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Abstract

The works described herein are broadly concemi¢iul exploring the interactions between light

and bororc 0 n't a i-canjugated systems in order to build a complete understanding of the
relationship between molecular structure and reactivity. Despite rapid progress in the field of N,C
and C,Cchelate oganoborate photochemistry over the past ten years, only the effects of different
"-conjugated backbones have been well documented, with the impact of the aryl substituents being
virtually unknown. To remedy this deficiency and harness the full poterftithi® class of
photochromic materials, methodologies for obtaining prochiral organoboranes and their respective
chiral N,G or C,CGchelate organoborates have been developed in order to investigate the influence

of boron substitution on their excitetiatereactivity.

Chiral N,C-chelate organoboron compounds bearing two different aryl groups at the boron center
have been found to undergegioselectivgphotoisomerization involving the less bulgybstituent
exclusively, generating various highly colorbeestabilized boriranes with an-atom on the
threemembered ringThese species thermally isomerize tdl4raborepia via direct Hatom
transfer fromboracycle to pyridine with concomitanig expansionFurthermore, ppropriate
functionalization with rasityl/heterocycle substituents (thienyl, furyl and derivativesables
guantitativephototransformatiomyielding rare chiral N,B,Xembeddeceterocycleqe.g. base
stabilized 1,2thiaborinines and 1;8xaborinines)which displaystrong bluegreen to eangered
emission in the solid stat®lechanistic insights on these highly regioseledtigasformations were

obtainedvia kinetic data and computationalestigations on their excitestates.

The effect ofchargetransfer characteon the photoreactity of this class of photochromic
molecules was also investigated by substituting the aryl groups eé¢i¢l&te organoborates with

varying aminedonors.These compounds possess bright and tunable clrarggfer luminescence
il



dependingon the donor strengt of the amine functionalityas well as donedependent
photochromic switchinglThesenew findings help elucidate the influence of electronic structure on

the photoreactivity of N,&helateorganoborates.

Lastly, @mbining a threecoordinated boron (BMes moiety with a fourcoordinated
photochromimrganoboromnit leads to a series of new diboron compounds that undergettaar

reversible color switching in responsestomuli of light, heat, and fluoride ions.
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Chapter 1

l ntroducti on

Borongets its name from the term borax (Arabi¢ r aq meani ng Awhiteod),

it was originally isolated, by analogy wittarbondue to their chemical similai#s. Unlike its
neighbor on the periodic table however, boron only possesses enough valence electrons to form
three covalent bonds. This means that organoboron compounds are inherently electron deficient
and typically adopt a trigonal planar {spybridized) geometry with the empty, prbital of boron

lying orthogonal to the bonding plane. In this form, boron is isoelectronic and isostructural with a
positively charged carbocation, which gives rise to many of the applications often associated with
trivalent organoboranese(g. organic synthons, electraransport materials, components of
catalysts, and anion sensors). Coordinatively saturating these systems with anionic or neutral Lewis
bases yields tetrahedral, fecwordinated boron compounds with a formabative charge. This

new bonding arrangement significantly alters the orbital composition of the resulting molecules,
imparting new features such as intense charge transfer (@iijdscence and, in some cases,

unique photochemical reactivities such astochromism or photoelimination.

The contents of this thesis will documemy recent efforts towards understanding and diversifying

the previously discovered photoreactivity of N;@elate organoboron compounds. In particular,

we aim to establish the role of the aryl groups on the boron atom through their systematic
substitution, a well as develop new phototransformations by exploiting exsiizte: dynamics and
reaction selectivities. With these goals in mind, simplified synthetic routes to prochiral boron
reagents of the form Ar 6i®CHOI C| wilt b2 desciibred, alon@ r vy |
with the preparation and photoreactivity of new, chiral f§l@late organoboron compounds.

Furthermore, attempts to: 1) develop new kédficiency bororbased emitters for organic light

1

t

h



emitting diods (OLEDs), and 2) establish fotstate switching in photochromic diboron systems
will be described, while highlighting possible strategies for improving these types of functional

materials.

This chapter will begin with a brief overview of concepts related to photophysical and
photochemich processes, followed by an introduction to photochromic systems and a
comprehensive review of organoboron photochemistry. The original motivations for utilizing four
coordinated organoborates in optoelectronieg).(OLEDs) will be discussed, as well aset
discovery of several new classes of photoresponsive organoboron molecules and their potential

applications.

1.1Interactions between Light and Matter

Light from the Sun has played an integral role in the development of man and his environment
since the daw of time, with the evolution gfhotosynthesi sophisticated series of photophysical

and photochemical processes) representisgiring example. Despite this intimate relationship
between light and matter, the development of photochemistry as alideseims highly limited

until the second decade of the twentieth century, mainly because the only light source available to
pioneersinthisareawasthes‘sh%.ln fact, it wasnot unt i | after
orbital theory around 1932950, which gave the theoretical framework for interpreting the
absorption spectra of organic molecules, that the concepts needed to understandtakesend

their underlying photophysical and/or photochemical processes ent&fg8ihce the 1960s, the

fields of photochemistry and photophysics have blossomed, with various relationships between
structure and photochemical reactivity or photoluminescence now well established and methods of

harnessing their utility dammented”*? In spite of their cleadifferences, photochemistry and



photophysics are often mischaracterized as equivalent, which necessitates the separate introduction

of each topic in the following sections.

1.1.1Photophysical Processes

Photophysics refers to a series of excitation and desicth processes that can occur once a
molecule has absorbed photons of suitable energy (see Figure 1.1 and TdbleThd)act of
absorbing light I) promotes the molecule to a higher energy electronic state with the same spin
multiplicity, as opposed to a higher vibrational state within the same eliecstare. Compared to
nuclear motion, electronic transitions induced by absorption are virtually instantaneoti$)(10
meaning that molecular excitation must occur to a new vibrational level within a higher electronic
state of similar nuclear positiortbjs is known as the Frandgkondon principle. From this Franck
Condon state, the molecule has several different methods of releasing its excess energy. It can
fluoresce 2), which dissipates energy radiativébllowing relaxation tahe lowest excited ate,

or undergo isoenergetic radiationless transitions resulting in a vibrationally excited molecule in a
lower electronic state. When these processes occur without a change in spin multiplicity, it is
referred to as internal conversidd),(while those imolving a spin flip are known as intersystem
crossing) (&ndl rTever se i nt eb). Giyes that singlettodriplstand g (T
triplet to singlet transitions are forbidden by spin selection rules, prafdsslie onlydirectway

to geneate a triplet excitedtate from a singlet ground state. Once a triplet excited state has been
accessed, the molecule can undergo radiative ded@@ysinglet ground statéia phosphorescence

(6). Since this transition is forbidden, the lifetime pifosphorescence tends to be significantly
longer than fluorescence, ranging from microseconds to seconds. Vibrational rela®ds@nfast
radiationless process that returns the excited molecule to the lowest energy vibrational state within
its currentelectronic state, and is typically governed by intermolecular collisions of the excited
species with neighboring molecules such as solvent. In combination with internal conv@xsion (

3



this is one pathway that returns molecules to their ground statgu@h&um efficiencgf radiative

deactivation pathways (fluorescence or phosphorescence) is defined as:

>

Equation 1 0 B OB,
> >

whereki s t he rate of yisatheisanof thegated &l campeting procdsseg k
including photochemical transformations. This relationship becomes important when designing
photoresponsive materiale.g. emitters for OLEDs or photochromic systems), as one needs to

consider how this value can be either maximiae minimized depending on the situation.

E NFT= Q) — —
) — == /(3
=__ T2 :--+=E
S =
== (5) —
) _—— Tl
Q) == - )
= —— Vibrational States
— 7 (6) = Electronic State
[ l Radiative Processes
S + Non-radiative Processes
0 v
=== Photochemical Reactions

Figure 1.1 Jablonski diagram illustrating the various processes that occur following light

absorption (Reproduced from Ref. 11)

Table 1.1 Summary of photophysical processes and their associated rates

Process Name Time Scale (s)

(1) Absorption 105

(2 Fluorescence 107 10¢7
(3) Internal Conversion 10127 10°°
(4) Intersystem Crossing (ST) 10727 10°
(5) Reverse Intersystem Crossingi(B) 107 10
(6) Phosphorescence 10°7 10°
(7 Vibrational Relaxation 10°37 1012
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It is important to keep in mind that the excited states described above refer to states that have
specific electrordistributions within their molecular orbitals. As a consequence, a molecule in its
excited state shoul d n odtatebnelecole busrathdreamewdchemisal a fi h
entity with different bond lengths, geometry, charge distribution, tegdémcrearrange its

structure, and ability to interact with other molecules. For example, excited molecules can
sometimes associate themselves with other ground state species (Figure 1.2). When this occurs
between two molecules of the same chemical natbey, form excimers (excited dimer), which

exhibit broad, reghifted emission relative to their individual monomers. This type of dimerization

can also occur between two different types of molecules, leading to the formation of exciplexes
(excited complex®). Exciplexes are more commonly observed when an elegtmom or 6 s ex ci t
state interacts withanelectranc c e pt or 6 s ground state,-transfesul ti ng
(CT) charactel*?

A"+ A ——=[A*A| Excimer

(a) A+ hv
T™A*+B —|A*-B| Exciplex

n—= Interactions

(b) O *+ O —>*—>BI Emissi
“ ‘O‘ 009000

Violet Emission

Figure 1.2 (a) General schematic showitige formationof excimers and exciplexesd(b) the

" -stacked dimer formation of pyrene leading to blue excimer emission

Excimers are different from excited state dimers in that the latter refers to the excited states of
stable dimers which are formedthre ground state prior to excitation. The first report on excimers
appeared in 1956% where Forster and cavorkers showed that pyrene excimer emission could be

observed even at relatively low concentratiob@ {M) due to the long fluorescence lifetime of
5



pyrends excited state (650 ns). Many of the waibwn excimer emitters are based onypwgtlic
aromatic hydrocarbons (PAHs), where ex<i mer f

interactions between one excited state and one ground state aromatic molecule.

This notion of excitegtate molecules being their own entities becomes idlyamportant when
discussing photochemistry, as the differing chemical/physical properties beéxeiged and

groundstate species is what gives rise to the unique features availablddatiee

1.1.2Photochemical Processes

The discipline of photochestry is concerned with the study of chemical change induced by light
following the promotion of molecules from thgiround statd¢o an electronicallgxcitedstate By

virtue of the fact that excitestates are generateth external perturbation, theyenecessarily
transient and only exhibit their unique properties when they survive long enough to do so. There
exist many different pathways that can deactivate exsi@e species (Figure 1.3; top), such as

the photophysical processes described in &ectl.1.1 €.g. radiative and nomadiative
deactivation), bimolecular electroror energy transfét? and unimolecular photochemical
transformations. In #nlatter, radiationless transitions result in chemical reactions that change the
molecular composition of the starting speciesbondb r ea ki ng and/ or i someri z
excess energy is dissipated. Due to the competitive nature of all thbsaystthe ultimate fate

of excitedstate species is governed by the various rates (lifetimes; see Table 1.1) of these processes
for a given system. Photochemical reactions are often categorized into four different types based
on their mechanism (see Figut.3; bottom): (a) hot ground state; (b) adiabatic; (c) diabatic; and

(d) reactions that proceeth intermediates.



Luminescence

*hv' (Radiative Decay)

Degradation to Heat
(Nonradiative Decay)

Photoreaction
(Chemical Reaction)

T/%% ) "'\ h3 N

h3 h3 I h3 P : N
A P A P A P A P
@ (b) (c) (d)

/A
(@ A+hv A*\A+ heat
P

Figure 1.3 Various pathways for an excitetiate species to lose its energy (tépand cross
sections of excitedand groundstate potential energy surfaces along the reaction coordinate

leading fromA to P in four different types of lpotoreactions (bottortt}

@Il n a Ahot 0 gtiono then akcitesl imalec@es imeediately undergo internal
conversion to a vibrationaHgxcited electronic ground state, which can either form the
productP or relax back to the starting speciés Due to the rate at which vibrational
relaxation occurs isolution, these types of reactions are more likely to generate product
when performed with molecules in their gaseous state at low temperature and pressure.

(b) In adiabatic reactions, the entire transformation occurs along the estitedpotential
energysurface, yielding the excitestateform of the product®*) before it relaxes back to
the ground state. Given the need to remain in the exsitgéd over the course of the
reaction, these types of reactions often occur through ldivger triplet stateswhere the
competing photophysical processes are relatively slow. In cases where adiabatic reactions
proceed through singlstates, structural changes are usually miedg. proton transfer)

with a low activation barrier.



(c) Diabatic reactions involve the direct formatiorRofia a conical intersection that connects
the excitedand ground state potential energy surfaces geometrically.

(d) As the name suggests, reactions that involve intermediates are photochemical
transformatios where a reactive intermediate with low lying exciéates is generated,
thereby overcoming the barrier required to fdPmSome common intermediates in these

reactions are carbenes, biradscaind zwitterions.

While there aremany different types ofphotochemical reactions.g. cistrans isomerization,
electrocyclization, sigmatropic rearrangements,-diethane rearrangements, photocycloaddition,
photoinduced nucleophile addition, photoinduced proton addition, and photoinduced electron

transfer)?* only a select few are ad by photochromic systems in their photochemical switching.

1.2 Photochromism

Photochromism is defined as the reversible transformation of a chemical entity between two states
eachwith distinct absorption profiles, wherein at least one of the transfonsaisogoverned by
light.*® This unique property of certain organic molecules has been known sincedti€00s,

with the first reported example being the photochemically driven addition, td €@tracene as
observed by Fritsche in 1867 Many decades lateseveralo f t he now ficl assi co
systems such saspiropyranst” spirooxazine$§® fulgides!® diarylethenes (DTEZ]® and
azobenzen&slwere discovered and have since been utilized in several applications such as optical
memory devices, molecular switchesmart windows, and ophthalmic glas&g?
Mechanistically, the photochromic systems listed above are based orcisihansisomerization
around a C=C or Nelebtrogdiaatinhsaccdrding td theoWoodsv&tdffman

rules (see Figure 1.4 for an example of DTE photoswitching;;Y 1.18. With respect to
photochromic systems that incorporate boron, there exiséw reports on DTEs bearing
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triarylboron substituents, where the physical and chemical properties of the DTE are modulated by
the presence of the organoboron mol&ty® Switching directly at a boron core is far more rare
however with the only known examples being tbis-trans isomerization of azobenzeirased
N,C-chelate organoboron nwpoundsl.2 and 1.3/2°2% disrotatoryboraNazarov cyclization of

BMes, substituted borepif.4,2Y 1,2-pyridyl shift of borolelutidine adductl.55? and di” -borae

rearrangement N;Chelate orgaoborates described by us (see Secti@Bandl1.3.5.

Figure 1.4 Examples of diarylethene i} and known borotbased photoswitches reported by the

groups of Kawashiméi) ,**2% Yamaguchiii) ¥ and Braunschweigv)??

