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Abstract

This thesis describes the development of two distinct types of luminescent materials and the
exploration of their photophysical properties. The first pathefthesis focuses on thgnshesis

of four new deejblue phosphorescent Pt(Il) compounds by introducing side alkyl chains of
different length to two reported Pt(ll) compounds with tetradentate and macrocyclic chelate
ligands, respectively. The employmaaita new synthetic pathwdgads to higher yield of the
products and shorter reaction time. The modified Pt(ll) compounds possess improved solubility in
organic solvents, similar photophysical properties, and better performance as tHaudeep
electrophophorescait emitters of OLEIB, compared to the corresponding original Pt(ll)
compounds. In second part of the thesis, a series of fluoresodotizino[6,5,4,3
defiphenanthridine derivatives were produced bydiglar cycloaddition reactions between a

new azomethine ylide and eigbelected alkynes. All tHePhMes-functionalized compounds are
found to exhibit chargge r ansf er (CT) fluorescence, whil e
Among them, the three pairsmishpull regioisomers that are fmed by reactions with BPhMes
functionalizedasymmetricalnternal alkynes are worthy of most attention. They posdistmict
electronic and photophysical properties and some of which show rare and interesting temperature

fi t eornfluorescence.
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Chapter 1

| ntroducti on

1.1 Luminescence

Luminescence is the sp@neous emission of light by a substance, as a response to the absorption
of external exciting energies. Based on the source of the energyddydivminescence is
distinguished into different types, such as chemiluminescence if the energy from a themica
reaction is absorbedadioluminescence if the energy frorrays or gamma rays is absorbed,
photoluminescence if the energy from UMWr visible radiation is absorbed, and
electroluminescence if the energy from the application of an electric field isbaksetc® The

possible transitions and the allowed pathways between different electronic states in a process of
absorption and emission of ligban be illustrated using an energy level diagram called Jablonski

diagram shown in Figure 121.
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Figure 1.1 Jablonski Diagram



On absorption of a photon, an electron in a molecule is transited from a singlet groundo¥tate (S
to a higherenergy singlet excited state. This excitation process takes Ahéts and preserves
the antiparallel electron spin as the ground sfdte.mokcule then relaxes to the first excited state
(Sy) through two nofradiative pathway, namely vibrational relaxation from higher to lower
vibrational state anahternal conversion frorhigher to lower electronic state which takes about
101410 s, Itis followed by the return of molecule fromt8 S that can occur with the emission
of a photon, namely luminescenda@iminescence can be further characterized as fluorescence
phosphorscence and delayed fluorescence, depending on the route Fhkarescence results
from the direct return from:Sto S on the time scale of 18107 s and it is temperature
independent. The relaxation can also take place via intersystem crossingt{oe theale of
108-10°2 s) toa triplet state first in which the spin of the excited electron is reversed. Then the
following returnfrom the first triplet state (iJ to S is known as phosphorescence which takes
much longer (on the time scal@104-10'! s) compared to fluorescence due to the-§mihidden
transition and is thus rare in most organic molecules at room temperature. Phosphorescence is most
common in heay-atom molecules, especially transitioretal complexes, because the strepig-
orbital coupling induced by the heavy atoms greatly enhances intersystem crossing by increasing
the mixing of singlet and triplet excited states. If the excited electron at the triplet excited state
returns to a singlet excited state instead, a @dldorescece is observed but happens much
more slowly (on millisecond time scafe®ince both fluorescence and phosphorescence emissions
are competed by nonradiative thermal decay at the same time, the efficiency of the emission
processes is quantifidy quantum ield or quantum efficiency which is defined as

A= number of photons emit{ddbahiuddber of phec

Where| radis the rate of radiative decay apglaqis the rate of nonradiative decay



1.2 Organic Light-emitting Diodes(OLEDS)

Since the first practical OLED device was built by Ching W. Tang and Steven Van Slyke ih 1987,
extensive time and enormous research efforts have been devoted towards the development of
OLEDs to make them become one of the most competitive caesifitatthe nexgeneration fuH

color flat panel displays. In recent years, the OLED display market for smartphones, tablets,
computer monitors and TVs etc. has grayuckly, and it is expected to exceed the market share

of the conventional liquid crystalisplay (LCD) in near future. Liquid crystal materials are-non
emissive, thus backlighting is usually required and true black cannot be displ@ageitie other

hand, emissive OLEDs act as their own light sources, which provides inherent advantagss such a
true black state, wide color gamut, high image quality with good brightness and contrast, wide
viewing angle, low power consumption, and fast oese time. In addition, OLEDs are
lightweight and can be fabricated on flexible substrates which enablésriegtion of ultrathin

films and applications in flexible displays. While OLEDs have many advantages, there are also
two major technical problems e overcome which are device degradation and limited lifetime
of the organic materiafs.

In a threelayer OLED as shown in Figure 1.2 (a), an emissive layer (EML) which consists of the
organic electroluminescent materials doped in the host materiaganslwiched between an
electron transport layer (ETL) and a hole transport layer (HTL). The three orgaen dag placed
between the cathode and the anode, whigjetherare deposited on the glass substrate. The
cathode is responsible for the injectmfrelectrons and is usually made of Mg or Al which possess
low work function. The anode is responsible foe tinjection of holes and is usually made of
transparent indium tin oxide (ITOThe electrons and holes are transported through the lowest

unoccuped molecular orbital (LUMO) ofETL and the highest occupied molecular orbital



(HOMO) of HTL, respectivelyA small energy difference between the HOMO of HTL and LUMO
of the ETL is preferred tachieve a good charge balance and a low driving voltage rddoire
the transportation of the charge carriers to EVte thickness of each organic layer is usually 10
100 nm. When voltage is applied across the OLED, electrical current flows from the cathode to
anode through organic layer. Electrons injected by dltteocle transport throudfT L, while holes
injected by anode transport through t€L towards the emissivayer and recombine to form
singlet or triplet electrdwole pairs called excitonslhe organic electroluminescepmnitting
molecules are excited blyd excitons andiminescence is then produced when the exeneitters
relax back to the ground stgfeigure 1.3) In a multilayer OLED as demonstrated in Figure 1.2
(b), an electron injection layer and a hole injection layer are inserted betweencthedeke and
the charge transport layers to facilitate charge carrier injection to the emissive layeectitomel
blocking layer (EBL) betweethe HTL andthe EML and the hole blocking layer (HBL) between
theETL andtheEML are used to prevent chargeexciton leakage frortheEML. EBL possesses
significantlyhigher LUMO energy level than that of EML and HBbssesses considerably lower

HOMO energy level than that of EML, which together facilitate to confine the excitons in EML.

Cathode
EIL
Cathode ETL
ETL HBL
— EML i EML
HTL EBL
Anode HTL
Substrate HIL
(a) Anode
Substrate
(b)

Figure 1.2 Structure diagrams of (a) a thrésyer OLED and (b) anultilayer OLED.
4



@ @~
ETL N
— Metal

\\ EIL

9

HIL

7

ITO

\ v >

x‘//

Figure 1.3 Working mechanism of a multilayer OLED.

Statistically, there is a 25% probability of forming a singlet exciton andpd%ability of forming

a triplet exciton during the rembination processAs illustrated in Figure 1.4here are four
possible spin states when one of the pairedelectronsin the ground states promoted to the
excited state In the singlet statethe two electrons remain opposite spins obeytimg Pauli
exclusion principleand are oubf-phasewith zero resultant vector. The other three spin states are
spinforbiddentriplet states which contaieither parallel spins oin-phase opposite spins with
nonzero resultant vectoOLEDs based on fluorescent ig@rs can only harvest singlet excitons
which sets the theoretical limit of the internal quantum efficiency (IQE) to 25%. However, OLEDs
based on phosphorescent emittens harvest both singlet and triplet excitons through intersystem
crossing, leadingotthe possibility to achieve theoretically 100% IQiEHs noteworthy that a fast
radiative decay ratef the phosphorescent emittass another key factor to achiewdficient

phosphorescen@gainst other nonradiative decay pathways
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Figure 1.4 Electron spin diagram showing singlet and triplet state.

1.3PhosphorescenEmitters for OLEDs

The phosphorescent emitters based on cyclometalated transigtal complexes have been
extensively developedince the mneering work of Baldo and eworkers in which the first
efficient phosphorescei(lll) -basedOLED wasachieved’ Ir(lll) and Pt(I) compounds have
attracted the most regeh interests and efforts; although there are examples of RufiBsed
and Os(l)-based emitter€2° In addition to thestrong spirorbital coupling provided by the
transition metals, the incorporation afomatic cyclometalating ligands the other key factdo
achieve efficient phosphorescen@@ere arghree main reasonga) Strong bonding interactions
are formed beveen thearomatic cyclometalating ligandend transition metaléb) the strong
ligand field of cyclometalating ligands can raise the metdleXcited statevhich will suppress
the populatiorof the metal ed state and the subsequent nonradiative quegdnim it. (c) the
emission wavelength can be easily tuned by introducing eledtoating and electren
withdrawing substituents or exparidconjugated systems, owing to the clbgeg ligand

centered(LCy to ~* Yfransitions.
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1.3.1 Functionalization of Phasphorescent Emitters with Triarylboron

Triarylboron compounds are widely used as the building blocks in optoelectronic materials such
as OLBD emitters. They are excellent electron acceptors and Lewis acids because of the inherent
electrondeficient propest arising from the empty-Porbital on the boron center. They can also
act as inductive 0 donor s, otboaomtThe steicdindeahce ct r o |
generated by the bulky aryl groups such as mesityl group protects the boron fommte
nucleophilic attacks tprovide the air stability. When combined with strong electron donors such

as triarylamines (Figure 9), triarylboron compounds can promote strong desxareptor charge
transfer (CT) transition, making them highly luminescent both in the solid stat@ aotution.

The studies also reveal that the triarylboron groups can significantly enhance theo+igsad

charge transfer (MLCT) and in turn lead strorger phosphorescence with greater MLCT
charactef2 The examples of designed triarylboroontaning phosphorescert(ll) complexes

are shown in the following sections.

Ar\O @/,Ar

Figure 1.5 Structural diagram of a donacceptor triarylboron compound.

1.3.2 Representative Phosphorescent Iridium(lll)Complexes for OLED

Compoundl.1 (Figure 16) is thefirst Ir(1ll) phosphorescent emitteeported byBaldo and ce
workers in 198 which produces green emission with a peak EQE of 8#sed oril.1, a large
number of 2phenylpyridinetype (PPytype) Ir(lll) emitters have been synthesiz&d-DFT

calculationsdemonstrate¢hatthe HOMO is mainly located on the phenyl ring ath@é LUMO is



largely contributed by the pyridinygroup Therefore, emission colour tuning can leadily
accomplished bintroducingdifferentelectrondonating and electrewithdrawing substituent®
these two moietie§ hereplacement of one of theghenylpyidine groups with a picolinate group
and the introduction of twl unitsto eachof theother twophenylringsin 1.1form 1.2(Figure1.6)
which produces skplue emission with an optimal QY 6f99in 1.2 mol% doped mCP® The
electronwithdrawing F unis stabilize the HOMO level leading to blgbkifted emission
wavelength.Deep blue emitted.3 (Figure 16) can be achieved bintroducing an additional
electronwithdrawing CN grougn 1.2 and blue phosphorescent OLRSing 1.3 as the dopant

wasfabricatedwith a high EQE of 25.09%

Figure 1.6 Chemical structures of complexgd, 1.2and1.3

The color tuning oflL.1 can alsobe attained by using electraleficient difluorogyridine as the
chelating ligand instead of difluorebenzene, leading to the formatioh.4d0fs shown in
Figure1.7.% Intenseblue emission was observed fb# with amaxat 438 nmandQY of 0.71 in
CH2Cl> which was found mainlyo originate from -~ *  gitions wth the MLCT characterin
order to examine thiafluence of ancillary ligands on thghosphorescent emissidh5-1.7 were
synthesized by our grouffFigure 17).2” It was found that the ancillary ligands considerably
destabilize botlthe HOMO andLUMO levels relative tdl.4, giving rise to insignificant change
of the energy gapNonetheless].5bearing picolinate as the ancillary ligawds found to be the

best blue emitter out of the three, owing to ltighest emission energga= 445nmin CH2Cly)
8



andhighest QY of 0.900.95in CH.Cl2/ 10wt% doped PMMA film In comparisongmax at 457

and458 nm with QY of 0.67/ 0.70 and 0.3863 were observed far6and1.7, respectively.

N
Ir

Figure 1.7 Chemical structures of complexesgh-1.7.

Even though employing-Bubstituted arylpyridingype ligands habeen proved to be an effective
strategy to achieve Ir(lll) blue emitters, thayffer fromextensivestructural decommtion during
the operation of the OLEEF®*° Hencethe development of-Free Ir(lll) complexes is essential to
increase the lifetime gfhosphorescent OLEDS.8(Figure 18) is a representative imidazetgpe
Ir(I1l) emitter which produces skplue emision with of amax at 475 nmand QY of 0.52 in
acetonitrile® The two isopropyl groupare attached tihe dibenzofuran group exert distortions
to the flat structure and reduce the intermolecular interacfidgresphosphorescent OLED based
on 1.8 displayed not only an excellent peak EQE of 23.1Btit also a substantially increased

lifetime (Tso of 5.8 h)compared tahe OLED based oh.2 (Tso of 0.1 h)
9
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Figure 1.8 Chemicéstructures of comple%.8.

