic dipoles (i.e. 

spin-aligned nuclei) will induce nearby high energy dipoles (spin-opposed nuclei) to orient closer 
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toward the direction of Mz; this induced orientation dissipates the energy provided by the RF pulse 

via vibration and rotation of the nuclei.  A nucleus’ gyromagnetic ratio (𝛾) affects its contribution 

in DD relaxation and a nucleus with higher 𝛾 will exert a greater influence on neighbouring nuclei. 

1H has a 𝛾 of 26.7519 x 107 rad s−1 T−1, which is larger than all other NMR-active nuclei, making 

it effective at inducing T1 relaxation by DD.61 In contrast, T2 is the randomization of magnetization 

along the XY plane (loss of phase coherence) and affects broadness of the peak by the following 

equation:  

∆𝑣 =  
1

2𝜋𝑇2
 

 

(5) 

∆𝑣 is the width of the peak in Hz. Relaxation by T2 is caused by inhomogeneities in the RF pulse 

excited Mz as a result of nearby transient magnetic fields, and is accelerated by slow molecular 

tumbling (e.g. proteins and polymers) and the presence of radicals (Chapter 1.9.3) leading to line 

broadening by equation (5).61–63  

1.9.3 Observing Paramagnetic Species in NMR 

 

Electrons in diamagnetic nuclei are paired and exhibit shielding effects that change the local 

magnetic environment of their nuclei to produce different chemical shifts. Their associated 

magnetic moments when precessing about B0 are canceled out and do not affect the nuclei signals. 

However, unpaired electrons in the sample change the chemical shift of nuclei with respect to the 

corresponding diamagnetic chemical shift and broaden the line width in the spectrum.61–64 For the 

purpose of this work, only the paramagnetic effect with respect to 1H NMR will be considered. 

The free electron has a spin of I = 
1

2
 as well as a magnetic dipole moment that is 658 times larger 

than that of 1H,61,65 so by equation (4), it has a larger gyromagnetic ratio than any nuclei.62 This 
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large difference in magnetic moments results in a paramagnetic nucleus exerting much stronger 

DD relaxation on neighbouring intramolecular and intermolecular species vs. nucleus-nucleus DD 

relaxation.61 By the same caveat, the unpaired electron has a strong local magnetic field around its 

nucleus that disrupts it, and nearby nuclei, from Mz in the XY plane, thereby increasing T2 and 

causing peak broadening by Equation (5). Moreover, analogous to the spin alignment of nuclei in 

B0 in Chapter 1.9.1, electrons have ±
1

2
 spin states in B0 and reach magnetic equilibrium much faster 

than nuclei after magnetization. The rapid realignment of the unpaired electron disrupts the 

homogeneity in Mz more efficiently than other nuclei, causing T1 relaxation of the sample nuclei 

to approach zero and NMR peaks to broaden into the baseline. More specifically, the unpaired 

electron affects chemical shifts by both contact and pseudocontact interactions with its nucleus. 

Shifts arising from contact interactions are due to the unpaired electron having the same spin as 

hydrogen (I = 
1

2
), which leads to coupling – this is analogous to the J-splitting between nuclei.61,63,66 

Contact shifts are proportional to the spin density of the unpaired electron on the coupling nucleus, 

therefore a signal from an unpaired s electron-coupled nucleus will be shifted most drastically 

because of the electron’s non-zero probability at the nucleus. Contact coupling also decreases with 

increasing bond order as spin density will be transferred through bonds.65,66 This also means that 

nuclei further away from the paramagnetic center will be less affected by contact shifts. 

Pseudocontact shifts are due to through-space electron-nuclei interactions and are described by the 

stronger DD relaxation mentioned previously. Chapter 3.3.3 and 3.3.4 of this work will 

experimentally demonstrate the line broadening and chemical shifting effects of a boron radical 

species in solution. 
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1.10 Detection of Radicals by EPR Spectroscopy 

 

As unpaired electrons generate local magnetic fields around their nuclei, the orbited nucleus does 

the same to the electron. Said contact and pseudocontact interactions in B0 mutually affect nuclei 

and electrons.60,62 EPR measures the electron-nucleus interactions arising from their respective 

magnetic dipole moments as experienced by the unpaired electron. This interaction is called 

hyperfine interaction.60 As mentioned in Chapter 1.9.3, the unpaired electron has a magnetic 

moment μe that allows it to project its spin (ms) along B0. By the Zeeman effect, ms splits along B0 

and takes on two energies (Figure 15), the energy difference between the lower and upper states 

(ΔE) is described as: 

ΔE = geμBB0 (6) 

where B0 is the applied magnetic field, μB is the Bohr magneton – the electron’s magnetic moment 

caused by its spin angular momentum, and ge is the electron spin g-factor (ge = 2.002319 for the 

free electron). g-factor is modeled with the following equation: 

 

where hv is the resonance frequency of the unpaired electron. The g-factor is a proportionality 

constant of the unpaired electron and is independent of hv (as hv changes with strength of B0 and 

vice versa), therefore it is often used to characterize paramagnetic species.  Under a constant 

microwave frequency and scanning B0, ΔE increases (equation 6) until it reaches the resonance 

field where ΔE matches the microwave frequency (ΔE = hv = geμBB0). 

𝑔 =  
ℎ𝑣

𝜇𝐵𝐵0
 

 

(7) 



 

26 

 

The microwave radiation is absorbed, producing an absorption peak, and the first derivative of the 

peak is recorded as the EPR signal.  

 

Figure 15. A. The Zeeman Effect observed by an electron in the presence of B0. At the matching 

microwave frequency (ΔE = hv = ∆𝒎𝒔 = geμBB0), electrons switch between energy states. B. Spin 

splitting of the unpaired electron by hyperfine interaction with its orbited hydrogen, the distance 

between the absorption peaks is the proton’s hyperfine coupling constant a(1H). 

 

The splitting of an unpaired electron’s energy levels is analogous to 1H spin splitting in B0 in NMR. 

Likewise, splitting patterns of EPR signals are comparable to J-coupling in NMR. Given an H-

centered spin, the population of 1H will take on two energy states (mI = ±
1

2
), each generating a 

local magnetic field that either adds to or subtracts from B0. Spin under an amplified B0 will absorb 

at lower field and vice versa, resulting in two energy populations of the spin, resulting in an 1H 

centered radical having two EPR signals.60,67,68 In Chapter 3.3.7, EPR will be used to confirm the 

existence of radical species. 

B A 

∆𝑚𝑠 = ±1 
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1.11 Boron Radicals 

 

The isolation of stable (“persistent”) boron radicals has been of research interest since the 1920s, 

when Krause first reported the reduction of triphenylborane (BPh3) with alkali metals (Na-Cs) to 

form a series of MBPh3 complexes.69,70 Since then, research into boron radicals has gained 

increasing attention both theoretically as spin carriers and practically as radical chain initiators for 

polymerization and reagents.68,69,71,72 Trivalent boron is isoelectronic with a tertiary carbocation, 

where both species contain an empty p orbital and can “pick-up” an unpaired electron.68 An 

archetypical example of a boron radical is the reduction of triphenylborane (BPh3) to form the 

stable anionic radical [BPh3]·- by Eisch and coworkers,
73 which is analogous to the radicalization 

of the triphenylmethane cation (trityl, +CPh3) to form the neutral “trityl” radical [CPh3]· (Figure 

16).68  

 

Figure 16. Left: trityl radical, Right: triphenylborane radical. 

The stability of the above radicals is conferred by 𝜋-delocalization of the spin into the phenyl 

groups as well as steric hindrance around the radical center.69 By incorporation of the boron center 

into bulky and/or fused-aromatic rings, stable anionic, neutral and cationic boron radicals can be 

made. The generation of anionic boranes such as triphenylborane is the most common and 

straightforward given the Lewis acidity of the boron center,69 and strong single electron donors 

such as alkali metal alloys and salts of aromatic radical anions are often used for 1e- reductions. 
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For example, the Marder group (Figure 17) used potassium anthracenide to reduce 13 to the 

corresponding potassium salt of radical anion 14.74 

Figure 17. (Pyrene)BMes2 13 and its anionic radical 14. 

 

Similar to Na(BPh3)
 −·, Rajca and coworkers75 used sodium metal to produce a diradical B(Mes)2 

linked by a phenyl group (15, Figure 18). In 2017, the (di)mesityl-linked derivatives were produced 

in the Wang group (16, 17, Figure 18). These diradicals are instances of triplet ground state 

molecules. 

Figure 18. (BMes2)2Ar diradicals. 
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Neutral boron radicals (BR2)· are generally stabilized at boron by Lewis bases.69 Consequently, 

most examples exhibit rich 𝜋-type radical character meaning the spin is delocalized onto π-

accepting ligands (e.g. NHC, (bi)pyridyl76, cAAc). Mansell et al. reported a neutral bipyridine-

chelated radical 18 (Figure 19) and found the spin was largely localized on the bipy backbone.76 

While synthesis of neutral boron radicals generally follows the same 1e- reduction with alkali 

metals and transition metal complexes such as colbaltocene,69 the Stephan group produced a series 

of neutral boron radicals using frustrated Lewis pair (FLP) hydrogenation. The compounds have 

extensive electron delocalization into the aromatic scaffold which 𝜋-stabilizes the radical 

character.2,69 

 

Figure 19. Neutral (bipy)BR2 radical by Mansell et al.76; R=4,4'-di-tBu or 5,5'-di-Me. 

Cationic boron radicals are extremely rare in the literature given the electron deficient nature of 

boron. The double CAAC-coordinated radical 19 (Figure 20) was produced from its neutral 

borylene (HB:) precursor by 1e- oxidation with GaCl3.  

Figure 20.  Cationic Radical by Bertrand et al.1. R = 1-(2,6-Diisopropylphenyl)-1H-imidazole. 
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Whereas the formal charge on most tricoordinate boranes is +3, the precursor had a formal charge 

of +1 and was considered an electron donor according to cyclic voltammetry with E1/2 = -0.940 V 

versus Fc+/Fc  (Fc = ferrocene).1,69 1e- oxidation of the lone pair was shown to be facile with GaCl3 

to produce boron’s oxidation state at +2. The spin was primarily localized on the pz orbital of boron 

and secondarily on the nitrogens in the CAAC ligands.  

 

Spin density of boron radicals is affected by the geometry of the radical which dictate orbital 

overlap, the extent of delocalization into the stabilizing ligands (due to aromaticity or heteroatom 

with vacant orbital), and charged state of the radical.67–69,72,77 Consequently, boron hyperfine 

coupling constants are unpredictable and range from less than a(11B) = 0.3 G in highly spin 

delocalized structures to >30 G in anionic trialkylborane radicals where the electron is strictly 

boron centered.69 Both stable boron isotopes – 10B (19.8%, I = 3) and 11B (80.2%,  I = 
3

2
) – possess 

a magnetic moment (μ(10B)/μ(11B)=0.335) and therefore both split in EPR; extensive spin 

delocalization and coupling also contribute to broadening of EPR peaks or generate highly 

convoluted splitting patterns.69,76 It can only be loosely generalized that a(11B)/a(10B) are less than 

10 G in neutral and cationic boron radicals due to their greater need for stabilizing ligands and 

aromatic backbones because of their inherent electron deficiency.69 

 

1.12 Scope of Thesis 

 

We have explored the photoreactivity of N,C and C,C-chelated organoboron systems as a whole. 

However, the functionality of the borirane and boratanorcaradiene moieties that frequent our class 

of compounds remains unknown. Further, studies of boriranes have been purely theoretical or 
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synthetic in nature due to the difficulty of isolating these highly reactive systems, and embedding 

these moieties into existing compounds to impart new functionalities, much analogous to the 

common practice of functionalizing pharmaceutical agents with cyclopropanes to improve 

selectivity and potency,78,79  has yet to be described.  

The following Chapters will bridge the missing link between photochemistry and ground state 

reactivity; we will explore two independent applications exploiting the borirane ring in our N,C- 

and C,C-chelated organoboron photochromic systems. Chapter 2 describes the [4+2] cycloaddition 

of several photogenerated boratanorcaradienes using common dienophiles. We find that the 

borirane ring can act as a dearomatizing center when it is annulated to an aryl ring. Moreover, the 

bulky nature of the photochromic system affords regiospecific cycloadduct formation under mild 

conditions. 

Chapter 3 describes a ground state reversal of a borirane-containing dark isomer using several 

easily accessible catalysts. The key finding of this study is that the rapid reversal in solution 

produces heat and several boron radical species as detectable in NMR and EPR. Which shows that 

1) ring-opening of the borirane in the ground state can occur through a radical pathway and 2) a 

borirane-embedded photoswitch can serve as a closed-system which stores light energy and 

releases it as heat.  

 

 

 

 

 



 

32 

 

Chapter 2. Dearomatizing [4+2] Cycloaddition of a Mesityl Anchor 

on N,C/C,C-chelate BMes2 Compounds. 

2.1 Introduction 

2.1.1 Aromaticity 

Aromaticity describes a molecule’s increased stability conferred by its continuous chain of 

delocalized electrons. Huckle’s rule states that a molecule is aromatic if it is planar, cyclic, and  

contains 4n + 2π electrons delocalized over an unbroken overlap of p-orbitals.13,15,80 Benzene 

(C6H6) and its derivatives (toluene, mesitylene, phenol, etc.) obey this rule and are termed aromatic 

hydrocarbons or arenes. Typically, introduction of a double bond to the cyclohexane ring 

destabilizes the system by ca. 28.6 kcal/mol, as shown by the heat released by catalytic 

hydrogenation of cyclohexene (Figure 21).81,82 π-conjugation in 1,3-cyclohexadiene offsets the 

expected doubling of the energy by ~2 kcal/mol. However, the delocalization of all 6 π-electrons 

in benzene renders it 36 kcal/mol lower in energy versus its hypothetical nonaromatic counterpart. 

As a result of this resonance stabilization, the three conjugated π bonds across six sp2 carbons in 

arenes are highly resistant toward addition reactions compared their nonaromatic counterparts and 

only undergo electrophilic substitution in the presence of catalysts; for example halogenation in 

the presence of AlX3 or FeX3 (X = Cl, Br), Friedel-Crafts alkylation/acylation catalyzed by FeCl3, 

or nitration in a mixture of HNO3/H2SO4. Aromaticity is retained following the above substitution 

reactions via substitution of an aryl hydrogen atom for the designated functional group.  