Despite the limited number of examples of photochromic systems based on boron, the
photochemistry of boranes and organoboron compounds possdsesgsaad rich history, with
some of the first reports on the photolytic decomposition of diboranetB))Blating back to
19131 For the purpose of this thesis, the following section will only focus on the phdivisac

of tri- and tetraaryl ayanoborates given their relevance to the topitmad"



1.3 Photochemistry of Organoboron Compounds

1.3.1Photoreactivity of Triarylboranes

One of the few examples of a pbractive triaryl boron system is the tris{aphthyl)boranel(.6;

Figure 1.5), originally reported in 19%7. Irradiation of1.6was claimed to result in the formation

of the Enaphthylborend..7, based on the isolation of hlnaphthyl anctis-1,2-cyclohexanediol

when the reaction was carried out in cyclohexene solution, suggesting a borapahapr
intermediate 1.8). Attempts to reproduce these results by Schttal®*® proved unsuccessful,
leading them to propose a different mechanism based on thendthane rearrangemerite(
Zimmerman rearrangemerit}, where photoexcitation generates thieQCcoupled1.9 which is
capable of undergoing rearrangement and rearomatization to give biradi€alThe boryl
comporent of this new biradical is speculated to abstract hydrogen from solvent or add to its double
bond (when the solvent is cyclohexene), after which a second rearomatization ancalbssybf

radicalgives the 1,dbinaphthyl product.

B(OH),

f . :‘ {“] “ﬁ.

C1°H7 O 910H7 C10H7
hv B O
Schuster O ’

1.10 l
OO C1oH7

+ B

SO
Figure 1.5 Photoreactivity ofl.6as proposed by Rams&y(top) and Schust&f! (bottom)

Unlike 1.6, no Q C coupled products are observed when triphenylborarid)(is irradiated in

cyclohexandFigure 1.6)*® Instead, Williams and eworkers isolated phenaind phenylboronic
10



acid as the major products. When the solvent was switched to methanol, irradiation gave the
expected biphenylTGC coupled product albeit in low yields. The isolated yields could be improved
by complexation of piperidine or pyridine witliphenylborane .121.13 in methanol prior to
irradiation, which generates mixtures biphenybhenytl,3-cyclohexadiene, and-ghenytl,4-
cyclohexadiee in ratios of 1.4:1.1:1:trace and 15.8:5:respectively (overall yield of ~85% in

both cases). Thincrease in OC coupled product formation with the addition of Lewis bases is
particularly noteworthy, as teereadant structurs and reactivitiearesimilar to those of tetraaryl

borates (discussed in Section 1.3.2) and-bh€late organoborates ($iea 1.3.3).

[:1\/[:] B(OH), OH
e eRe
@ cyhex ’

1.1

hv MeOH

88 ggngHz = :

1.12 1.13 112=14:11:1
113=158:1:25

Figure 1.6 Photoreactivity ofl.11i 1.13asestablished by Williant¥’

Based on their discovery that compound can undergo a botldazarw cyclization, Yamaguchi

and ceworkers attempted to extend this reactivity to simpler substrates such as dimesitylboryl
substituted (hetero)areneBigure 1.7;1.147 1.18).B% Insteadof cyclization, they observed the
formation of spirocyclic boraindanésl4ai 1.18aexclusively following 1 hour of irradiation with

a highpressure mercury lamp, which are reminiscerithephotoproducts obtained by photolysis

of arylalkenylketone¥% Mechanistically, excitation with UV light induces a [E$§matropic H

shift yielding either a zwitterionic or biradical intermedialel@" and 1.18&) intermediate.

Nanogcond laser flash photolysis (BF experiments in toluene or dichloromethane detected no

11



transient species, while a broad amxd606008RE k
nm was noted in acetonitrile, suggesting that the intermedialy lilas some ionic character since
it can be stabilized in polar solvents. The subsequé@t libnd forming step must be very fast
given that no ignals were observed when theR.[experimentsvere performed in toluene. One
interesting aspect of this reagctigs the initial [1,6]sigmatropic rearrangement, which occurs
necessarily in the exciteztate owing to the different orbital phasatarafacialpf the H and G

atoms involved in the reactiavhen in the ground state

ey odp

‘ 1.14a - 1. 16a

><

1.17 1.17a

Aﬂﬂ
—\—L—\
o b
X X X
nonon

Zow

-CHs

{
oy g ﬁg& ﬁﬁ

F t
Most Likely the ormation
(b) Intermediate
Based on
Nanosecond
Flash Photolysis
B
N
H S
1.18a

Figure 1.7 (a) Photoreactivity of BMes functionalized (hetero)arenésl4i 1.18 and(b) the

proposed mechanism for the formatiorlaf&

One final photoisomerization of note is the conversion cbbiszocycloborabutylidene into the
bis-boronbridged stilbend.19via high energy light (254 nngs shown in Figure 1.8 he product

of this isomerization was found to be air and moisture stalie to the bulky 2,4;6

12
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triisopropylphenyl groups on boron. Based on DFT calculations, &iafgproposed a mechanism
involving double homolytic BCpr bond cleavage to give a tetraradical intermediate that readily

undergoes BC bond formation followingotation of the boryl and phenyl fragments.

iPr,
ﬁj\ipr é/ipr
iP
wr pre-1.19 ; 1.19

Figure 1.8 Photoisomerization dfis-benzocycloborabutylidene into thedder diborolel.19

1.3.2Photoreactivity of Tetraarylborates

Unlike their triarylboraneounterparts, tetraarylborates are vkelbwn to undergo photoreactions,
with the results of these experiments causing significant debate in the litérfatti®ome of the
first report§” on the photoreactivity of tetraarylborates were published in 1967 by Wilkams
al.,***2 where they were able to isolate biphenylpHenytl,4-cyclohexadiene, and sodium
diphenyl borinate following 254 nm adiation of sodium tetraphenylborateZ0 Figure 1.9) in
agueous or alcoholic solutions. Depending on whether the reactions were carried out under air or
N2 gave differing amounts of the organic products (~59% biphesylR7% ZXphenytl,4-
cyclohexadiengespectively). Most importantly, Williamst al. were able to determine that both
benzene rings in the biphenyl product came from the same molecu0o@nd that the @Gtoms
connecting those rings were originally bound to boron. In light of thesmd@sdthey proposed
that excitation of1.20 results in a di -borate rearrangement, similar to the Zimmerman
rearrangement, which couples two of theattms bound to boron and leads to a series of
rearrangements prior to releasing sodium diphenylborimetetee organic products. These results

were later supported by the work of Schuster.21),“4 who isolated and crystallographically

13



characterized the first boratanorcaradieh@l@) formed fran a fAwal ko rearrangem

Ci C coupling eventDespite the varying groups dn21, this photoreaction is not selective for
specific aryl groups on boron, generating a mixture of both bipkemsyl .21aandl . 2)hrad 6

phenytphenyl (L.21b) coupled products in equal amounts.

Williams: @ Q v, QQWCFKU‘) ++PhBONa
o0 o oo”

1.20

Schuster: Q @ Na Q ©—|Na Q ©—|Na
B B

S o Ity U Wy U
Ph
@ Q 1.21a 1.21a’
“B hv

Jage
j% Phﬁt

Ph

1.21b

" |Na .
QO‘BQL @\ dNa+ O Ph Q ©—|N
3D 5 ) VAN

1.20

Eisch:

Figure 1.9 Photoreactivity of tetraarylboratés?20and1.21as interpreted by Williams, Schuster,
and Eisch

Eisch and cavorkers offered a different interpretation of these photoreactions based on trapping
experiments conducted with diphenyl acetylene, which gave the borirene sp&2iéd Their
rationalization for obtaining this product was that a diphenyl borene anion was formed in solution
and subsguently trapped by the alkyne, although Schuster was not able to reproduce these results

in a later report’® Additional reactivities of note are those listed in Figure 1.10, which includes

14



the photostability of spircompoundlL.23 due to its rigid struct@*® and various photochemical
di-"-borate rearrangements.241 1.27).49%% With respect to the latter set of transformations, all
of the products generated by photolysis were found to be hightgasitive, a common feature of
molecules bearing a borirane/borirene or boretane ring (saturated/unsaturatedetimteered or

four-membered boracycles respectively).

1.23

QQMQ@ @QWQ@
V20 Y-S S -

1.24 1.24a 1.25 1.25a

Mes

Q Q _hv _ Q@ CH3OD D D Mes, hv I
)\)\ B———Mes

Ph% O Ph— >_ph 2) CH3C02D Ph Ph / _

1.26

Figure 1.10 Photoreactivity of organoboraté23i 1.27

1.3.3Photoreactivity of B(ppy)Mes: and its Derivatives

Our interest in organoboron photochemistry began roughly 1@ wem, with the discovery that
N,C-chelate organoboron compounds such.a8r api dl'y | ose their bl ue
a n dy. ~@0%) and change color (colorless to deep blue; Figure 1.11) upon irradiation with UV
light.®¥ NMR spectroscopy revealed that an intramolectgarrangemenhad occurred, where

one of the mesityl substituents formally inserts into th€Rbond. The producl.28arepresents

one of the first exampéof an azaboratabisnorcaradiene (or bstabilized borirane), and is highly
reminiscent ofl.21aas characterized by SchustérThe photochemical transformation df28

was found to be extremely efficient, with a photoisomerization quantum yield of 0.80 relative to
15
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potassium ferrioxalate, while the thermal reaction flog8aY 1.28was found to be quite facile,

with a halflife at roomtemperature of ~462 minutes aadtivation barrier 026.3 kcal/mol.

Different from other fomc o or di nat ed boron compohadlsb ovheé )c hY d
L U MO (-backbone) as thein &ansition (see Section 1.5.8)28possesses a CT transition from
HOMO{Mes) Y L adkbgné)as its lowest energy transition, which is thought to be

responsible for its unique reactivity.

Figure 1.11 Photochromism of N,&helate orgaoboratel.28

In an effort to understand and expand this photoreactivity, differenthe@te organoborates with
substituted backbones were prepared and investight2@ii (1.33; Figure 1.12). The emission of
these molecules and visible colors of theispective dark isomers are rdd291.30 and blue
shifted (L.31) relative tol.28due to the electrewithdrawing and electredonating ability of the
substituents on ppy which tune their LUMO leviétsin all three examlgs, the quantum yield of
photoisomerization was found to be lower comparetl.28 (e.g.lUpr120= 0 . 310:1= 0.20).
While the reverse transformations frdn29a1.31aY 1.291.31are accessible with heatiagj70

°C, compoundL.30was found to be unstable towards prolonged irradiation; a common feature
fluorinated N,Cchelate organobyates that is not yet understoodcdrporating metal atoms such
asplaa i num( 1 1) or -cognudatkd dagkbonerdfi2@®resultd ie cormponds with far
worse photochromic switching ability due to low lying metaligand CT ¢MLCT) states inl.32
and e x t-eomugatiah in1.335%% both of which introduce competing excited state

deactivation pathways.

16



Figure 1.12 Compoundd4..297 1.33with varying substituents on the ppackbone

Replacing pyridine by other neutral donors such dmedérocyclic carbenes (NHC;34/1.35 and
(benz)azolesl( 361 1.41) gives compounds that display additional photo/thermal reactivity beyond
those demonsdted in the parent molecule. Beginning witB41.35(Figure 1.13)** the stronger
donating ability of NHCvs. pyridine increases their HOMOUMO gap relative t01.28 by
destabilizing the LUMO level. As such, compouldd34/1.35absorb in the UV region (< 320 nm)
while maintaining th@nalogouss; transitonofH OMO{M&e s ) Y L Uadkdgné)*Similar

to the photoreactivity 01.28 the quantum yield of isomerization fbr341.35are quite high at
0.75 and 0.60 respectively. The basabilized boriranesl(34d1.359 generated by photolysis are
thermally stable at 118C and even aistable for several days in the solid state. Compounds
1.34d1.35acan be sensitized by 350 nmHighowever, leading to the formation of products
1.34K01.35h where boron has formally inserted into one of thél®onds on the backbone of the
ligand. Itis believedhatthese transformations ocota a borylene intermediatatl which attacks

the phewl Ci H bond following G N bond rotation of the backbone.

17



1.34-1.35

Figure 1.13 Photochemical borylene generation aridHGctivation 0f1.341.35

Irradiation of the (benz)azolehelate compoundk.361 1.39(Figure 1.145% results in thermally

unstable borirane$.36a1 1.39athat undergo CH bond activation of the methyl group on the

borirane ring, generating intermediatés36b i 1.39h Additional heating induces further
transformations, suchasa®3d gmat r opi ¢ b odr yaln ds hsiufbts etqathegnitv & niv
chirality at the C2 positdbonThée thwe mHbenhz)azel
of this reaction sequence are: 1) the tipgned transition statd$) goi n@ fdwodis Ai t i s
highly reminiscent of spiropyran photochromi8fhand 2) the ability to switch the chirality at the

azoleC2 atom with heat/light, which could potentially allow organoboron compounds to be used

for controlling the stereochemistry of organic molecules.

Azole, 1.36:

Benzazole, 1.3
1.3
1.3

XX X X
nunitn
ovwwm

7:
8:
9: N-CH3

Figure 1.14 Multistructural transformations df.3G 1.39upon irradiation and heating
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Unlike 1.367 1.39 compoundd.401.4157 with an imidazole donor continue to isomerize with

extended irradiation (Figure 1.15). Following the formation df.40d1.413 these B,N
bisnorcaradienes are converted into-d4zaborabenzotropilidenes40b/1.41h with the whole

process being therally reversible. Formally, therevelser ans f or mat earangement a A wa |
akin to that observed fahe allcarbon analogu€8°® of bisnorcaradienes and benzotropilidenes,

and is Ikely enabled by the donating strength and aromaticity of the imidazole ring. Much like

other known molecules with a B=C dua bond?®” 1.400/1.41b absorb strongly in the visible
region of t he el e ad=r580nemdy 6@ nhm respestipedy)cdue to their (Se

transition or i giBrrat ianygiohéxademyl rifhDIMIQUMQ@ ~-Backbone).

R=H; 1.40
R = BMes,; 1.41

Figure 1.15A Wal ko r earld@mbe ment of

Thus far, we have only discussed the effect of changing/substituting the backbone of
photoresponsive organoboron compounds. Prior to the emr#tucted in this thesis, there existed
only two examples of molecules with varying aryl groups on boron, namely, the diphet®y (

and dipentafluorophenyl (43 derivatives shown in Figure 1.5 Unlike the results of Swster

for 1.20 no structural rearrangement was observed upon UV irradiatiam21.43 indicating

that the steric bulk of the mesityls is important for the photoreactivity of this class of compounds.

@Q UB I‘ ‘

1.42

Figure 1.16 Photochemically inert compoundsA2and1.43
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1.3.4Photoelimination of B,N-Heterocycles

Remarkably, altering the moleeulstructure of N,&helate orgaoboron compounds to include an

additional 1 CH, between the boron andpCatoms (Figure 1.17) selts in a new type of
photoreactivity. When irradiated with 300 or 350 nm ligh#47 1.54 undergo an elimination

reaction wherein one equivalent of mesitylene is ejected from the molecule, ultimately producing

the B,Nphenanthrenes.44ai 1.54a%®'Du e t o-conhjigationr and” electronic structure,
theselZazaborinine derivatives ahwsor470stnrnmnnhgHQMO(n
BN-phen) Y IBNpHe)) and exhibitintenséebue t o gr eenem3490ihi nescer
530 nm) with quantum yields approaching unity in some cdsé541.469. The quantum yield

of photoelimination for most B,Meterocycles were determined to be ~0.044, with bulkier
substituents on borod @47 pex 0.25) and chelaticinduced ring strainl(531.54 peix 0.093)

significantly improving the efficiency of the transformation.