As an example of carbetimsed Iflll) triplet emitterindicated in Figure ®, 1.9 shows efficient
blue emission with @max at 445 nn? Although a high QY of 0.70 in 10 wt% doped PO9 film
was obtained].9 exhibits a very long phosphorescent lifeting) of 19. 6 es at
which was attributed to thetrong MLCT character of the primary electronic transitionslving
HOMO, HOMO-1 and HOMG2. TheEQE of deegblue phosphoresceLED usingl.9as the
dopantdecreases dramatically with brightness (6.2 at 10003 dlespitea peak EQE of 18%
was obtainedimprovedOLED performanceembeddingl.10 (Figure 19) was obtained® The
OLED based onhe facial isomer ofl.10 produced deeplue emission withmEQE of 10.1%
while the OLED based otme merdonal isomer ofL..10showed a higher EQE of 14.4% and high

luminance of 2200@d/n?.

Sse Or.

N| N N
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L N, L 4,
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Figure 1.9 Chemical structures @omplexesl.9and1.10.
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1.3.3 Recent Advances in Phosphorescent Platinum (II) Complexes for OLEDs

Phosphorescent cyclometalated Pt(ll) complexes have received increasiggiti@eoand
attracted enormous research efforts in the fielgphadsphorescent OLED The presence cd
platinum atom induces strong sgnbital coupling,which turns the spiufiorbidden intersystem
crossing from the singlet excited state to the tripleite® to an allowed transition. As a result,

the lifetime of thentersystem crossing is significantly decreased toithe $cale of aroundiffs

which promotesefficient phosphorescence. Additionally, Pt(ll) com@sxan readily chelate
bidentate, trigntate or tetradentate ligands due to their square planar ggomiet large ligand

field splitting energy in square planar Pt(Il) compounds also facilitates the access to efficient blue
phosphorescence by suppressing the thermal quenching procesgstdhefiriplet excited state

T1 to the metal el excited stat¢hat could happen if the energy difference between them is not

sufficiently large*

1.3.3.1Pt(ll) Complexes Based on Bidentate Ligands

The Chi et al. has conducted extensive work on Pt(ll) compsekased on azolatgpe of
ligands®>3" Compoundsl.11 and 1.12 (Figure 110) featuring dianionic bizolate and neutral
pyridines show notable solstate phosphorescent emission (PLQY of 0.52 and 0.8B31band

1.12, respectively), even though they amgeakly emissive in solution. The efficient
phosphorescence is attributed to not only the reduced geometry distortions conferred by the rigid
bidentate ligand structures, but also to the interligaswbhiidinginteractions which enhance the
ligandmetal bor and suppress nonradiative decay channels. The OLED badetll ahisplays
orangered phosphorescence with an EQE of 19.0%, and the OLED badetP@hows yellow
phosphorescence with an EQE of 7.3%he use of NHC carbene ligands has also been largely

explored due to their strongdonor abilityand the increased robustness of the structures upon
11



their incorporation. As shown in Figurel®, Chiet al.replaced one of the pyridine ligandslofl
with a carbendased chelate leading to compount3 (Figure 110). Even thougHh..13 remains
norremissive in solutiorthe solidstate OLED based dhl3 produces a yellow emissiavith an

EQE of 25.9965

t-Bu t-Bu t-Bu t-Bu t-Bu
a~e 7 N, A6
=N_ N =N_ N =N )‘-_-N
\ 7/ \ N
H Pt H Pt H Pt CHg
\ ! N \ N \ / \
N N=N = NI\ N N-N
20—\ Fi:C—— ~,/ —CF; 20—\
F3C CF3 FsC CF3
1.11 1.12 1.13

Figure 1.10 Chemicalstructures of complexesil, 112 and1.13.

In 2017, Chiet al.reported a new class of phosphorescent Pt(ll) emitters bearorgnated2-
pyrazinylpyrazolesased on which highly efficient NIR OLEDs were obtained with excellent
EQE, as shown in Figure11.3” CompoundL.14 (Figure 1.1) shows efficient NIR emission with
aPLQY of 0.81and the OLED using.14 was obtained with an EQE of 24#ich was one of
the highest among all the NIR OLEDs so far. The photophysical study,-degdmdent
luminescencand computational approach show that the orderedsiatd packing arrangement,
and the edgen molecular orientation in the vacuuavapaated thin films are the key factors for

the intense NIR emission and tHilm optoelectronic performance.

N CF CF
M 3 I\ _ 7y
= -N = -N
N\ /N N\ /N
Pt Pt
/7 \
N—N N=> Nl—N N_
Y/ / / N\ /
FsC \ FaC
1.14 1.15

Figure 1.11 Chemical structures of complexe44 and1.15.
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Compounds1.16-1.19 (Figure 1.P) are the four examples of BMefinctionalized Pt(ll)
compounds synthesized in oupgp which reveal that triarylboron groups play a significant role
in enhancingphosphorescence of Pt(Il) compleX®® All the four compounds show bright
phosphorescence with PLQXf 0.77, 0.98, 0.56 and 0.46 in @El2 (1x1L0° M) for 1.16, 1.17,

1.18 ard 1.19, respectively. It was found that the phosphorescence enhancement is attributed to
both the increased mixing of th€ andthe MLCT state and the promoted doraxceptor charge
transfer (CT). Experimental antD-DFT computational results also indieathat triarylboron
significantly altesthe LUMO level, butit exers minimal influence on the HOMO level. The large
difference irtheQY of constitutional isomerk.16 and1.17 is likely due to the larger enhancement
of the MLCT transition resulting fronthe synergistic coupling of the boron center with an
electronaccepting pyridine id.17. The OLED device usiniy.17 produced bright green emission
with a high EQE of 20.99% The effects of electredonating and electrewithdrawing groups on
emission ctor and QY of phosphorescence were examined by introducing fluorines and methoxy
groups on the phenol ring @f17 in 1.18 and1.19, respectively. The emission peak dfl8 is red
shifted by only 3 nm, but a clear 71 nm redtshias observed fot.19 dueto the destabilization

of the HOMO level by electredonating methoxy groug.he QY of1.18 (0.56)and1.19 (0.46)

is much lower than that df.17 butis greater thathat oftheir norboroncontaining counterparts
(0.36and 0.30, respectivelyCompoundL.20 (Figure 1.2) was synthesized to explore the effect
of different positions of BMeson the phenyl ring on the emission color and quantum efficiency
of phosphorescence compared tt6.%° The emission energy df20 bearing BMes group at the
5-positionof the phenyl ring (481 nm) shows a blue shift of 49 nm relative to tHat®bearing

BMes group at the 4osition of the phenyl ring (538 nm). The QY1a20 is reduced substantially

13



to 0.42 compared to that @f16 (0.77), which is likely caused lifie thermal quenching process

through the nomemissive metal dl state facilitated by the highenergy of the Tin 1.20.

Mes,B \ /) \ ,/—BMes;
N N
/ /
/Pt\ /Pt\
O O O O
M\ M
1.16 1.17
R F OMe Mes,B
Mes,B 7 N\ Mes,B 7 N\ \ //
=N\ —
N N\ /N
/Pt\ /Pt\ /Pt\
OI @] O O O O
AN PN AN

1.18 1.19 1.20

Figure 1.12 Chemical structures of complexe46-1.20.

In order to achieve blue phosphorescence, our group replaced the pyridyl ring HP®ibpy
complexes with $henytl,2,3triazoles (phtrz) as the nitrogen rich triazolyl rings significantly
destabilize the | i gand s énergidd@dpourele(Figurell.Byadi ng
shows a blue shift of 38 nm relative1d6 and compound..22 (Figure 1.B) shows a blue shift

of 28 nm relative td..20, which proves the effectiveness of phtrz ligands in tuning the emission
color. The PLQY 0f1.21 and1.22 in 2-methyltetrahydrofuran are 0.17 ax@.001 respectively,

which increass dramaticallyto 0.63 and 0.1Q respectively, in 10nt% doped PMMAfilms.
Consistent with the observationirl6é and1.20, BMes group at the fosition of the phenying

gives rise to larger emission energy and lower QY compared to Biviesp at the $osition.

The significant lower phosphorescent QY 22 comparedto that of 1.21 results from the

14



increasing thermal quenching process through the medastdtes ashe Bptrz ligand which
contributes largely to the LUMO level increasesiergy level and reduces the energy difference

between Tand metal el state ta large extert?

Mes,B
Mes,B 7 ',\l 7 ',\l
=N =N
/N /N
/Pt\ /Pt\
O O O O
)I\/\ M
1.21 1.22

Figure 1.13 Chemical structures of complex&21 and1.22.

To further increase the QY of the Bphtt(ll) complexes, acetylacetonate (acac) was replaced
with 2-(1H-1,2,4triazol-3-yl)pyridine (pytrz) and its derivatives{Mepy-trz-tbu and 4Mepy-trz-

CFs) as the ancillary ligands as they poss&isong ligand strength and high @nergies’® The

peak emissions of compount23-1.25 (Figure 1.4) were observed at 464 nm, 474 nm, and 460
nm, respectivelyThe PLQY 0f1.23-1.25is 0.82, 0.97, and 0.71,gpectively in 5 wt% doped
PMMA films, which decreases to 0.59, 0.65 and 0.47, respectivelyinob@oped PMMA films

These compounds were found to be highly prone to excimer formation, which is responsible for
the decrease of QY at higher doping concditgns.An excimer is an excited dimé&rmed by the

strong intermolecular interaction between an excited monomeric molecule and a monomeric
molecule in the ground state. The excimer emission peak can be obseaietger wavelength

than that of the eoited monomer when they relax back b tground state and immediately
dissociate.According to TDDFT calculations, the red shift df.24 relative t01.23 can be

explained by the destabilization of the HOMO resulting from the eleclomatingt-butyl graup

15



on the 1,2,4riazole group which aaributes largely to the HOMO. Similarly, the blue shift of

1.25 relative t01.23 is attributed to the stabilization of the LUMO by the electnathdrawing

CRs group. The higher QY compared to thatld?2 proves thapytrz is superior to acac as the
ancilary ligand because the stronger ligand strength of pytrz substantially increases the energy
level of metal éd state and thus lowers the probability of +esnissive thermal decay through it.

The intramolecular hydgen bonding also contributes to the @ambed rigidity of the structure and

the reduced structural distortions at the excited state. The OLED usm§dlD.24 as the dopant
produced bright white emission with an EQE of 15.6%, which is among the mosrdffizigle

dopant white OLEDs that haween reportetf

Mes,B Mes,B Mes,B
7 N 7 N 7 N
NN NN NN
O ) Ho P H Ho P H
\ /7 \ \ /7 \ \ /7 \
,\lll\—N N= N"N N= /,‘\j':N N=
77\ _/ 4 2R,
1.23 1.24 1.25

Figure 1.14 Chemical structures of complex&23-1.25.

The promising phosphorescent QY and EL device performafric23-1.25 demonstrates that the
choice of phtrz and pytrz as chelating ligands is an effective strategy to achieve efficient blue
phosphorescence. Howevtitrere are some severe problems related to borylated Pt(Il) complexes.
The borylated Pt(ll) compauls usually exhibit low chemical and thermal stability which might
decompose slowly under ambient conditions. Additionally, these compounds have a very strong
tencency to form excimers through strong intermolecular interactions which causes reduced QY

andpoor color purity. In order to avoid these problems related to the triarylboron groups, a series

16



of nonborylated Pt(ll) compounds based on the same backbondbernalesigned by our group.
We found that the attachment of bulky substituents such asadBICPh at the4-position of the
phenyl ringis critical for minimizing excimer emission and enhancing the phosphorescent QY. On
the other hand, this type of P)(ltomplexes without the bulky substituents still have a great
tendency to form stacked dimesdich results in excimer emission in spite of the absence of
triarylboron groupsBright green emissions were observed fompoundsl.26 (Figure 1.5)
(®max= 486nm and 491 nnn 5 wt% and 10 wt% doped PMMA films, respectively) and compound
1.27 (Figure 1.15) ( m»= 500 nm and 510 nm in 5 wt% and 10 wt% doped PMMA films,
respectively) without the observation of any excimer emission péaksother bulkygroup
CPh;, was also introduced to thepbsition of the phenyl ring to form compouf®8 and1.29
(Figure 1.5), which produce deep blue and greerhéilre emissions, respectiveligxcellent QY

of 1.00 and 0.89 in 5 wt% and 10 wttéped PMMA filmsrespetively, for1.28andQY of 0.90
and0.95in 5 wt% and 10 wt% doped PMMA films, respectivdby, 1.29 were achievedexcimer
peak was not observed fr29 but was evident fof.28 in CH.Cl; at 77 K*2 Therefore,1.30
(Figure 1.5) was synthesized by replacing the benzyl grouf.28 with benzhydryl group to
increase the steric hindrance around Pimaémd decrease the intermolecular interactiarg

gi ves bl ugs=é5nny withautrany(ol@served excimer emission at 78vEn though
the QY is decreased to 0.685 wt% doped PMMA film and t0.72 in10 wt% doped PMMA
films.*? The OLED usind.Owt% 1.29 as the dopant showed bright greerisine phosphorescence
with a promising peak EQE of 16.7%. The thermogravimetric arsadpnows that the synthesized
non-borylated Pt(ll) compounds aneuchare thermal stable than the borylated Pt(ll) conmgisu

From the exploration done by our group, we conclude that the design dfongdated Pt(ll)

17



bearing a phtrz and pytrz chelating core with high phosphorescence efficiency and structural

robustness is a more promising strategy compared to the borgtatetbrparts.