The abundance of arenes in petroleum feedstocks makes them lucrative building blocks for total 

synthesis and materials chemistry industries.13,80 Arene dearomatization is a rapid approach to 

generating more reactive intermediates: Birch reduction produces unconjugated cyclohexadienes 
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(CHDs) from benzene using NH3 and alkali metals in a protic solvent. Catalytic hydrogenation 

converts benzene to cyclohexene and cyclohexane in the presence of a Ru-particle catalyst, and 

oxidation by enzymes can lead to CHDs bearing epoxide or 1,2-diol functionality.13,15 However, 

dearomatization requires overcoming the massive resonance energy stabilization of benzene 15 and 

the methods described above inadvertently require high heat and pressure (hydrogenation) or air-

free conditions (Birch reduction) to maintain catalyst integrity. 

 

Figure 21. Relative energy of hydrogenation of unsaturated 6-membered rings versus 

cyclohexane. 

 

Dearomatization by cycloaddition reactions has the advantage of high atom efficiency and can 

significantly increase structural complexity in a single step by forming bridged or bicyclic products 

from simple arenes.13–15,83,84 Of all the varying modes of cycloaddition, the Diels-Alder (D-A) 

[4+2] reaction is perhaps the most widely-used and versatile in synthetic chemistry, as 

demonstrated by its utilization in many natural compound total syntheses.83,85–90 For decades, D-A 
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reactions with aromatic compounds have been and are still under intense investigation to improve 

the reaction’s selectivity and accessibility. D-A using non-activated monocyclic arenes (e.g. 

benzene, toluene, mesitylene) as the diene continue to be a synthetic challenge due to the stability 

conferred by their aromaticity, and typical reactions often require high temperatures and pressure 

or Lewis acid catalysts.91,92 Although recent works have demonstrated the possibility of using 

reactive dienophiles such as cyclobutene derivatives93,94 to compensate for benzene’s poor 

reactivity, issues of practicality and handling remain within these methods.  

2.1.2 Transition Metal-Catalyzed Dearomatization 

Arenes can be hexahapto (η6)- or dihapto (η2)-coordinated (Figure 22) to transition metal 

complexes to increase their reactivity. In η6-coordination, six contiguous atoms of an arene 

contribute electron density to the metal center (Cr, Mo, Mn) via haptic covalent bonds, thereby 

increasing the arene’s electrophilicity and allowing facile nucleophilic addition to the ring. Such 

bonding typically produces compounds with a “sandwich” geometry if the metal is situated 

between two ligands or “piano-stool” geometry in (η6-arene)-metal(CO3) complexes. 

 

Figure 22. Generic depiction of two η6-arene-metal complexes. Left: Sandwich complex. Right: 

Piano stool complex. M = transition metal, R = CO or CN.  

Dearomatization of η6-arene complexes involves a two-step process to form a 1,2-disubstituted 

CHD, starting with initial functionalization of the arene ligand with a strong nucleophile such as 

carbanions or organolithium reagents to generate a corresponding anionic metal complex, followed 
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by addition of the second nucleophile to yield the dearomatized product. The monosubstituted 

arene-metal complex is unstable and exists in equilibrium with the starting complex, so reactions 

must be controlled with low temperatures and rapid addition of the second nucleophile. In a 

complementary approach, single-step dearomatization can be achieved by formation of dihapto-

coordinated (η2) arene complexes wherein only one π-bond of the arene coordinates to the metal 

center. Molybdenum and row 6 metals (W, Re, Os) can form stable η2- arene complexes and are 

used for in this approach. The metal’s filled d orbitals have strong π-backbonding interactions with 

the arene π* orbital, thereby acting as a π-base and increasing electron density at the arene. The 

resulting structure of the arene resembles a 1,3-CHD and the localized 4π system is activated 

towards electrophilic reactions and cycloadditions. The η2-arenes of Re(I) complexes in Figure 23 

can undergo [4+2] cycloaddition under ambient conditions followed by oxidative decomplexation 

of the cycloadduct. However, the η2-arene dearomatization strategy suffers from limited scope of 

electrophilic reagents due to their π-accepting nature and tendency to competitively coordinate to 

the metal center. 

Figure 23. ReTp(CO)(MeIm)(η2-benzene) complexes. Tp = hydridotris(pyrazolyl)borate. MeIm 

= 1-methylimidazole. 
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2.1.3 [4+2] Diels-Alder Reaction 

 

The Diels-Alder (D-A) [4+2] cycloaddition is perhaps one of the most important and widely-used 

reactions in synthetic chemistry.15
 D-A is a thermally (or photochemically) induced, symmetry-

allowed, cycloaddition20,95 between a conjugated diene and an olefinic or triple bonded two-atom 

system (i.e. alkene and alkyne; termed the dienophile), to form a bridged bicyclic adduct. In normal 

electron-demand D-A, the two new σ-bonds are formed from the singular π-bond of the electron-

deficient dienophile and one of the π-bonds from the electron-rich diene, which combine in a 

concerted, suprafacial manner to produce a bridged bicyclic compound (Figure 24).96 The diene  

Figure 24. D-A Reaction between 1,3-cyclohexadiene and a disubstituted alkene. Newly formed 

bonds are colour-coded; the diene and dienophile each contribute to a σ-bond from its π-bond. 

 

and dienophile have reversed electronic character in inverse electron-demand D-A. In both D-A 

modes, increasingly polar character of the reactants correlates with enhanced reactivity. Reactivity 

is also facilitated by increasing orbital overlap and secondary orbital interactions (SOI)96,97 

between the diene and dienophile. The mechanism is not strictly pericyclic, wherein new σ-bonds 

are symmetrically formed and the transition state is cyclic,96,98,99 as several studies have found that 

diene/dienophile pairs with opposite electronic features tend to favour the stepwise mechanism, 

wherein σ-bonds are formed sequentially.20,97,98,100 In an extreme example, Fringuelli and 

colleagues101,102 found that the dienophile is protonated in a Brønsted acid-catalyzed D-A reaction 

to form an allyl cation before [4+2] cyclization. In the classical butadiene-ethylene reaction (Figure 
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25), the stepwise mechanism is 2-7 kcal mol-1 higher in energy than the concerted mechanism – a 

barrier not conclusive enough to rule out either pathway. The small energy difference is further 

altered by substituent effects, leading to synchronized C-C bond formation through a concerted, 

pseudodiradical structure as suggested by computational studies.100  

 

D-A reactions can proceed either thermally or photochemically, with the latter generally favouring 

[3+2] and [2+2] modes of addition.83,85 For example, benzene exhibits a rich photoreactive profile  

Figure 25. Possible transition states in the D-A reaction between ethylene and 1,3-butadiene. 

Adapted from Domingo and Saez101,102. 

and reacts with maleic anhydride, ethene, or numerous other dienophiles under UV light. 

Consequently, photocycloreaction mixtures of benzene and its derivatives often contain 

cycloadducts of [3+2], [2+2] and [4+2] modes, which make obtaining D-A adducts in this manner 

impractical. In contrast, thermal conditions almost exclusively produce [4+2] adducts, but are 

much more energetically demanding, with benzene only reacting with highly reactive dienophiles 

such as benzyne at 300°C and producing merely 7% yield of D-A adducts.92 Moreover, emphasis 

is typically placed on developing reactive dienophiles103–106 as opposed to enhancing arene 

reactivity.  
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2.2 Project Summary 

The thermodynamically energetic photoisomers (4a-6a) of N,C-chelates 4, 5 and C,C-chelate 6 

were investigated for their propensity to undergo polar Diels-Alder [4+2] cycloadditions. 4a-6a 

contain a stable borirane-fused cyclohexadiene or boratanorcaradiene3,4,6 (BNCD) moiety which 

can be considered as boron analogues of η2-cyclohexadiene (CHD) coordinated to transition 

metals. These light-generated BNCDs provide an environmentally conscious alternative to their 

analogous transition metal complexes owing to the use of light – an abundant renewable energy 

source – for the generation of the dearomatized arene, as well as the exclusion of heavy metals. 

This work assessed the receptivity of BNCDs 4a-6a to functionalization via [4+2] cycloaddition 

at the diene and investigated the photophysical properties and stability of the resulting 

cycloadducts. We found that cycloaddition to the dark isomers proceeded rapidly under ambient 

conditions to yield air-stable cycloadducts. Moreover, the borirane rings in the cycloadducts were 

inert under elevated temperatures and UV irradiation unlike their dark isomer precursors; thereby 

effectively having been “trapped” by the cycloaddition. 

2.2 Results and Discussions 

2.2.1 Synthetic Rationale 

As established previously, 4 and 5 are respectively converted to 4a and 5a quantitatively under 365 

nm irradiation and likewise 6 to 6a under 300 nm irradiation (see Figure 7). The [4+2] 

cycloaddition was envisioned to be a mild, rapid, and one-pot reaction between a dienophile and 

BNCDs 4a-6a obtained from the photoreaction of 4-6. Photoreactions involving 5 and 6 were 

monitored periodically via 1H NMR to ensure only the BNCD photoproduct (5a and 6a, 

respectively) were formed as both reactions undergo sequential transformations under heat and/or 

continued UV irradiation that restore aromaticity to the mesityl ring (see Schemes 1 and 2). In 
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Scheme 1, there were several conceivable reaction products; since the sequential transformation of 

5a to 5a1 to 5a2 does not explicitly involve the diene portion of the BNCD, it was possible for the 

cycloadduct 5b to undergo the same thermal ring expansion as 5a1 to 5a2 to form 5b1. Compound 

5b could also reform 5a or 5c by retro D-A, which is typically driven by heat. 

Scheme 1. Photoreaction of 5 to 5a2 and prospective D-A reaction. Blue arrows denote the 

established reaction pathway. Dashed arrows denote possible reaction. 

 

In Scheme 2, compound 6a undergoes a slow isomerization through a borylene-like intermediate 

and rotation of the Nbzim-Cph bond to yield 6a1 when irradiated under 350 nm light. Likewise, retro 

[4+2] was possible, as well as the ring flip of the cycloadduct 6b. It is also noteworthy that isomers 

of 4b-6b wherein the dienophile approaches the diene from the “bottom” side i.e. between the two 

mesityls, along with their corresponding sequential thermal/photoisomers, could have also formed 

in these reactions.  
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Scheme 2. Photoreaction of 6 to 6a1 and prospective D-A reaction to form 6b. Blue arrows denote 

the established reaction pathway. Dashed arrows denote possible reaction. 

 

It was anticipated that the cavities between the mesityl/chelating phenyl and two mesityls will be 

sterically selective for small dienophiles. Dimethylacetylenedicarboxylate (DMAD) was chosen 

as the primary dienophile due to its relatively compact size and high electrophilicity. An alkyne 

dienophile also eliminated the possibility of various stereoisomer adducts that an alkene dienophile 

could have formed (e.g. endo vs. exo). A series of relatively compact and electron-deficient 

dienophiles (Figure 26) were subsequently studied to establish the scope of the reaction. 

Figure 26. Library of dienophiles used to react with compounds 4a – 6a. 
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2.2.2 Synthesis of Precursors 

Compound 4 was synthesized according to a procedure developed by Dr. Ying-Li Rao.3 The 

precursor compound 2-(2-bromophenyl)pyridine was made via Suzuki coupling of 2-

bromopyridine and 2-bromophenylboronic acid using catalytic amounts of Pd(PPh3)4 and Na2CO3 

as a base in a biphasic solution of 5:1:1 toluene:water:ethanol. The solution was refluxed overnight 

and extracted with CH2Cl2. Following removal of the bulk solvent, 2-(2-bromophenyl)pyridine was 

isolated by silica gel column chromatography in the form of a yellowish oil. It was then dissolved 

in anhydrous/deoxygenated THF and lithiated by dropwise addition of n-BuLi at -78 °C, followed 

by borylation via addition of solid BMes2F in one portion. Following aqueous workup, 4 was 

obtained by column chromatography in 60% yield as off-white powder/clear yellowish crystals. 

Compounds 5 and 6 were previously synthesized by Dr. Ying-Li Rao and Dr. Soren Mellerup, 

respectively, and used without further purification.  
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2.2.3 Synthesis of 4b-6b and 4c 

DMAD was added in excess (40 eq.) to separate NMR solutions containing 4a-6a. All three 

compounds readily reacted with DMAD in a highly stereoselective manner under ambient 

conditions, generating the corresponding [4+2] D-A cycloadduct 4b-6b quantitatively (Scheme 3) 

as shown by a sample tracking 1H NMR of 4b (Figure 27). 

Scheme 3. Reactions of 4-6 forming DMAD-cycloadducts 4b-6b and MA (4c). 

The DMAD starting material (99%, Aldrich) contained unidentified impurities, which can be 

readily separated from the product by neutral activated alumina column chromatography. The one-

pot conversion of 5 to 5b and 6 to 6b proceed in a similar manner to 4a to 4b except that for 6 an 

excitation energy of 300 nm is necessary owing to the blue shifted absorption spectrum of 6 

compared to that of 4 and 5.4  The D-A reaction of 6a with DMAD produces 6b quantitatively after 

two hours at 30 °C, which is significantly faster than the reactions of 4a and 5a. Considering the 
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strong σ-donating carbene-chelate and the high electron density on the borirane ring in 6a,4 the 

boron center likely enhances nucleophilicity of the diene and in turn its reactivity to D-A, 

analogous to Group 6 metals. Compounds 4b-6b are unstable on silica and basic alumina but were 

easily purified/isolated via neutral alumina column chromatography with only a small amount of 

decomposition observed. 

Figure 27. 1H NMR spectra showing the clean photochemical conversion of 4 to 4a (tracked via 

green highlighted peaks) and the quantitative formation of 4b (tracked via blue highlighted peaks) 

after the addition of ~40 eq. DMAD (yellow highlighted peak at δ = 3.06 ppm along with the 

impurity peaks from DMAD) to the C6D6 solution of 4a (0.04 M). 

 

Recrystallization of compounds 4b and 5b yielded orange crystals, while 6b forms light-yellow 

crystals from a solvent mixture of hexanes-ethyl acetate. Unlike 4a-6a, cycloadducts 4b-6b are 

air-stable and can be heated up in solution to 90°C overnight under inert conditions without change. 