-y -y
\ / )'(o‘r hv \ ),(Ar
EA{"’”R =5
1.44-1.54 R R-H R 1.44a-1.54a
X =N or C donor
Y =Nor C-H
R R

1.46: R' = Me, R = Me 1.49 1.50: R = H
147:R'=H,R=TIPP 1.51: R =Me
1.48: R' = H, R = Bicyclo[3.3.1]nonane
Ro~UR

N/
oo W W/ W)
ﬁ S
1.52 1.53;R = Me
1.54: R = 'Bu
Figure 1.17 Photoelimination reacti@of 1.447 1.54leading to 1,2azaborines1.44ai 1.54a

20



1.3.5Photochromism of ElectronDeficient B,N-Heterocycles

Fluorinating the methyl groups of compouhd4andl1.49gives the highly electredeficient B,N
heterocycled.551.56 with fluoromesitylene (FMes) substituents which exhibit yet another new
photoisomerization phenomenon (Figure 148)nstead of elimination].551.56are converted

to the B,N1,3,5cyclooctatrienes (B,N,3,5COT) 1.55d1.56avia a photoisomerization process
involving the migration off CH, from boron to theo-carbon atom of FMes. Both.55d1.56a

a b s o rab~ 440tnm,@iving solutions containing these moleculearka drangebrown color as

a result of their CT St ransiti on fBr=00vt c MOMOh g K B MDen€e)* Y
tolylpyridine) (calculated by TEDFT). Heating either of these products to @ fully reverts
1.55d1.56a to their starting molecules, indicating th&at551.56 represent a new class of
photochromic organoboron compounds. The quantum yield of this new photoisomerization is far
less efficient than that 0f.28 ( & = 0.80), with values of 0.23 and 0.10 fbr55 and 1.56
respectively. Replacing the FMegbstituents with less bulky but comparably electdeficient
groups such as pentafluorophenyl gives compdubd which yields the B,NL,3,6COT 1.57b
following irradiation;a structural isomer df.55d1.56a It is believed that.57bis generated from

the B,N1,3,5COT analoguedl.57avia a 1,3sigmatropic fluorine atom shift. The driving force

behind this reaction is likely the rearomatization of the tetrafluorophenyl ring.

\ Ar
N

FC B CF3 hl) !
"o, [ <
cF,  CFs

FsC 1.55/1.56 5@

\Ar =
_ s
N/ _%N:@
N ho
B. F e
F B _F =2

F‘ﬁ/\ A

F
F F ©

FF
1.57

Figure 1.18 Photoisomerization df.557 1.57
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1.3.6Photochemical C=C Bond Cleavage of Acenes in B,Neterocycles

To investigate the impact of incorporating trerdn atom of an N,&helate orgaoboron system

into a fully conjugated sinembered ring, thperi-substituted aphthalene4.581 1.60with 2-

pyridyl and i BMes functional groups were prepared (Figure 1149)lrradiation of these
molecules with 350 nm light results in the formation of the {sé@kiized borepind.58ai 1.603

where boron has formally inserted itself into one of the aromatic C=C bonds of naphthalene. It is
postulated that the C=C bond breaking process is facilitated by the photochemical formation of an
unstable borirane that rirgxpands to the singly annuldtborepin products. Compounti$8ai

1l60aar e all Dblue fluorescent wE4lHE4T 2 whmeQUBDMt um vyi

Figure 1.19 C=C bond cleavage and boron insertiorl &8i 1.60

1.4 Boriranes

1.4.1Introduction to Strained Three-Membered Ring Systems
Much like their nuclear analoguegcloXC:Rs( X = O, S, MNR®D),, SERrd6i ranes a

threemembered ring systems containing one boron and two carbon atoms. In addition tg-the rin
strain imparted by their bonding configuration, boriranes are also Lewis acidic due to the empty p
orbital on boron, making them highly reactive. In fact, some of the only examples of free boriranes
were originally synthesized by 2+2 cycloaddition reatt between methyleneborahél (see

Figure1.20) and either aceton&.62 or diphenyl acetylenel (63.1° % One strategy commonly
22



used to stabilize bomanes is the coordination of Lewis bases to the Lewidi@boron center,
which has led to the isolation of several batabilized boriranes byarious research groufys.”?
The following section will discuss most of the known methodologies for preparing these highly

unique species.
’ItBu

Me3Si, E\C— Bu

c—c-B
tBu o Me3Si” )*CI)
| 1.62
MesSi”~ tBu
1.61 '

Ph—=—Ph MesSi, 2 tBu

Megsif —

Ph Ph
1.63

Figure 1.20 Free boriranes prepared by Berattl.(1.621.63

1.4.2Synthetic Methods for Preparing Boriranes

Beginning with one of the earlier examples, Denmarkal. were interested in studying the
possibility of valence isomerizatidinom borirane to boramethine (Figure 1.2%3 akin to the
related transformation known for cyclopropyl cati@isTo test this hypothesis, they conceived a
stereochemicatxperimentusing the enantiomerically pure, bagtabilized borirand..64 (Figure
1.21b), which was prepared by Schu&el+" -borate rearrangement as described in Section 1.3.2.
In the event that ringpening of the borirane ih.64occured upon heating, its chiral information
would be lost and directly measured using chiral HPLC. Much to their surprise, hedtiod iof

a pyridineds solution for 3 days at 10 or 0.5 h at 150C showed no stereochemical scrambling,
with HPLC measurements indicating 100% retention of configuration. It was rationalized that the
s’boron was n o t-aceeptg and that glacioglelgdwaithdrawing substituents on

boron may facilitate the ringpening process, although further attentiaée not been published.
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A AH = -38.3 kcal/mol /\
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pre-1.64 1.64 ,
+ Diastereomer _ H«‘S/(j
(separated by recrystallization) |~ ~ N

Figure 1.21 (a) Predicted enthalpies of ringpening in boriranegs.cyclopropyl cationgand(b)
basestabilized borirane prepared by Denmark to test this reactivity

Braunschweigand ceworkers recently prepared several batbilized boriranes by means of
chemical reduction (Figure 1.229."Y Their syntheses begin with-Neterocyclic carbene (NHE)
stabilized haloboranes of the fotiie-BRCl, (wherelMe = 1,3dimethylimidazoi2-ylidene, R =
H or Ph), whichwerereduced with either sodium naphthalenide (Naffg]) or the sodium dianion
of transstilbene (NgCi4H12]). In both casessynselective [2+1] cycloadditions were observed,

yielding specied.65 1.65%and1.66as well as their enantiomers.

\N.\
N/k H H, )‘*-N\

B
. h + 2NaCl +
1.65 [1:1]

-1 165'

/ B (trans only) + 2NaCl
Ph Ph

Figure 1.22 Basestabilized boriranes of Braunschweig prepared by chemical reduction
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Although reduction ofMe-BRCl, was initially thought to generate NH&abilized :B R borylenes
that were subsequently trapped by tapihithalene present in solution, a later report by Cigtan
al. has proposed that a radigadical coupling mechanism betwetde-BRCI A and sodi

naphthalenide is more likely based on control experiméhts.

Much like the synthesis of cyclopropanes, the formation of boriranes requires significant driving
force to account for the ringtrain contained withirsaid products. In the two aforementioned
exampes, those driving forces were photons and the displacement of good leaving grgups (
NaCl as a byproduct) respectively. Calternative strategis the formal double hydroboration of
alkynes using NH&oranes 1.67a-d; Figure 1.23) to afford Lewidasestabilized boriranes,
which is an unknown reaction between simple boranes and al§iesaddition to the boriranes
(1.68a-d), a second species was also isolated and determined tottantieydroboration product
between NHEborane and alkynel (6%-d). The ratio of these products was highly dependent on
the NHC substituents, with bulkier groups such as mesityl edi&6propylphenyl favoring the
formation of basestabilized boriranes. The electrpoor dimethyl acetylenedicarboxylate is key

to facilitating this reaction, as most alkynes resist hydrolmraty NHGboranes”™ From control
experiments and computationaltd, the most likely mechanism responsible for the formation of
these two products is that shown in Figure &.2Zgter an initialtrans-selective hydride transfer

from NHC-borane to alkyne (which is 5 kdadol lower in energy than thas-hydride transfey,
coordination of a THF solvent molecule converts the borenium cation to the more stable boronium
cation which forms an ion pair with the-alkeny
system of the alkene gives a thheembered transition stathat bifurcates into two different
pathways with no stable intermediates or transition states. The trajectory of the incoming boronium
cation determines which product is formed, as theh§tide shift from boronium to alkenyl is

only favored in certain miecular conformations.
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Figure 1.23 (a) Hypothetical double hydroboration of atkyne, an unknown reactip(b)
Double hydroboratio of alkyne with NHGboranes(c) DFT-calculated mechanism of the

reaction

1.5 Applications of Organoboron Systems

Both three and four coordinated organoboron compounds have been extensively studied for use in

optoelectronics and as chemical sensors. In the following sections, the unique properties of both

classes of borooompounds will be introduced as well as seminal works regarding their use in the

areas of OLEDs and fluoride sensing.

1.5.1Triarylboron as a Functional Group

Many of the features associated with triarylboraees,” -accepting, Lewis acidic, redeactive,

etc., are directly related to the emptyqgrbital of the boron atom, which renders them isoelectronic

and isostructural to a carbocation. Due to their susceptibility towards nucleophilic attack,
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triarylboron functional groups are often protected with astléao bulky substituents such as
mesityl, which kinetically stabilizes the boron center. In doing so, only small anions such as
fluoride or cyanide are capable of binding to boron, effectively blocking its emptpial. Given

that this orbital is ofte a large contributor to the LUMO of molecules witBMes groups, this

event typically results in drastic colorimetric or luminescent color changes, allowing such systems
to be used as selective chemical sensors for fluoride and cy&hMéen the LUMO of the
molecule remains undisturbed, functionalization of transition metal compféxas strongly
electrondonating organic moieti€8 with triarylboron results in potential OLED emitting
materials that display intense chatggnsfer luminescence, with quantum yields often approaching
100%. In addition to increasing these efficiencies, the bulky groups on the boron atom also improve

OLED performance by promoting more homogenous film formdffbn.

1.5.20rganic Light Emitting Diodes (OLEDSs)

OLEDs are electroluminescent (EL) devices that convert electric current intgiighiinescent
organic molecuws. Onecommondevice structure is shown in Figure 1.24, where the emissive
component (emitter) is situated between afi@asport (HTL) and electremansport layer (ETL),
which facilitates the requisite charge injectiord dransport through th@evice.Once an electric
current has been applied to the devitecteonsare injected at the cathode (generally a metal with
low work function such as Mg or Al), while holes are injected at the anode (usually Hidium
oxide (ITQ). These carriers will migrate towards the emitting layer through the ETL and HTL
respectively, after which they recombine and spontaneously generate photons witlcaresygsl

to the band gap of the emitter. The first example of an OLED with lowngrixdltage was reported

in 1987 by Tanget al® who employed aromatic diamines as HTL and #ri(8
hydroxyquinolinato)aluminum (Alg see Figure 1.24) as both the emitter and ETL. Despite the
enormous amount of effort that has since been spent developing OLEDs into a commercially viable

27



technology, there still exist many important hurdles that need twéeome such as the poor

stability of blue emitters and low electron mobility of organic compoliids.

LUMO el
f\ e'|'
_ Cathode
N\ ’Q’//,(I) o) hn \ 4 5
Al ammseem—— S
AN | SNZ A E| ETL
L o I L
N N HTL
Anode
w e
el
e' HOMO

Figure 1.24 Emitter and ETL material Alg(left) and schematic of a thrdégyer OLED (right)

The performance of OLEDs can be quantified in a number of different §tayse internal
quantum efficiencydint) refers to the number of photons generatedumber of electrons injected

within an OLED and is defined as:

Equation 2 dint= ecdrl lum
w h e gL&s the electroexcitation efficiency, or probability that an eleetrole pair will recombine
to form an igtRecsingetriplet bramchidg ratio. The latter accounts for the fact the
electrons and holes are generated at opposing ends ad\tiog with uncorrelated spins, thereby
forming singlet and triplet excitons with 25% and 75% probability respectively. The consequence
of these spin statistics is that fluorescent emitters can only harvest 25% of the excitons generated
in an OLED, whichsubstantially decreases the theoretical maximum internal quantum efficiency
of devices based on fluorescent emitters. Conversely, phosphorescent emittiesoosiically

harvest 100% of the excitons formed in the device since singlet excitons can bgambtwtriplet
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excitons by intersystem crossing. It is for this reason that OLED research has shifted its attention
from fluorescent to phosphorescent emitters over the geside as phosphorescent OLEDs

(PhOLEDSs) are capable of achieving much higremiak efficiencie€>84

A more commonly reported measure is the external quantum efficiency (EQE) of the device, which
refers to the number of photons emitted in the viewing direction of the devittee rumber of

injected electrons and is defined as:

Equation 3 dext= ikl
where U is the light outcoupling factor that i
in the viewing di rapudximated as i lwhereoisitigelefradtive iadex b e
of the emitting material, this method is often inaccurate due to the-lanydti structure of OLEDs
and enhancements in outcoupling from constructive interference of the emitted light. With all of
thee considerations, the value for U is generall
fluorescent emitters in OLEDs can only achieve a maximum theoretical external quantum

efficiency of~5%.

1.5.3Early Works on Triarylboranes for OLEDs

The first successful incorporation of a triarylborane into OLEDs was achieved by Shiabtin

1998, who were able to uéerOandl1.71(Figure 1.2% as the electron transport lay€eS'L) while

Algs wasthe emitting layef® Given thatl.70and1.71are themselves bright blue emitters, it was

later reported that these thiophdsmranes could also act bsth the emissive ar@TL materials

in OLEDs, with theresultingdevi ces demonst r r aniF d44p and [472enm e mi s s |
respectively)and external quantum efficiencie$ ~0.17%® Although thesevaluesare poor

compared to emitters of today, at the tilné0and1.71were among some of the most efficient

blue emitterknown in the literatur&” Later developments bghirota and cavorkers replaced
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one of the boryl groups ih.70'1.7 1with triarylamine functionalitiesl(721 1.79), as these bipolar
materialswere expected tshow improved carrier mobilitf®¥ Dependi ng on -t he ex
conjugation in the skeleton, bhggeen to yellow OLEDs were fabricated with good efficiencies.