PhyN /,E' Ph,N 7 N
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Figure 1.15 Chemical structures of complex&26-1.30.

1.3.3.2Pt(ll) Complexes Based on Tridentate Ligands

William and coeworkers have reported a series of higlglgosphorescent tridentate Pt(Il)
compounds incorporatinthe N*"C”N ligands, 1,3-dipyridylbenzene (dpb) and its derivatiyes
which coordinate to the central Pt(ll) atom through the nitrogen, carbon and nitrogenTdteyns.
found that substantially higher ésion quantum efficiencies are produced by Pt(ll) complexes
bearingN~C”N ligands than those bearing the correspon@ifig”"N ligandswhich coordinate to
the central Pt(ll) atom through the carbon, nitrogen, and nitrogen atssrtkree exampleshown

in Figure 1.5, compoundd..31-1.33 are highly phosphorescent in @8> w i t nax of #80-580

nm andQY of 0.60, 0.58 and 0.68espectively, while th&€*N"N-chelatingPt(Il) compounds

analogous td.31 only possesses QY of 0.025TD-DFT computational data reveahat the
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emission of N*"C~Nchelating Pt(ll) complexes origihae s f r om pri mary LC tr
the backbone)The significant difference in QY can be interpreted by the stronger liganddield

the N*C”Nchelating compounds, leading to the destabilization of the metastdte andhe
reducedprobability of the resulting nonradiative quenching. However, excimer formason
commonly observed and becomes a common issue for this class of tridentate Pt(ll) compounds

owing to their flat structures and extended

1.31

Figure 1.16 Chemical structures of complex&81-1.33.

Based on this backbone structurd 1, our group synthesizeld34 (Figure 1.T) by introducing
a BMes group to the Hosition of the central phenying.*® The emission spectm is slightly
blue-shifted by 6 nm relative tb.31 through the functionalization with the BMegroup, leading
to bluegreen phosphorescence with an enhar@¥dn both CHCI, (0.70) and 1Gwt% doped
PMMA films (0.76). The OLB embeddind..34 at 8wt% doping level shoedan EQE of 16.1%,
which is much higher than those of previously reported OLEDs doped ®ithnd its derivatives.

BMes,

I
ZN—Pt—N_ 2
Cl
1.34

Figure 1.17 Chemical structure of compleix34.
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1.3.3.3Pt(ll) Complexes Based on Tetradentate Ligands

Li and coworkers reported a series of blue tetradentate Pt(ll) complexes with a narrow spectral
bandwidth as demonstrated in Figure8*1 Compound1.35 (Figure 118) displays a broad
emission spectrum withfall width at half maximun{FWHM) of 85 nm and a peak emission at
478 nm.The broad emission peak is mostly likely attributed to the emigsionboth the phenyl
pyrazole ligand and the carbazole pyridinenigal he introduction of the electresionatingt-Bu

group to the 4osition of the pyridyl ring leads to significant spectral narrowindlLf8@ (Figure

1.18), and an emission peak of 444 nm atdVHM of only 20 nm vereachieved which is among

the narroweisfor any cyclometalated complex. The spectral narrowing is attributed tduée

shift of the emission band from the carbazole pyridine group and the resulting overlap with the
emission band from the phenyl pyrazatgahd, which is caused bgcreasedriplet energies of

the MLCT and LC states of the carbazole pyridine grami@addition, bothl.35 and1.36 show

very high QY in doped PMMA films (0.85 and 0.88, respectively). Compdudd and 1.38
(Figure 1.B) also ehibit similar emission spectra 436, producing deep blue emission at 448

nm and 446 nm, respectively, with FWMH of 20 nm and 19 nm, respectively. The OLED
employingl.38 as dopant produced pure blue phosphorescence with an EQE of 17.2%.
Compound1.39 (Figure 1.19)was synthesized by Linal coworkers by incorporatingl-
phenylpyridylcarbazole bonded totdrt-butylpyridyl-carbazole as the tetradentate ligaitd.
produced an oranged peak emission at 602 nm wa&RPLQY of 0.34 and the OLED doped with

it possessed an excellent operatidifetime LTo7 of 638 h, indicating that pyridytarbazole can

be a stable group for OLED design. Upon replacing theehylpyridine group with pyrazole, the

energy level ofthe LUMO is increased and the emission eners blueshifted for
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1.40 (Figure 1.19). The OLED usind .40 as dopant achieved an operational lifetimeolof 1436

h with a pealEQE of 14.3%. The structure ®#0 was then modified bigreakingthe conjugation

N \Pt/ N O = N O
QL) QL)
1.35 1.36
Ph __ N/ —

N S WY,
KGO AT
(0) O (0} O

1.37 1.38

Figure 1.18 Chemical structures and PL spectra of compléxgs1.38.

of thecarbazole&ing to form theblue emitterl.41 (Figure 1.19) The introduction 09,10-dihydro-
9,9-dimethylacridinemoiety is crucial to improve the rigidity of the molecudénucture by the two
phenyl groups anckinforce thedevice operational stabililgs the two methyl groups can prevent
the oxidation of thednzyl carbon. Efficient skiplue emission was achieved ind®6 1.41 doped

OLED with a peak EQE of 17.898.

’d

o Lo /Q N /N—/N
X
9 w ¢

1.39 1.41

4

Figure 1.19 Chemical structures of complex&89-1.41.
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A series of novel class of deep blue phosphorescent Pt(Il) emitters employing tetradentate
bis(1,2,3triazolylphenyl)ligands1.42-1.44 have been synthesized by our grasgpdisplayed in
Figure 120.*¢ These compounds were designed to reduce excited state distortions by the flat
geometry and increase the solubility in organic solvent by the attachment of alkyl chajartd e

their application in solutioprocessed OLED4.42 and1.43 (Figure 120) produce blue emission

at 450 nm and 445 nm, respectively, inZCH and QY of 0.97 and 0.38, respectiveye obtained

in 5wt% doped PMMA films. The blue shift of the emmsipeak ofL .43 relative to that of..42

is due toless” ¢ o n j hewveenh thetwo phenyl rings linked by the Qjfoupin 1.43 The
puckering of the CHlinker indicated by the crystal structure also weakens the rigidity of the
structure which explains the substantially lower QY (0.38)Ld8. 1.44 (Figure 1.20)was

synthesizedo explore the effect of carbonyl linker on fhigotophysical propertie3he emission

~CeH13 ~CeH13
7N 7N
/N:N /N:N
o Pt H,C Pt
\N \N
=N =N
\ - \ -
N=~CgHs N=~CgH3
1.42 1.43
~CeH13
2 7N
/N;N /N=N
o=c Pt o P
\N \N
=N =N
N\ N \§
N=~CgH13 N
1.44 1.45

Figure 1.20 Chemical structures of complexegl2-1.45.

peakof 1.44 is redshifted by about 230 nm compared to that @f42 and1.43, which may be

attributed todecreasef the LUMO energylevel caused by the electravithdrawing carbonyl
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group.1.44 also shows a low QY of 0.5 ;Biwt% doped PMMA films, maype caised by the low
radiative decay rate due to the low MLCT contributions in the excited state. In order to further
increase the rigidity and stability of the complex, the two alkyl chaihgltwere linked together

to form a macrocyclic Pt(ll) compodri 45 (Figure 120). The QY of1.45is greatlyincreased to

0.58 in CHCI> and to 0.83nd0.96in 5 wt% and10 wt% doped PMMA films respectively,
owing to the greater structural rigidity. In addition to the excellent phosphorescent QY, further
study was pedrmed to demonstrate that greater UV stability and thermal stability are achieved
by employing macrocyclic ligands. Efficient OLED performamaes also obtained with a peak
EQE of 15.4%, making this class of Pt(ll) compounds promising candiaisdesp blie emiting

phosphorescent OLEDs.

1.41,3Dipolar Cycloaddition

1,3-dipolar cycloaddition is one of the most important and common methotisefepnstruction

of five-membered heterocycles in synthetic chemistry. It is the concerted pericyclic cycloaddition
between a dipole and a dipolarophile which was first established by Rolf Huisgen in thé’1960s.
Since then extensive research efforts hawen devotedo 1,3-dipolar cycloaddition and it has
been widely utilized in many other areas of chemistry to peepilogically active compounds,
pharmaceutical compounds, natuproducts and optoelectronic materials ‘€t Additionally,

the produdbn of regioselective and stereoselective isomers by asymmeiBdipolar
cycloaddition has attracted a lot olsearch interest and extra attention and efforts have been
devoted to the control the regioselectivity and stereoselectivity by proper aeletthiral 1,3

dipoles and dipolarophiles, organocatalysis, and transition metal catalysis etc.
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1.4.1 Mechanism, Reacivity and Regioselectivity

The 1,3dipole is a thre@atomconjugatedsystemw i t h dleotnons delocalized over the three
atoms. It can&represented by two octgtructures in whicleight” electronsare delocalized over
the three atomsand two sextet structures wheraix ~ electronsare involved in the electron

delocaliation and the othdr w oelectrons are localized at the central atom (Scheme 1.1).

+ +

b - - > -_b
octet structure a’/ \C a’ \\c
+ b - <—>» b+
sextet structure 5. UNG a” - >c

Scheme 1.1A Diagramshowingelectron delocalization of 1,@ipoles.

There are two types of dpoles: allyl type and proparggllenyl type, as indicated in
Schemel.2 The allyl type is bent and the propargylenyl type is linear in geometry. The center
atom of the 1,3lipole can be nitrogen or oxygen for allyl type, but only nitrogen for propargyl
allenyl type.1,3-dipoles containinghigherrow elements such asilfur or phosphorusre also

known but less common. The common-dliBoles are shown iRigure 121.

b+ + -
a7 ¢ a=b—c
+
-_b =t
allyl type propargyl-allenyl type

Scheme 1.Zeneral strcutures allyl type and propargyallenyl type of 1,adipoles.
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Figure 1.21 Structural diagram of comom 1,3-dipole nolecules.
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The generally accepted mechanism of-digblar cycloaddition is an asynchonous pericyclic
concerted [4+2] cycloaddition first proposed Rglf Huisgen which goes through a sectron
Huckel aromatic transition state formed Ine tinteraction between tHe o u electfonsof the

dipole and the two electronsof the dipolarophilé’

@r) * oo

- ©_b b b

dipole N R AN 7 N\
T || — A

I ¢ &--d b—d

dipolarophile e=d

Scheme 1.2A diagram showing general mechanismil¢&-dipolar cycloaddition between a 1,3

dipole and a dipolaroplal

The reactivity and regioselectivity of the 1dpolar cycloaddition can be explained and
determined by the interaction between the HOMO and LUMO of a 1,3 dipole/dipolarophile pair
following frontier molecular orbital theory, which is classified irfioee tyges as demonstrated in
Figure 122. The dominant pathway is the one with the smallest HOMIMO energy gap, which

is largely affected by the nature of substituents on the dipoles and the dipolardptelesiergy
levels of the HOMO of both the difmand dpolaophiles are raised by substituted electron
donating groups (EDG), while the energy levels of both LUM@e lowered by substituted
electronwithdrawing groups (EWG). Type | is common for electdeficient dipolarophiles, in
which the highlying HOMOof the dipole interacts with the LUMO of the dipolarophile. Type I
is common for electronich dipolarophiles, in which the lolying LUMO of the dipole interacts
with the HOMO of the dipolarophile. In type IlI, the energy gap of either interadisimlar, so

a combination of both can happeiny substituent on the dipolarophile would accelerate the

reaction by lowering the energy gap between the two interacting oritedsthe dominant type
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of molecular orbital interaction has been ideatifthemajor regioisomer is predictediveformed

by the interaction of the two terminal atoms with the largest orbital coefficients. The other major
factor that affects the regioselectivitytite steric effect which favors the isomer with less steric
hindrancecaused by the bulky groups.

1,3-dipole dipolarophile 1,3-dipole dipolarophile

LUMO —— LUMO

LUMO
1 L AE,
HOMO
HOM AE,
1 L HOMO
Type 1 (AE4 < AE) Type 2 (AE; > AE))
1,3-dipole dipolarophile
LUMO

LUMO
HOMO

HOMO

Type 3 (AE; = AE,)

Figure 1.22 MO diagrams of three types of idolar cycloaddition.
1.4.2 Azomethine Ylide

Among all the 1,3ipoles, azomethingdides attact much attention due tbeir capability to form
pyrroles, pyrrolines, and indolizines etc. which are commonly used as building blocks of many
natural compounds, pharmaceutical compounds and luminescent matéfialomethine ylides

contan four " -electrons distributedlongthe threeatomCi Ni C chain, as represented by the four
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resonance structures@theme 1.3The relative contributions of the different resonance strusture
depend on the substituents on each atom of thalifgbe. The carbon containingelectron
withdrawingsubstituents will have a more partial negative charge, since the eladthoinawing
substituents facilitate the stabilization of thegative chiage. According to the frontier molecular
orbital theory, the reaction of azomethine ylides with eleetteficient dipolarophiles is more
favorable owing to the stronger interaction between the HOMO of azomethine ylides and the

LUMO of the dipdarophiles.

| | J\ | |
)\\,*\]'9\ AN T A NESN T U CNSS
| | | |

Scheme 13 Diagramshowingelectron delocalization of azomethine ylides.