In the case of 5b, no additional thermal transformations were found after heating at 90°C for three 
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days. 4b-6b did not photoreact under 300 nm or 350 nm light and minor decomposition was evident 

after two days of irradiation. The rapid reaction of 4a–6a with DMAD can be attributed to the 

latter’s high electrophilicity for the electron-rich diene moiety. This is reminiscent of Vogel and 

Gunther’s finding107 that DMAD and maleic anhydride (MA) reacts with benzene oxide 

(oxanorcaradiene, i.e. the oxygen analogue of BNCD) in the same manner and under similar 

conditions. The reaction of 4a with 5 eq. MA reaches completion at room temperature in ca. 20 

minutes, yielding the D-A product 4c quantitatively as shown in Figure 28.  

Figure 28. 1H NMR tracking experiment showing the quantitative formation of 4c (tracked via 

blue highlighted peals) by the reaction of 4a (tracked via green highlighted peaks) with 5 equiv. of 

maleic anhydride (MA, yellow, 0.03 M) in C6D6 at room temperature. 

 

However, 4c could not be purified by column chromatography and recrystallization with 

hexanes/ethyl acetate was unsuccessful. When the reaction of 4a with MA was repeated at a 1:1.05 
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ratio under the same conditions, it reaches completion in about two hours, and without further 

purification, compound 4c can be isolated as yellow crystals by recrystallization in 42% yield. 

Compounds 4b-6b and 4c were fully characterized by 1H, 13C and 11B NMR, HRMS, and single-

crystal X-ray diffraction (SC-XRD) analysis (Appendix A). 

2.2.4 D-A Using Other Dienophiles and Asymmetrical N,C-chelate Boron Compounds 

 

Other dienophiles shown in Figure 26 did not show any appreciable reactivity with 4a-6a at 30°C. 

Due to the thermal instability of 4a and 5a (reversion back to 4 and 5, respectively, or 

transformations into other species),4,5 the D-A reaction temperature cannot be raised above 30 °C. 

Higher temperature trials (100°C) were therefore conducted with 6a, which is thermally stable and 

does not revert back to 6. Nonetheless, no other dienophile, except for DMAD, reacted with 6a 

even at elevated temperature (e.g. up to 100 °C). The phenyl substituents on the alkynes in Figure 

26 likely imparted too much steric hindrance, thus preventing approach of the dienophile. All of 

the alkene dienophiles in Figure 26 are similar to their alkyne counterparts with respect to electron 

deficiency and size (except for methyl acrylate), and undergo addition with cyclic non-polar dienes 

in a pericyclic (i.e. concerted) manner97,100. Therefore, reaction failure using acyclic alkenes is not 

likely attributed to the energy difference between concerted vs. stepwise mechanism, but rather 

due to a lower transition state stability vs. DMAD-BNCD and MA-BNCD.98,108 While DMAD and 

MA maintain a planar transition state during bond formation, the decreasing double bond 

character100 in acyclic alkenes during bond formation could lead to rotation or flexing of the alkene 

substituents,109 causing increased repulsive interactions between the dienophile with the boron-

chelating phenyl and minimizing the necessary orbital overlap for adduct formation.  
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Unsymmetrical molecules110 such as 4.1 were also tested for possible selective aryl activation via 

using both DMAD and MA. However, the BNCD unit generated from the arene of such 

unsymmetrical molecules undergoes efficient cascading thermal isomerization that outcompetes 

intermolecular D-A (Scheme 4). Repeating the D-A reactions with 4.1a at lower temperature (0 

°C; ice water bath) did not generate the desired [4+2] D-A products, indicating that the barrier for 

intramolecular isomerization is substantially lower compared to that of intermolecular D-A. 

Scheme 4. Isomerization pathway of 4.1. 

2.2.5 Characterization of 4b-6b and 4c by NMR and SC-XRD 

Compounds 4b – 6b have distinct 11B NMR peaks at -5.7, -6.3, and -16.0 ppm, respectively 

(recorded in C6D6), which are downfield shifted by several ppm relative to those of 4a – 6a (-9.9, 

-10.5, and -24.5 ppm, respectively) and in agreement with saturated borirane structures.3–5,57,111–115  

Similarly, compound 4c has a 11B NMR peak at -8.5 ppm. The structures of 4b – 6b and 4c were 

first determined by 2D NMR, which established that the addition of the dienophile to the 

cyclohexadienyl ring proceeds exclusively from the phenyl chelate face of the cyclohexadienyl 

ring as opposed to the cavity between the mesityl and CHD. The resulting bridged ring has endo 

stereogeometry, indicating a typical [4+2] D-A transition state with the most favourable 

SOI.85,96,97,116 Addition of the alkyne to the exposed face produces a buckled cycloadduct, where 

the methyl groups on the mesityl anchor are pushed into the proximity of the bridged ring to allow 

chemical exchange. The highly congested nature of the cycloadduct is evident in its 1H NMR 
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spectra, as Med, Mee and Ha groups on the bicyclic ring of 4b have through-space coupling to one 

of the methyls (Mef) on the unreacted mesityl as shown by the 2D NOESY spectrum in Figure 29. 

Similar coupling patterns across the anchors were also observed in the 2D NOESY spectra of the 

other cycloadducts (Appendices A4).  

The ortho-H1 atom in the phenyl ring of 4b is unusually downfield shifted, appearing as a doublet 

at about 9.2 ppm (Figure 27). This characteristic doublet at around 9.2-9.4 ppm was observed in 

all of the spectra of 4b – 6b (Appendix A3). The shift might be a de-shielding effect due to the 

formation of an H bond between the H1 atom and one of the carbonyl oxygen atoms. This was 

indeed confirmed by the crystal structures of 4b – 6b (Figure 30), which showed that one of the  

Figure 29. 2D H-H NOESY of 4b showing the through-space coupling (mixing time = 0.4 s, 

recorded in C6D6). 
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COOMe groups (C14 in 4b, C12 in 5b and 6b) is close to the phenyl ring and oriented 

approximately perpendicular with respect to the C=C bond. The carbonyl oxygen in this COOMe 

was found to form an H bond with the ortho-H1 of the phenyl ring (bound to C17 in 4b and 5b, 

and C18 in 6b), as evidenced by the close separation distance of 2.18 – 2.20 Å between the oxygen 

and H atom (typical H bond donor-acceptor distances range from 2.2-2.5 Å).117
 The borirane 

species 4a is known to undergo enantiomer interconversion in solution via a 1,3-sigmatropic B-C 

bond migration (“walk rearrangement”) based on chemical exchange observed in NOESY NMR 

between the two methyl groups on the sp3 carbon atoms of the borirane unit.3 We were unable to 

observe the similar enantiomer interconversion for 4b, perhaps due to the relatively rapid 

interconversion process, or because of the adducts’ highly congested nature.  

Figure 30. Crystal structures of 4b-6b and 4c with 35% thermal ellipsoids. H atoms are omitted 

for clarity. The mesityl group and part of the dienophile are shown without ellipsoids. Important 

bond lengths are found in Appendices A6. 
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Four new stereogenic centers in 4c can be seen in its 1H-COSY NMR spectrum (Figure 31). The 

absence of a highly deshielded doublet for the ortho-H atom of the phenyl ring in 4c indicates that 

the carbonyl groups in the anhydride unit are oriented away from the phenyl ring, with the 

exclusive formation of the endo adduct.107,118,119  

Figure 31. 1H COSY of 4c in C6D6. The four stereocenters Ha-d are shown. Long range coupling 

between the allylic methyl group Mea and Hb is shown.  

The borirane ring remains intact in all four structures. 4b-6b all have relatively long B-C bonds in 

their borirane rings (B1-C1 = 1.664(3) Å, 1.695(3) Å, 1.6976(17) Å for 4b-6b, respectively). 

Compared to the previously characterized borirane ring in 6a, the D-A adduct formation increases 

the B-CPh bond length in 6b by about 0.013 Å, which could be ascribed to the increased steric 

congestion around the boron in 6b. In the adducts 4b-6b, the bicyclic bridge is approximately 

parallel to the borirane ring. The crystal structure of 4c shows that the MA in the adduct is indeed 

oriented away from the phenyl ring without any intramolecular H-bond interactions. This preferred 
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orientation is likely dictated by the need to minimize steric interactions between the phenyl ring 

and anhydride. 

2.2.6 TD-DFT Studies and Absorption Spectra of 4b-6b and 4c 

The absorption spectra of 4b-6b and 4c along with those of 4a-6a are shown in Figure 32. For 4b, 

4c, and 4b, the lowest energy absorption bands appear at max = ~420 nm, which are responsible 

Figure 32. Absorption spectra of 4a-6a, 4b-6b and 4c recorded in benzene (normalized with 

respect to the first low energy band). Inset: photographs of corresponding solutions in benzene. 

for the yellow-orange colour of these three compounds. In contrast,  the first low energy absorption 

band of 6b is about 60 nm hypsochromically shifted relative to 4b and 5b, making it pale yellow. 

Compared to the cyclohexadienyl borirane parent molecules 4a, 5a, and 6a, which are more 

intensely coloured; max = ~600 nm for 4a and 4a, and 454 nm for 5a, the first absorption bands of 

the D-A borirane species are sharply hypsochromically shifted. This difference is caused by the 

unsaturated dienyl unit attached directly to the borirane ring in 4a-6a, which contributes 

significantly to their HOMO levels along with the borirane ring, making these compounds 
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susceptible towards oxygen.3–5 In 4b-6b and 4c, D-A addition converts the unstaturated sp2 carbon 

atoms attached to the borirane into sp3  carbon atoms. This greatly reduces the contribution of the 

D-A unit to the HOMO level and the electron density at the borirane, leading to a stabilized HOMO 

and an increased HOMO-LUMO gap. To further understand the electronic properties of  4b-6b 

and 4c, TD-DFT computational studies were performed at  the B3LYP/6-311G(d) level of theory. 

The HOMO-LUMO diagrams for 4b-6b/4c are shown in Figure 33. Consistent with their 

absorption spectra, the calculated HOMO-LUMO gaps of 4b and 4c are significantly higher (3.47 

eV and 3.43 eV respectively) than their precursor 4a (2.32 eV).3 TD-DFT data indicate that the 

vertical excitation to the S1 state of 4b and 4c is dominated by a HOMO to LUMO transition with 

an energy of ~2.85 eV, approximately 0.90 eV higher than that of 4a. The same trend was also 

found for 5b vs. 5a and 6a vs. 6b (Appendix A5). 

Figure 33. HOMO and LUMO orbitals of 4c, 4b-6b with an iso-contour of 0.03 for all surfaces. 

Calculated at B3LYP/6-311G(d) level of theory. 
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As shown in Figure 33, the LUMO level of 4b-6b and 4c is mainly localized on the chelate 

backbone. Unlike 4a-6a, where the HOMO is dominated by the borirane and cyclohexadienyl 

rings,3–5 the key contributions to the HOMO in 4b/4c are from the mesityl ring and the C=C bonds 

in the D-A adduct. This is clearly responsible for the widening of their HOMO-LUMO gaps.  

For 5b and 6b, although there are significant contributions from the borirane ring to the HOMO, 

the contributions from the D-A adduct unit to the HOMO are very small, leading to a wider 

HOMO-LUMO gap relative to that of 4a and 5a.  In contrast to the instability of 4a-6a toward 

oxygen, the relatively deep HOMO of 4b-6b and 4c (stabilized by ~ 1 eV vs. 4a-6a) make these 

compounds stable to air (i.e. oxidative borylation as described in Figure 7 was not observed). 

Furthermore, unlike their precursor compounds 4a-6a, which are either thermally or 

photochemically active, molecules 4b-6b and 4c do not show any meaningful thermal or 

photoreactivity upon heating up to 100C or irradiation near max of their lowest energy absorption 

bands under inert and ambient conditions. Thermal experiments were halted at 100C upon 

detection of decomposition via 1H NMR; no signs of retro D-A were found. 

2.3 Conclusion 

Photocatalyzed dearomatization of a mesityl group bound to boron in photoresponsive N,C- and 

C,C-chelate organoboron compounds has been established as an effective method for activating 

the aryl substituent towards facile D-A addition reactions with dienophiles in a one-pot manner. 

This type of photo-initiated aryl activation was found to be a general reactivity for B(Mes)2 units 

bearing different diaryl chelate backbones. The clean photochemical conversion of the four-

coordinate organoboron compounds to the corresponding cyclohexadienyl fused boriranes is the 

key step in this type of aryl activation. Although the narrow D-A substrate scope and inability to 
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release the cycloadducts from the boron center limits the practical use of these transformations, we 

were able to produce a series of air-stable compounds with a trapped elusive borirane moiety. 

Moreover, these results act as a proof of concept for the functionalization of η2-arenes on four-

coordinate boron compounds.  
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Chapter 3. Borirane-Based Molecular Solar Thermal Energy System 

3.1 Introduction  

3.1.1 Solar Energy  

Global energy consumption is skyrocketing to meet a rapid growth in infrastructure and Earth’s 

massive population. As such, it is imperative that we explore sustainable methods of energy 

generation. The sun provides 1.20x105 TWh-1 of energy to the surface of the Earth120, fulfilling 

76% of annual global energy expenditure in an hour – making it by far the most abundant source 

of renewable energy available. Despite its abundance, energy produced from sunlight amounted to 

a mere 0.37% (584.63 TWh-1) of the 1.57x105 TWh-1 consumed globally in 2018, and as the annual 

global energy demand is projected to increase by 35% by 2035,120 our need to further exploit solar 

energy over non-renewable sources is evident. Solar energy is harvested by capturing light for 

direct photovoltaic (PV) conversion into electricity, or as thermal energy for industrial and 

household use. The former is typically achieved by inorganic solar cells (ISC), with organic and  

polymeric solar cells garnering increasing attention since the 90s due to potential advantages in 

terms of cost and reduced environmental impact.121–124 In contrast, storing solar energy for 

controllable heat release is relatively underexplored. Industrial applications with low-medium 

working temperatures (< 250C),125 such as water and space heating, shared over 60% of all 

industrial heating demands in 2014, and they are mostly powered by geothermal heat pumps126 or 

biomass (e.g. fossil fuel) combustion. These forms of heating are intended for higher temperature 

applications, and the immediate nature of heat release results in the excess heat often being 

dissipated without doing work. In contrast, current established solar heating methods are mostly 

mechanical, such as passing air or water by thermally conducting surfaces which have been heated 
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by the sun;32,126 these methods suffer from a lack of control and is subject to diurnal and weather 

conditions.  