Despite early promise in this area of research, triarylboranes are now typically only used as ETL
materials in OLEDs due to thegviously discussed limitations of devices based on fluorescent
emitters, with thertpyridyl-functionalized trimesitydorane of Kido 1.76 Figure 1.2% being one

of the more prominent exampl&4.
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Figure 1.25 Triarylboron emitters and ETL materials of Shirata7Qi 1.75 and Kido (.76

1.5.4Triarylboron Compounds as Fluoride Sensors

Of all the applications available to luminescent triarylboron compounds, the most widely studied
is their use as chemical sensors for small anions. This is particularly important with respect to
fluoride ions, which are encotered in everyday lifeg(g.drinking water, toothpaste, drugsc),
dangerous in high concentrations, and difficult to detect in aqueous media due their large enthalpy
of hydration {504 kJ/molf*® As mentioned in the beginning thiis section, sterically encumbered
triarylboranes are especially attractive as fluoride sensors owing to their strong binding affinity
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with the anion and rapid color/luminescence change upon complexation that can often be detected

with the naked eye.

Thefirst report utilizing organoboron compounds for fluoride sensing appeared in 2001 by Tamao
et al,®™ who showed that dilute solutions of #@-anthryl)borane (10 in THF; 1.77in Figure

1.26) lose their orange color immediately following the addition 'of The binding constant
between B and'Fvas determined to be 1i010° M" * which is significantly higher than the binding
constants between B and AdOH' (10° M" § or CI, Br', I' (no binding obsena due to bulky
anthryl groups Appending a related triarylboron system to a porphyrin ring allowed for the
binding eent to be monitorddetected by fluorescence spectroscopy, with the emission color

changing from red to pale blue upon the addition' 6f%

w i
‘
1 77

-

1.77 1.77-F

Figure 1.26 Compoundl.77prepaed by Tamaet al. (left) and the visible color change bi77
upon binding with fluoride (righ reproduced from Ref. 91

A more recent approach that enables the preparation of -statde and highly selective
triarylborane fluoride sensors involves tpraizing the pnictogen atom of amifighosphine
borane doneacceptor (DA) systems 1.781 1.83; Figure 1.27)*¥°" Doing so accomplishes two
important things: 1) the water solubility of the resulting molecules is drastically improved due to
the fact that they are salts, and 2) the fluoride affinity of the boron atonagesrdue to Coulombic
effects. Compared tb.77, compound-1.79has a higher binding constant (&8.5x 10° M'%) in

CHC I, and can even detect fluoride in mixtures aDHMeOH (9:1 W) with a relatively good
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binding constant of M. Increasing theaydrophobicity of the molecule by replacing the methyl
group on phosphorus with phenpt1.80 significantly increases the binding constant in the same
H,O:MeOH mixtures (1.3 0.1x 10° M'Y). Furthermore, extremely low concentrations of fluoride
([F'] = 1.9 ppm) are detectable in water by monitoring changes in the molecules absorbance
spectrum with UV/Vis spectroscopy, makipg..80one of the most promising triarylbordrased
fluoride sensors to date. Although repositioning the pnictogen cation next to the bororoatom (
1.78i 0-1.80 does lead to improved fluoride binding due to bidentate interactions between fluoride
and both Lews acidic centers<L0° M%), these compounds are not stable towards water which is
problematic for practical use. Lastly, the Coulombic effects of the phosphorus cations on the
fluoride binding affinity of boron are additivd.817 1.83, where the incomration of additional
phosphonium moieties results in a sequential increase in the fluoride binding ability of the

molecules (2.% 10° M'*for 1.81, 3.6x 10° M"*for 1.82 and 1.0x 10’ M'*for 1.83in DMSO:H,0

Mes R R B; i
z \ &
Mes R Mes=B  Pn=R' R
BOPn---R' !
Mes/ R

R Rs

p-1.78/0-1.78: Pn
p-1.79/0-1.79: Pn =
p-1.80: Pn =

=7:3 V).

N,R=R=-Me 1.81:R,=R,=-Me, R; = -PMePh,
=-Me, R' = -Ph 1.82: R»] = -Me, R2 = R3 = -PMePh2

P,
P, "= Ph 1.83: R, = R, = Ry = -PMePh,

Figure 1.27 Structure of cationic ammonium and phosphonium salts beaihtes functional
groups L.787 1.83

1.5.5Four-Coordinated Organoborates in OLEDs

Despite the promising implementation of Ak an organic emitter for OLEDS, devices based on
aluminiumcontaining molecules have poor long term stability which is unacceptable for

commercial application€¥ Interest in fourcoordinated organoboron compounds as emitters for
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OLEDs originally stemmed from the fact that @, BiN, and B C bonds exhibit increased

covalency compared to their aluminium counterparts, which may be useful in overcoming the issue

of device lifetime. Given that luminescence in these types of compoundsaotiggns f r om HOMO(
Y LUMO(  *) transitions of the | igands, the rol
charge of the monoani on a-codugation oftthe chelates Ovarblli | i z e/
this results in a lower lying LUMO and enftaa electroftransport properties of the molecule.

Such is the case for compounti84i 1.94 shown in Figure 1.28, which represent some early

examples of N,@ N,N- and N,CGchelate organoborates examined for OLED applications.
/ \ . /l' S S
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Figure 1.28N,O-, N,N,- and N,Gchelate boron compounds used in fluorescent OLEDs

Compoundl.84 displayed greater stability and blue shifted emissiompared to Alg(~15 20
N m;em = ~490500 nm) as a result of its lower HOMO levé!' Substituting the 8
hydroxyquinolate ligand with electraith groups such as phenyl.85, 1-napthyl (.86, and 2

benzothienyl 1.87) gave rees hi f t ed e mi =530, ®3Ms ando 565 ran in GEl;
respectively and substantially reduced quantum efficiencies compar@®#3'°® While 1.84 i

1.87 can be utilized adbifunctional emitter/ETL materialsfor OLEDs exciplex emissions
observedat the interface of the emitting and halansporting layers diminishing their
applicability. Various other chelating ligandgere subsequentlgxporedin the search fomore

stable and efficient blue emittetsessp-conjugated ligands such aspgridylphenolate 1.8871
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1.90 further blueshift the resulting emissigrwhereasreplachg the anionic oxygen atom for
nitrogen é.g.7-azaindoyl;1.91or 2-pyridylindole;1.92) suppresssirreversible oxidation ofhese
compoundsn devices. In the case of the form& 1%%11.88i 1.90luminesceca.40i 50 nm higher

in energy comparedth84i 1.87wi t h decent fl uor @s-¢1@s),©evevgruant um
devices fabricated from these molecules exhibit similar issues with excimer emission. Casnpoun
1.91and 1.92were found to be purplelud® and blue luminescefft® respectively, withl.91
displayingdeepblue emissiori422 nmwhen incorporated int@LEDs. The concept of employing
bulky mesityl groups for the steric protection of faxgordinated N,&helate boron species was
first introduced in 2006 by Yamaguchi andworkers (.93and1.94).1%! One of the more striking
features of these molecules is the fact that the boron atom retd@tsakedral environment even

in solution, despite the presence of thmethyl groups of the aryl substituenthie quantum yields

of fluorescence for both.93and1.94were found to be quite low (~10%), meaning they are not

suitable emitters for OLEDs.

Once again, the key issue with these types of emitters for OLEDs is that they are fluorescent, which
limits their viability for commercial applications due to their theoretical maximum external
guantum efficiency of ~5%. In recent years however, both thaed fourcoordinated boron
compounds have made a resurgence as potential emitters for OLEDs due to the development of

boroncontaining systems that display thermally activated delayed fluorescence (TADF).

1.5.6Boron Emitters with Thermally Activated Delayed Fluorescence (TADF)

One of the major drawbacks of PhOLEDs is that they require noble metals as part of their molecular
design in order to facilitate intersystem crossing and achieve high phosphorescence efficiencies.
This substantially raises the overaist of devices fabricated with phosphorescent emitters, which

is a major issue with respect to utilizing these phosphors in commercial applications. One
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alternative strategy for developing high efficiency emitters that lack expensive precious metals is
thedesign of allorganic molecules capable of undergoing thermally activated delayed fluorescence
(TADF).[1071%8] Ag jllustrated in Figurel.29 TADF is a unique process defined as the thermal
repopulation of a singlet state;J$rom a triplet state (1) when the energy gap between them is
small (~ 0.1 eV), ultimately resulting in prompt and delayed emission from tstat®. The reverse
intersystem crossing described above is generally an endothermal process; $nt@ver in

energy compared to;9meaning that stronger emission is oledrat higher temperaturds.the

context of fluorescent emittdrased OLEDs his phenomenois especiallyintriguing as it could
provide a method of fifharvestingo triplet exci
quantum efficiency of such dees from 25% to 100%TADF was first recognized in 1961 by
Parker and Hatchard, who discovered that Eosin displayed a secodd/émhgmission band, in
addition to its phosphorescence, with identical features compared to its prompt nanosecond
fluorescace band. This emission was therefore assigned as delayed fluorescence occurring from
the S state. In the following 50 years, only a handful of organic molecules with similar emission

phenomena were reported, such as the fullerene derivatives of BeSBaeriag "

D= _ =D
E E—
Sl — kisc
Krisc XX
T
Fluorescence TADF
Phosphorescence

So

Figure 1.29 The first molecule to display TADF (left) and a Jablonski diagram illustrating the
di fference between fluorescene® Ophosphor(es gdr

1.3 ratio of singleto-triplet exciton formation in OLEDs is also shown (blue:red circles)

35



The first major breakthrough showcasing #imlity of TADF emitters to harvedtiplet excitors
was published in 2012 by Adackt al,*’® who demonstrated that carbazélectionalized
dicyanobenzened 951 1.97; Figure 1.30 could act as efficient abbrganic emitters in mukliiayer
OLEDs. The emission color of these compounds varies frorablsley to orange with high
photoluminescence quantum yields (upwards of 94%), ultimately yielding devices with EQEs well
above the 5% #oretical limit for pure fluorescent emitters (8.0%, 19.3%, and 11.2%. %8
1.96 and1.97respectively). The key to narrowing the gap between then® T, in 1.957 1.97
lies in the fact that their HOMOs and LUMOs are well separated(thogonal due to twisting of
the carbazoles). This is important because the sttt gap is proportional to the exchange
integral (J) between the spatial wavefunctions of the grestade (HOMO; Ulevel) and excited
state (approximated as LUMQ@:level) 1Y Therefore, minimizing the spatial overlap between

these two energy levels will result in a decrease@: $ap.

Figure 1.30 Some of the first albrganic TADF emittersl(9571 1.97, emissioncolors on their
right) implemented in high efficiency OLEsnages reproduced from Ref. 10

Since this discovery, the search for TABRitters has become an incredibly popular research
topic, with bororbased emitters gaining much attention in the past three years. Due to the large

number of publications in this area, only a select few will be highlighted.

One of the earliest exampletaboronrbased TADF emitter was reported in 2015 by Adachi and

co-workers (Figure 1.311.98 and1.99, consisting of donesubstituted 1B-phenoxaborin§!?
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These compounds displayed pure blue emission censtréd0 nm, with photoluminescence
guantum yields approaching unity and EQEs as high as 15% irlaydtiOLEDs. Shortly after,
Kaji et al. reported the simple triarylboron-A systems1.100 and 1.101, which also exhibit
TADF.1*3 Devices fabricated with these compounds doped into the emissive layer gave EQEs of
21.6%, which athe time were some of the highest reported for-Bla®F OLEDs.
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iProYNipr RZQ;Q
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Adachi et al. Kaiji et al.
N N N N
- CLI0 (0| | L0
1.98 1.99 1100 PN 4401
: < : Q"
B
Q %}I T
R5 R5
Cheng et al. Hatakeyama et al.
1-102:R5=H 1.104: R3:R4:H
1.103:R;5 = Bu 1.105:R; = Ph; R, = -NPh,

Figure 1.31 Threecoordinated organoboron TADF emitters of Adachi, Kaji, Chemgl
Hatakeyam41.981 1.109

Despite both of these promigimesults, all of the OLEDs described above suffer from poor roll

off efficiencies, which is a decrease in overall device performance when their operation is carried
out at highbrightness. This issue was recently overcome by Cleeérd, who showed thathe
diboron compound&.102and1.103display excellent charge balance within devices and record
high EQEs of 37.8% and 32.4% respectiv&fi} Additionally, no significant roloff was observed

in these devices until a luminance~fC* cd 2, which is exceptionally high for a TADBased

OLED. Although most TADF emitters rely on the typicalADstrategy, one unigue exception is
37



the work of Hatakeyamat al.'*®®wh o conceived of a fAresonancedod

HOMO and LUMO of B,Ndoped PAH<.104and1.105 The main adantage of these systems is
that they have sharp emission bands compared to thaéircDunterparts, which allows the
preparation of OLEDs with high EQEs (up to 20%) and color putitiOdis ultrablue emissive;

462 nm with fultpeak width at hathaximum= 33 nm).

At present, there exist few examples of feoordinated organoboron TADF emitters, with the first
report appearing in 2016 by Chou andwarkers (Figure 1.32t.106Ai 1.108A).1817|t is well

known that N,Cchelate organoborates functionalized with aryl substituents possesses a CT
transi t-nogl f g oahelsge backbon&*) By introducing electromonating groups

on the aryl substituents ih.106A/B 7 1.108A/B, the CT transition is enhanced, resulting in
molecules that display TADF. While the figgneration of compounds bearing a pyrigytrolide
backbone shownly decenperformance in OLEDSL(106AT 1.108A; up to 13.5% EQE).106

i 1.108Bachieve EQEs up to 26.6% when doped 25 wt%-(8-(9H-carbazol9-yl)phenyl}9H-

carbazole3-carbonitrile(mCPCN) and relatively good retiff efficiencies.

N CF3

zﬁéQ

1.106A/B 1.107A/B 1.108A/B

Figure 1.32 TADF N,N- and N,Cchelate oganoborates of Chou
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1.6 Scope of this Thesis

The following five chapters will describe new synthetic methodologies for preparing chiral
organoborates, as well as a variety of different aspects related to their photochemical and
photophysical properties. Emphasis will be placed on understanding the relationship between
substituent functionality and reaction outcome in fdlelate organoboron systems such that we
can both improve their photochromic capabilities as well as develop new types of photoreactions

for accessing unprecedented belmsed molecular motifs.

Chaper 2 describes the synthesis and photoreactivity of chiralcNgtate organoborates bearing
different aryl substituents on boron. Through systematic substitution, it was found that at least one
mesityl substituent is required for the molecules to remdintgactive, and that chiral
organoborates display regioselective photoisomerization with a preference for the less bulky group.
The Hfunctionalized boriranes generated in this way undergo therra&bid migration, forming

new 4kH-azaborepin products. Addinally, electrondonating and electrewithdrawing groups

can tune the efficiency of the photoreaction, revealing the true impact of the aryl substituents for

the first time.

Chapter 3 describes the synthesis and photoreactivity of chiratildte oganoborates bearing
one mesityl and one PAH substituent. Depending on the connectivity pattern and triplet energy of
the PAH substituent, varying photoisomerization efficien@ad selectivitiesvere observed,

giving further insight into the function dfi¢ aryl substituents on boron.

Chapter 4 describes the photochemical generation of dhiBakheterocyclewvia heteroaromatic
Ci X (X =S, O) bond activation and boron insertion, starting from chirat®h&ate organoboron

compounds with mesityl and leebcycle substituents. The key finding of this study is that by
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appropriately functionalizing our reactive borirane intermediates, we can generate a series of new
and unprecedented basgbilized 1,20xa and 1,2thiaborirines that display intense/tunabtdid

state luminescence.