Azomethine ylidesare usually generateth situ and are immediately reacted with the
dipolarophiles® The examples of synthesis of azomethinided followed by the 1;8ipolar
cycloaddition of them are presentedScheme 1.4..6. Pyrido[2,1-a]isoindole (1.46) has been
used by Sato et. al. abg our group to synthesize a series of highly fluorescent compdu#ds
1.52by 1,3dipolar cycloadditn with different selected alkynes indicated in Scheme £%*

It should be noted thatlihydropyrrole products such ad4.48 are directly formed by the
cycloaddition ofL.46with alkynes and thus an extra oxidative dehydrogenation step is required to
achieve the desired pyrrole produitd91.52 It was done byeactingwith two different reagents
sulfur and DDQ fod.49and1.50-1.52, respectivelyAs shown in Scheme 1.dne of the synthetic

pathway of 1.46developed by Kanemasa et. al. starts ftamreduction of ethyl-22-pyridyl)

28


https://en.wikipedia.org/wiki/Polar_effect
https://en.wikipedia.org/wiki/Polar_effect

benzoate by LiAlH to form 2(2-pyridyl)benzyl alcohaP® It wasthen cyclized by reacting with

HBr, followed by dehydrobromination with NaOs to form 1.46

L|AIH4
® woo e
~.N  COOEt ethef rt.1h CH,0OH 90°C,1.5h N~ _
Br

NaQCO3 o N\N=

—_—
r. t. N7
1.46

Scheme 1.48ynthetic pdiway ofcompoundl.46

J, |

CH,Cl,, 0 °C, 1h
M902C

1.47

7'
SN
= @,
Sulfur
CH,Cl,, 0 °C, 1h CGH5CI
130 °C, 10 h

z _ 1. toluene, r. t., 30 min
N// + Mes,B— y

S 2.DDQ, r. t., 30 min
Mes,B
oD o9
BMes, 1. toluene, % %
7 = :j C— 120 °C, 5 days
SN / + — 4 / y o +
2.DDQ,r. t., 30 min <
N TN
N __ \ _N<g
Mes, Mes,
1.51 1.52

Scheme 1.55ynthesis bcompoundd.471.52from 1,3-dipolar cycloaddition of..46with

selected alkynes.
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Scheme 1.6 illustrates the two methods to synthesize the azomethind.gHd¥eveloped by
Milen et. al. and Nozaki et. al., respectively, starting from a palladiat@lyzed Suzuki coupling
reaction of2,6-dibroma4-(tert-butyl)aniline andl-hydroxy-3H-2,1-benzoxaboroldo form the
2,6-diarylanilineproduct®®®' Then as indicated in route adib,the precursor ot.54 1.53was
obtained by two differenpaths: microwave reaction and photoreaction, respectively. The
deprotonation of the precursb53by NEtz generated..54 which was followed by the 1-@ipolar

reaction withl,2-diphenylethye to form1.55

HCI, O,,
NH microwave
2 QH OH ' dioxane, 130 °C

i
Br Br al 1
Pd(PPhg)s, Na,CO4 NH i '
+ > 2 —_ >
©f\,0 o 0 O 1 1. HCI, dioxane, !
B toluene/EtOH/H,0, 90 °C b |

\ 1 CICH,CH,CI, 100 °C1
tBu OH : !

2. HCI, hy, CCly, r. t.

tBu

V-
SN =N Ph—==—Ph
O O toluene, 100 °C
tBu tBu e

1.53 1.54 tBu
1.55

Scheme 16 Syrthetic pathway of compounds54andl1.55

1.5Scope of the Thesis

This thesis describes the development of th&tinct types of luminescent materials and the
exploration of their photophysicatqperties.

Chapter 2 shows that in order to increase the solubility of two reporteebtieephosphorescent
Pt(Il) compounds bearing tetradentate and macrocyclic chetmedk, respectivelyn-butyl
groups,n-hexyl groups ana-octyl groups were introdied into the structure to achieve four new

Pt(Il) compounds. They are found to exhibit improved solubilities in toluene that meet the eligible
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standard for solutioprocesed OLED. The photophysical properties were studied and efficient
deep blue OLEDs bad on one of the macrocyclic Pt(ll) compounds were successfully fabricated.
Chapter 3 describes a series of fluoresdedblizino[6,5,4,3defjphenanthridine derivatives

synthesized by 1;8ipolar cycloaddition reactions between a new azomethine ylidesighd

selected alkynes and their photophysical properties. The discussions are mainly focused on three

pairs ofBPhMes-functionalized chargé&ansfer (CT) regioisomers which show distinct electronic
properties, photophysical properties, and temperagpertience of fluorescence including a rare

Aturn ono emission for one of the pairs of
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2.1 Introduction

The design of efficient andng-life blue emitters is critidaand indispensable for the development

of newgeneration OLEDs and their applications in ftdlour flatpanel displays and energy
saving lighting sourcesDriven by the possibility to achieve 100% internal QE by hdivgdoth

singlet and triplet extons, the development of blue phosphorescent emitters has attracted
enormous research efforts. However, there are still crucial issues and challenges associated with
the development of efficient and stable déépe phospbrescent emitters. Dedpue emiters
generally suffer from a poor stability because thmaystposses a sufficiently wide energy gap

(Eg) to achieve deeplue emission.The excited emitters with very high energy levels are
susceptible to structural decoasition. This becomes a seriousiplem for Ir(ll)-based emitters

which usually contain fluoride, cyanide andhidterocyclic carbenes (NHC) etc. because C
bonds and Ir(IIBN bonds tend to break during the operation of OLEBsditionally, the low

lying HOMO and higHying LUMO levelsof the emitters (to ensure the willg are unfavorable

for chargecarrier injection and transportatiérhe poor colour purityf blue phosphorescent
emittersis another major problem to sol{és indicated in the CIEidgram (Figure 2.1)a CIE
coordirate CIE (X, y) below (0.15, 0.15) can be regarded as a pure deep blue entissiaiso

not an easy task to accomplish high EL efficiencies because the nonradiative thermal quenching
via the destabilized metaldl excited states can readily occur. kidgion to the extensively
exploredblue phosphorescent Ir(Ill) compounds, phaselkcent Pt(ll) compounds have started

to become increasingly promising alternative triplet blue emitters. Pt(ll) compounds take
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advantage of the large ligand field splittiagergy in the square planar geometry to reduce the
probability of thermal quenchg by nonradiative metald transitions. The emission colour can

be readily tuned by functionalizing the cyclometalating ligands as®vwiddinetheless, several
notable defia@ncies of Pt(IHbased emitters largely limit their applications in OLEDs. Rt{i¥ed
emitters are susceptible to excimer formation, intermolecular quenching and distortion in the
excited state due to the strong intermolecular interactions that aredhloythe flat squasplanar
geometry. As a result, decrease of emission effagieredshift of the emission colour, emission

spectral broadening, and significantly reduced stability of the emitters are €aused.

0.9

520

Figure 2.1 A CIE diagram showing theoordinate of deep blue emission colour.

Inspired by the prior work whicteported several efficient Pt(ll) emitters employing tetradentate
chelate ligands for OLEDsour growp designed and reported a new class of tetradentate and
macrocyclic deep bluenpsphorescent Pt(Il) emitters employing phehy,3triazolyl units as

shown in Figure 2.8 These new Pt(I#pased emitters produce bright deep blue emission with a
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maximum gantum efficiency of 95% in 1@t% doped PMMA films without observation of any
excimer emission peaks. They show greater stability towards UV irradiation and structural
distortion in the excited state than the corresponding bidentate Pt(ll) entifiécsent OLED
performance using the macrocyclic Pt(Il) compotd.2 (Figure 22) was also achieved with a
peak EQE of 15.4% However, the poor solubility of these compounds in organic solvents (e.g.
toluene) limits their use as deep blue emitters in sokgrosessed OLEDs. Therefore, following

this work, the objective of this research projectto modify the structures of thselected
tetradentate and macrocyclic Pt(Il) compounds to improve their solubility to the eligible standard
(> 0.6% in toluene). Ro new Pt(Il) compounds were synthesized by introducing alkyl groups (i.e.
butyl, hexyl and octyl chains) to the two 12t&azole rings of the parent compounds, using an
improved synthetic procedure. The examination of the photophysical propertiesfoaneé on

these new deeblue phosphorescent Pt(Il) compounds, based on which deep blue EL devices have
also been fabricat for electrophosphorescence evaluation. The details are presented herein.

~CeH13

7N 7 N
/N:N /N:N
0] Pt 0] Pt
N N\
C N:,}j N:,}l
N\ N N\
N=~CgH1s N
Pt2.1 Pt2.2

Figure 2.2 Molecular Structures of original Pt(ll) compouriet2.1andPt2.2
2.2Results and Discussns

2.2.1 Syntheses and Strctures

The newN~C~C”N ligandsL2.1, L2.2, L2.3, andL2.4 were synthesized by introducing twe

butyl groups n-hexyl groups and-octyl groups to the-position of both 1,2:8riazole units of
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the corresponding original ligands, respectivelgheme 2.1 illustrates the synthesi¢®fl and

L2.1 following the original synthetic pathw&which starts from the Cl)¢catalyzed couptig
reaction of 3bromoaniline and -&aminophenol to formthe intermediate compoun8 , -3 6
oxydianiline (TM2.1). ITM 2.2 which was generated by theadotizatiori iodinationof ITM2.1

under acidic condition, underwent a Sonogashira coupéagtion withtrimethylsilylacetylene
closely followed by the desilylation under basic condition to affoM2. 3. Then 1,2,&riazolyl

rings were introduced intbrM2. 3 through the Cu(kcatalyzed azidalkyne cycloadditon to
producelTM2. 4. Eventually, he introductbn of alkyl chains into the 1,2{8iazole units was
achieved by the lithiation dTM2. 4 and the subsequent exchange reaction with two equivalent
butyl iodide and hexyl iodide to affot®.1 in 68% yield and_2.2in 23% vyield, respectively.fie
notable laver yield ofL2.2 relative toL2.1 was unexpected which is mostly likely attribdite
thepoor extraction and purification performedlah 1 leading to théoss ofproductand might be
avoided when theeaction is reproduce@ompared t&.2.1 andL2.2, the two 1,2,3riazolyl rings

in L2.3 andL2.4 are connected by a dodecamethylene chain and the synthesis of them are shown
in Scheme 2.2TM2.9 was first produced using the same synthetic pathway as thEvV@f 4

(Route 1), where the Cu¢baalyzed copling reaction oiTM2. 3 and1,12diazidododecanean

occur at either side of the terminal alkynes and the terminal azides. As a result, there is a
competition between the polymer formation and the ring closing reaction, leading to a sldw rate o
reaction,a complicated and tedious weulp to remove the undesired products and a low reaction
yield (24%). Therefore, we designed a new synthetic route (Route 2) through which a significantly
shorter reaction time, cleaner chemical reactions and aalblgheryield was achieved. Instead

of linking the two end chains difM2. 3 simultaneously in a single step, this method firstly

involved the Cu(Bcatalyzed azidalkyne cycloaddition at one side of the dodecamethylene chain
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to afford ITM2.6. It was bllowed by a repeated cycloaddition at the other side of the
dodecamethylene chain to affdiidM2. 8. Subsequently TM2.9 was formed by a Cu@3atalyzed
intramolecular cyclization dTM2. 8, followed bylithiation/alkylation with twoequivalent hexyl
iodide and octlyiodide led toL 2.3in 58% yield and.2.4in 37% yield, respectively. Insertion of
Pt(Il) into the four tetradentate chelate®.1-L 2.4 was performed using the procedure shown in
Scheme 2.3The mixture oftetradentate ligandhe phase transfeeagent NBwBr and KPtCl
was stirred and heated at 14C for 2 days After purification, the Pt(ll) compound.1-2.4
(scheme 2.3)vere obtained in 28% to 58% yield

Crystal structures d@.1 and2.3 are shown in Figure 2.3 and important bond lesgtid angles
are summarized in TableR Like Pt2.1 and Pt2.2, 2.1 and 2.3 do not display ideal square
geometry due to the significant bond length difference between #NebBhds (2.07€.112A)
and PtC bonds (1.959.983A). The slight deviation frorthe ideal square geometry might lower
the rigidity of the structure and affiethe colour purity. The introduced alkyl chains on the 1,2,3

triazole units irR.1and2.3are considerably puckered and out of the flat plane of the central core

NH NH '
2 Cul PO, Q 2 NaNO, K, Q 1. MegSICCH, PdCl,(PPhg),, Cul
sHa N HCI/H,0 THF/EtN (3:1 VIv), ri.