Implementation of a closed system wherein solar energy can be stored and selectively dispensed 

could amend the problem of excessive heat generation and adjusting to weather patterns. A recently 

developed strategy has been to use sunlight to drive the photoisomerization of a photoswitch 

system to its higher energy isomer; following which the species can be either be stored or induced 

to reverse to the lower energy isomer in the ground state, releasing heat.  

3.1.2 Molecular Solar Thermal (MOST) Systems – “Solar Batteries” 

 

Unidirectional photoswitches with a large free energy difference between isomers are good 

candidates for so-called molecular solar thermal (MOST) systems.21,24,25,31–37 In a MOST system, 

the metastable species “B” is catalytically converted back to “A” and the energy difference 

between the two is harnessed from the exergonic process (ΔH; Figure 34). In the case of the  

Figure 34. Potential energy surface for an A⇌B photoswitch. Ea = activation energy, ΔH = stored 

heat or heat of isomerization. A* = excited state of forward photoisomerization. 

 



 

56 

 

photoswitches in Chapter 1.5, the compounds “B” produced from forward isomerization are 

thermodynamically unstable because of bond strain (e.g. Siewertsen’s E-isomer) or steric strain 

(e.g. phenyl groups on the unsubstituted Z-AB). Relieving this strain by reverse isomerization 

releases the absorbed energy in the form of heat.  

 

An ideal MOST photoswitch has the following properties33,127: 1) large capacity of the “battery” 

(i.e. ΔH of A→B), 2) the stable isomer’s quantum yield of isomerization (Φiso), efficiency of the 

A→B photoreaction, is high, 3) B has reasonable thermal stability (i.e. large reverse isomerization 

barrier corresponds to longer storage time of B and less self-discharging of the energy), and 4) the 

absorption of A matches the solar spectrum,128 ideally in the 350-450 nm range31 (Figure 35). 

Photoswitches with a λmax deeper in the visible spectrum (above 500 nm) are not suitable for energy 

storage, as low energy photons correspond to a lower Ea and by extension small thermal reversal 

barriers/low energy density (ΔHstored). Therefore, photoswitches with high energy barriers are 

desirable for MOST applications. Lastly, Figure 34 describes the ideal “switching” process. 

Practically, however, repeated photon excitation leads to degradation of most photoswitch systems 

(including those later described in this Chapter) overtime via a process called photobleaching. And 

though no perfect single-cycle photoswitching exists (i.e. without some loss of material to 

photobleaching), efforts to prolonging the longevity of the stable isomer should be a priority. Some 

photoswitchable fluorescent proteins designed for stimulated emission depletion (STED) 

microscopy are highly resistant to photobleaching,129 and if the fluorescence can be replaced with 

heat release without compromising that quality, they might be promising MOST candidates. 
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Figure 35. Solar spectrum hitting the surface of the Earth (spectrum produced by the American 

Society for Testing and Materials)128 Yellow corresponds to the optimal absorption wavelengths 

for a MOST photoswitch system. 

 

MOST photoswitches include ABs,37 stilbenes,33 anthracenes,33 norbornadiene/quadricyclane 

(NBD/QC),21,24,34 fulvalene diruthenium,33,130 Dewar benzene derivatives and, more recently, their 

boron analogues131. Standalone ABs are generally disregarded due to their low Φiso as a result of 

the efficient competing reverse thermal/photoisomerization. For example in 2019, Poulsen and 

coworkers37 reported an AB system with one p-2-ethylhexanol that isomerizes at 350/306 nm 

where the Z-AB isomer could be partially reversed (48% Z→E after 1 hour) with a Cu(I) catalyst. 

The forward photoisomerization reached 80% Z-AB at PSS and had Φiso = 21%. The calculated 

enthalpy (ΔH) was ~168 J/g but could not be confirmed experimentally. Contrastingly, hybrid 

materials such as AB-doped carbon nanotubes and graphite show more promising results (up to 

ΔH = -269.8 kJ/mol and t1/2 = 225 days), and could be suitable MOST candidates provided the AB 

dopant can be optimized to produce a pure PSS.33 
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Norbornadiene/quadricyclane (NBD/QC; Figure 36) are amongst the most investigated and 

promising MOST systems, with a record temperature increase of 63.4 °C in a large-scale flow 

system using a copper catalyst for the reverse isomerization.21  

Figure 36. Norbornadiene (NBD, 22) - quadricyclane (QC, 22a) photoswitch. R/R’ = Ph-p-

CF3/OMe/NMe2, p/o-anisole, CN, C≡CNBD, CNNBD, NMe2, thiophene, anthracene, 

asymmetrical variants thereof, etc. 

Compound 22 isomerizes with UV irradiation via an intramolecular [2+2] cycloaddition to 22a. 

Several works have established that substitution at one of the dienes of 22 bathochromically shifts 

the absorption maxima (up to 620 nm) due to increasing polar character and steric hindrance at one 

of the -ene groups, thereby activating it towards cycloaddition. As discussed in AB systems, 

bathochromically shifting the absorption of 22 does cause lower Φiso’s and PSS purity,31,33,127 or 

even the complete absence of the energetic isomer 22a in the PSS unless the reaction is carried out 

under prolonged irradiation at the λmax of 22.132 Nonetheless, the Poulsen group21 reported their 

record-setting NBD-QC system to have a ∆H = -88.5 kJ/mol (21 kcal/mol) with a Φiso = 0.61. 

Thanks to the low molecular weight (92 g/mol) of 22, the energy density can theoretically reach 

1MJ/kg.31 Consequently, modern NBD/QC design seeks to compensate for impure PSS with the 

molecule’s high energy density and by keeping the molecular weight relatively small while 

bathochromically shifting the absorption as much as possible with bulky and polar functional 

groups.31,33,34 
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Bettinger and Liu131 recently reported a 1,2-dihydro-1,2-azaborinine-derived photoswitch (Figure 

37), which represents the first boron-based MOST system.  

Figure 37. The 1,2-dihydro-1,2-azaborinine photoswitch. R = Cl, or mesityl (Mes). TBS = t-

butyldimethylsilyl. If R = mesityl, 23a continues to form 23b under UV. 

 

The photoconversion from 23 to 23a is quantitative in cyclohexanes (Φiso = 0.46-0.54) and the 

reverse ring-opening using 3% Wilkinson’s catalyst (RhCl(PPh3)3) produces 3.3 quantitatively 

within 1 hour. With continued irradiation at higher energy wavelengths (254 nm), however, the 

mesityl-substituted 23a irreversibly forms a diazadiborete (four-membered 2N, 2B analogue of 

cyclobutadiene, 23b) at the PSS. It was found that the catalyzed reverse reaction enthalpy reached 

ΔH = –48 kcal/mol (-201 kJ/mol), which is significantly higher than that of NBD/QC systems (-

21 kcal/mol) as well as other competitive systems such as the fulvalene-diruthenium photoswitch 

(-20 kcal/mol).130 The reverse energy barrier was ca. 26-28 kcal/mol, corresponding to a t1/2 = ~30 

days. The authors found that bathochromic shifting in 23 can be achieved with bulkier substituents 

on boron and nitrogen, where steric repulsion stabilizes the dimerization to 23a and lowers the 

value of ∆H.  
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3.2 Project Summary  

We have previously shown that the 4-4a photoswitch demonstrates good borirane stability with an 

Ea (~28 kcal/mol)3 for the thermal reversal. This is comparable to the azaborinine photoswitch 

developed by the Bettinger group (26-28 kcal/mol).131 Furthermore, 4 quantitatively 

photoisomerizes to 4a at λmax=365 nm with high quantum efficiency (Φiso=0.85).3 TD-DFT studies 

found that 29 kcal/mol of energy could be liberated from the reversal to 4. As it stands, boron-

based photoswitches with optimal MOST qualities described in Chapter 3.1.2 are exceedingly rare 

(with the only example provided by Bettinger), and despite our group having developed several 

examples of four-coordinate boron photoswitches with a borirane intermediate,3–5,7,110,133–135  the 

use of borirane isomerization in the context of energy storage has yet to be described owing to the 

absence of a catalyst driving the reverse reaction to the original isomer. More recently, preliminary 

results from Dr. Soren Mellerup and Ulrich Makanda revealed that 4a reacts in the presence of 

trityl tetrakis(pentafluorophenyl)borate (TrTPFPB, TPFPB = −B(C6F5)4) to reverse isomerize to 4 

in solutions of benzene or toluene (Scheme 5).  

Scheme 5. Photoisomerization of 4 to 4a and catalyzed reverse isomerization. (TrTPFPB = +C 

Ph3B(C6F5)4, trityl tetrakis(pentafluorophenyl)borate)  

Motivated by these findings, this project investigated the 4-4a photoswitch as a potential MOST 

system. Herein, we showed that the reaction between TrTPFPB and 4a was catalytic across several 
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concentrations of the catalyst. Moreover, various alkali (M-TPFPB, M = Li, K, Na) salts of the 

same anion can also do the same. In addition to the rapid reverse-isomerization to 4, reaction of 4a 

with any of the mentioned catalysts invariably produced a boron-containing radical species which 

then collapses to form 4 slowly, as found in NMR and supported by EPR. The radical species was 

confirmed by EPR and UV. 

3.3 Results and Discussion  

3.3.1 ΔH Measurement by Differential Scanning Calorimetry (DSC) 

We first set out to compare the experimental heat release and the value obtained from DFT 

calculations. DSC was used to measure the heat released by solid 4a when thermally-reversed to 

4. 4a was obtained via the photoreaction of 4 in benzene in a sealed tube, then following removal 

of the benzene, solid 4a was loaded onto a hermetically sealed pan and DSC was performed. 

ΔHstored for the thermal back reaction is around 140 J/g or 14 kcal/mol based on an average of two 

trials (Appendix B3). Thermogram of the reverse reaction (Figure 38) shows a step in the curve at 

Tg = ~ 60 °C indicative of a glass transition of 4a. A double exothermic transition peak was found 

at 126 °C and 200 °C, where the trough between the first and second transition might be attributed 

to an N=B intermediate4,5,7 according to previous calculations, although attempts to recover this 

intermediate by halting the DSC experiment at 160 °C only found 4 in 1H NMR (Figure 39).  
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Figure 38. Representative thermogram of 4a reversal to 4. Black arrow indicates glass transition. 

 

The sample collected after the first exothermic transition (160 °C) was a reddish non-crystalline 

solid, while the sample collected at the end of the experiment was a yellow, non-crystalline solid, 

thus showing that neither exothermic transition is attributable to heat of crystallization (Tg). The 

experimental ΔHstored falls well below the calculated value of 28 kcal/mol,3 as the energy was 

computed for a single molecule in a vacuum rather than in the bulk state, thus not accounting for 

heat transferred to neighbouring molecules which drives their reverse isomerization or the 

difference in heat capacity of solid 4. Furthermore, ΔHstored measured by DSC can only serve as a 

rough estimate given that the catalyzed, bimolecular reaction mechanism under study herein is 

vastly different from unimolecular thermal isomerization in the solid state. 
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Figure 39. 1H NMR (C6D6) of recovered DSC experiments at 160 °C and 250 °C. All 

manipulations were handled under inert atmospheres.  

 

3.3.2 Macroscopic Heat Release from Catalyzed Reversal of 4a 

As a proof of concept, a device was manufactured from Bisphenol A diglycidyl ether (DGEBA) 

epoxy136 to house/monitor the photoreaction and catalyzed reversal of 4. DGEBA was chosen for 

its poor air permeability and inertness against non-polar solvents.136 A positive 

polydimethylsiloxane (PDMS) mold was first cast onto a 3D printed negative mold with a raised 

perimeter, a 3 mL inner channel, and a syringe hole. Commercial DGEBA (ArtResin) was then 

cast onto the PDMS template to produce the vessel (same as negative plastic mold). The PDMS 

positive was a necessary intermediate step as DGEBA would have adhered to the plastic mold. 

Known for their excellent heat conductivity, a nickel and aluminum plate were each fitted onto an 
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epoxy channel and sealed with epoxy glue; the goal was to measure the temperature change in 

solution upon addition of the catalyst via heat conduction through the metal plate.  

 

A solution of 4 (0.025M) in toluene was injected into each vessel and sealed with silicon grease, 

followed by irradiation under an AM1.5 solar simulator (Figure 40) until the colour of the solution 

stopped changing.   

 

Figure 40. A. nickel-backed and aluminum-backed epoxy vessels with an opening for solution 

injection (white arrows). B. vessels housing a toluene solution of 4 (0.025 M) under AM1.5 

irradiation. C. vessels after 2 minutes. D. Temperature tracking of 4a + excess TrTPFPB in the 

nickel-backed vessel.  

The vessel was then allowed to equilibrate inside a glovebox for 30 minutes, monitored with a 

multimeter-thermocouple attached to the back of the nickel plate. A solution containing excess 

TrTPFPB was then injected into the 4a solution and rapidly mixed and the temperature was 

monitored until an equilibrium was reached. Interestingly, Figure 40D showed two incidences of 

temperature increase over 3 minutes, and the curve bears resemblance to the solid-state 

isomerization seen by DSC. This experiment demonstrates that heat is released by the catalytic 

reversal of 4a and suggests that the catalyzed pathway might proceed by the same stepwise 
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isomerization as the thermal reversal since they yield comparable heat release profiles. The test 

remains inconclusive, however, as no reference reaction was used to compare against this heat 

release. The second temperature peak cannot be confidently attributed to the heat of reaction, as 

addition of a molar excess of TrTPFPB should have rapidly converted 4a to 4 such that only one 

temperature peak can be detected; either of the temperature increases could have been caused by 

the heat of mixing and/or lag in instrument response. Nonetheless, our observations prompt further 

investigation into 4a’s catalytic heat release.  

3.3.3 Tracking 1H NMR of 4a → 4 catalyzed by TrTPFPB 

An average of 6.4 mg of 4 was photochemically converted to 4a in a J-Young NMR tube. Reversal 

of 4a to 4 can be achieved with as little as 1% mol equivalent of TrTPFPB in benzene (Figure 41).  