Chapter 5 describes our attempts to prepare-diglate organoborate TADF emitters by
substituting the aryl groups on boron with various eleettonating groups. While these molecules
were found to be unstable under the stashddevice operating conditions, studying their
photochromic switching ability did give insight into the effect of enhanced CT on these types of
systems. In patrticular, it was found that a narrow band gap is detrimental to the photochromic

switching of the NC-chelate organoborates.

Chapter @lescribes the synthesis of four diboron compounds capable of undergokstptewolor
switching through a combination of light, heat, and fluoride ions. This is facilitated by their four
coordinated organoboron unithich exhibits a photochromic response, as well as their-three

coordinated organoboron moiety that reversibly binds with fluoride.
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Chapter 2
Regioselective PRoBondomer maatoanbtC

B(ppy) (MElZg (Ralle of Ar vyl Groups

2.1 Introduction

Harnessing the utility of molecular transformations relies on exploiting the underlying nuances of
a given chemical system, with recent progress in fgeonp chemistry serving as an excellent
example of suctendeavors! This is particularly true in organobordrased systems, with the
inherent electromeficiercy of the boron atom affordingompounds with broad applications in
catalysis/synthesté, polymer scienc€! and optoelectronicé. As discussed iSection 1.3.3, our
grouppreviouslydiscovered a photochromic phenomenon based orcfmandinatel organoboron
compounds €.g. A; Figure 2.1) that undergo thermally reversible intramoleculdrCCbond
formation/breaking, generatingasestabilized borirangeorii d a r k 0  d.gsBd.thReplacing

the pyridyl moiety by various other donors has been found to have a great impact on the switching
properties of the boron compouri@layhile little is known about the influence of the aryl groups

on boron. Less udky aryl group§! (e.g. phenyl) or thee that contairstrong electrosdonating

groups (e.g. NMe)® yield molecules that are photochemically inert as a result of strengthéned B
Car bonds and the introduction of electronic transitions that disfavor i&retien respectively
Despite the fact thatllastudies to date indicate that steric congestion around the boron center is
required for the photdromic process shown in Figure 2itljs unclear if both aryl groups on
boron need to be bulky for the phistmmerizationto occur Futhermore, it is unknown if the
reactivity of a boron molecule bearing two different aryl groups would proceed regioselectively,
and if so, which photoproduct would be favoredvé. a Yo Access tochiral N,C-chelate boron
compounds is the key to fully establish the role of aryl substituents in the photoisomerization

process and unlock the full potential of this class of compoimdpplications such as memory
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devices/switche®! To this endwe developed new synthetic procedure foreparingchiral N,C-
chelate bron compounds such as B(ppy)(Mes)(#fpwn in Figure 2.IThesederivatives undergo
photoisomerization a# does. Surprisingly, however, the isomerization was found to occur
exclusively on theless bulky arylsubstituent(e.g. a). This highly regioselective i@ bond
formation was found to be general fall photoactive, chiraboron compounds of the form
B(L)(Mes)(Ar), L = N,CGchelate ligand. Furthermore, the new dark isomers otliiral boron
compounds undergo an-&tom transfer to produce unigque and unprecedenteidazbborepia

(e.g b). Kinetic data collected for a variety of different substituents gives direct insight into key
electonic and steric contributions of thimusual photo/themal isomerization phenomenon.

(a) Reactivity of Achiral Boron Compounds:

N N
hv N
SIS
§ e
R
R A
R=-H

B(ppy)(Mes)(Ar)

Figure 2.1 Photo/thermal reactivity of achiral (a) and chiral (b) M}&&late organoborates

2.2 Experimental Section

2.2.1General Procedures

All reactions were carried out under an inert atmosphere of dry nitrogen while employing standard
Schlenk techniques. Starting materials were purchased from ilgineh and used without
further  purification.  22-bromophenyl)pyridin€ and  Emethyl2-phenyk1H-benzofi]-

imidazolé® were preparedccording to literature procedks. Solvents were dried over Na and
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degassed, ostored over A molecular sieves prior to us&d, °C, and*'B NMR spectra wex

recorded on Bruker Avance 40800, or 700MHZ spectrometers using deuterated solvents that

were purchased from Cambridge Isotopes and dried/degassed prior to use. High resolution mass
spectra (HRMS) were obtained using a Micromass GCT-EOMass Spectrometer. Excitation

and emission spectra werecorded using a Photon Technologies International QuantaMaster

Model 2 spectrometer. UVisible spectra were recorded on a Varian Cary 50 spectrometer.
Photoluminescent quantuyields were measured usieghert he optically dil ute |
relaive to quinine sulfate in 0.5 M p¥BQy (Chapter 2, 3, 5, 6, # or a Hamamatsu QY
spectrometer (C1134Y1; Chapter 4)DFT and TDDFT calculations were performed using the

Gaussian 09 suite of progradfdson the High Performance Computing Virtual Lakbors
(HPCVL) at Queends University. Geometry opti mi:
were obtained at the B3LY#/6-31g(dJ*¥ level of theory and the resulting structures were
confirmed to be stationary points through vibrational freqgueamalysis. Transition states were

located with the QST3 option in Gaussian and contained only one true imaginary frequency.
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2.2.2Synthesis of B(OMe)(Mes)(R) Reagents

MgBr

0,
\E;/ -78 °C, THF. In Situ

\ R (0]

B/
79 0,
\©/ + 1.05 eq. R-MgBr 8°C. THE In Situ

Figure 2.2 Onepot procedurdor the preparation of B(OMe)(Mes)(R)

A 50 mL oven dried Schlenk flask undep Was charged with-Bromomesitylene (1.33 g, 6.6
mmol), magnesium turnings (0.16 g, 6.6 mmol), and a small iodine crystal. Dry/degassed THF (15
mL) was added and the mixtuiefluxed for 2 hours or until all of the magnesium had disajggear
The sol ut i on78fCaisinga drpiteaaktone bathtand B(OMeds added quickly
(~0.69 mL, 6.6 mmol), after which the B(OMMes* solution was slowly warmed to room
temperatire overnight. In a separate 50 mL oven dried Schlenk flask, a second Grignard reagent
(1.05 eq; 7.0 mmol in 15 mL THF) was prepared either in accordance with the method described
above (bromobenzene;btomotoluene, and bromobenzemg or with the useoKn oc hed 6 s
temperature  halogemagnesium exchange (bromopentafluoroberiZéne and 1,3
bis(trifluoromethyl}5-bromobenzer¥!). Both B(OMe}Mes andthe second Ggnard solutions

wer e c 0789Cesihg a doy icé/acetone bath, at which point tliedavas cannula transferred
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into the former. The completed B(OMe)(Mes)(R) mixture was slowly warmed to room

temperature.

2.2.3Synthesis of B(OMe)R,4-dimethylphenyl),

|
MgBr O\B

-78 °C, THF .
2.05 eq. + B(OMe); —— In Situ

Figure 2.3 Onepot procedure for thpreparation of B(OMe)(2;dimethylphenyl)

A 50 mL oven dried Schlenk flask undesWas charged with-bromo2,4-dimethylbenzene (1.22

g, 6.6 mmol), magnesium turnings (0.16 g, 6.6 mmol), and a small iodine crystal. Dry/degassed
THF (15 mL) was added arkde mixture refluxed for 2 hours. The solution was then cooledtd

°C using a dry ice/acetone bath and B(OMegs added quickly (~0.33 mL, 3.2 mmol), after which

the solution was slowly warmed to room temperature overnight.

2.2.4Synthesis of B(OMe)(MesX,4-dimethylphenyl)

o O
MgBr ~B”
78 °C. THE Isolated
L X
MgBr \B
78 °C, THE Purified

Figure 2.4 Procedure for the preparation of B(OMe)(Mes){@idhethylphenyl)
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Attempts to utilize the onpot procedure outlined above for the preparation of comp2udrghve
inseparable mixtures @4 and2.5. To address this issue, B(OMe)(Mes)(@jmethylphenyl) was
purified according to the following procedure. After preparing B(QfM®s) as above, the solvent

was removeth vaaloand the residue extracted with diggassed hexanes. The crude mixture was
filtered through Celite under inert atmosphere and concentrated under reduced pressiie. The
NMR of B(OMek(Mes) agreed with that reported in the literatifeB(OMe)(Mes) was then
dissolved in THF and cooledto7 °€, during which time 2 4limethylphenyl magnesium bromide

was synthesized using magnesium turnings (170 mg, 7.0 mmbiphnio2,4-dimethylbenzene
(1.295 g, 7.0 mmol), and an iodine crystal. Upon cooling the freshly prepared Grighard reagent to
1 7 &, both solutions were combined and allowed to warm to room temperature overnight. The
solvents were then removed and the crude mixture extracted with dry/degassed hexanes. Filtration
through Celite under an inert atmosphere gave a solution of B(OMe)@vedithethylphenyl)

which was used as is in the preparatiol .df

2.2.5General Procedure for the Synthesis of 2i2.5 and 2.72.9

w n- BuL| \B
o b
8 C, EtZO R

GO Ny 2 O@

Figure 2.5 Preparation o2.17 2.5and2.77 2.9
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2-(2-bromophenyl)pyridine (0.61 g, 2.6 mmol) and 15 mL of dry/degass€ivizre added to an
oven dried 100 mL Schlenk flask undeg. N'he mixture was cooled tb 7 & using a dry
ice/acetone bath andBuLi (~1.1 mL, 2.5 M, 2.8 mmol) was added dropwiaéer stirring at the
same temperature for 1 hour, the-powled B(OMe)(Mes)(R) solution was cannula transferred
into the lithiation flask and the completed reaction was allowed to slowly warm to room
temperature over 18 hours. The desired products wénacted with CHCI; (40 mL) and purified

by flash column chromatography employing gradient elution (2041 hexane:EtAc), affording

217 25and2.71 2.9in low to moderate yields (180%).

2.2.6Procedure for the Synthesis of 2.6

\O O:N/
/ | /
) Ay e S
7 —_— B
N \© -78°C, Et,0 ]/.E lC
2.6

Figure 2.6 Preparation 0.6

N-methyl2-phenylbenzimidazole (0.43 g, 2.0 mmol) and 15 mL of dry/degass@dngre added

to an oven dried 100 mL Schlenk flask under The mixture was cooled fo 7 € using a dry
ice/acetone bath andBuLi (~0.84 mL, 2.5 M, 2.1 mmol) was added dropwise. After stirring at

the same temperature for 1 hour, the lithiated solution was stirred at room temperature for 1 hour
before being cooled back to7 ®. The precoolaed B(OMe)(Mes)(Ph) solution was then cannula
transferred into the lithiation flask and the completed reaction allowed to slowly warm to room

temperature overnight. The desired products were purified as above Zjvindow yield (22%).
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B(ppy)(Mes)(Ph) 2.1]: White powder, 48% yield (0.52 g4 NMR (400 MHz, CRCL,): d 8.58
(d,J = 5.8 Hz, 1H, PyH), 8.118.04 (m,2H, Pyi H), 7.98 (dg,J = 7.6, 0.9 Hz, 1H, AH), 7.78
(dg,Jd = 7.3, 0.9 Hz, 1H, AH), 7.49 (t,J = 7.4 Hz, 1H, PhH), 7.42 7.35 (m, 2H, PhH and Py

H), 7.137.00 (m, 5H, BPH H), 6.75 (bs, 2H, Méd), 2.25 (s, 3Hpi Mes CHs), 1.66 (bs, 6H,

oi Mes CHs) ppm;**C NMR (100 MHz, CRCl) d 157.0, 143.5, 142.0, 139.7, 135.3, 134.0, 130.3,
129.6, 128.7, 126,8.24.9, 124.1, 121.2(9), 121.2(6), 117.8, 24.2, 19.6 piBIMR (128 MHz,

CD.Cly) d 3.6 ppm; HRMS (EI), calcd for £H24BN [M]*: 361.2007, found 361.2000.

B(ppy)(Mes)(p-tolyl) [2.2]: White powder, 30% yield (0.32 g4 NMR (400 MHz, CDRCL,): d
8.56 (dt,J = 5.8, 1.1 Hz, 1H, RAyH), 8.10 8.04 (m, 2H, PiyH), 7.96 (dtJ = 7.6, 0.9 Hz, 1H, Rh
H), 7.74 (dJ= 7.3 Hz, 1H, PhH), 7.46 (tdJ = 7.3, 1.1 Hz, 1H, AH), 7.41 7.34 (m, 2H, PhH
and Py H), 6.98 (d, A of AB,Jas = 7.3 Hz, 2H, BTolyli H), 691 (d, B of AB,Jas = 7.3 Hz, 2H,
Bi Tolyli H), 6.71 (bs, 2H, Méd), 2.23 (s, 6Hpi Mes CHs), 1.65 (bs, 6Hpi Mes CHs) ppm;
13C NMR (100 MHz, CDCl,) d 158.1, 144.7, 143.2, 140.8, 136.5, 135.1, 134.7, 131.6, 131.4,
130.8, 129.9, 128.8, 126.1, 122.4, 11883, 21.2, 20.8 ppm:B NMR (128 MHz, CDCl,) d 3.6

ppm; HRMS (EI), calcd for GH26BN [M]*: 375.2163, found 375.2169.

B(ppy)(Mes)(CsDs) [2.3]: White powder, 45% yield (0.46 gH NMR (400 MHz, CDCl,): d8.57
(dt,J=5.7, 1.2 Hz, 1H, AyH), 8.06 (dtJ = 4.0, 1.1 Hz, 2H, RyH), 7.96 (dtJ = 7.7, 1.0 Hz, 1H,

PH H), 7.75 (dtJ = 7.4, 1.0 Hz, 1H, AH), 7.46 (tdJ = 7.3, 1.1 Hz, 1H, RH), 7.427.33 (m,

2H, Pti H and Py H), 6.72 (bs, 2H, Méd), 2.23 (s, 3Hpi Mes CHs), 1.64 (bs, 6Hoi Mes CHs)

ppm;2H NMR (92 MHz, CHCl,): d 7.11 (bs, 5D, PD) ppm;*3C NMR (100 MHz, CQCl,) d

158.2, 144.7, 143.2, 140.9, 136.5, 135.2, 131.5, 130.8, 129.9, 127.7, 127.6, 126.1, 122.5, 118.9,
25.3, 20.8 ppm‘'B NMR (128 MHz, CDCl,) d 3.6 ppm; HRMS (EI), calcd for £H1sBNDs [M] *:

366.2320, found 366.2326.
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B(ppy)(Mes)(2,4dimethylphenyl) [2.4]: White powder, 46% yield (0.36 g4 NMR (400 MHz,
CD.Cl,): d8.47 (d,J = 5.8 Hz, 1H, PyH), 8.138.06 (m,2H, Pyi H), 7.94 (d,J= 7.6 Hz, 1H, Ph

H), 7.85 (d,J = 7.4 Hz, 1H, PhH), 7.43 7.36 (m, 2H, PhH and PyH), 7.33 (td,J = 7.6, 0.9 Hz,
1H, PH H), 6.85 (s, 1H, 24liMePH H), 6.82 (s, 1H, M), 6.69 (s, 1H, MdsH), 6.65 (d,J =

7.4 Hz, 1H, 2,4diMePH H), 6.17 (d,J = 7.6 Hz, 1H, 2,4iMePH H), 2.25 (s, 3Hpi Mes CHs),
2.24 (s, 3Hpi Mes CHs), 2.24 (s, 3Hpi Mes CHs), 2.00 (bs, 3H, 24liMePH CHs), 1.64 (bs, 3H,
2,4-diMePHi CHs) ppm;*3C NMR (100 MHz, CRCly) d 158.6, 145.1, 142.9, 142.8, 141.0, 140.9,
135.2,135.1, 134.4, 131.3, 131.2, 130.2, 129.7, 129&241125.6, 122.7, 122.6, 118.6, 25.7, 25.6,
23.4, 21.0, 20.8 ppnt'B NMR (128 MHz, CDCl,) d 3.9 ppm; HRMS (EI), calcd for £H26BN

[M]*: 389.2320, found 389.2325.