9

B > O » O >
DMSO, 90 °C, CHsCHO, 1. t 2. K,CO3, CH30H, 1:t. 4 h
2 overnight NH, |
ITM2.1 ITM2.2
93% 61%

R

~CgH1s
7 N /4
CgH13N3, [Cu(CH3CN)4]PFg, =N
(i-Pr),NEt, TBTA d RI, n-BulLi o

R
y

~CeH13

z=-Z

Y7
2%

CH,Cly, r:t., Ngy  F 78°C.5h N
overnight \ l{l\ N\ R
C6H13 CﬁH13
ITM2.3 ITM2.4
67% 75% L2.1: R1 = C4H9 68%

L2.2: Rz = C6H13 23%

Scheme2.1 Synthetic procedures for ligantg.1 andL2.2.
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Route 1

TBTA, CGH706Na

[Cu(CH3CN)4]PFg, (i-Pr),NEt,

O
7 "z z \3
N W
Z=-Z

o] +  N3(CH3)12N3 >
CH,Cly, r.t., 5-7 days N
<E :}—: J
N
ITM2.3 ITM2.9
24%
Route 2
0 [Cu(CH3CN)4]PFg, (i-Pr)oNETt,
O Et;N 0 — TBTA, CgH;ONa
H.c—8—c| *+ N3(CHy)1,0H N3(CHz)120=3=CHy * — >
EaaY CH,Cly, rit., 0O CH,Cl,, r.t., overnight
overnight ITM2.5 Br

85%

(0]
1
,(CH3)120=S—CH3; (CH5)4oN3 [Cu(CH3CN)4]PFg,
N I NaNj 7N =\ __  (i-Pr),NEt, TBTA
§ > < <N > =N N/ — -
N DMSO, 60°C, 5 h N CH,Cl,, r.t., overnight
Br Br HO
ITM2.6 ITM2.7
93% 83% R
7 ’}l Cul, K5PO 4 '}l 7 ’}l
=N ul, RgFUy, =N Rl =N
N CsH,NCOOH N RI, n-BulLi N
HO " omeo O BT
DMSO, - ) -
N\\’}‘ 90 °C, 2 days N"}‘ 78°C, 5h QL'?'
N\_N NN N
ITM2.8 ITM2.9 R

90%

Scheme2.2 Synthetic procedures for ligand2.3 andL2.4.

L2.3: R3 = CGH13 58%
L2.4: R4 = 08H17 37%

containing O1 and Ptl atomwhich makes larger contribution to reduce the intermolecular

interactionsThe bond lengths of K& and PN bonds of2.1are slightly longer than those 28,

which indicates weaker bond strength.
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58%

Scheme 2.35ynthetic procedure and structures of Pt(ll) compo@ntig.4.

37%

NBu,Br

2.1

Lx + K,PtCl, > pt,
CH3;COOH, 140 °C, 48 h
C6H13 CGH13
~CeH13z / NRRE! N
=N 7
N~ N:N
o rC o pt
AN
N= Ns
O =N
~Cg¢H13 N~CgHs NN
CeH13 CeHis
2.2 2.3

2.3

Figure 2.3 Top view and side view of therystal structures of compoungdsl and2.3,

Table 2-1 Important bond lengthd() and angles | for 2.1and2.3

Compd| O-Cen |Pt-C1/C7| Pt-N1/N4 N((i))':ft((ll}}%((?)/ N(llzl'(zg(l}
1.382(5)/ | 1.980(4)/ | 2.1003) | 172.1(2)

2.1 107.5(2)
1.382(7) | 1.983(6) | 2.112(4) 171.9(2)

L, | L3829) | 1968(®) | 2078(6) |  1722(3) 1072)
1.400(9) | 1.959(8) | 2.076(6) 172.1(3)
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2.2.2 Photophysical Properties and Electroluminescence

The solubilities of all théour modified Pt(Il) compounds are successfully improved toa2%3

in toluene which meets the minimal eligible requirement\{@%) for solutionrprocessed OLED
fabrication.All the four compoundg.1-2.4display highly similar absorption and emission spectra
which resemble closely those of their corresponding origind) Bampound<Pt2.1andPt2.2as

shown in Figure 2. The photophysical properties @f1-2.4 are summarized in Table-2
According to he TDDFT calculationsite st rong absorption band at
t o ~ * t Ibeeanse Dftthe aegenergy gap between theamd the weaker absorption at
386/387 nm and 406 nm maybe attributed to retigand charge transfer (MLCTjansitions.
Deepblue phosphorescence emission in.CH at ambient temperature was observed by all the

four compoundsvith a samemaat 448 nm and i mpr ov0s680.88.Thent um
impressive improvement in QY relative to that of the oagoompounds (0.57 and 0.58) is likely
attributed to the reduced intermolecular interaction imposed by the puckered alkyl chtias on
1,2,3triazyl rings leading to suppressed nonradiative quenching. Following the same trend in
original compounds, QY d2.3and2.4 that employ macrocyclic ligands are higher than that of
norrmacrocyclic2.1 and 2.2 owing to greater structural rigiditgxerted by the macrocyclic
ligands. Theminordifferencesbetween the absorption and emission spect2alei?.4 (Figure 24)

and those oPt2.1 andPt2.2 indicates that the introduction afkyl chains on the 1,2;8iazole

units does not alter the on@l photophysical properties
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Figure 2.4 Absorption spectra and emissiorespa 0f2.1-2.4in CH.Cl2 (2 x 10°M) at ambient

temperature

Table 2-2 Absorptionand emission spectral datazi-2.4

Compd ADb s o rlplnifonnm] o _ —
omp . nm Upt
O fOmMY i

CHC} CHC#
21 (330 (2.06)3,8734M.(43.) 448 0. 71
22 (330 (1.52), 344 (2. 448 0.68
23 |330 (1.41), 344 (2. 48 0.809
24 |330 (1.41), (B428] 2. 448 0.82

aMeasured in CkClz at 2 x 10°M . P The absolute solution quantum efficiency was determined yCGH

using integration sphere. All quantum yields have an estimated error of ~5%.

TD-DFT computational data shown in Tabk8 2eveal that all the four Pt(Il) compounds exhibit
very similar electronic propertiesh& low energy absorption bands in the M€ spectra are
believed to originate from thep$0 S transition, which primarily imolve a HOMO to LUMO

transition (95%). Figure Rillustrates that the HOMO of all the four compounds is mainly
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Table 2-3 TD-DFT data for compounda.1-2.4

Compd H((i\'\;')o LEJG':/'/)O H"'(eLV?ap Eg (S0)? | Eg (T2)? O(/OSO'TSL)L f(gf)'
21 | -452 | 064 | 388 | 313 | 284 | 95 | 00284
22 | 452 | 063 | 389 | 313 | 284 | 95 | 00279
.5 | 4.5 0.6 3.87 3.1 2.8/ 95 | 0.03
o4 | 4.5 0.6 3.89 3.1 2.8/ 95 | 0.03

ASY S vertical excitation energy calculated using the optimized structure ag $kat& T:Y S emission
energy calculated using the optimizedisture at the Tstate.

localized on the phenyl rings with a large contribution from the bridging oxygem atol the

Pt(Il) atom, while the LUMO is delocalized over the central core of the ligand including both the
phenyl rings and the 1,2{8azole groups. The fact that no ¢obutions were made to the HOMO

or the LUMO by the linker chain and the substitusete alkyl chains explains the high similarity
among the absorption and emission spectfale?.4 (Figure 2.4)which only differ by the length

of alkyl chains/linkersBoth the HOMO and LUMO energy levels were raised by 0.1% eV
giving rise to a narly unchanged HOM@Q.UMO energy gap, which supports the high similarity
between the absorption and emission spectra of the modified compounds and those of the original
spedra.

Compound 2.3 and its corresponding origindPt(ll) compound Pt2.2 were selectedfor
electrophosphorescence evaluation. Three EL devices were fabricated usitg dOpedPt2.2
(deviceA) and 10wt% doped2.3(deviceB andC). The deice structures as shown in Scheme 2.4
are A: ITO/ MoOs (1 nm)/ mCP (50 nm)/ BCPO: 1@t% Pt2.2 (20 nnm)/ DPEPO (10nm)/

3TYPMB (40 nm)/ LiF (1 nm)/ Al (100 nmpB: ITO/ MoOs (1 nm)/ mCP (50 nm)/ BCPO: 4%
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2.1

2.2

23

2.4

HOMO LUMO

Figure 2.5 MO diagrams involved in theg S; and SY Ts transitions obtained from DFT data
(B3LYP-6-31G(d)).

2.3(20 nm)/ DPEPO (10nm)/ 3TYPMB (40 nm)/ LiF (1 nm)/ Al (100 n@)]jTO/ MoQs (1nm)/
TAPC (40 nm)/ mCP (10 nm)/ BCPO: ¥1% 2.3 (20 nm)/ TSPO1 (10nm)/ 3TYPMB (40 nm)/
LiF (1 nm)/ Al (100 nm). BCPO, mCP, DPEPO/TSPO1, TAPC and 3TPYMB are udeakgs
hole transport/exciton blocking material, electron transport/exciton blocking material, hole
transport layer, and electron transport layer, respectively. The EL spectra audfvance

current densityvoltage(L-J-V), external quantum efficienc\EQEY) L, current efficiency (CE]L,
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and power efficiency (PH) diagrams are shown in Figure62.10. The EL device data

aresummarizedn Table 24. The EL deviceB andC using2.3as the phosphorescesrhitter

Al (100 nm) 2.0 2.0
LiF (1 nm) a4 22 o
3TPYMB (40 nm) T - 13 LiF/Al
DPEPO or TSPO1 (10 nm) ! | " 3.0
1 BCPO: x% Pt TAPC 'BCPO: | | :
N (20 nm) mCP |! yo, i|IDPEPO
mCP (50 nm) i Pt L TSPOL [yppymB
or ITO , K E
TAPC (40 nm)/mCP (10 nm) 5.0 . . 5
5.5 :
ITO (70 nm)/MoOj3 (1 nm) 3.9 -5.76 !
) 6.1 !
YT 6.8
Glass Substrate 6.79
=z

A Qoo o LY
Y578

TSPO1 NPB 3TPYMB | |

WS B

BCPO DPEPO

Scheme2.4 The structures and energy diagram of the EL device and the host and charge transport

materials used in the devices.

show overall better performance thdeviceA usingPt2.2 as the emitter. The best performance
was achieved for devidg with maximumEQE, maximum brightness, CE and PE of 15.3% (at

804 cd/m), 6319 cd/m, 15.4 cd/Aand 16.1 Im/W, respectively. Devigedisplayed higher EQE
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than deviceA over the entire examinadnge of brightness up to 4500 cd/mvhile the best EQE

was achieved in dése C above210 cd/n? (Figure 28). The CEL diagram (Figure ®) and PE

L diagram (Figure 2.0) indicate that devicB andC are more energgfficient than devicé with

less current consumption and power consumption given the same brigByessnpariy the

device performance of B and C, we infer that DPEPO and TSPO1 have similar performance as the
exciton blocking layer, ahTAPC is better than mCP as hole transporting layer due to its higher
HOMO energy level and better hole transport rate. The aetisfy OLED performance further
provesthe superiorityof this class of Pt(Il) compounds as deep blue phosphorescent efoitters

OLEDs.

1.2
= Device A
1t = Device B
08 E = Device C

EL Intensity
o
()]

0.4 F

400 450 500 00 650 700

550 6
Wavelength (nm)

Figure 2.6 EL spectra at 12 V of the EL devices.
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Figure 2.8 External quantum efficiency (EQH) diagram ofthe EL devices.
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Figure 2.9 Current efficiency (CEL diagram of the Eldevices.
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Figure 2.10 Power efficiency (PEL diagram of the EL devices.
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Table 2-4 EL device data

EL EQE (%)
. Von MaX. L d& d.p
Device | | max Max. 100 1000
(V)b (cd/m)IV (cd/AF | (Im/W)°©
(nm}y EQEL cd/n? | cd/n?
4652 /
A 452 | 3.6 10.9/375| 10.5 10.2 15.2 14.1
11.4
4972/
B 453 | 3.6 15.4/103 13.0 12.6 15.1 132
11.0
6391/
C 453 | 32 120 15.3/804| 9.6 15.0 15.4 16.1

aValue taken at V = 12 VThe applied voltage (M) is defined as brightness of 1 cd/fCurrent efficiency
(4 and powe p) arethefmaxdmue watugs. ( d

2.3Experimental Section

2.3.1 Generd Procedures

All reactions were carried out underiaert atmosphere of dry nitrogen while employing standard
Schlenk techniques. Starting materials were purchasedcdnemical suppliers and used without
further purification Solvents were driedver eiber sodium metal or high vacuum dried molecular
sieves, and degassed prior to u8¢.NMR spectravere recorded on a Bruker Avan@@0or 400
MHz spectrometers. High resolution mass spectra (HRMS)oatned using a Micromass GCT
TOFREI Mass spectrometeFluorescence spectra were recorded using a PAaohnologies
International QuantaMaster Modebk@ectrometer. UWisible spectra were recorded on a Varian
Cary 50 spectrometer. Fluorescent quantum yields werasured using a Hamamatsu QY
spectromete(C1134711). Crystals of2.1 and 2.3 were grown by hie slow evaporation of

mixture solution of hexane and @€, or THF. Single crystals were mounted on a glass fiber and
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diffraction data were collected on a Bruker-W8nturediffractometer with Metarge t (& = 0.

A) at 180 Koperating at 50 kV and 3®A. Data were processed using Beiker SHELXTL
softwarepackage (version 6.10and correctedor absorption effects. All nehydrogen atoms

wererefined anisotropically.
2.3.2 Synthetic Procedures

2.3.2.1Synthess of Chelate Ligands

The intermediate compound$TM2.4 and ITM2.9 were prepared according to literature
procedures.