Figure 41. Catalyzed reversal of 4a (c = 0.012 M) to 4 in the presence of 1% mol. equivalent of 

TrTPFPB after 24 hours. Blue and green are key peaks respectively assigned to 4a and 4. The top 

boxed spectrum is a neat sample of 4 for reference. Colour of the solution changed from deep blue 

to reddish purple. 
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In the presence of 1 to 5% TrTPFPB, the corresponding 1H NMR tracking spectra demonstrate 

near complete disappearance of 4a after 24 hours with 1% TrTPFPB (Figure 41) to less than 15 

minutes with 5% TrTPFPB (Appendix B). With 10% TrTPFPB, the reaction was complete by the 

time the first NMR experiment could be conducted. Trace signals of 4a remain in the aliphatic 

region in Figure 41 but are absent in the aromatic region and its signal at -9.9 ppm is not visible by 

11B NMR (Figure 42). Subsequent 1H NMR of the final reddish-purple solutions show: 1) 4 signals 

with decreased relative intensity versus the corresponding 4a signals prior to catalyst addition and 

2) formation of several broad and unresolved peaks, thus suggesting the formation of a 

paramagnetic species competitive with the backward isomerization. 

 

11B NMR of the TrTPFPB catalyzed reaction (Figure 42) showed the expected absence of 4a and 

appearance of 4 but no novel signals. 

 

 

 

 

 

Figure 42. 11B NMR (C6D6) of the 5% TrTPFPB and 4a (6.4 mg, 1 mL C6D6) solution 40 minutes 

after catalyst addition. The peak at 4.99 ppm is the reversed 4, -15.99 is the [B(C6F5)4]
- anion. 

 

In a separate experiment using 1,3,5-trimethoxybenzene as the internal standard and 5% eq. 

TrTPFPB, the 1H NMR of the reaction taken after 4 hours showed that 4a disappeared and 49% 4 

was recovered. The integration of several broad signals in the aromatic region partially accounted 

for the missing 51% 4 (Appendix B Figure 81). Surprisingly, 1H NMR of the same sample after 

two weeks shows almost complete disappearance of the broad signals and integration of 4 peaks 
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showed 88% total recovery (Appendix B Figure 82). The solution retained a lighter blueish-purple 

colour reminiscent of the appearance of the freshly completed reaction mixture. The increase in 4 

and likeness in colour suggest that the radical species is slowly collapsing to 4 and another radical 

species is present but unobservable in NMR due to line broadening. As a control experiment, 

TrTPFPB was added to neat 4 and found no reaction, thus supporting the radical species is 

generated from a divergent pathway involving TrTPFPB-4a.  

 

3.3.4 Catalyzed 4a Reversal in Alkali Metal Paired TPFPB 

TrTPFPB was initially thought to catalyze the reversal by facilitating the formation of a 4a radical 

intermediate by temporarily acting as a single electron acceptor.137–140 The TPFPB generally only 

serves as a bulky, weakly-coordinating anion141 to promote cation dissolution141,142 and is thought 

to be inert with respect to catalysis.143–145 To confirm radicalization of the cation, the same NMR 

tracking was attempted with alkali salts Li-TPFPB and K-TPFPB. Li-TPFPB was synthesized via 

lithiation of pentafluorobenzene with n-BuLi in diethyl ether followed by borylation with 

tris(pentafluorophenyl)borane (BCF), and was obtained as an etherate salt.146 K-TPFPB was 

subsequently obtained from Li-TPFPB by ion exchange with KCl in aqueous solution. (see 

synthetic details in Appendices B1). Interestingly, 4a also disappears and identical broad signals 

were found in the Li- or K-TPFPB-catalyzed reaction. The reaction with either 5% Li-TPFPB or 

K-TPFPB completed in roughly the same time (Appendix B4) and were both significantly slower 

than the reaction with 5% TrTPFPB. Reactions of 4a with 10% Li- /K-TPFPB finished in ~3 hours. 

4 recovery was reduced to 25% with Li-TPFPB as the catalyst (Appendix B4, Figure 82) as 

determined using 1,3,5-trimethoxybenzene as the internal standard. The slower Li-TPFPB-
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catalyzed reaction was further investigated via NMR. A transition between broad signals can be 

seen around the 1-2-hour mark in Figure 43. 

Figure 43. Tracking 1H NMR (aromatic region) of 4a (c = 0.012M) and 5% Li-TPFPB in C6D6. 

Trials have been stacked in reverse chronological order for visibility. Boxed: regions showing 

disappearance of the first radical and formation of the second radical. Inset: expanded view of 4a 

o-pyridyl proton (H5) versus the same proton on 4. 

 

Up to the first hour, the only two indications of radical formation in the aromatic region are at ~7.6 

ppm, where a shoulder peak near H3/H4 is noted, and 8.46 ppm, where H5 experiences slight 

broadening (inset). The reaction at 2 hours shows disappearance of the pyridyl proton (H5) and the 

broad shoulder at 7.6 ppm, accompanied by 4 new broad signals at 4.82 ppm, 5.2-5.6 ppm, 6.57 

ppm, and 7.72 ppm (Figure 44), which eventually saturate to form relative integrations of  1:2:1:1, 

respectively.  
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Figure 44. Reaction between 4a and 5% Li-TPFPB in C6D6 after 12 hours showing integration 

of several distinct radical signals.  

 

This stepwise disappearance of 4a and build-up of 4 is clearer in the aliphatic region (Figure 45) 

from the second to third hour of reaction. Figure 45 shows negligible formation of 4 in the first 

hour of reaction during which 4a is depleted, but rather the increase of 4 is concurrent with the 4 

broad signals that develop after. Methyl groups assigned to 4a disappeared completely by the third 

hour but p-Me and o-Me of 4 only reached full intensity after 12 hours. Moreover, integration of 

the doublet at 1.6 ppm and singlet at 0.44 ppm reveals a 6:3 relative integration versus the 1:2:1:1 

signals in the aromatic region, thus suggesting the presence of three methyl groups which likely 

correspond to the paramagnetically shifted methyl groups (Me15,19,17) on a radicalized 4a 

intermediate. This shift is also evident in Figure 44. HH COSY NMR (Appendix B, Figure 74) 

confirms correlation of two of the protons (6.57/4.82 ppm) shown in Figure 44, and 13C NMR 

(Appendix B; Figure 78) also showed very weak signals assignable to the broad 1H signals in 

(13C,1H)-HSQC (Appendix B; Figure 75). Unfortunately, HH NOESY and (13C,1H)-HMBC) did 

not show any correlations between the signals.   
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Figure 45. Tracking 1H NMR (aliphatic region) of 4a and 5% Li-TPFPB in C6D6. Some trials have 

been omitted and stacked in reverse chronological order for visibility. Boxed: regions showing 

disappearance of the first radical and formation of the second radical. Inset: expanded view of 2.7-

3.15 ppm showing shifting of the ether signal and disappearance of Me14. 

 

The quartet at 3.08 ppm and triplet at 0.93 ppm in Figure 45 correspond to the lithium-coordinated 

diethyl ethers,146 which can be seen shifting upfield throughout the reaction indicating an 

increasingly shielding coordination environment. The shift of the two peaks at 12 hours is 

significantly upfield compared to solvent-bound ether and lithium-coordinated ethers.147  
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Stepwise formation is also supported by 11B NMR tracking experiments (Figure 46), which show 

that 4 does not form until 1-2 hours into the reaction. 19F NMR at the end of the reaction (Appendix 

B; Figure 85 and 86) shows that the TPFPB anion remains intact and unchanged. 

Figure 46. Tracking 11B NMR of 4a and 5% Li-TPFPB in C6D6. 

As expected, higher catalyst loading led to a faster reversal of 4a. It was also found that increasing 

the speed of the reaction produced less radical formation. At 10% TrTPFPB (the fastest catalyst), 

only minor radical formation was found near the baseline (Appendix B; Figure 76). Moreover, 4 

recovery was improved to 90%. In contrast, using a slower catalyst such as Li-TPFPB even at 20% 

loading produced significant paramagnetic signals because the reaction took several hours to 

complete. All newly reversed reaction mixtures showed a reddish colour. However, aged samples 

in solution (i.e. if kept in NMR tube) varied from a red to bluish-purple (also see Chapter 3.3.6). 

This variation in colour was also dependent on the initial concentration of 4a and relative 

concentration of the catalyst, where concentrated samples with a lower catalytic dose or an alkali 
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salt catalyst formed a prominent bluish colour when aged, and rapidly completed reactions (i.e. 

using high % TrTPFPB) showed a reddish-purple.  

3.3.5 Proposed Pathway for Catalyzed Reversal of 4a 

Based on the above findings, we propose the tentative pathway outlined in Scheme 6.  

 

Scheme 6. Proposed pathway for catalyzed reversal of 4a to 4. 

 

4a is initially converted to a transient radical species [4a]∙ (𝑘𝑐𝑎𝑡1
), which is mostly NMR silent and 

supported by the fact that initial decrease in 4a signals (both 1H and 11B) occurs without concurrent 

formation of 4. [4a]∙ is then catalyzed (𝑘𝑐𝑎𝑡2
) to form 4 as indicated by 11B NMR. [4a]∙⟶ 4 is likely 

to be limited by the availability of free catalyst in solution and competitive with the kinetic 

formation (k1) of the persistent radical [R1]∙. In agreement with this hypothesis, we found that at 

higher concentrations of any catalyst, the appearance of 4 is staggered with the disappearance of 

4a instead of showing a distinct stepwise formation/disappearance. If a 4a-catalyst complex 

dissociates after [4a]∙ formation and no reassociation (i.e. 𝑘𝑐𝑎𝑡2
 = 0) occurs, then freeform [4a]∙ 

collapses (k1) to the more stable [R1]∙ which is the persistent radical responsible for the broad 

signals that appear concurrently with 4 in 1H NMR. This agrees with the finding that at 10% 

TrTPFPB, the reversal was complete in minutes and produced higher %4 recovery, whereas the 
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radical signals were negligible (i.e. 𝑘𝑐𝑎𝑡1
/𝑘𝑐𝑎𝑡2

 >> k1). Gradual disappearance of broad peaks 

suggest the collapse of [R1]∙ to [R2]∙ (k2) and 4 (k3) which explains the partial recovery of 4 in aged 

samples. We believe [R2]∙  is responsible for the bluish-purple colour of the solution, and its 

formation is dependent on the concentration of  [R1]∙. Therefore, it is expected that a dilute or 

rapidly reversed reaction would have a [R1]∙ concentration too low to form [R2]∙ and thus take on a 

reddish hue.  

 

Lewis acid-catalyzed radical formation is more likely than trityl acting as a temporary spin carrier 

to facilitate the reversal, as alkali salts of the same anion were able to catalyze the reaction and 

produced effectively identical NMR spectra. The choice of counteranion was also important, as 

previously shown in the TPFPB activation of cationic zirconocenes for olefin polymerization.148–

150 Larger and less nucleophilic counteranions accelerated cationic polymerization by better 

dissociation of the cation in solution compared to smaller counteranions such as BF4
-. We 

attempted 4a reversal with 5% TrBF4 and found it slowly decomposing to a three-coordinate boron 

species over the course of two weeks (Appendix B5). 

3.3.6 Investigation of Radical Species by UV-VIS 

The UV-VIS absorption spectrum of a 5% TrTPFPB/4a mixture left in room temperature for 1 

week is shown in Figure 30. The long tail attributed to TrTPFPB140,144 and the back-converted 4 

(λmax = 365 nm)3 is shown in the inset. The TrTPFPB-catalyzed mixture has an intense blueish-

purple colour even in dilute concentrations and shows several absorption peaks (λmax = 440 nm, 
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470 nm, 501 nm, 540 nm, 582 nm, 626 nm). 4a absorbs from 350-780 nm and shows a single broad 

band with λmax = 599 nm (Appendix B5) – it was not seen in the spectrum.  

Figure 47. Normalized absorption spectra of 4a + 5% TrTPFPB (purple) and 5% LiTPFPB in 

benzene. Inset: expanded 330-450 nm region.  

Upon exposure to air, the solution rapidly turns colourless and the absorption bands disappear 

indicating a quenching of the radical. Likewise, UV measurements of the 5% LiTPFPB-catalyzed 

reaction taken after 4a had depleted reveal that the corresponding absorption is significantly less 

resolved than that of the trityl reaction and contained a hypsochromically shifted species (λmax = 

453 nm, 484 nm, 536 nm, 576 nm, 633 nm) that overlaps with the blue radical and disappears when 

the sample is exposed to air. The aged sample should contain exclusively [R2]∙ in accordance with 

Scheme 6, while the red solution contains the persistent radical [R1]∙. Slow evaporation of the red 

solution did indeed produce a bluish-purple colour over the course of days, which is consistent 

with the hypothesis that [R2]∙ formation is dependent on [R1]∙ concentration. 
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We were able to grow crystals from both lithium and trityl salt catalyzed reactions from the mother 

liquor diluted with a 1:1 mixture of benzene/hexanes. It is worth noting that all crystals were bluish-

purple regardless of reaction parameters, which was consistent with UV findings and Scheme 6 

indicating that it is likely solid [R2]∙. The crystals have not been analyzed by SC-XRD as of this 

work. 

3.3.7 Investigation of Radical Species by EPR 

 

Conclusive evidence of radical formation was found in both trityl and lithium-salt-catalyzed 

reactions. A 5% TrTPFPB reaction was measured by X-band EPR over 4 hours after 30 minutes 

of reaction time at room temperature. The corresponding ~50 G spectrum (Figure 48) shows two 

overlapping signals with one broad peak at ~3410 G, and the inflection point showing a 

corresponding g-factor of 2.0039 (see Appendix B1 for calculation of the g-factor) for the partially 

resolved four-line signal. The single inflection point is indicative of spin localization on an I=0 

nucleus (such as 12C)2,60 and the four lines suggest hyperfine coupling with 11B (I = , a(11B) = 2.75 

G), although the spectrum could arise from coupling with several nuclei and spin delocalization, 

and would have to be computed to confirm the splitting pattern.69  g = 2.0039 is comparable to 

typical boron-centered radicals,69,72 and the spectrum bears striking resemblance to that of a four-

coordinate C-centered boron-containing species isolated by Stephan2 which has the same g-factor. 

The shoulder peak in their spectrum (red arrow in Figure 31) was produced by a single species, 

which casts uncertainty on whether the trityl mixture contains more than one radical – i.e. Figure 

48 could be representative of the persistent radical [R1]∙  in Scheme 6. Lines resembling trityl 

radical137,139 were not found, in good agreement with NMR findings. The possibility of the catalytic 

portion (i.e. radical initializer) being generated from TPFPB, perhaps by its decomposition144 into 



 

76 

 

pentafluorobenzene and tris(pentafluorophenyl)borane (BCF) was also ruled out due to the absence 

of a 14-line pattern in EPR attributed to [BCF]- ∙.151 

 

Figure 48. Experimental EPR spectrum of 3 x 10-2 M solution of 4a + 5% TrTPFPB in benzene at 

298K. Inset: experimental (top) and simulated (bottom) EPR spectra of the boron radical isolated 

by the Stephan group.2 Prospective structure for [R1]∙  is shown.  