B(ppy)(2,4-dimethylphenyl), [2.5]: White powder, 45% vyield (0.45 gjH NMR (400 MHz,
CD.Cly): d8.10 (dtJ=5.7, 1.1 Hz, 1H, Ry), 7.98 7.91 (m, 2H, PiH), 7.80 (d,J = 7.6 Hz, 1H,
Phi H), 7.76 (dJ = 7.8 Hz, 1H, PhH), 7.33 7.15 (m, 3H, PiyH and PiiH), 6.96 6.63 (bm, 4H,
2,4-diMePH H), 6.54 (bs, 1H, 24liMePH H), 6.03 (bs, 1H, 24liMePH H), 2.41 (bs, 3Hgi 2,4
diMePH CHs), 2.28 (bs, 6Hpi 2,4-diMePH CHs), 1.72 (bs, 3Hpi 2,4-diMePH CHs) ppm; *C
NMR (100 MHz, CDCl,) d 158.4, 144.9, 142.2, 142.1, 141.0, 136.0, 135.6, 135.0, 131.7, 131.3,
131.2, 130.9, 130.6, 126.1, 126.0, 122.8, 12P18.6, 24.5, 23.2, 21.0 ppiiB NMR (128 MHz,

CD.Cl;) d 4.0 ppm; HRMS (El), calcd for £H26BN [M]*: 375.2163, found 375.2160.

B(N-methyl-2-phenylbenzimidazole)(Mes)(Ph) 2.6]: White powder, 22% vyield (0.16 gjH

NMR (400 MHz, CBCl,): d 8.03 (d,J = 7.8 Hz, 1H, PhH), 7.85 (dJ = 7.4 Hz, 1H, PhH), 7.64

(d,J=8.1 Hz, 1H, BenziiirH), 7.58 7.49 (m, 2H, PhH and BenzimH), 7.43 (app. ¢J = 7.5 Hz,

1H, P H and BenziriH), 7.35 (t,J = 7.5 Hz, 1H, BenziiiH), 7.22 (bs, 2H, BPH H), 7.11 6.96

(m, 3H, B PH H), 6.73 (bs, 2H, Md#), 4.22 (s, 3H, NCHj), 2.25 (s, 3Hpi Mes CHs), 1.74 (bs,
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6H, oi Mes CHs) ppm; **C NMR (100 MHz, CDCl,) d 155.8, 143.1, 137.3, 134.7, 134.7, 134.6,
133.6, 132.4, 131.6, 131.4, 129.8, 129.0, 127.7, 127.5, 126.0, 125.6, 1259),1P243, 122.8,
116.2, 111.3, 31.9, 20.8 pptB NMR (128 MHz, CRCly) d 0.1 ppm; HRMS (EI), calcd for

CooH27/BN2 [M] *: 414.2273, found 414.2268.

B(ppy)(Mes)p-Ph-Cbz) [2.7]: Off-white powder, 10% yield (0.09 gfH NMR (400 MHz,
CD.Cl,): d 8.67 (d,J = 5.9 Hz, 1H, PyH), 8.198.06 (m, 4H, PiyH and CbzH), 8.02 (dJ=7.7

Hz, 1H, PliH), 7.86 (dJ= 7.4 Hz, 1H, PhH), 7.54 (tJ = 7.3 Hz, 1H, PhH), 7.46 7.34 (m, 12H,

PH H, Pyi H, Bi PH H, and CbzH), 6.70 (bs, 2H, Mé#), 2.27 (s, 3Hpi Mes CHs), 1.76(bs,

6H, oi Mes CHz) ppm;**C NMR (100 MHz, CDCl,) d 158.3, 144.8, 143.3, 141.4, 141.2, 136.6,
135.4, 134.9, 133.0, 131.7, 130.9, 130.0, 126.5, 126.3, 126.1, 123.4, 122.7, 122.6, 120.4, 119.8,
119.1, 110.3, 25.6, 20.8 ppiB NMR (128 MHz, CRCl,) d 3.5 ppm; HRMS (EI), calcd for

CssH31BN> [M] 1 526.2587, found 526.2582.

ppyB(Mes)(3,5trifluoromethylphenyl) [ 2.8]: Off-yellow powder, 18% yield (0.25 g4 NMR
(400 MHz, CDCl,): d 8.51 (dt,J = 5.8, 1.2 Hz, 1H, PyH), 8.18 8.09 (m, 2H, PyH), 8.01 (dt,J
=7.6,0.8 Hz, 1H, RH), 7.74 (dtJ= 7.3, 0.9 Hz, 1H, RAH), 7.65 7.56 (m, 3H, 3,bbisCKi PhH
H), 7.52 (tdJ = 7.4, 1.1 Hz, 1H, RH), 7.48 7.40 (m, 2H, PhH and Py H), 6.78 (bs, 2H, Més
H), 2.26 (s, 3Hpi Mesi CHs), 1.64 (bs, 6Hpi Mes CHs) ppm; *3C NMR (100 MHz, CRCl,) d
158.5, 144.4, 142.9, 141.7, 136.4, 135.8, 132.1, 1329.8 (G CF;, i CF3), 126.8, 125.9, 123.2,
123.1, 122.8,119.4, 25.9, 20.8 ppf NMR (128 MHz, CDCl,) d 3.1 ppm;**F NMR (376 MHz,
CD.Cly) d163.79 (s, 6Fj CRs) ppm; HRMS(EI), calcd for GgH22BNFs [M] *: 497.1754, found

497.1761.
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B(ppy)(Mes)(CsFs) [2.9]: Off-yellow powder, 15% yield (0.08 g4 NMR (400 MHz, CDCly):

d8.23 (dJ=5.7 Hz, 1H, PyH), 8.19 (dJ = 7.7 Hz, 1H, PhH), 8.09 (d,J = 8.2 Hz, 1H, PhH),

7.81 (d,J= 8.0 Hz, 1H, PhH), 7.46 (tdJ= 6.7, 1.2 Hz, 1H, RyH), 7.41 (tdJ = 7.8, 1.5 Hz, 1H,

Pyi H), 7.02 (d,J = 8.1 Hz, 1H, PhH), 6.96 (d,J = 7.4, 1.1 Hz, 1H, RyH), 6.86 (s, 1H, MddH),

2.30 (s, 3H, Meigp-CHg), 2.02 (s, 6H, Mé&-CHg) ppm;*C NMR (100MHz, CD,Cl,) d 159.0,

157.3, 149.8, 146.1, 143.6, 142.2, 141.2, 140.0, 136.1, 133.6, 129.3, 124.7, 122.4, 120.3, 119.6,
119.2,117.4, 28.9, 23.3, 19.8 ppiiB NMR (128 MHz, CBCl,) d 4.0 ppm;**F NMR (376 MHz,

CD.Cl,) d1137.66 (bs, 2FCsFs) , 160102 {, J = 20.8 Hz, 1Fj CsFs) , 165198 (bs, 2F CsFs)

ppm; HRMS (ESI), calcd for £H19BNFs [M] *: 451.1531, found 451.1533.

2.2.7X-ray Crystallographic Data

Colourless crystals d.1, 2.4, and2.6 were grown by layering CH.Cl» solution of each with
hexanes, while offellow crystals of2.2b were grown by slow evaporation of a CHELO
solution Single crystas were mounted on a glass fiber and diffraction data were collected on a
Bruker Apex Il singlecrystal Xray diffractometer witlyraphitemonochromated Mo & radiation
operating at 50 kV and 30 mA (T = 180 K). Data were processed using the Bruker SHELXTL
softwarepackage (version 6.18% and correctedor absorption effects. All nehydrogen atoms
were refined anisotropically. Bhrystal data o2.1, 2.4, 2.6, and2.2b have been deposited at the

Cambridge Crystallographic Data Center (CCDC No. 1519107, 1519896, 1519109, and 1524964).
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Table 2.1 Crystallographic data

2.1 2.4 2.6 2.2b
Formula Co6H24BN CogH2sBN CogH27BN> Co7H26BN
FW 361.27 389.32 414.34 375.30
T, K 180(2) 180(2) 180(2) 180(2)
Space Group P2(1)/n P2(1)/n P2(1)/n P2(1)/c
a, A 8.2669(2) 10.4004(4) 8.6467(6) 11.095(4)
b, A 20.5260(5) 13.3988(5) 15.4839(11) 22.430(9)
c, A 11.8534(3)  15.7912(6)  17.1168(13) 8.604(3)
uo° 90 90 90 90
b? 93.4290(10) 98.394(2) 100.215(5) 96.142(12)
29 90 90 90 90
Vv, A3 2007.76(9)  2176.98(14)  2255.4(3) 2128.9(14)
Z 4 4 4 4
Dcacg cmi® 1.195 1.188 1.220 1.171
e, 'mm 0.068 0.067 0.070 0.066
Reflns measured 12791 12072 14473 24722
Reflns used (R) 4437 (0.0228) 4600 (0.0170) 4919 (0.0509) 4688 (0.3769)
Parameters 256 276 294 267
Final R ind
R 0.0406 0.0488 0.1124 0.0930
WR2° 0.1071 0.1271 0.3652 0.1523
R values (all data):
R 0.0469 0.0631 0.1495 0.2449
WR2° 0.1126 0.1363 0.3880 0.1999
Goodnesf-fit on F? 1.043 1.095 1.170 1.002
Ri= EJ-(F B IR| E
"WR= B WIFOF /| B pPR]F
w = %(Fo)?t (0.075P%, where P = [Max (&, 0) + 2KR%/3
Table 2.2 Selected bonds lengths and angles
2.1 2.4 2.6 A B(ppy)Ph
5 1.6332 1.64Q2 1.633(6 1.6442 1.6113
B Can (X-ray, A) (Meqs)) (Meci)) (Mes() ) (MeL(s)) (Prjl() )
. 1.632(2 1.6352 1.618(7 1.6542 1.6143
Bi Carz (X-ray, A) (Ph§ : (dngPrz) (Ph§ ) (Met)) (PS))
Bi Can (DFT, A) (1M6e4s? 1.650 (Mes) (1,\'/&45 (1Mig 1.627 (Ph)
B Cuz OFT.A) 1637 (PN) dill\'fjgh) 1.638 (Ph) (1M665SE)5 1.628 (Ph)
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Figure 2.7 Crystal structures dt.1, 2.4, 2.6, and2.2bwith labelling scheme

2.2.8Photoisomerization Procedure and CharacterizatiorData

In a N filled glovebox,2.17 2.9were added to-Young NMR tubes to achieve concentrations of

101 M in CsDs (~0.4 mL), after which the completed samples were tightly sealed with their teflon
caps and removed from the glovebétalogenated solvents should be avoided when conducting
photaeactions, as the generation of free radidaterfereswith the desired transformations.
Photoisomerization experiments were performed in a Rayonet Photochemical Reactor (300 or 350
nm) and monitored periodically By, *'B, and'*F (where applicable) NR until no additional
spectral change was observed. In the caselodnd 2.2, the internal reaction temperature was

sufficient to fully drive the thermal conversion 2fla2.2ato 2.1/2.2b. Compounds with slow
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t her mal conver B ome were heatddet 90 or fL%D im éhéir GDs solutions

once al/l of the starting compound haa)bedmrcor
compound?2.4, full conversion to the Hiigration product2.4b was achieved by repeating

photolysis (30 nm irradiation) and heating (100) cycles (24 hours each) urdll of the starting

material and intermediategere consumed/Nhen mixtures of products or transient species were
observed, their identities were determined frdimgnostic'H chemicalshifts and 2D NMR

analysis.

H-Migration Isomer of ppyB(Mes)(Ph) [2.1b]: Yellow solid.*H NMR (400 MHz, GD¢): d 7.63

7.59 (m, 2H, PhH), 7.57 (app. dJ = 7.6 Hz, 2H, PhH), 7.29 (td,J = 7.6, 14 Hz, 1H, PhH),
7.27-7.25 (m, 2H, PhH), 7.12 (td,J = 7.6,0.9 Hz, 1H, PhH), 6.79 (s, 1H, MéH), 6.46 (s, 1H,

Mes H), 6.14 (dtJ = 7.6, 0.9 Hz, 1H, RyH), 5.99 (ddtJ = 9.4, 5.5, 0.9 Hz, 1H, P), 5.28 (dd,
J=5.2,1.1 Hz, 1H, AyH), 5.16 (ddtJ = 9.6, 5.2, 1.1 Hz, 1H, P¥), 4.86 (ddd,J= 7.8, 5.5, 1.1

Hz, 1H, Py H), 2.43 (s, 3HOi Mes CHs), 2.06 (s, 3Hpi Mes CHs), 1.44 (s, 3H0i Mes CHy)

ppm;3C NMR (100 MHz, GDe) d 144.7, 141.7, 140.4, 139.6, 138.8, 137.3, 135.1, 130.7, 129.7,
129.6(9), 128.7, 127.9, 127.4, 127.4, 127.3, 126.5, 126.4, 123.4, 119.6, 104.22, 54.6, 22.1, 21.3,

21.1 ppm;'B NMR (128 MHz, GDe) d 46.4 ppm.

H-Migration Isomer of ppyB(Mes)(p-tolyl) [2.2b]: Yellow solid.*H NMR (400 MHz, GD): d
7.637.57 (m, 2H, PhH), 7.51 (d,J = 8.0 Hz, 1H i tolyli H), 7.43 (s, 1Hpi tolyli H), 7.267.21
(m, 2H, PliH), 7.12 (dd,J = 7.8, 1.2 Hz, 1Hpi tolyli H), 6.87 (s, 1H, M&H), 6.55 (s, 1H, Mds
H), 6.11 (dtJ = 738, 1.0 Hz, 1H, PyH), 5.98 (ddtJ = 9.9, 5.7, 0.9 Hz, 1H, P¥), 5.32 (ddJ =
5.2, 0.8 Hz, 1H, PyH), 5.17 (ddtJ = 9.7, 5.2, 1.1 Hz, 1H, PW), 4.85 (ddd,) = 8.0, 5.6, 0.8 Hz,
1H, Pyi H), 2.48 (s, 3Hpi Mes CHs), 2.06 (s, 3Hpi Mes CHs), 1.94 (s, 3Hpi tolyli CHs), 1.50

(s, 3H,0i Mes CHs) ppm;**C NMR (100 MHz, GD¢) d 142.1, 141.6, 140.4, 139.6, 138.8, 137.3,
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135.8, 135.5, 130.8, 130.7, 129.6, 128.9, 127.4, 127.1, 126.4, 123.4, 119.6, 104.2, 54.7, 22.2, 21.3,
21.0, 20.8 ppm*'B NMR (128 MHz, GD¢) d 45.8 ppm. HRMS (ESI), calcd forH,7BN [M]*:

376.2231, found 376.2230.