General procedure for the synthesis of chelate liga@dsL2.4: To a 50 ml Schlenk flask was
addedTM2.4 (for L2.1 andL2.2)/ ITM2.9 (for L2.3 andL2.4) (1.00 mmol) and distilled THF
(20 ml) and was cooled 1078 °C in an acetone/dry ice bathBuLi (1.6 ml, 2.5 M in hexane,
4.00 mmol) was added dropwise to the reaction mixtuig&€C. After stirringfor 20 min, %
iodobutane (1.84 d,0.00 mmol) foL2.1/ 1-iodohexane (2.12 g, 10.00 mmol) td2.2 andL2.3/
1-iodooctane (2.40 g, 10.00 mmodrfL2.4 was added dropwisati 78 °C. After stirringfor 1 h,
the mixture was warmed ®°C in an ice batland was allowed to react fdrh. The solvent was
thenremoved invacuoandthe product was isolated by column chromatography on silica gel using
hexane/ethyl acetate (3:1) as an eluent. Yield: 68%2dk; 23% forL2.2; 58% forL2.3; 37%

for L2.4.

2.3.2.2Synthesis of Pt(Il) Compounds

The Pt(ll)compound<2.1-2.4were synthesized accang to literature procedurés.
2.1 Yield: 58%.'H NMR (300 MHz,CD,Cl,) : U J=720Mz, @4H), 7.21 7.01 (m, 2H),

4.39 (t,J= 7.7 Hz, 4H), 3.06t(J = 7.8 Hz, 4H)2.05 (p,J = 7.6 Hz, 4H), 1.76 (p] = 76 Hz, 4H)
52
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1.63i 1.33 (m,16H), 1.04 (tJ = 7.3 Hz, 6H), 0.96t(J = 6.8 Hz,6H). HR-ESIMS (m/2: [M+H]*

calcd. for GeHs0ONgPt 777.3688 found:777.3674

2.2 Yield: 37%.*H NMR (700 MHz,CD.Cl,) : 7.30i 7.24 (m, 4H), 7.13 (dd] = 7.5, 1.5 Hz,
2H), 4.40 (tJ = 7.8 Hz, 4H), 3.06 (§ = 8.1 Hz, 4H), 2.05 (p] = 7.7 Hz, 4H), 1.78 (p] = 7.9 Hz,
4H), 1.55i 1.48 (m, 8H), 1.47 1.35 (m, 16H), 0.99 0.90 (m, 12H)HR-ESIMS (m/2): [M+H]*

calcd. for GoHs9ONgPt 834.4398 found:834.4374

2.3. Yield: 28%.'H NMR (400 MHz,CD.Cl,) : 7.3(i 7.22 (m, 4H), 7.13 (dd] = 6.8, 2.3 Hz,
2H), 4.40 (tJ = 7.7 Hz, 4H), 3.05 (§ = 8.0 Hz, 4H), 2.05 (p] = 7.6 Hz, 4H), 1.78 (p] = 7.8 Hz,
4H), 1.567 1.32 (m, 2H), 1.017 0.86 (m, 12H). HR-ESIMS (m/2: [M+H]* calcd. for
CaoHs70NsPt 8324236 found:832.4211

2.4. Yield: 33%."H NMR (300 MHz,CD,Cly) : 7.28 (d,J = 6.9 Hz, 4H), 7.12 (dd] = 6.8, 2.3
Hz, 2H), 4.36 (tJ = 7.1 Hz, 4H), 3.05 () = 7.9 Hz, 4H), 2.13f J = 7.0 Hz, 4H), 1.76(, J =

7.9 Hz, 4H), 1.63 1.18 (m,36H), 0.991 0.83 (m, 6H).HR-ESIMS (m/2: [M+H]* calcd. for

CasHs50ON6Pt 888.4862 found:888.4823

2.3.3 DFT/TD-DFT Calculations

TD-DFT calculations were performed usitite Gaussian 09 suite pfogram4® at the Center for
AdvancedCo mput i ng at rsit Geoeetry sptinizations anertical excitations of
all compound were obtained at tf@3LYP*level of theoryusingLANL2DZ as the basis séor

Pt and6-31G(d)? for all other atomsThe Gibbs free energiasere obtained by performing

frequency anlgsis, which alsaonfirmed all optimized structures westationary points.
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2.4 Supporting Information

2.4.1 NMR Spectra
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2.5Conclusions

The introduction of alkyl chains into two reported deeplue phosphorescent Pt(ll)
tetradentate/macrocyclic complexes has been provee an effective way to sufficiently increase
their solubility in organic solvent# was found that the introduced alkyl chains do aftect the
original phobphysical and electronic propertieshe electroluminescence evaluation of the
fabricated OLEDseveals thathe employment of the modified macrocyclic Pt(Il) emitter leads to
overall higher brightness, EQE, CE and PE, compar#tbs®e otthe corresponduporiginal Pt(I1)
emitter. As a conclusiorthis class of Pt(Il) compounds remain as very promising -té&ep

phosphorescent emittesad their application can be expanded to solupimtessed OLEDs
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Chapter 3

The Synthesis and Photphysical Studies of Fluorescenindolizino[6,5,4,3
deflphenanthridine Derivatives with an Emphasis on PusHPull BPhMes-

Functionalized Isomers

3.1Introduction

The asymmetric 1;8ipolarcycloaddition by alkynes providesammon and powerful method to
expand® c onj ug a bofd,Gdipslar sompoomsls through the regioselective synthafsis
five-membered heterocyclésAmong all the 1,3lipolar systems, azomethine ylides attract our
attention owing taheir capability to form pyrroles, pyrrolines, and indwfies etcwhich are
commonly used as building blocks of many nate@hpounds, pharmaceutical compounds and
luminescentnaterials’ Triarylboron moieties are commonly used@sctional groups to enhance
the properties and performancef -cohjugated comounds>® A triaryl boron unit such as
BPhMes has a positive inductive effedtq) owing to theelectropositive nature of boron, relative
to carbon, but aegative mesomeric effe(Mi) owing to the vacant rbital on the boron center,
providing the boon an electroracceptingability/ Lewis acidity, which is well known to play an
importantrole in promoting doneacceptor charg&ansfer (CTYransitionsinthep™ conj ugat e
systems, which is very useful a variety of application¥! In contrasta pyridyl group hasoth

I andMi effects when attached to a carbon basmtjugated unit, but in the meantime, it can
also act as a Lewlsase via the lone padtectrons on nitrogen. We retersubstituents that possess
seemingly dual and opposimedronic properties as dichotomic substituents, includiegis
acidic triarylboron and Lewis basic pyridine, which hapgosing inductive effectsPreviously

we cemonstrated that the boron functionality alavith the pyridine functionality can be readily
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introduced to théN-h e t e r o-copjughteédcsystem indolizino[3,4db]isoindole (IDI) by the
1,3-dipolar reaction of pyrido[2;&]isoindole with terminal anchiernal alkynes functionalized by
a BMesPh group®® One surprising discovery we made wasitiolation of two distinct puspull
regioisomers from the 1-@ipolar cycloaddition reactions of pyrido[2a]isoindole withinternal
alkynes, caused by theo different substituentsiRind R on either the C1 and the C2 position,
or the C2 and Cposiion, as shown in Figurg.1(a).Significantly,we observed thahese push
pull isomers have distinctively different absorptamd fluorescence spectra/colsuwhich was
attributed to theunsymmetrical distribution of the electron density on theonjugated IDI
backboné Furthermore, we found that tiplotophysical properties of the two regioisomers can
be greatlyinfluenced by the formation of an intramaléar BY N bond? that further amplifies the

difference in photophysical propertidsplayed by the pusipull isomers, as illustrated Figure

foee \

3.1(b).

2 2
Ry Ra R4 R>
indolizino[3,4,5-ab]- indolizino[6,5,4,3-def]-
isoindole (IDI) phenanthridine (IDP)

(b)

- B«N
\ I/ N 4 Amplification
(+1/-M) - LA B\ (-1 /-M) - LB effect BT 1/ -my
Mes/ Mes MeSMes (+)

Figure 3.1 (a) The structures of thpreviously puskpull isomeric system based on the IDI
backbone and the system based on the IDP backb@serped in this work. (b) A scheme

illustrating the dichotomic nature of a triarylboron unit and a py. unit
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To further examine the scope of suiahe regioisomerism and the possible influence of the internal
BY N bond, we designed and synthesized a new azomethine ylide comp¥uinghown in
Scheme 3.1, which would allow us to access new-pusiisomers based on an indolizino[6,5;4,3
defphenanthriine backbone (IDP) shown in Figure 3.1(a) viadigblar cycladdition ofAY1

with appropriate internal alkynes. DFT computational studies revealed that unlike IDI, whose
HOMO has a large contribution from the C1 atom but little contribution from tret@®, the C1

and C2 atoms in IDP, contribute nearly equétiyhe HOMO, as shown in Figu®l(a). At the

LUMO, however, unlike IDI where both the C1 and C2 atoms contribute, in IDP, only the C1 atom
contributes. Furthermore, unlike IDI where the C1 at@s a much higher electron densityrtha

C2 (electron static potéial charge 5 0.421 for C1 and0.110 for C2), the C1 and C2 atoms in

IDP have a similar chargé@.243 for C1 and0.222 for C2). Therefore, dichotomic substituents

are expected to influence the properties of the qpughisomers based on IDP differgnthan

those based on IDI. We are particularly interested in the potential formatioaiofernal BY N
bondandit§ mpact on the optoelectronic properties
these considerations, 3 pairs of pymhl isomers based on the IDP backbone have been prepared.
In addition, 5 other IDP derivatives were synthesized bydip8lar cycloadition of AY1 with
symmetrical internal alkynes and terminal alkynes containing BiRkegroup, phenyl group, or
pyridyl group, some of which can potentially be used as precursors of fluorestegen
containing polycyclic aromatic hydrodmons (PAHS)The detailed examination and comparison

of the trend of photophysical properties of the IDP system with those of IDI system are presented

herein with emphasis on the 3 pairs of regioisomers.
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3.2Results and Discussions

3.2.1 Syntheses and Structures

The new azomethe ylide compoun@Y1 was synthesizedccording to the procedure shown in
Scheme3.1 (seesection 3.3or details). The starting materiali@oquinoline was first converted
to (2-(quinolin-8-yl)phenyl)methanol via a Suzuki coupling reactio?0% yield.The subsequent
ring closure reaction via an intramolecutarcleophilic attack of the pyridyl nitrogen atom to the
methoxy carbon in the presence of 1.2 eq. HBr produced the brosatie 81-pyrido[3,2,:
delphenanthridin7-ium bromide in 84%yield. The reaction of the bromide salt with one
equivalent ofdiisopropylethylamine (DIPEA) presumably produo®dl quantitatively, which
was not isolated owing to its poor stabibityd reacted directly with the appropriate internal alkyne
inaf o #p@d ma n tleene at 140C for 3 days, producingegioisomers.1a/3.1b-3.3a3.3b
(scheme 3.1andsingle product$.4-3.8 (scheme 3.1in moderate isolategields. According to
the 1,3cycloaddition reactiomechanisn?;® the dihydreproducts form firg which, presumably
under the high temperature reaction conditiemployed, undergo dehydrogenation, forming the
fully conjugated final produc®1a/3.1b-3.8 The threeasymmetricainternal alkynes selected are
p-(BMes)-PhCCGFs, o0-(BMes)-PhCG2-(5-CFs-py) and o-(BMes)-PhCG2-(5-CHs-py),
respectively, for the purpose of examining inductiveiatetnalBY N coordination effects on the
pushpull isomers. Inorder to separate each pair of isomers, it is necessary tcolumn
chromatography multiplerties, which greatly reducése overall isolated yields. The yield of the
aisomer in whichthe BPhMesunit occupies the C1 atom is consistently highan that of thé
isomer (2 4 times higher, as shown 8theme3.1), a trend similar to that observéat the push
pull isomers based on the IDI backbone, although in the IDI sysiennatios of the versus the

b isomers are much gredtahanthose observed for the IDP system. In principle, the relative
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distribution ofthe 1,3cycloaddition productsauld beinfluenced by the distribution of the HOMO
of the 1,3dipoleunit, the distribution of the LUMO of the dipolarophile (#ilkyne), and the steric
interactions between the 1g®olar unitand the alkyne unftl®We believe that the higher yield
of theaisomer in the IDI and the IDP system is mainly caused bygithater steric hindrance of
the bulky BPhMesgroup, renderings preferential occupation on the less congested CITsige.
reactions with the setted terminal alkynespy-CCH andp-(BMes)-PhCH led to the exclusive
formation of3.4 and 3.5 (scheme 3.1)respectively, which is expected and consistent with the
observation in IDI systerfiLike the IDI system, the observed regioselectivity is tiseilteof the
combination of the two atontkat possess the largest contribution to the HOM@YE and the
LUMO of the terminal alkynes, respectively, as suggestdtidfrontier molecular orbital theary
All compounds were fully characterized ¥y and**C NMR spectroscopic data along with HRMS
data. For althe BPhMesfunctionalizedcompounds, né'B NMR signal was observed at ambient
temperature, an indication that they all likely contain a Hoa®dnateboron cengr. Raising the
temperature to about 9Q, a typical threecoordinate borosignal was observed f8t2b (74 ppm,

in toluene).

The crystal structures 8f1b and3.2awere established by singteystalX-ray diffraction analyses
and are shown in FiguB22. Unlike the IDI analogue, which forms an interBd N bord between
the boron atom and the pyridyl unit, the B1 and $¢paration distance iB.2a is very long
(4.59(1)A), precluding anydonoracceptorbonding interactions, which agrees with tK&R
data. In3.1b, the dihedral angle between the IDP ringd #re perfluorophenyl ring (1= 62.7) is
similar to that betweerthe IDP ring and the phenyl ring of the BPhMes2 up=56.8). In
contrast, for3.2a, the dihedral angles between the IDRy and the 2y ring (46.2), and the

phenyl ring (78.9 differ greatly, owing to the greater steric hindrance imposed by-Bides
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Scheme 3.1Synthetic procedures and the structures of compounds investigdtes work.