 

The weak hyperfine coupling suggests that the spin is unlikely to reside on boron (as in the case of 

Stephan’s compound). Based on the shoulder peak forming on H3/5 and broadening of H5, the 

spin of [R1]∙  is likely delocalized across the chelate backbone with significant localization on those 

carbon, which leads us to propose the structure in Figure 48.  

 

EPR of the 5% LiTPFPB catalyzed reaction (Figure 49) was likewise taken over 4 hours after 30 

minutes of reaction time. Two ∆ms=1 signals (g = 1.929 and 2.0037, respectively) were found with 

no discernible hyperfine coupling. 

 



 

77 

 

Figure 49. Experimental EPR spectrum of 3 x 10-2 M solution of 4a + 5% TrTPFPB in benzene 

at 298K.  

 

g1 is lower field than any organoborons in the literature and bears more resemblance to inorganic 

boron-halide clusters (g < 2)72 or I =  transition metal complexes (e.g. 51V(IV)) and g2 is typical of 

boron and carbon-centered radicals, but the lack of hyperfine coupling could be attributed to many 

coupling interactions arising from a highly delocalized electron.69 The signal-to-noise ratio is 

markedly lower than the 5% TrTPFPB spectrum, which agrees with the slower reaction using the 

alkali salt catalyst and thus slower evolution of the paramagnetic species. By extension, this 

spectrum is representative of the mixture containing the postulated NMR-silent [4a]∙ that evolves 

first in the reaction.   
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3.4 Conclusion 

 

We herein demonstrated the reversibility of the 4a⟶4 photoswitch with three M-TPFPB (M = 

trityl, Li, K) salts in 1-10% catalytic loading in solutions of benzene and toluene. TrTPFPB was 

found to be the most efficient catalyst producing up to 90% immediate recovery of 4. The TPFPB 

anion was found to be crucial to catalytic activity, since compact and nucleophilic anions such as 

TrBF4 resulted in the decomposition of 4a. NMR, UV-VIS and EPR spectroscopy revealed a 

radical reversal pathway and the formation of a series of paramagnetic species competitive with 

the formation of 4. We deduce that the transient species [4a]∙ is generated from initial interactions 

between 4a and the catalyst, which is then catalyzed again to form 4. The persistent radical [R1]∙ is 

a possible kinetic side product formed when there are high concentrations of [4a]∙. UV-VIS and 

EPR confirm a transition from [R1]∙ to the stable radical [R2]∙. The postulated radical pathway 

involving the ring opening is consistent with the borirane opening described in Chapter 1.8. 

However, analysis of the crystal structures obtained from the reactions and computational studies 

are needed to confirm the pathway in Scheme 6 and the structure in Figure 48 and gain insight into 

the catalytic mechanism and fate of the catalyst. We experimentally demonstrate heat release of 14 

kcal/mol from the thermally catalyzed reversal of 4a in the solid state as well as heat release from 

the catalyzed reaction in solution. Despite a modest ΔHstored compared to other more optimized 

systems,33,120 this pilot study opens the door for further investigation of this type of borirane 

photoisomerization family for MOST applications. In a mechanistic and synthetic perspective, this 

is the first instance of a reversible, catalytic ring-opening of a borirane ring in the ground state. 
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Chapter 4. Conclusions and Future work 

4.1 Conclusion  

 

The two projects in this work were proof-of-concept studies of the ground-state reactivity of 

borirane-containing photoswitches. In Chapter 2, we were successful in isolating and 

characterizing four cycloadducts of the N,C- and C,C-chelated dark isomers and found that they 

were inert to oxygen, unlike their precursors. However, this additional stability as imparted by a 

wider HOMO-LUMO gap also prevented any further thermal/photoreactivity within our scope, as 

we were unable to remove bicyclic adduct from the boron center. The cycloadducts represent the 

first examples of a bimolecular reaction involving a boratanorcaradiene.  

 

Chapter 3 revealed a possible Lewis-acid catalyzed reversal of a N,C-chelate organoboron dark 

isomer in non-polar solvent. Several radical species were detected via NMR, EPR, and UV-VIS 

spectroscopy. We found that radical generation during the reversal was dependent on the type and 

concentration of the catalyst, thus supporting a multistep catalytic ring-opening via a radical 

intermediate. Lastly, we confirmed that both thermal and catalyzed reversal in the solid and 

solution state, respectively, release heat, thus satisfying the most important requirement of a solar 

battery.  

4.2 Future Work 

 

We have demonstrated heat release using the N,C-chelate organoboron compound 4, and found 

that ∆H is lower than most optimized systems in literature, albeit it was measured in the thermally 
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catalyzed, bulk solid state. We aim to perform more sophisticated calorimetric experiments with 

the catalyzed system in solution to find the true value of ∆H. The study conducted in Chapter 3.3.2 

needs to be replicated with referencing against a known reaction, such as acid-base neutralization 

(e.g. HCl/NaOH) or sodium acetate crystallization, to confidently quantify the heat of reaction. 

 

Moreover, given the wide selection of photochromic compounds in the same family as 4, it is 

possible to find a more energetic system or design a borirane-photoswitch with a lower molecular 

mass to increase energy density. The radical crystals isolated in Chapter 3 should be analyzed via 

SC-XRD with the help of Dr. Gabriele Schatte and Dr. Xiang Wang at Queen’s University to gain 

insight into the fate of the catalyst, residual dark isomer, the nature of the radicals (e.g. monoradical 

vs. diradical, ion-pairing, dimerization), as well as the catalytic pathway. To further elucidate 

pathway of the borirane opening, collaboration with Dr. Karl Demmans (see Co-authorship) at the 

University of Toronto will allow the study the radicals by electron nuclear double resonance 

(ENDOR) spectroscopy. The role of these radical intermediates and their role in the catalytic 

pathway are under investigation and will be reported in due course. 
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Appendix A: Chapter 2 Supporting Information 

 

A1 Experimental Procedures 

 

Unless stated otherwise, all reactions were carried out under an inert atmosphere of dry 

nitrogen in sealed J-Young NMR tubes (conventional DURAN®glass). Starting reagents were 

purchased from chemical suppliers and used without further purification. Deuterated benzene 

(C6D6) was purchased from Cambridge Isotope Laboratories and purged with dry nitrogen and 

stored over molecular sieves prior to use. NMR spectra were recorded at 298 K using the following 

spectrometers: Bruker Avance-400, Neo-500, Avance-600, or Neo-700. Abbreviations: s = singlet, 

d = doublet, dd= doublet of doublets, t = triplet, td = triplet of doublets, m = 

multiplet, High resolution mass spectra were recorded on a Thermo Fischer Scientific MALDI 

LTQ Orbitrap XL mass spectrometer. Exact masses were calculated based on the predominant 

combination of natural isotopes. Photoisomerization reactions of all compounds were done in 

sealed J-Young NMR tubes using a Rayonet Photochemical Reactor at 298 K. UV-vis spectra 

were recorded on a Varian Cary 50 spectrometer. 

X-ray crystallographic analysis. The crystal data of 4b-6b and 4c were collected on a Bruker 

D8-Venture diffractometer with Mo-target ( = 0.71073 Å) at 180 K. Data were processed on a 

PC with the aid of the Bruker SHELXTL software package[13] and corrected for absorption effects. 

The crystals of 4b, 4c, and 5b belong to the triclinic space group P-1 while that of 6b belongs to 

the monoclinic space group P21/n. All non-hydrogen atoms were refined anisotropically. The 

positions of hydrogen atoms were calculated and their contributions in structural factors were 

included. The details of crystal data, collection parameters and results of analyses are provided in 
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the supporting materials. The crystal data of 4b-6b and 4c were deposited to the Cambridge 

Crystallographic Data Center with deposition numbers of CCDC 1943914-1943917 for 4b, 5b, 6b, 

and 4c, respectively. This data can be obtained free of charge from the Cambridge Crystallographic 

Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

Computational study. DFT and TD-DFT calculations were performed using the Gaussian 09 suite 

of programs and computational facilities provided by Compute Canada. Geometry 

optimizations and vertical excitations of all compounds were obtained at the B3LYP/6-31g(d) 

level of theory, using crystal structural data as the initial geometrical parameters, followed by 

geometry optimization. 

A2 Synthesis and Characterization of 4b-6b, 4c 

 

Synthesis of 4b. Compound 4 was synthesized according to previous literature.3 4 (15 mg, 37 

μmol) was dissolved in C6D6 (0.90 mL, c = 0.04 M) and irradiated at ambient temperature with 

UV lamps at 365 nm for 8 hours to fully convert colourless 4 to dark blue 4a, as monitored by 1H 

NMR spectra. DMAD (0.1 mL, 0.82 mmol) was then added in a single portion to the solution of 

4a. After heating in a 30°C oil bath for overnight, the solution colour became yellow and NMR 

spectra indicated nearly quantitative formation of 4b. The clear yellow solution containing the 

product was concentrated in vaccuo and purified by column chromatography on neutral alumina 

using a hexanes/ethyl acetate (9:1) mixture, affording a yellow-orange residue. Crystals of 4b were 

grown by the slow evaporation of a concentrated hexanes:ethyl acetate (5:1) solution and 

subsequently washed with hexanes to afford the pure product. (19 mg, 93%). 1H NMR (400 MHz, 

C6D6): δ 9.19 (d, J = 8.3 Hz, 1H, o-Cbz-H), 8.18 (dd, J = 6.5, 1.7 Hz, 1H, o-Py-H), 7.64 (t, J = 7.5 

Hz, 1H, m-3-Cbz-H), 7.58 (d, J = 8.2 Hz, 1H, m-5-Cbz-H), 7.39 (d, J = 8.5 Hz, 1H, m-5-Py-H), 
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6.99 (t, J = 7.6 Hz, 1H, p-Cbz-H, ov. with Mes-H), 6.95 (s, 1H, Mes-H, ov. with p-Cbz-H), 6.82 

(s, 1H, Mes-H), 6.56 (td, J = 8.3 Hz, 1.6 Hz, 1H, p-Py-H), 5.88 (t, J = 6.8 Hz, 1H, m-3-Py-H), 5.18 

(s, 1H, cyclohexene-sp2-C-H), 4.42 (d, 4J = 2.0 Hz, 1H, cyclohexene-sp3-C-H), 3.60 (s, 3H, -

OCH3), 3.38 (s, 3H, -OCH3), 2.66 (s, 3H, o-Mes-2-CH3, prox. to o-Py-H), 2.27 (s, 3H, p-Mes-

CH3), 2.10 (s, 3H, o-Mes-6-CH3), 2.07 (s, 3H, cyclohexene-CH3), 1.52 (d, 4J = 1.06 Hz, 3H, allylic 

CH3), 0.62 (s, 3H, BCC-CH3). 
13C NMR (126 MHz, C6D6): δ 169.49, 165.57, 160.24, 151.70, 

148.61, 147.82, 147.61, 145.80, 145.64, 141.40, 140.24, 137.12, 136.20, 134.33, 131.61, 130.39, 

127.98, 127.88, 127.69, 127.49, 126.28, 125.78, 122.94, 120.95, 119.93, 54.80, 52.52, 51.47, 

51.04, 29.88, 23.68, 23.16, 20.92, 20.56, 20.05, 16.58. 11B NMR (128 MHz, C6D6): δ -5.77. HREI-

MS Calcd for C35H36BNO4 [M]+: 545.2737. Found: 545.2738. 

 

Synthesis of 5b. Compound 5 was synthesized according to previous literature.5 5 (22 mg, 51 

μmol) was solubilized in C6D6 (2 mL, c = 0.025 M) and irradiated with UV at 365 nm for 7 days 

to fully convert to 5a. DMAD (0.1 mL, 0.82 mmol) was then added in a single portion to the 

solution of 5a. After heating in a 30 °C oil bath for overnight, the clear yellow solution containing 

the product was concentrated in vaccuo and purified by column chromatography on neutral 

alumina using a hexanes/ethyl acetate (9:1) mixture, affording a yellow residue of 5b. Crystals of 

5b were grown by the slow evaporation of a concentrated hexanes:ethyl acetate (5:1) solution and 

washed with hexanes to afford the pure compound 5b (28 mg, 94%). 1H NMR (700 MHz, C6D6): 

δ 9.23 (d, J = 8.5 Hz, 1H, o-Cbz-H), 7.56 (td, J = 7.8, 7.2, 1.3 Hz, 1H, m-3-Cbz-H), 7.49 (dd, J = 

7.8, 1.1 Hz, 1H, m-5-Cbz-H), 6.95 (s, 1H, Mes-H), 6.86 (t, J = 7.5 Hz, 1H, p-CBz-H), 6.84 (s, 1H, 

Mes-H), 6.75 (d, J = 1.4 Hz, 1H, thiazole-H), 5.28 (t, J = 2.0 Hz, 1H, cyclohexene-sp2-C-H), 4.45 

(d, J = 2.2 Hz, 1H, cyclohexene-sp3-C-H), 3.62 (s, 3H, -OCH3), 3.38 (s, 3H, -OCH3), 2.66 (s, 3H, 
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o-Mes-2-CH3, prox. to thiazole-H), 2.27 (s, 3H, p-Mes-CH3), 2.16 (s, 3H, o-Mes-6-CH3), 2.08 (s, 

3H, cyclohexene-CH3), 1.42 (d, 4J = 1.7 Hz, 3H, allylic CH3), 1.16 (d, 4J = 1.2 Hz, 3H, thiazole-

CH3), 0.59 (s, 3H, BCC-CH3). 
13C NMR (176 MHz, C6D6): δ 169.90, 165.83, 162.79, 159.64, 

148.53, 147.59, 141.03, 140.90, 137.40, 136.92, 134.74, 134.31, 132.22, 131.16, 129.04, 128.20, 

128.06, 127.92, 127.10, 123.90, 123.17, 54.65, 52.50, 51.87, 51.44, 23.90, 23.89, 21.30, 20.32, 

20.27, 16.33, 11.15. 11B NMR (128 MHz, C6D6): δ -6.32. HREI-MS Calcd for C34H36BNO4S [M]+: 

565.2458. Found: 565.2473. 

 

Synthesis of 6b. Compound 6 was synthesized according to the previous literature.4 6 (4.0 mg, 9 

μmol) was solubilized in C6D6 (0.51 mL, c = 0.017 M) and irradiated with UV at 300 nm for 3 

hours to fully convert to 6a. DMAD (0.1 mL, 0.82 mmol) was then added in a single portion to the 

reaction mixture. After heating in a 30°C oil bath for 2 hours, the clear light-yellow solution 

containing the product was concentrated in vaccuo and purified by column chromatography on 

neutral alumina using a hexanes/ethyl acetate (9:1) mixture, affording a light-yellow residue of 6b. 