H-Migration Isomer of ppyB(Mes)(2,4dimethylphenyl) [2.4b]: Yellow solid. *"H NMR (400

MHz, CsDs): d 7.69 (d,J = 7.6 Hz, 1H, PhH), 7.47 (d,J = 7.6 Hz, 1H, PhH), 7.35 (s, 1H, 2,4
dimethylPti H), 7.24 (t,J = 7.3 Hz, 1H, PhH), 7.12 (d,J = 6.5 Hz, 1H, PhH), 7.06 (s, 1H,
2,4dimethylPhH), 6.91 (s, 1H, M&sH), 6.61 (s, 1H, M&H), 6.15 (d,J = 7.69 Hz, 1H, PyH),

6.00 (ddJ=9.7, 5.7 Hz, 1H, RyH), 5.38 (dJ= 5.5 Hz, 1H, PyH), 5.24(dd,J = 9.7, 5.1 Hz, 1H,

PyiH), 4.84 (dd,J = 7.5, 5.6 Hz, 1H, PyH), 2.56 (s, 3H,0i Mes CHs), 2.37 (s, 3H, 24
dimethylPh CHs), 2.18 (s, 3Hpi Mes CHzs), 2.06 (s, 3H, 24limethylPh CHs), 1.63 (s, 3Hoi

Mesi CHz) ppm; *C NMR (100 MHz, GDe) d 142.8, 141.4, 139.8, 139.0, 138.2, 137.5, 135.7,
134.9, 133.6, 133.1, 131.5, 131.1, 127.1, 126.8, 126.6, 123.7, 119.7, 103.9, 54.7, 22.5, 21.7, 21.5,

21.3, 21.0 ppm*B NMR (128 MHz, GDe) d 46.1 ppm.

H-Migration Isomer of (2-PhBenzim)B(Mes)(Ph) R.6b]: Yellow solid. 'H NMR (400 MHz,

CeéDe): d 7.74 (dd,J = 7.5, 1.2 Hz, 1H, AtH), 7.65 (d,J = 7.7 Hz, 1H, PhH), 7.56 (ddJ = 7.5,

1.1 Hz, 1H, PhH), 7.46 (dd,J = 7.6, 0.9 Hz, 1H, AMH), 7.33 (tdJ=7.5, 1.3 Hz, 1H, AH), 7.23
(td,J=7.4, 1.4 Hz, 1HPH H), 7.15 (td J= 7.5, 1.1 Hz, 2H, AtH), 6.94 (s, 1H, MdH), 6.84 (td,

J=17.2, 1.9 Hz, 1H, Benzim), 6.67 (s, 1H, MdH), 6.446.32 (m, 3H, BenziiirH), 5.84 (s, 1H,

N7 CHI N), 2.49 (s, 3Hpi Mes CHg), 2.39 (s, 3H, NCH;s), 2.21 (s, 3Hpi Mes CHs), 1.73 (s, 3H,

oi Mes CHs) ppm; *C NMR (100 MHz, GD¢) d 144.7, 144.4, 140.7, 139.6(4), 139.6(0), 138.1,
137.6, 135.9, 135.3, 130.4, 130.0, 129.2, 128.5, 127.4, 126.9, 124.4, 123.9, 118.7, 113.6, 106.6,

81.9, 33.9, 22.2, 21.4(4), 21.4(1) ppHB NMR (128MHz, CcDs) d 41.4 ppm.
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H-Migration Isomer of ppyB(Mes)(p-Ph-Cbz) [2.7b]: Yellow/orange solid*H NMR (400 MHz,

CsD¢): d8.00 (d,J = 7.8 Hz, 2H, CbizH), 7.95 (dJ = 2.5 Hz, 1H, PhH), 7.67 (dtJ=5.7, 3.0 Hz,

2H, PH H), 7.63 (dJ = 8.5 Hz, 1H, PhH), 7.46 (d,J = 8.0 Hz, 2H, CbizH), 7.41 (ddJ = 8.1, 2.3

Hz, 1H, PfiH), 7.337.25 (m, 4H, CbizH and PIiH), 7.21 (tJ = 7.5 Hz, 2H, CbizH), 6.67 (s, 1H,

Mes H), 6.56 (s, 1H, M&gH), 6.14 (d,J = 7.7 Hz, 1H, PyH), 6.02 (ddJ = 9.4, 5.7 Hz, 1H, Ry

H), 5.43(d, J = 5.3 Hz, 1H, PyH), 5.26 (ddJ = 10.0, 5.3 Hz, 1H, AyH), 4.88 (ddJ = 7.4, 6.2

Hz, 1H, Py H), 2.49 (s, 3Hpi Mes CHs), 2.07 (s, 3Hpi Mes CHs), 1.61 (s, 3H0i Mes CHs)

ppm;3C NMR (100 MHz, GDs) d 143.3, 141.9, 141.0, 139.8, 139.5, 138.8, 137.8, 136.5, 132.9,
130.8, 130.6, 129.9, 127.4, 127.0, 126.2, 124.3, 123.8, 120.7, 120.5, 119.9, 110.1, 104.8, 55.0, 22.3,

21.5, 21.2 ppm:'B NMR (128 MHz, GDs) d 45.9 ppm.

Dark Isomer of ppyB(Mes)(3,5bistrif luorophenyl) [2.8a]: Yellow/orange solid'H NMR (400
MHz, CsDs): d8.35 (d,J = 6.3 Hz, 1H, PyH), 7.43 (dJ = 8.2 Hz, 1H, PhH), 7.27 (dJ = 8.4 Hz,

1H, Pyi H), 7.247.14 (m, 2H, PhH), 7.11 (s, 1H, 3, HisCRPh), 6.96 (tdJ = 7.4, 1.2 Hz, 1H, Rh

H), 6.93 (s, 1H, MeiH), 6.78 (s, 1H, MdH), 6.61 (s, 1H, 3bisCRPh), 6.57 (tdJ = 7.8, 1.5

Hz, 1H, Py H), 5.95 (t,J = 6.7 Hz, 1H, PyH), 2.83 (s, 3Hpi Mes CHs), 2.18 (s, 3Hpi Mes

CHz), 1.80 (s, 3Hpi Mesi CHg), 0.97 (s, 1H, 3BisCRPh) ppm;**C NMR (100 MHz, GDs) d
148.2,146.3, 144.1, 143.7, 142.7, 137.1, 137.0, 132.7, 3EB5.9 Hz, G4 CFs), 130.9, 130.7,
129.0, 126.3'0=42.2 Hz, Gii CRs), 124.9, 123.6, 122.0, 121.6, 120.23, 119.9, 118.1, 110.9, 22.7,
22.0, 21.1 ppm'B NMR (128 MHz, GDe) d 1 13.6 ppm**F NMR (376 MHz, CRCly) d 1 65.64

(s, 3F,iCFs) ,66.26 (s, 3F; CFs) ppm.

H-Migration Isomer of ppyB(Mes)(3,5bistrifluorophenyl) [ 2.8b]: Yellow/orange solid.*H
NMR (400 MHz, GDe¢): d 7.95 (s, 1H, 3,%isCRPH H), 7.88 (s, 1H3,5-bisCRPh H), 7.49 (dJ

= 7.4 Hz, 1H, PhH), 7.25 (d,J = 7.7 Hz, 1H, PhH), 7.17 (t,J = 7.7 Hz, 1H, PhH), 7.08 (t,J =
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7.5 Hz, 1H, PhH), 6.86 (s, 1H, Mé&dH), 6.50 (s, 1H, M&dH), 6.04 (ddJ = 9.4, 5.5 Hz, 1H, Ry

H), 5.98 (d,J = 7.9 Hz, 1H, PyH), 5.25 (dddJ = 9.5, 5.9, 0.8 Hz, 1H, P¥l), 4.95 (ddJ = 7.7,

5.6 Hz, 1H, PyH), 4.84 (dJ = 5.6 Hz, 1H, PyH), 2.54 (s, 3Hpi Mes CHs), 2.10 (s, 3Hpi Mes

CHa), 1.35 (s, 3Hpi Mes CHs) ppm; *C NMR (100 MHz, GDe) d 146.7, 142.8, 141.9, 140.8,
138.5, B8.1, 130.7, 130.2, 128.8, 128.6, 125.5, 125.1, 121.4, 119.5, 107.2, 54.0, 22.9, 22.7, 21.2
ppm; B NMR (128 MHz, GDs) d 43.5 ppm;**F NMR (376 MHz, CDCl,) d 157.51 (s, 3Fj

CFs) ,63.40 (s, 3Fi CFs) ppm.

0 p Determination: In a N filled glovebox, quartz cuvettes were filled with 3.5 mL of *1®

solutions of2.17 24 and2.6 7 2.8 in toluene, sealed with a rubber septum, and wrapped with
parafilm/Teflon tape. The samples were removed fitoenglovebox, irradiated with 3X0n light,

and their UV/Vis spectral absorption change was monitored over time. The rates of formation of
the dark isomers were then used to mgaPRXiul ate t

24and2.671 2.8 using ppyBMes( & = 0.88 as a chemicactinometer.

2.2.9Kinetic Data Procedures

KIE 1-mig Determination:In a N; filled glovebox, JYoung NMR tubes were filled with 0.5 mL of
10! M solutions of2.1 and2.3 in THF-ds, sealed, and removed from the glovebox. The samples
were irradiated with 300 nmgdht at 0°C (ice/water bath) for 8 hours, after which the rate of
formation of2.1b and2.3b was monitored byH NMR at 40°C. The rates of formation of the final

isomers were then used to calculate the kinetic isotope effect (KEE)aY 2.1b.

Ea. Determination: In a N filled glovebox, three-Young NMR tubes were filled with 0.5 mL of
10! M solutions of2.8 in C¢De, sealed, and removed from the glovebox. The samples were

irradiated with 300 nm light for 3 days to ensure full conversich@a The conversion a2.8aY
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2.8b was monitored byH NMR at three different temperatures (110, 120, and®C3@nd the rate
constants determined. An Arrhenius plot was then used to determine the activation e2e3gy of

Y 28b.

2.3 Results and Discussion

2.3.1Synthesis, Characterization, and Photophysical Properties

The synthes of compound®.11 24 and2.61 2.9 wereaccomplished by reacting appropriate
B(OMe)(Mes)(Ar) reagents with-@-Li-Ph)pyridine or related Meterocycle, while25 was
obtained using B(OMe)(2;¥e-Ph). All compounds were fully characterised %y, *C, *'B, and

F NMR, where appropriatend HRMS The crystal structures @f1, 2.4 and2.6 were determined

by X-ray diffraction analyse@ee Figure 2.7)Comparinghe crystal data d.1 and2.4 to AP and
B(ppy)Ph!"! (ppy = 2phenylpyridine) reveals that theyl have similar BN/Bi Cypy bond lengths

and G.1 Bi Ca/Ni Bi Cppy angles. The key difference between these four molecutee B Car

bond lengthswhich decrease asmethyl groups are removed from the asybstituenton the
boron atom (avg. BCar bond length = 1.649, 1.638, 1.633, 1.614 Ado@.4, 2.1, and B(ppy)Ph
respectively). The DFT optimized structure®df, 2.4, and2.6 agreewell with the crystal structure
datg giving similar structural parameters (see Table.Z2&mpound®.1 7 2.9 all absorb in the
nearUV, wi t h guvanging from 300 to 368 nm (see Figure 2.8 and Table 2.3). Just like
A and its derivative8! the chiral N,Gchelate orgaoborates reported here are bhreen
fluorescentas a result of chargeansfer (CT) from HOMO@-Mes/Ar) to LUMO @*-ppy) (see
Appendix; Section 2.71 ) . I n all cases, their quanh=um yi el

0.0771 0.28), which is typical for these types of photoresponsive organoboron systems.
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Figure 2.8 UV-Vis (top) and fluorescencé¢ttom) spectra oR.17 2.9in toluene at 1¢ M.

Inset: Photographs showing the fluorescent col@&.df 2.9

Table 2.3 Summary of pertinent photophysical dataZdti 2.9

2.1 2.2 23 24 25 26 2.7 28 29

ans(hm) 311 305 311 304 315 300 322 315 361
am(NM) 460 466 462 473 456 409 475 457 454
Qg 023 020 022 028 026 007 026 0.15 0.17

* Recorded in toluene at 10M

2.3.2Photo/thermal reactivity of 2.17 2.9

Compound£.1 and2.2 were examined first for their response to light. Irradiating either compound

in Ce¢Ds solution (300 or 365 nm) results in two successive colour changes from colourless to bright
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pink to orange as shown in Figure 2Monitoring the reaction b{H NMR reveds two clean and
sequential transformations, giving a mixture of intermediatea(2.2a) and productZ.1b/2.2b)
after several hours of irradiation. The intermediates were identified as dark isomersBakionto
their diagnosti¢'B and*H chemical shif s  (cal1)13.%and 0.09 ppm (the H atom on the,BC
ring), respectivelyas well as 2D NMRlata (see Appendix; Figure 2)1Blotably, the latter is split
into a doublet¥{Jn.+ = 6.1 Hz) and significantly more shielded compared to the Me on the borirane
ring in B (~0.5 ppm). These observations thia/2.2a agree with the formation of a saturated
boriran€el’® indicating that the phenyl grtolyl group has isomerized. This isrther corroborated
by their'H-'H COSY spectra which show correlations between the proton on the boriraaeding
vinyl H atoms (5.56.5 ppn).’® The absence of any singlets in the high field region ofihe
NMR spectrum indicates that photoisomerizatioes not involve the Mes substituent and that this
reaction proceeds with high regioselectivity. This is the first example of an-diglate
organoboron photoisomerization involving an aryl group lackiie substituents, indicating a

previously unknown generality for this type of transformation.