64



group. Compoun@.1b form s -stacked extended 18ructures via the neighbouring IDP rings in
the crystal latte (Figure 3.8). The bulkyo-BMes2 group ir8.2a prohibits theformation of the
i nt er mo istackingl irderactionsNonetheless32a di s pl ay s I ngtakiagno | e c u !

interactionsbetween the IDP unit and one of the mesityl rings (the C40 ring).

Figure 3.2 Crystal structures d@.1band3.2a.

To determine the difference of steric interactions of theld@ded systerwith the IDP based
system, thg 1 andj 2 dihedral angles for DFT optimized structur@3LYP-6-31G(d)) of
3.1a/3.1b and their IDI analogues (IE8.1a/IDI-3.1b) wereexamined. Th¢ 1 angle is 87.%and
52.7, for the optimized3.1la and 3.1b structure, rgsectively, much greater than that for {DlI
3.1a/ID1-3.1b (83.3/47.3). Similarly, thej 2 angle (49.9and59.5) of the optimized3.1a and
3.1b structures is also mudreater than that of IB8.1aand IDF3.1b (44.6° /43.4°). These data
indicate that th steric interactions between the substituentthe C1/Catoms with the backbone

in IDP are greater tharthose in IDI, which are also evident by the superimposed

optimizedstructures o08.1a/IDI-3.1aand3.1b /IDI-3.1b shown in Figur&.3. The lack oABY N
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bond for3.2a/3.2b and 3.3a/3.3b is likely causedby the greater steric interactions in the IDP

system.

Figure 3.3 Superimposed DFT optimized structures3of /1 1aB | &ana3 . /1 Ib-B | $howing
the greatersteric interactions between the substituents and thebHaRbone in3.1a and 3.1b

(green structures).

The Gibbs free energy difference between the open stryetitheut aBY N bond) and the closed
structure (with 8Y N bond) weradeterminedy DFT computational analysis (B3LYR/M&LG(d))

to bemore than 10 kcal mdiand greatlyfavours the open form, as shown in Tal@#d.. This is in
contrast tdhelDI system where the closed structures are either very simigarargy to the open
ones orslightly favoured by ~0.5 to 3 kcamol'1.> Perhaps, because of the relatively low
thermodynamicstability of the closed structure in the IDP systemBYoN bond coordination
was observed foB.2a/3.2b and 3.3a/3.3b (Table 31). DFT computational analysis also shows
that between the isomeasandb of the IDP system, the open structure of dheomer ismore
stable than the correspondibgisomer by abouf-5 kcal mol'?, for 3.1a/3.1b, 3.2a/3.2b and
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3.3a/3.3b, respectively. For théypothetical closed structures ®2a/3.2b and 3.3a/3.3b, thea

isomeris about 1516 kcal mol* more stable than tHeisomer (Tables-1). This is again in sharp
contrast to th IDI system where tha isomer is either similar in engy to the b isomer or less
stablethan theb isomer. The greater steric interactions betweerBies unit and the outer
benzene ring of the backbone in thesomer of the IDP system (Figure3 compared to that in

theaisomerlikely is the keycontributor to the lower stability of tHeisomer.

Table 3-1 DFT Calculated Gibbs free energy (B3LYRB&G(d))

Compd Gibbs free Compd Gibbsfree aG (aY b)
energy energy (Kcal/mol)
(Kcal/mol) (Kcal/maol)
3.1a 11523862.5 3.1b 11523860.0 2.5
3.2a0pen 11434059.9 3.2b-open 11434055.8 4.1
3.2aclosed 11434046.6 3.2b-closed 11434030.5 16.1
3.3aopen 11247222.6 3.3b-open 11247218.1 4.5
3.3aclosed 11247210.7 3.3b-closed 11247195.6 15.1

3.2.2 Photophysical Properties

All the 3 pairs of regioisomeexhibit strong and broad absorptidmstween 350 and 500 nm as
shown in Figure3.4 and Table3-2. Theabsorption bands d.2a/3.2b and 3.3a/3.3b are red
shifted by abouR0 nm, compared to those 8fLla/3.1b, which are mostly likelycaused by the
different position of the BMegyroup on thehenyl ring 6rtho in 3.2a/3.2b, 3.3a/3.3b, andpara

in 3.1a/3.1b). According to the results of DFT data Figure 3.6and Table3-3), the main

absorption bangh the low energy region f@&.1laand3.1bis from the $to S electronic transition,
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which primarilyinvolves the HOMO(-IDP) to LUMO (" *-BMes) transition wit a high oscillator
strength. Thesmax of 3.1a and3.1b differs by a fewnm, following the saméend predicted by
TD-DFT with theenergy of3.1b being slightly lower. FoB.2aand3.2b, the firstabsorption band
likely is dominated by thecS0 S transitioninvolving the HOMO (-IDP) to LUMO + 1 ( *-py)
for 3.2a(95%),and the HOMO(-IDP) to LUMO (" * of the entire molecule(53%) / HOMO to
LUMO+1 (" * of the entire molecule) (42%)ansitions fo3.2b because of the very weak oscillator
strengthof the § to S transition. Similarly, for3.3a and3.3b, the firstabsorption band is also
likely dominged by the to S transition involving the HOMO'(-IDP) to LUMO + 1 ( * of IDP-
py) for 3.3a(82%), and the HOMO' ¢(IDP-py) to LUMO+1 ( * of IDP andpy) (93%) for3.3b
with theamax0of 3.3b being longer thathat 0f3.3a, in agreement with the T'DFT data In general,
between thea andb isomers, the three pairs of regioisomaow the same trend: the minor
isomersb have a slightly o n gagthantbose of the major isomees The influence of the
substituents on the different isomers of ID® systen is most likely significant on the LUMO
because of thansymmetrical atomic orbital contributions of the C1 anda€@ns in the LUMO
and thesymmetrical distributions on the Gihd C2 atoms in the HOMO. In theisomer, the
electronwithdrawingCeFs or pyring at the C1 position likely stabilizé&®th HOMO and LUMO,
leading to a slightly narrowing of tHeandgap, while in the isomer, the nedeve mesomeric
effectof BPhMes on C1 is likely offset partially by its positivieductive effect at both the HOM
and the LUMO. Nonethelesss shown by the DFT calculated HOMO/LUMO energies in
Figure3.7, the LUMO of IDP is significantly stabilized bye substituents;ompared to the
HOMO, resulting in an overall decrease of HE@MO-LUMO gap. The absorption speaktrend
of the IDPisomers is opposite that observed for the IDI isomers whera idtaner consistently

has a lower absorption energy tltaeb isomer, which is ascribed to the unsymmetrical electron
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densitydistribution of the C1 and C2 atoms and gineater impact afubstituents on the HOMO

in the IDI system.

4

300 350 400 450 500

300 350 400 450 500
<(nm)

Figure 3.5 Absorgion spectra 08.4-3.8in CH.Clz (2 x10'° M).
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Table 3-2 Absorption and fluorescence spectral datd.b&/3.1b3.3a/3.3b

Compd Solvent | aas(nm)® | U tctf®M™) | aem(nm)@ A®)
CH:Cl, 391 1.78 498 0.37

312 Toluene 393 1.58 453 0.68
CH:Cl, 394 2.62 488 0.62

310 toluene 396 2.60 446 0.76
CHCl> 400 1.47 539 0.09

322 toluene 403 1.31 508 0.18
CH:Cl, 434 1.85 537 0.04

320 toluene 436 1.79 480 0.08
CH:Cl, 430 1.38 522 0.06

392 toluene 432 1.33 503 0.10
CHCl> 434 1.37 513 0.07

330 toluene 434 1.14 490 0.07

aMeasured at 2X1G M, 298 K under M. ® Determined using an integration sphere under N

Stronger and Braier absorption spectra were observed for BPaMewtionalized compounds
3.5and3.8 compared to those 8f4, 3.6and3.7as shown in Figurg.5and Table3-3. The results
of TD-DFT data (Figure 3.6 and Table4} reveal thathe main absorption bandtine low energy
region forall the five compounds is frorf to S electronic transitiorsupported by the strong
oscillator srength. TheS to S electronic transitiorinvolves HOMO (" -IDP) to LUMO ( *-
BMeg) transition for3.5 and 3.8, which is differentfrom HOMO (" -IDP) to LUMO (" *-IDP)
transition for3.4, 3.6 and3.7. The amax Of 3.5is longer than that d.8, which is consistent with
the slightly lower calculated energy 8f5. The absorption spectra 8f5and3.8 are red shifted
by 1020 nm, compaikto those 08.4, 3.6and3.7, which are predicted to be mainly attributed to

thelower LUMO energy stabilized by the BPhMamit.
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Table 3-3 Absorption and fluorescence spectral datd.43.8in CH.Cl»

Compd ams(nmMf® | U tctdM'™) | aem(nm)® A®)
3.4 426 1.65 434 0.52
3.5 416 2.76 504 0.81
3.6 400 1.25 432 0.43
3.7 395 0.95 426 0.14
3.8 408 2.66 505 0.48

aMeasured at 2X1G M, 298 K under M. ® Determined using an integration sphere under N

Table 3-4 TD-DFT calculated vertical excitation data to theaBd S states

Transition Configuration Energy (nm, eV) f
a1 SY S HY L (98%) 419 (2.96) 0.3002
dla - —
Y S HY L+1 (71%) 377 (3.29) 0.0816
3 1b SY S HY L (98%) 423(2.93) 0.0935
' SY S HY L+1 (89%) 382 (3.25) 0.1827
- Y S HY L (98%) 454 (2.73) 0.0050
Za - D
Y S HY L+1 (95%) 421(2.95) 0.0985
. HY L (43%)
SY S y 438 (2.83) 0.0079
HY L+1 (55%)
3.2b .
y HY L (53%)
SY S § 410 (3.03) 0.2106
HY L+1 (42%)
23 SY S HY L (98%) 465 (2.67) 0.0070
.oad - -
SY S HY L+1 (82%) 385 (3.23) 0.1676
33b SY S HY L (98%) 452 (2.74) 0.0056
' SV S HY L+1 (93%) 401 (3.09) 0.1877
3.4 SY S HY L (94%) 398 (3.12) 0.2661
3.5 SY S HY L (98%) 435(2.85) 0.4466
3.6 SY S HY L (88%) 387 (3.21) 0.1647
3.7 SY S HY L (8%%) 382 (3.24) 0.1721
3.8 SY S HY L (98%) 443 (2.80) 0.1452
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Figure 3.6 MO diagrams involved in thes Si/S; transitions obtained from DFTath (B3LYR
6-31G(d)).

73



LUMO
11 =
== =
- = = =
2
33
W
4
HOMO
-
- -
5 - - f— -
IDP 3.1a 3.1b 3.2a 3.2b 3.3a 3.3b
-5

Figure 3.7 DFT calculated HOMO and LUMO energies of IDP &éntla/3.153.3a/3.3b.

In contrast to absorption spectra, the fluorescence spec¢ha 8pairs of regioisomers follow the
opposite trend: the majisomersah av e a s | iegthan thayof theamngsemerds-as
shown inFigure 3.8 and Table-3. Visually, the mossignificant emission colour difference in
CH2Cl> was observedor the 3.1a (greenblue) and3.1b (sky blue) pair.The stoke shift of all
isomersais larger than that of tHeisomer.The absorption spectra obtained in£H and toluene
do notshow significant difference as expectdigvertheless, thifuorescence spectra obtained in
CH.ClI; are redshifted byabout 2640 nm, compared to tke obtained in toluene, whishipports
the CT characters of the fluorescence for atbpoundsTable 32 andFigure3.36-3.41). In
addition, thefluorescence spectra 8f2b were also recorded ihexane, THF and acetone, as
shown in Fgure 3.9,which further support the CT nature of these types of compounds.
Interestingly 3.2b shows weHresolved emission bandshiexanewvhich isconsistent with the TD
DFT calculation datgFigure 3.9) supporting that the fluorescence 22b involves the 1" *

transiton of the IDPbackbone. With increasing solvent polarity, a featurelessr@igsion band
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Figure 3.8 Fluorescence spectra 8fla/3.1b3.3a/3.3band photographs showing their emission
colours (CHClz, 2 x10™° M, ex®aapsin Table 3-2).

— Hexane

Toluene

e THF

Acetone

400 500 600 700
A (nm)
Figure 3.9 Fluorescence spectra of compowhdbin hexane, toluene, THF, GBI> and acetone
(c= 2X10'°M, | &= 390 nm was used for the emission spectra in hexane, THF a@ndejce
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Figure 3.10 Fluorescence spectra d.4-3.8 and photographs showing their emission
colours(CHzClz, 2x 10° M, ex®aabsin Table 3-3).
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Figure 3.11 Diagrams illustrating the electronic transitions frésY S; for 3.1ato 3.3b.
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appears in the spectrum2®b and increases intensity, while thé i “ * emission band decreases.
This can beationalized by the fact th&t2b has twoenergetically cleelying emission states |

“* and CT). As the solvent polariiycreases, the CT state is stabilized and becomes the main
emission pathway.