Crystals of 6b were grown by the slow evaporation of a concentrated hexanes:dichloromethane 

(9:1) solution and washed with hexanes to afford the pure compound (4.4 mg, 84%). 1H NMR (700 

MHz, C6D6) δ 9.39 (d, J = 8.0 Hz, 1H, o-Cbz-H), 7.68 (d, J = 8.0 Hz, 1H), 7.65 – 7.61 (m, 1H, 

CBz-N-(Ph)C=C-H), 7.61 (t, J = 8.0 Hz, 1H, m-3-Cbz-H), 7.05 (t, J = 8.5 Hz, 1H, p-CBz-H, ov. 

with C6D6 spin peak), 6.85 (s, 1H, Mes-H), 6.84 – 6.80 (m, 2H, BzIm-H), 6.73 (s, 1H, Mes-H), 

6.44 – 6.40 (m, 1H, (CH3-N-(Ph)C=C-H), 5.27 (t, J = 2.0 Hz, 1H, cyclohexene-sp2-C-H), 4.43 (d, 

J = 2.2 Hz, 1H, cyclohexene-sp3-C-H), 3.60 (s, 3H, -OCH3), 3.41 (s, 3H, -OCH3), 2.75 (s, 3H, o-

Mes-CH3, prox. to N-CH3), 2.49 (s, 3H, N-CH3), 2.29 (s, 3H, p-Mes-CH3), 2.00 (s, 3H, 

cyclohexene-CH3), 1.86 (s, 3H, o-Mes-6-CH3), 1.49 (d, 4J = 1.59, 3H, allylic CH3), 0.88 (s, 3H, 
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BCC-CH3). 
13C NMR (176 MHz, C6D6) δ 170.01, 165.91, 162.37, 150.67, 145.78, 142.71, 141.30, 

137.18, 136.60, 136.60, 135.58, 133.70, 132.71, 132.37, 130.18, 128.45, 128.20, 128.06, 127.92, 

126.13, 124.14, 123.74, 123.09, 118.67, 114.45, 110.28, 56.46, 53.63, 51.87, 51.44, 31.50, 30.23, 

24.86, 23.75, 21.91, 21.31, 20.70, 19.76, 1.42 (Si grease). 11B NMR (225 MHz, C6D6) δ -15.96. 

HREI-MS Calcd for C38H39BN2O4 [M]+: 598.3003. Found: 598.3001. 

 

Synthesis of 4c. Compound 4a (8.8 mg, 21.8 μmol, 30 mM, 0.5 mL C6D6) was generated in the 

same manner as described for the synthesis of 4b. Maleic anhydride (2.20 mg, 22 μmol) was added 

in a single portion to the reaction mixture. After 24 hours under room temperature, the clear yellow 

solution was concentrated in vaccuo, followed by extraction with hexanes to afford the yellow 

residue of 4c. Crystals of 4c were grown by the slow evaporation of a concentrated hexanes 

solution and washed with cold hexanes to afford the pure compound (42%). 1H NMR (700 MHz, 

C6D6) δ 8.10 (d, J = 6.4 Hz, 1H, o-Py-H), 7.96 (d, J = 8.4 Hz, 1H, o-Cbz-H), 7.67 (d, J = 8.2 Hz, 

1H, m-5-Cbz-H), 7.43 (d, J = 8.6 Hz, 1H, m-5-Py-H), 7.29 – 7.26 (m, 1H, m-2-Cbz-H), 7.01 (t, J 

= 7.6 Hz, 1H, p-Cbz-H), 6.88 (s, 1H, Mes-H), 6.75 (s, 1H, Mes-H), 6.57 (t, J = 7.8 Hz, 1H p-Py-

H), 5.89 (t, J = 6.8 Hz, 1H, m-2-Py-H), 4.82 (t, J = 1.9 Hz, 1H, cyclohexene-sp2-C-H), 3.63 (d, J 

= 8.1 Hz, 1H, exo-H, prox. to o-Cbz-H), 3.23 (t, J = 2.6 Hz, 1H, cyclohexene-sp3-C-H), 2.81 (dd, 

J = 8.1, 3.2 Hz, 1H, exo-H), 2.37 (s, 3H, o-Mes-CH3, prox. to o-py-H), 2.24 (s, 3H, p-Mes-CH3,), 

2.16 (s, 3H, cyclohexene-CH3), 1.87 (s, 3H, o-Mes-CH3), 1.46 (d, J = 1.6 Hz, 3H, allylic CH3), 

0.05 (s, 3H, BCC-CH3). 
13C NMR (176 MHz, C6D6) δ 173.95, 173.09, 146.02, 145.51, 141.75, 

140.21, 139.54, 136.07, 136.01, 135.14, 130.17, 129.96, 128.59, 128.20, 128.06, 127.92, 127.41, 

122.62, 121.16, 120.45, 49.92, 49.09, 44.32, 43.36, 23.64, 23.56, 23.30, 21.83, 21.23, 13.97, 1.42 
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(Si grease). 11B NMR (225 MHz, C6D6) δ -8.70. HRESI-MS Calcd for C33H32BNO3 [M+1]: 

502.2548. Found: 502.2536. 

 

A3 1D NMR Characterization of 4b-6b, 4c 

Figure 50. 1H NMR spectrum of 4b in C6D6. 
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Figure 51. 13C NMR spectrum of 4b in C6D6. * = impurity 

 

 

 

Figure 52. Aromatic region of the 13C NMR spectrum of 4b in C6D6. 
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Figure 53. 11B NMR spectrum of 4b in C6D6. 

 

 

 

. 

Figure 54. 13C NMR spectrum of 5b in C6D6. 
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Figure 55.  Aromatic region of the 13C NMR spectrum of 5b in C6D6. 
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Figure 56.  1H NMR spectrum of 5b in C6D6. 
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Figure 57. 13C NMR spectrum of 6b in C6D6. 

Figure 58. Aromatic region of the 13C NMR spectrum of 6b in C6D6. 

Figure 59. 11B NMR spectrum of 6b in C6D6. 

 



 

110 

 

Figure 60. 1H NMR spectrum of 6b in C6D6. * = Impurity 

 

 

 

 

 

 

 

Figure 61. 1H NMR spectrum of 4c in C6D6. * = impurity 
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Figure 62. 13C NMR spectrum of 4c in C6D6. 

Figure 63. Aromatic region of the 13C NMR spectrum of 4c in C6D6. * = impurity 

 Figure 64. 11B NMR spectrum of 4c in C6D6. 
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A4 2D NMR Characterization of 4b-6b, 4c  

 

 

Figure 65. HH NOESY of 4b in C6D6, mixing time = 0.4s. 
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Figure 66. HH NOESY of 4c in C6D6, mixing time = 0.92s. 
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Figure 67. 1H COSY of 5b in C6D6 showing the long-range coupling between allylic and olefinic 

protons. 
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Figure 68. HH NOESY of 5b in C6D6, mixing time = 0.4s. 
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Figure 69. 1H COSY of 6b in C6D6. 
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A5 TD-DFT Calculation Data, and Absorptivity of 4b-6b 

Table 1. TD-DFT calculated electronic transitions for 4b along with their corresponding 

excitation energies and oscillator strengths. 

Compound  
Spin 

State  
Transition Configuration  

Excitation 

Energy (nm, eV)  

Oscillator 

Strength 

4b 

S1 

HOMO-2 → LUMO (8%) 

HOMO-1 → LUMO (5%) 

HOMO → LUMO (86%) 

430.54 (2.88) 0.0126 

S2 

HOMO-2 → LUMO (53%) 

HOMO-1 → LUMO (32%) 

HOMO → LUMO (13%) 

418.63 (2.96) 0.0219 

S3 
HOMO-2 → LUMO (37%) 

HOMO-1 → LUMO (59%) 
411.86 (3.01) 0.0745 

S4 
HOMO-1 → LUMO+1 (71%) 

HOMO → LUMO+1 (24%) 
364.30 (3.40) 0.0134 

S5 

HOMO-1 → LUMO+1 (20%) 

HOMO-1 → LUMO+2 (3%) 

HOMO → LUMO+1 (53%) 

HOMO → LUMO+2 (22%) 

360.71 (3.44) 0.0048 

 

Table 2. TD-DFT calculated electronic transitions for 5b along with their corresponding 

excitation energies and oscillator strengths. 

Compound  
Spin 

State  
Transition Configuration  

Excitation 

Energy (nm, eV)  

Oscillator 

Strength 

5b 

 

S1 

HOMO-2 → LUMO (18%) 

HOMO-1 → LUMO (16%) 

HOMO → LUMO (64%) 

423.46 (2.93) 0.0549 

S2 
HOMO-1 → LUMO (75%) 

HOMO → LUMO (24%) 
414.46 (2.99) 0.0097 

S3 HOMO-2 → LUMO (78%) 402.19 (3.08) 0.0828 
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HOMO-1 → LUMO (9%) 

HOMO → LUMO (11%) 

S4 HOMO → LUMO+1 (97%) 357.96 (3.46) 0.0172 

S5 
HOMO-2 → LUMO+1 (3%) 

HOMO-1 → LUMO+1 (94%) 
350.06 (3.54) 0.0053 

 

Table 3. TD-DFT calculated electronic transitions for 6b along with their corresponding 

excitation energies and oscillator strengths. 

Compound  
Spin 

State  
Transition Configuration  

Excitation 

Energy 

(nm, eV)  

Oscillator 

Strength 

6b 

 

S1 
HOMO → LUMO (88%) 

HOMO → LUMO+1 (9%) 
378.87 (3.27) 0.1668 

S2 
HOMO-1 → LUMO (91%) 

HOMO-1 → LUMO+1 (6%) 
370.16 (3.35) 0.0066 

S3 
HOMO-2 → LUMO (92%) 

HOMO → LUMO+1 (3%) 
351.83 (3.52) 0.0078 

S4 

HOMO-2 → LUMO (4%) 

HOMO → LUMO (7%) 

HOMO → LUMO+1 (83%) 

345.05 (3.59) 0.0856 

S5 
HOMO-1 → LUMO (6%) 

HOMO-1 → LUMO+1 (88%) 
337.85 (3.67) 0.0032 

 

Table 4. TD-DFT calculated electronic transitions for 4c along with their corresponding 

excitation energies and oscillator strengths. 

Compound  
Spin 

State  
Transition Configuration  

Excitation Energy 

(nm, eV)  
Oscillator 

Strength 

4c 

 

S1 
HOMO-1 → LUMO (4%) 

HOMO → LUMO (95%) 
433.47 (2.86) 0.0393 

S2 

HOMO-3 → LUMO (5%) 

HOMO-2 → LUMO (5%) 

HOMO-1 → LUMO (85%) 

403.51 (3.07) 0.0672 
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HOMO → LUMO (3%) 

S3 

HOMO-3 → LUMO (45%) 

HOMO-2 → LUMO (40%) 

HOMO-1 → LUMO (9%) 

HOMO → LUMO+1 (3%) 

388.71 (3.19) 0.0265 

S4 
HOMO-3 → LUMO (47%) 

HOMO-2 → LUMO (53%) 
369.42 (3.36) 0.0040 

S5 
HOMO-1 → LUMO+1 (6%) 

HOMO → LUMO+1 (88%) 
367.97 (3.37) 0.0081 

 

Table 5. Primary orbitals which contribute to the calculated transitions of 4b (iso = 0.03) and 

their energies (eV). 

   

LUMO 

-1.86  

LUMO+1 

-1.28 

LUMO+2 

-1.09  

 

  

HOMO 

-5.33 

HOMO-1 

-5.42 

HOMO-2 

-5.57 

 



 

120 

 

Table 6. Primary orbitals which contribute to the calculated transitions of 5b (iso = 0.03) and 

their energies (eV). 

  

LUMO 

-1.86 

LUMO+1 

-1.17 

 

 

 

HOMO 

-5.39 

HOMO-1 

-5.42 

HOMO-2 

-5.60 

 

Table 7. Primary orbitals which contribute to the calculated transitions of 6b (iso = 0.03) and 

their energies (eV). 

  

LUMO 

-1.32 

LUMO+1 

-0.99 
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HOMO 

-5.22 

HOMO-1 

-5.31 

HOMO-2 

-5.52 

 

Table 8. Primary orbitals which contribute to the calculated transitions of 4c (iso = 0.03) and 

their energies (eV). 

 

 

  

LUMO 

-2.14 

LUMO+1 

-1.53 

    

HOMO 

-5.57 

HOMO-1 

-5.77 

HOMO-2 

-6.03 

HOMO-3 

-6.07 
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Figure 70. Absorption spectra of 4c and 4b-6b in dichloromethane. 

 

 

 

 

 

 

 

 

 

 

 

 

0

2000

4000

6000

8000

10000

12000

14000

270 320 370 420 470 520

ε
(M

-1
c
m

-1
) 

 

λ / nm

4c

4b

5b

6b



 

123 

 

A6 X-ray Crystallographical Data 

 

 

 

Figure 71. Crystal structures of compounds 4b-6b and 4c with labeled atoms. 
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Table 9. Selected bond lengths (Å) and angles (8) for 4b–6b and 4c. 