<
2.2b

22+22a+22b

L I sw A

i,
22 ) o g Lo
8‘.0 5 ‘ ‘

8.5

7
‘ ‘ — -
7.5 7.0 6.5 6.0 5.5 5.0 0.1 ppm

Figure 2.9 '"H NMR spectra showing the clean conversion f@@\¥ 2.2aY 2.2bin Ce¢Ds after
24 hours of 300 nm irradiation and a scheme showing the structures and coh@rg.@f and
2.2b
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Figure 2.10 (a) UV/Vis spectra showing the conversior2ad Y 2.2ain toluene at 18M. (b)
Crystal structure a2.2b

The formation of2.1a/2.2a is responsible for the first colour change, with UV/Vis spectroscopy
revealing onenew broad abgption peak at ~540 nm (Figure 2.)0@D-DFT dataindicatethat

the electronic transition respadbie for this low energy band is CT from HOM@-¢yclohexadiene

+ boracyclic ring) to LUMO §*-ppy) as observed foB (see Appendix; Section 21).58
Continued irradiation inducdsll conversion to the final isome&s1b/2.2b, which are airstable
andhave been fully characterized by NMR anday crystallographyFigure 2.10l. The crystal
structure oR.2breveals that the pyridying has been dearomatiziegprotonatiorof C(13), giving

a chiral carbo center andCiC bond distances consistent with cyclohexadiene bonding
arrangement (C(1BL(14), C(14)C(15), C(15)C(16), and C(16)C(17) = 1.505(5), 1.325(5),
1.436(6), 1.333(5) A rgectively). The isomerized tolyl ring is rearomatized due to migration of
the H atom originally bound to C(6) in therirane ring o.1a. To accommodate these changes,
the B' N bond lengh decreases to 1.422(5) A with'8 chemical shife ~45 ppm, consistent with
aB=N bond"® ! The overall structuref 2.2b adopts a pseudooat conformation with a C(12)
C(13) N(1) bond angle of 108.224 While isomerization oR.1a/2.2ato 2.1b/2.2b does occur in

tandem with the generation dfla/2.2afrom 2.1/2 2, this second transformation does not proceed

68



through the excited state as heating a mixtur@.hf2.1a, and2.1b at 90°C for several hours
conversall of 2.1ato 2.1b (seeAppendix; Figure 2.1){ The activation barrier for thid migration
reaction musthereforebe relatively small as the internal temperature of the Ndd&le reaction

during photolysiss capableof fully converting all of2.1a/2.2ato 2.1b/2.2b within 24 hours.

To confirm that the migrated H atom is indeed from the phenyl/tolyl ri@gli@.2 and gain kinetic

information about the two processes, deutefiabelled compound®.3 was prepared, whic

undergoes a similar isomerization prodesSsDs upon UV irradiation as confirmed by NMR data.

Most noteworthy are the missing chemical shifts at 0.09 andop:38n the’H NMR of 2.3aand

2.3b, whichcorrespondo the H and Héatomsin 2.1a and2.1b respectivelyFigure 211). These

missing'H peakscan beobserved in théH NMR spectra abroad singletsvith the same&hemical

shiftsas in the'H NMR spectra oR.1aand2.1b, further supporting the correct assignment of the

photo and thermasomerizationproductsThe NMR data also confirinat theH atom responsilel

for dearomatizing the pyridylng in the 4lH-azaborepin produ¢bd or i gi nat es fr om t

of t he dadr ki iviashcboyl atonfransfer.

2.3+2.3a+2.3b

H p& HaH 9& H 9

21+21a+21b

M

1

8.5 8.0 7.5 7.0 6.5 6.0 5.5 50  0.1ppm

Figure 2.11 Comparison ofH NMR spectra of the mixture &1+ 2.1a+ 2.1b (bottom) and

deuteriumlabelled2.3+ 2.3a+ 2.3b(top)
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The phote and thermal transformations &f1 and 2.3 follow first-order kinetics with kinetic

isotope effect (KIE) values of ~0.8 for the isomerization2df Y 2.1a and 3.2 for the Fatom

migration of2.1a¥Y 2.1b. Theinverse secondary KIE obtained fal Y 2.1ais consistent with a

change in hybridizatioof the H bound carbon atorfiom sg* to sp’ as the transition state (TS) is
approachd® and agrees withprevious DFT studies on the isomerization @& in which
dearomatization of th&les ring during boracycle formation was found to be the-lnati¢éing

step®*® The normal primary KlEf H-atom migration has a magnituadthin thetypical range

for proton transfer reactisninvolving a nonlinear TS!?? further supporting a direct H atom

transfer pathway fa2.1a- 2.1bisomerizatonThe phot oi someri zatagon quart
of 2.1, 2.2, and2.3 to a were determined to be 0.39, 0.34, arldespectivelyca. half that ofA,

indicating thathe greatesteric bulkin A greatly enhances the efficienafjthe photoisomerization

The photoisomerization of B(ppy)(Mes)(Ar) is not only reggilective toward the less bulky aryl

ring, but also regioselective for the less congested carbon atom when forming the dwril

with the Ar ring as demonstrated by compo@dibearing a 2,4imethylphenyl group. As with

217 2.3, irradiation of2.4 with 300 nmlight induces a dramatic colour change from colourless to
deep purple, witlits red-shifted absorption spectrum consistent wittlegabilized HOMO level

as the number al-methyl groups is increasetthe Ar ring euns= 528, 567, 600 nm fa&.1 (pink),

2.4 (purple), andA (blue) respectively)’ BNMR di spl ays two newd6peaks
ppm corresponding to two different dark isom2#a and2.4 apdesent in solutionwith the H

atom bearing isomet.4afavoured oveR.4 awhich has aMe group on the B&ring in a ratio of

7:3 (Figure 2.12). This further supports the observation that although crowding around the boron
center is required to initiate photoisomerization, this process still prefers products with less steric
crowding on theborirane ring. This feature could potentially be exploited to design and prepare

photochromic organoboron derivatives with superior performance and higher stability. The overall
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Op for 24aand2.4 aférmation was determined to be 0.33, indicating thatdxtrao-methyl of

24 has littleimpacton the photoisomerization efficiency.

Figure 2.12 Regioselective photo and thermal isomerizatio.df

Compound2.4a is more thermally stable thahla/2.2a, as only a small amount &4b was
observed after 30 hrg mradiation at 300 nm (se&ppendix; Figure 2.211 The increased activation
barrier for the conversion @4aY 2.4b may be due ta stabilization effecinducedby the extra
o-methyl group. Hating a solution containing.4, 2.4a, and2.4 aab 90°C convert2.4ato 2.4b
and24 até2.4. Consequenthy?2.4b can be isolated quantitatively through thtedive cycles of
irradiation/heating and is structurally similar &1b/2.2b (Figure 2.12. Interestingly, the
symmetric compoun@.5 was found to decompose following irradiation with 300 nm UV light
(Figure 2.13) This finding appears to indicate that tavanethyl groupsn one of the substituents
are required to protect/stabilize the unsatied boron atom during the isomerization process. Steric
considerations are therefore critical for photoisomerizatarccur

N

AN

E B, ! LDecomposition

2.5

Figure 2.13 Instability of 2.5towards UV light

71



Next, electronic effects on photoisomerization were investigated by either extendiqg the
conjugated backbone.6) or substituting the phenyl ring @1 with electrondonating 2.7) or
withdrawing @.8 and2.9) groups(Figure 2.14) Compound®2.6 1 2.8 all undergo the same two

stage isomerization &1 71 2.4, with thdér c h a n g g and rate af Hatom migration reflecting

the influence of their differing electronic properties. While the photoisomerizati isfthe least
efficient among all molecules reported helep{= 511 nm for2.6a, p & 0.18), its Hatom
migration @.6a- 2.6b) is ca.twice as fast compared Bbla- 2.1b. Both of these features can

be explained by the extendgedconjugation andower aromaticity of the Nheterocycle in2.6

relative to pyridine, which stabilize the excited stat2.6f' and decrease the reorganization energy
associated wi t h i midazol e dred electromrich 2.7awas o n , r e
determined to be 0.54, while that of electfmyor2.8 is 0.23, with the latter being the first example

of an N,Gchelate orgranoboron compound bearing an eleaeficient Ar ring that can undergo
photoisomerization. Compared &l whichh as p@af G0. 39, t hicanfirmshthatn ge i n
electron density on the Ar ring plays a pivotal rol¢hi@ photoisomerization procegdthough the
aforementioned first excited state CT was proposed to be responsible, in part, for the
photoreactivity of this @ss of molecule§? the behaviour oR.7 and 2.8 towards UV light
provides some of thefirst direct experimental evidence to support this hypothebie
isomerization oR.8ato 2.8b is more difficult than2.1ato 2.1b and only observed upon heating
28aat 110°C for 24 hrs, an indication that the H migration is likely hydridic in nature. These
findings demonstrate that the H migration step can be controlled and even completely shut down
by tuning the electronic properties of the Ar group. Compd&@decomposes with irradiation as
observed previously with othersfe substituted boron compoundsConsidering that theCsFs
and-3,5-CFs-CgHs groups have similar electramithdrawing capabilitie€” the o-F atoms ir2.9

are likely the cause of its phetastability.
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: N hv .

! B e Decomposition
—=y('5

! 29

Figure 2.14 Photdthermal reactivity oR.67 2.9

Table24Summary of phot opbyasodatrsaldt 242610218 t he 0

21 2.2 2.3 24 26 2.7 28

fad avdnm) 528 539 528 567 511 524 448
o fad (W' cm ) 7174 5780 8096 8032 2982 4885 5335
Qi 039 034 024 033 018 054 0.23

b0 andnm) 340 33 339 327 333 330 336

* Recorded in toluene at 1'OM except ford s (10 ° M in toluene)

2.3.3DFT Computed Mechanism

To help understand the regioselective isomerization of chiral B(ppy)(Mes)(Ar) compounds, the
groundstate reaction pathways of Ph and Mes isomerizatidri ivere computed at the B3LYR/6
31g(d) level of theory and are shown in Figure 2.15. The HOMO/LUMO orbit&ld afe similar

to those ofA\, indicating that the electronic nature of these two compounds is comparable and the
selectivity in the formers potentially due to sterics-or Mes isomerization, all intermediates and

transition states are higher in energy compared to those of Ph isomerization. In particular, the rate
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limiting step TS2 is ~7 kcal/mol lower in energy for Ph isomerizafitverefore, thésomerization

of the less bulky substituent is favored due to stabilization of all species along the reaction pathway
by Mes shielding of the boron atom. Although the reaction pathway in the excited state has not
been computed, we believe that a simitantl is expected based on our detailed computational
work for A in both ground and excited stéfi®. For the H migration, the computed pathway with

the lowest energy involves concerteeatdm transfer from the boracyclic ring to the C2 atom of

py. The c&ulated barrier (g for this transformation (20 kcal/mol) agrees with the fact 2t

forms rapidly during photolysis, as this value is accepted as the threshold below which reactions

can readilyoccur at room temperature.

A G (kcal/mol) @=®

B 70
48 o
; 45 TS M, 35 >z

=g 1 . e e —ISH-transfer
S 30 e Bab
TS1 :
0 &
/
\ N

\4

Reaction Coordinates

Figure 2.15 DFT-calculated groundtate reaction pathways comparing Ph (solid b&fyles
(empty bar) isomerization 2.1 at the B3LYP6-31g* level of theorywith Ph isomerization

structures shown

For comparison, theff the Hatom migration ir2.8a was calculated to be 27 kcal/mol, which
agrees with the experimentally determined valu@® kcal/mol(see Appendix; Figure 2.29
With respect to the two dark isomers observe®férthe two possible pathways wereaghated

to be very close in energy with TS2 lying only 1 kcal/mol lower in energ® 4@ (see Appendix;
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Figure2.30. Assuming kinetic control for the reaction, this translates2da 2.4 apdoduct ratio
of 5:1 which roughly matches with the obserwatio of 7:3. The thermal barrier for-&tom

migration was determined to be 22 kcal/mol2ata.

2.4 Conclusions

In summary, the first examples of regioselective photoisomerizatiGris&nd formation irchiral
N,C-chelate boron compounds have been demonstrated, illustrating both the generality of this type
of transformation as well as the critical roles of both steric and electronic factors within this class
of molecules. Furthermore, direct H atom migratioact®ns involving the borirane ring of the

dark isomers have beeatablished for the first timdhese new findings and detailed mechanistic
insights provide valuable guides for the future design amdeldpment of borodased

photaesponsive materials.
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2.7 Appendix

2.7.1TD-DFT Data of 2.1, 2.2, 2.4 2.9 and 2.1a, 2.2&2.4a, 2.6d 2.8a

Table25HOMO and LUMO orbitals (isocontaur(r3 ghtQ3)

HOMO LUMO HOMO LUMO
- 3’& &Q 22
22 3?’ %V 2.2a
2.4 %b’ V 2.4a
(3
25
2.6 % \s 2.6a
2.7 M %@oﬁ 2.7a
2.8 ﬁ_&r V 2.8a

~
(o]



2.7.2NMR Data of the Photoisomerizations of 2.1 2.4 and 2.6 2.8

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 25 2.0 1.5 0.1
1H /ppm

Figure 2.16 Stacked'H-NMR spectra showing the conversionf Y 2.1aY 2.1bunder Nin
CsDs (300 nm irradiation) with diagnostic chemical shifts highlighted in Betl or blue 2.1h)

90 °C, 24 h

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0
1H /ppm

Figure 2.17 Stacked'H-NMR spectra showing the conversiondtaY 2.1bunder N in CeDe
at 90°C
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90°C, 24 h
300 nm
24 h
80 60 40 20 0 20 40 60  -80
1B /ppm

Figure 2.18 Stacked'B-NMR spectra showing the conversionX? Y 2.2aY 2.2bunder Nin
CsDe (300 nm irradiation) with diagnostic chemical shifts highlighted in 228 or blue @.2b)

~
IH /ppm

8 7 6 5 4 3 2 1 0
IH /ppm

Figure 2.19 Full *H-'H COSY NMRspectrum of a mixture &2, 2.2a and2.2bin CsDs with
the assignment of the peaks belonging.2a
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Figure 2.20 Stacked'H-NMR spectra showing the conversion23 Y 2.3aY 2.3bunder Nin
CsDs (300 nm irradiation) with diagnostic chemical shifts highlighted in 2284 or blue 2.3b)

90 °C/300 nm
5 Cycles (24 h each)

)
=
2

- = | I —

8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 3.0 2.8 2.6 2.4 22 2.0 1.8 1.6 0.4
1H /ppm

Figure 2.21 StackedH-NMR spectra showing the conversion24 Y 2.4a+2 . ¥ 2ab
under N in CsDe (300 nm irradiation) with diagnostic chemical shifts highlighted in edid,

green 2 . Jamdblue 2.4b). The top spectrum was obtained by repeated photo/thermal cycling

with 300 nm light and 96C
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Figure 2.22 Stacked'H-NMR spectra showing the conversiono8Y 2.6aY 2.6bunder N in
CsDs (300 nm irradiation) with diagnostic chemical shifts highlighted in Be@d or blue(2.6h)

300 nm
24 h

~ 1 4
= t— = 1
n
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 2.5 2.0 1.5 0.2
1H /ppm

Figure 2.23 Stacked'H-NMR spectra showing the conversiond7 Y 2.7a¥Y 2.7bunder Nin
CsDs (300 nm irradiation) with diagnostic chemical shifts highlighted in 22dd or blue @.7h)
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Figure 2.24 Stacked'H-NMR spectra showing the conversion08Y 2.8aY 2.8bunder N in
CsDs (300 nm irradiation) with diagnostic chemical shifts highlighted in red (2.8a) or blue (2.8b).
The top two speca show the thermaonversiorof 2.8aY 2.8b(90°C, 24 hours)

2.7.3UV/Vis Tracking Experiments of 2.17 2.4 and 2.6/ 2.8

Figure 2.25 Stacked UVWVis spectra showing the conversion2of Y 2.1a(left) and2.3Y 2.3a
(right) in toluene at 76 M with 300 nm irradiation. Inset: Photographs showing solution colors
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