 

 

4b 4c 5b 6b 

B1-C1 1.664(3) C3-C11 1.521(3) B1-C1 1.636(3) C4-C10 1.581(3) B1-C1 1.695(3) C6-C11 1.546(3) B1-C1 1.6976(17) C4-C5 1.3265(18)   

B1-C2 1.582(3) C6-C10 1.550(3) B1-C2 1.602(3) C5-C6 1.324(3) B1-C2 1.578(3) C10-C11 1.341(3) B1-C2 1.5941(17) C6-C10 1.5517(17)   

B1-N1 1.600(3) C10-C11 1.341(3) B1-N1 1.574(3) C10-C11 1.539(3) B1-C26 1.597(3) C2-C1-B1 57.99(12) B1-C23 1.5969(17) C10-C11 1.3353(19)   

B1-C27 1.605(3) C2-B1-C1 57.09(14) B1-C25 1.607(3) C2-B1-C1 57.89(12) B1-N1 1.568(3) C1-C2-B1 65.57(13) B1-C31 1.6092(18) C10-C11 1.3353(19)   

C1-C2 1.553(3) C2-C1-B1 58.80(14) C1-C2 1.567(3) C2-C1-B1 59.99(12) C1-C2 1.551(3) N1-B1-C26 106.93(16) C1-C2 1.5316(16) C2-B1-C1 55.35(7)   

C2-C3 1.562(3) C1-C2-B1 64.11(15) C1-C4 1.563(3) C1-C2-B1 62.12(12) C2-C3 1.570(3) N1-B1-C1 109.31(16) C1-C6 1.5813(16) C2-C1-B1 58.89(7)   

C3-C4 1.529(3) C2-B1-N1 116.28(19) C2-C3 1.543(3) N1-B1-C25 109.84(16) C3-C4 1.519(3) C16-C1-B1 117.63(16) C2-C3 1.5705(17) C1-C2-B1 65.76(8)   

C4-C5 1.322(3) C27-B1-C1 132.04(19) C2-C7 1.525(3) N1-B1-C1 112.05(15) C1-C6 1.592(3) C6-C1-B1 122.80(16) C3-C4 1.5268(17) C2-B1-C23 121.35(10)   

C1-C6 1.590(3) N1-B1-C27 107.77(19) C3-C11 1.558(3) C4-C1-B1 120.44(14) C5-C6 1.508(3) B1-C2-C3 120.33(16) C4-C5 1.3265(18) C2-B1-C31 124.08(10)   

C5-C6 1.513(3) B1-C1-C6 128.09(18) C3-C6 1.508(3) C3-C2-B1 124.29(16) C4-C5 1.324(3)     C5-C6 1.5138(17) C3-C2-B1 119.53(10)   

        C4-C5 1.518(3)             C3-C11 1.5195(17) C23-B1-C31 108.33(10)   

                        C6-C10 1.5517(17)       
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Appendix B: Chapter 3 Supporting Information 

 

B1 Experimental Procedures 

 

All experiments were carried out under inert atmospheres of N2 using either Schlenk or glovebox 

techniques. 4 and 4a were prepared according to our previous procedures. TrTPFPB, TrBF4 and 

1,3,5-trimethoxybenzene were purchased from Sigma-Aldrich and used without further 

purification. All solvents were dried over molecular sieves 4Å and degassed by three pump-thaw 

cycles prior to use. All NMR experiments were conducted in J-Young NMR tubes. NMR spectra 

were recorded on a Bruker Avance 500 or 700 MHz spectrometer. Deuterated solvents were 

purchased from Cambridge Isotopes and dried/degassed prior to use. Photochemical reactions were 

performed in J-Young NMR tubes and photochemical reactions were carried out using a Rayonet 

Photochemical Reactor unless specified otherwise. UV-Visible spectra were recorded on a Varian 

Cary 50 spectrometer in solutions of benzene. 

 

Kinetic NMR Studies. All tracking 1H NMR experiments were recorded on a Bruker Avance Neo 

700 MHz spectrometer. A C6D6 stock solution of catalyst was initially prepared and for every 

experiment, an appropriate volume was added to the corresponding 4a solution to produce a 1 mL 

solution. First spectrum for each experiment was obtained as soon as possible after addition of the 

catalyst. For all experiments, number of scans = 16, corresponding to 1-minute runtime. Dummy 

scans were used to space the intervals between each obtained spectrum. Spectra were processed on 

MestReNova. 11B-NMR spectra (224 MHz) and Broadband decoupled 13C-NMR spectra 
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(176 MHz) were recorded on a Bruker Avance Neo 700 MHz spectrometer. 19F-NMR spectra were 

recorded at 471 MHz on a Bruker NEO 500 Spectrometer.  

 

Internal Standard Tracking Studies. ~1:1 ratio of 1,3,5-trimethoxybenzene was added to a 

solution of converted 4a in C6D6. 5% mol. equivalents of either TrTPFPB or Li-TPFPB was added 

to the solution and was allowed to react for 4 hours (i.e. reaching steady state) until the first NMR 

was taken. Solutions were left in the dark in ambient temperature for two weeks until the final 

NMR spectra were obtained. 

 

Macroscopic Heat Release. A (+) plastic 3D mold measuring 75 x 25 x 7 mm with a depressed 

channel with a 3 mL capacity was manufactured with the Felix 3.1 3D Printing Equipment. The 

corresponding (-) PDMS mold was produced using the Sylgard 184 Silicone Elastomer Kit. The 

final (+) epoxy device was made using commercial (ArtResin) DGEBA epoxy. A nickel or 

aluminum plate measuring the same length and width and with depth of 1 mm was annealed onto 

the borders of the epoxy channel with commercial epoxy glue.  3 mL of a 0.05 M toluene solution 

of 4 was loaded into the channel and sealed before subjected to irradiation under an AM1.5 solar 

simulator until the solution turned deep blue. Under inert conditions, a thermocouple paired to a 

Krystal MY64 multimeter was attached to the metal plate to measure the temperature increase. 

 

Differential Scanning Calorimetry (DSC). DSC experiments were conducted on a TA 

Instruments Q2000 calorimeter. 7-8 mg of 4 was dissolved in toluene in a sealed tube and 

photochemically converted to 4a per previous procedures. Solvent was then removed in vaccuo 

and the blue solid 4a was loaded onto a hermetically sealed Tzero aluminum pan. For each trial, 
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temperature was ramped from ambient instrument temperature to 60 °C followed by heating at 20 

°C/min. Heat flow was measured from 60 °C to 250 °C. Solid samples were loaded into NMR 

tubes under inert environments for post-heating analysis.  

CW-EPR Measurements. A Bruker X-band CW EMX EPR spectrometer equipped with a 10’’ 

electromagnet and an ER 4123D resonator was applied for signal detection. The parameters set for 

the EPR measurements in this study were: a microwave frequency of 9.75 GHz, a microwave 

power of 20 db, a modulation amplitude of 1.0 Gauss for Li-TPFPB reaction and 1.5 Gauss for 

TrTPFPB reaction, a sweep width of 102.4 Gauss or 409.6 Gauss, a sweep time of 60 s or 120 s, a 

receiver gain of 50 db, a scan number of 10, a modulation frequency of 100 kHz, a modulation 

phase of either 0 or 180 degrees, a time constant of 0.01 ms, and a points per modulation amplitude 

of 10. [4a] = 3 x 10-2 M in C6D6. The spectra were recorded at 298 K. g-factor is calculated as 

714.4775*(MHz/1000)/Gauss. 

B2 Synthesis and Characterization of Li-TPFPB and K-TPFPB 

 

Synthesis of tris(pentafluorophenyl)borane (BCF).  

BCF was synthesized according to a modified previous procedure.152 Magnesium turnings (1.1 g, 

45 mmol) were suspended in Et2O (100 ml) and cooled to 0°C, following which C6F5Br (5.6 ml, 

45 mmol) was added dropwise over the course of 10 minutes whilst stirring. The mixture was 

allowed to warm to ambient temperature while stirring for 40 minutes. The mixture was transferred 

via filter cannula to a stirred solution of BF3·OEt2 (1.9 ml, 15 mmol) in toluene (100 ml). The 

excess Et2O solvent was removed in vacuo leaving a toluene solution. The reaction was then set to 

stir at 100 °C for 1 h then left to cool to ambient temperature. The remaining solvent was removed 

in vacuo whilst gently heating in an oil bath until a brown cake remains. The brown cake was 
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subject to a two-fold sublimation (110 °C, 1 x 10-3 mbar) and the pure B(C6F5)3 was collected as 

a white microcrystalline solid (5.9 g, 77%). 11B NMR (128 MHz, C6D6) δ/ppm: 59.6 (s). 19F NMR 

(471 MHz, C6D6, 298 K) δ/ppm: -129.0 (s, 6F, o-F), -141.7 (s, 3F, p-F), -159.91 (s, 6F, m-F). 

 

Synthesis of Lithium tetrakis(pentafluorophenyl)borate (Li-TPFPB).  

Li-TPFPB was prepared according to a modified previous procedure.153 To a stirred solution of 

C6F5Br (2 g, 7.8 mmol) in hexanes (50 mL), n-BuLi (2.5M, 3.44 mL, 8.6 mmol) is added dropwise 

at –78°C over a period of 5 minutes. The resulting colourless suspension is stirred for 30 minutes 

at –78°C. B(C6F5)3 (BCF, 4.0 g, 7.8 mmol) is then added in one portion. The resulting colourless 

suspension is stirred for further 10 minutes at this temperature and is then slowly warmed to 

ambient temperatures over a period of one hour. The resulting colourless suspension is filtered and 

washed three times with cold solution of 3:1 hexanes and ether. Removal of solvent and drying in 

vacuo at 110°C for ten hours yields the white product which was found to be an etherate (2.79 g, 

52%). 1H NMR (500 MHz, C6D6) δ 3.14 (s, 2H), 0.97 (s, 3H). 11B NMR (161 MHz, C6D6) δ -

16.12. 19F NMR (471 MHz, C6D6) δ -132.52 (s, o-CF), -161.58 (s, p-CF), -165.80 (s, m-CF). 

 

Synthesis of Potassium tetrakis(pentafluorophenyl)borate (K-TPFPB).  

Li-TPFPB (1 g, 1.46 mmol) was dissolved in 25 ml diethyl ether and stirred rapidly. KCl (4.35 g,  

58.3 mmol) was dissolved in 75 ml deionized H2O and then added in one portion, and the mixture 

was stirred for 1.5 h. The organic phase was washed with H2O (15 ml x 3) and the solvent was 

removed in vacuo. K-TPFPB was obtained as a tan powder (0.74 g, 71%).  11B NMR (128 MHz, 

C6D6, 298K) δ -16.37. 19F NMR (376 MHz, Benzene-d6) δ -135.63, -159.79 (q, J = 20.3 Hz), -

164.76 (d, J = 20.9 Hz).  
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B3 Differential Scanning Calorimetry (DSC) Thermograms 

 

 

 

 

 

 

 

 

 

Figure 72. DSC thermogram of 4 (8 mg).  

 

Figure 73. Trial 1, DSC thermogram of 4a (8 mg).  
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Figure 74. Trial 2, DSC thermogram of 4a (7 mg).  

Figure 75. Trial 3, DSC thermogram of 4a (7 mg). 
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Table 10. Trial 3, DSC thermogram of 4a (7 mg). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B4 Tracking NMR  

 

 

Trial ΔHstored (J/g) ΔHstored (kcal/mol) 

1 149.48 14.41 

2 149.07 14.37 

3 131.61 12.69 

Average 143.39 13.82 
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Figure 76. Tracking 1H NMR (top: aromatic region, bottom: aliphatic region) of 4a and 2% mol 

eq. TrTPFPB in 1 mL C6D6.Tracking peaks are highlighted; Blue: 4a, green: 4. * denotes radical 

peaks. 



 

133 

 

Figure 77. Tracking 1H NMR (top: aromatic region, bottom: aliphatic region) of 4a and 3% mol 

eq. TrTPFPB in 1 mL C6D6. Tracking peaks are highlighted; Blue: 4a, green: 4. * denotes radical 

peaks.
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Figure 78. Reaction of 4a (c = 0.012M) and 10% eq. TrTPFPB in C6D6 versus neat 4, NMR was 

taken as soon as possible after catalyst addition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 79. COSY of reaction of 4a (c = 0.012M) and 5% eq. Li-TPFPB in C6D6. 
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Figure 80. 13C NMR of reaction of 4a (c = 0.012M) and 10% eq. TrTPFPB in C6D6. 

Figure 81. HSQC of reaction of 4a (c = 0.012M) and 10% eq. TrTPFPB in C6D6 showing 

assignments of radical signals. 
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Figure 82. Tracking 1H NMR (top: aromatic region, bottom: aliphatic region) of 4a and 5% mol 

eq. TrTPFPB in 1 mL C6D6. Tracking peaks are highlighted; Blue: 4a, green: 4. * denotes radical 

peaks. 
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Figure 83. Numbered from top to bottom: Aromatic region 1. 4a and 1,3,5 dimethoxybenzene in 

C6D6. (peaks with I=0.09 belong to residual 4 and did not affect the reaction with TrTPFPB. 

Relative intensity of H(4a) = 0.59) 2. 4 hours after 5% TrTPFPB was added to solution (1). 3. 

Same solution after two weeks in ambient temperature. * denotes radical signals. 
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Figure 84. Numbered from top to bottom: Aromatic region of 1. 4a and 1,3,5 dimethoxybenzene 

in C6D6. 2. 4 hours after 10% Li-TPFPB was added to solution (1). 3. Same solution after two 

weeks in ambient temperature. * denotes radical signals. 
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Figure 85. Tracking 1H NMR of 4a and 10% mol eq. Li-TPFPB in 1 mL C6D6. Blue: 4a, green: 

4. arrow denotes radical peaks. 
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Figure 86. Tracking 1H NMR of 4a and 5% mol eq. K-TPFPB in 1 mL C6D6. Blue: 4a, green: 4. 

arrow denotes radical peaks. 

 

 

 

 

 

 

 

 

 

Figure 87 19F NMR of mixture containing 4a and 5% mol eq. TrTPFPB in 1 mL C6D6. After 2 

hours of reaction demonstrating the intact -B(C6F5)4 anion.  
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Figure 88. 19F NMR of mixture containing 4a and 10% mol eq. Li-TPFPB in 1 mL C6D6. After 28 

hours of reaction demonstrating the intact -B(C6F5)4 anion.  
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B5 Reaction of 4a with TrBF4 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 89 Tracking 1H NMR of reaction between 4a and 10% mol eq. TrBF4 in C6D6. Inset shows 

the tracking 11B NMR for the reaction. Tracking peaks are highlighted; Red: TrBF4, blue: 4a, 

yellow: decomposed boron signal.  
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B6 UV of 4 and 4a  

 

Figure 90 UV-VIS spectra of 4 and 4a in toluene (1.25 x 10-4 M) with 5 second intervals of light 

exposure (365 nm). Inset shows colour switching with light irradiation. Rightmost photo shows 

fluorescence of 4a under 365 nm light. 