The fluorescenceenergies of all 6 compounds are not affected by concentratiange as
evidenced by fluorescenspectra recorded at 1104 M, 2 x10'° M, and 1 x10° M that do not
changesignificantly (Figure3.42-3.44). The fluorescent quantuiyields of 3.1a and 3.1b are
substantially higher than those32a/3.2b and3.3a/3.3b as shown iTable 32. The CT chaacter
and thequantum yield variation trend indicate that the fluorescenadl & molecules is likely
originated from the & S transitionas illustrated irFigure 3.11 because the vertical excitation
to S state is a CTransition involving predominaty HOMO and LUMO locatedn the different
parts of the molecules with high oscillagtrengths foB.1a/3.1b, and very low oscillator strengths
for 3.2a/3.2b and 3.3a/3.3b (Table 34, Figure3.6), although the observed emissitrend of
3.1a/3.1b does nbmatch that calculated by DFT. Theramolecular mesitylDP “ interactions
similar to thatobserved in the structure 82a may be responsible for thewoquantum yields of
3.2a/3.2b and3.3a/3.3b.

The fluorescence spectra of alligbhmers3.1d3.1b-3.3d3.3b exhibit distinctdependence on
temperature. Fa3.1a and 3.1b, their emissiorspectra display a typical blue shift with increasing
temperatur€Figure 3.2) without a significant loss of emission intensittynmonly observed for
linearly conjugated B -A systemsnvolving a triarylboron (e.gp-NMez-CeHa-BMes!t), owing
to the twist angle change between the donor andabeptounits with T. For3.3aand3.3b, their
emission energy does ndtange significantly with increasing T, although a consideddiecase

of emission intensity was observed 8B8b (Figure 3.B). The most interesting-tiependent
77



I (relative)
I (relative)

450 500 550 600 400 450 500
A(nm) A(nm)

Figure 3.12Diagrams showing the fluorescence spectral changd@&nd3.1b with temperature

i n t ock=eg@sin &able-3-3).

3.3a ——333K
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Figure 3.13Diagrams showing the fluorescence spectral chang8aand3.3b with temperature

i n t ok=ewsm&able-3-3).

emission was obseed for the 3.2a and 3.2b pair, as showin Figure 3.4, which show a rare
temper at-aim e @ nifd avighi tloenemission spectrandergoing a blue shift and
becoming much more intense withicreasing T. As a consequence, both compounds change
emisson colours from yellow or yellovgreen at low T (233 Ko 263 K) to greerblue or sky

blue at high T (373 K) in toluen®&ecause there is no experimental evidence for interialNB

bond formation at high T or low T, the most likely explanafmrthis unusual Idependent
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Figure 3.14 Diagrams showing the fluorescence spectral chang§eaf(top) and3.2b (bottom)

with temperd ur e i ne 3 agdinuTabbee3-3).ainset: photographs showing the emission

colours of these twoompounds at three representative temperature in toluene.

phenomenon is that molecul@?a and3.2b have two emission pathways: a CT emission at low
T involving the boron unit and the IDP backbone and a loebited state emission of the IDP
backboneat high T, resemblinthat observed by Yang and coworkers in the pyfenetionalized

borane system®.The two emission pathwayse likely much closein energy for the8.2a and
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3.2b pair,compared to other pairs, consistent with theDBT datain Table 34. Thefluorescence
intensity gain at high T can katributed to the much higher oscillator strength of the locally
excited” Y " * transition in this pair, compared to the @&nsition.

To verify this, the temperatwdependenemissions 088.2b in hexane and THF were measured
and the results are depictedHigure 3.15The emission spectruof 3.2b in THF shows a similar
tempeature turron fluorescenceas in toluene, while the emission 2£b in hexane displaya
much smallelintensity change with no colour changeipporting that switching from the CT

emission to théi "* emission is the main cause of this temperaturednrfiuorescence.

Hexane

—293 K

303K
—313K
—323 K
—333K
—343K

I (relative)
| (relative)

520 570 620
A (nm) A (nm)

420 470 520 570 620 420 470

Figure 3.15 Diagrams showing thiBuorescence spectral change3dtb with temperature in

hexane and THEc= 2X10'°M, | &= 390 nm)

Bright fluorescence was observed for all the compo@rE3.8with decent to good quantum yield
except for3.7, with green emission f08.5 and 3.8, and blue emission f08.4, 3.6 and 3.7
(Figure3.10andTable 33). There is a clear distinction between the observed fluorescence spectra
of the BPhMescontainhg compounds3(1a3.1b-3.3d3.3b, 3.5and3.8) and those of compounds

without BPhMes moiety @.4, 3.6and3.7), in terms of emission energy and shape of the spectra.

80



The substantially larger stoke shift3nla3.1b-3.3a3.3b, 3.5and 3.8 compared t@8.4, 3.6 and
3.7is induced by the intramolecul&f transition from IDP to BMesunit.*? It is worth mentioning
that the primary electronic transition responsible for the fluorescei3cgand3.8(CT transitior)

is different from the singly BMessubstitied IDI system which exhibits intens¥ “ * transition®

The spectra 08.4, 3.6 and 3.7 display two primary bands, which is mostly likely owing to the
HOMO to LUMO transition and HOMO to LUMO+1 transition, respectively, both exhibiting

“Y " * transition

3.3Experimental Section

3.3.1 General Procedures

All reactions were carried out underia@rt atmosphere of dry nitrogen while employing standard
Schlenk techniques. Starting materials were purchasedcnemical suppliers and used without
further purification.Synthetic procedures forH8pyrido[3,2,2d€gphenanthridin7-ium bromide
and all internal alkynes used in this work @revided in the supporting information. Solvents
were driedbver either sodium metal or high vacuum dried moleaitares, and degassed prior to
use.H, BC, and!B NMR specta were recorded on a Bruker Avance 400 or 700 MHz
spectrometers. High resolution mass spectra (HRMS) wlet@ned using a Micromass GCT
TOFREI Mass spectrometeFluorescence spectra were recorded using a PAaohnologies
International QantaMaster Moel 2 spectrometer. UWisible spectra were recorded on a Varian
Cary 50 spectrometer. Fluorescent quantum yields werasured using a Hamamatsu QY

spectrometer (C113471).
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3.3.2 Synthetic Procedures

3.3.2.1Synthesis of Azomethine Ylide

NH,  NaNO,, Kl, HCI/H,0 I K,COg3, Pd(PPhj3),
’ + - v ot
CH3CHO, 1. t. \ /N B(OH), THF/H,0, 80 °C, 24 h
OH

(v ()

°C,4h
Wk oH %0°C \_/& 8rO

Synthesis oB-iodoquinoline: Quinolin-8-amine (3.34 g23 mmol) was added to a mixture of
HCI/H20 (1515 ml) and was cooled to & in an ice bath. NaNg§1.74 g,25 mmol) was then
added dropwise, followed by the addition of KI (1.742§,mmol) in 15 ml HO. After stirring
overnight, the mixture was neutralized with NaOH #relsolvent was removed wacuoand the
product was isolated by column chromatography onasgelusing hexane/ethyl acetate (5ab
an eluent8-iodoquinolinewas isolated @a yellow product (2.90 g, 49% yield).

Synthesis of(2-(quinolin-8-yl)phenyl)methanol: 8-iodoquinoline (1.70 g, 6.6 mmaol)(2-
(hydroxymethyl)phenyl)boronic acifl.32 g, 8.7mmol), Pd(PP$)s (0.418 g, 0.36 mmol), and
K2COz (13.8 g, 100 mmol) wereeactedn a mixture of THF/HO (60:20 ml) for 24 h a85 °C.
After the mixture was cooled to room temperature, the solvent wasreemovacuoand the
product was isolated by column chromatography on silicaigjaly hexane/ethyl acetate (1
1:1) as an elueni2-(quinolin-8-yl)phenyl)methanolvas isolated as gellow product(1.181 g
70% vyield).

Synthesis  of 8H-pyrido[3,2,1-de]phenanthridin-7-ium bromide: (2-(quinolin-8-

yl)phenyl)methano(943 mg, 4 mmoland tydrobromic acid (0.544 mL,.8 mmol)were reacted
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for 4 h at90 °C. After coding to room temperaturether (3x30 ) anddichloromethané10 m)
wereadded to remove the supernatditemixture waghenair-dried overnight and the remaining
solvent was removed wacuoto yield ayellow solid (2.036 g, 84% yield).
8H-pyrido[3,2,1-de]phenanthridin-7-ium bromide. *H NMR (700 MHz, DMSQds) : U0 9. 49
J=7.3 Hz, 1H), 9.28 (d] = 8.2 Hz, 1H), 8.85 (d] = 7.4 Hz, 1H), 8.38 (d] = 8.1 Hz, 1H), 8.31

(d, J= 8.3 Hz, 1H), 8.26 () = 7.6 Hz, 1H), 8.07 (J = 7.8 Hz, 1H), 7.60 7.51 (m, 3H), 6.31 (s,
2H).®C NMR (176 MHz, D4V.$40135.12,u1307@, 230.601 130.37, 129.78,
129.62, 128.89, 128.28, 126.89, 126.67, 125.82, 124.14, 123.17, 56 FESINFS (m/2: [M +

H]* calcd. for GeH1oN: 218.0964; found: 218.0970.

3.3.2.2Synthesis of Asymmetrical Internal Alkynes

R F R F
_ Pd(PPh),, Cul, NEty
Mes,B — + F I »  Mes,B O — O F
THF, 90 °C, overnight
F F F F

A1
Synthesis ofAl: (4-ethynylphenyl)dimesitylborane (485 mg, 1.38 mmol), 1,2,3pghtafluore

6-iodobenzene (490 mg, 1.67 mmol), Pd(BP{BO mg, 0.07 mmol), Cul (26 mg, 0.14 mmol) and

EtN (3 ml) were reacted in THR26 ml) overnight at 90C. After the mixture was cooled to room
temperature, the solvent was removedvacuo and the product was isolated by column
chromatography on silicaefusing hexane/ethyl acetate (50ak)an eluent. The produsi was

isolated as a white solid (500 n#f)% yield).

Al.'H NMR (700 MHz, CDCl) : U 7= &10Hz, M), 7.54 (d) = 6.7 Hz, 2H), 6.88 (s,

4H), 2.34 (s, 6H), 2.03 (s, 12HfC NMR (176 MHz,CICl;) : & 141. 34, 140. 76,
136.18, 135.90, 131.89, 131.23, 128.22, 128.08, 127.94, 124.35, 101.53, 74.46, 23.13, 20.92. HR

EIMS (m/2: [M] " calcd. for G2H26BFs: 516.2048; found: 516.2039.
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BM882 BM682

- — Pd(PPhs),, Cul, NEt3 — /=
— + F3C \ % Br > — A\ / CF3
N THF, 90 °C, overnight N
A2
Synthesis of A2: (2-ethynylphenyl)dimesitylborane (700 mg, 2 mmol),-brdmo

5(trifluoromethyl)pyridine (565 mg, 2.5 mmol), Pd(RR{115 mg, 0.10 mmo))Cul (57 mg, 0.30
mmol) and EiN (3 ml) were reacted in THRE26 ml) overnight at 90C. After the mixture was
cooled to room temperature, the solvent was removeddnoand the product was isolated by
column chromatography on siligel usinghexane/etyl acetate (30:1as an eluent. The product
A2 was isolated as a yellow solid (900 mg, 91% yield).

A2.'H NMR (700 MHz, CDCl) : U 8. 78 (Js 8.3, 1Hy ¥.68 (df = 7778z, (LH),,

7.50 (t, 7.5 Hz, 1H), 7.42 (8,= 7.5 Hz, 1H), 7.35 (dJ = 7.5 Hz, 1H), 6.85 (dJ = 8.3 Hz, 1H),

6.80 (s, 4H), 2.27 (s, 6H), 2.04 (s, 12HC NMR (176 MHz,CCl) : U 150.67, 146.

140.83, 139.29, 134.61, 133.34, 132.50, 480129.07, 128.29, 126.74, 125.35, 124.50, 124.31,

122.79,92.16, 90.43, 28820.88. HREIMS (m/2: [M] * calcd. for G2H20BNF3: 495.2345; found:

495.2340.
BMeSZ BM832
- - Pd(PPh3),, Cul, NEt; - -
— + H3C\/Br > — \/CH3
N THF, 90 °C, overnight N
A3

Synthesis oA3: (2-ethynylphenyl)dimesitylborane (350 mggimol), 2broma5-methylpyridine
(260 mg, 15 mmol), Pd(PPh)s (60 mg, 0.05 mmg) Cul (28 mg, 0.15 mmol) and 4&t (3 ml)
were reacted in THR2E ml) overnight at 90C. After the mixture was cooled to room temperature,

the solvent was removed racuoandthe product was isolated by column chromatography on
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silica gel usindhexane/dtyl acetate (30:1as an eluent. The produ&8 was isolated as an orange

solid (300 mg, 68% yield).

A3.'HNMR (700 MHz, CDClp) : U &=53 5z, {H), 7.65 (d= 7.7 Hz, 1H), 7.47 (1) =

7.6, 1H), 7.37 (t) = 7.5, 1H), 7.30 (d) = 7.6 Hz, 1H),7.00 (d,J = 5.1 Hz, 1H), 6.82 (s, 4H), 6.53

(s, 1H), 2.31 (s, 3H), 2.29 (s, 6H), 2.04 (s, 1280.NMR (176 MHz,CBCl) : U 149. 30, 1
143.06, 140.82, 139.11, 134.31, 133.11, 131.93, 131.88, 131.82, 130.33, 128.43, 128.28, 128.05,
126.07, 123.41, Q4.21, 91.67, 22.88, 20.95, 20.44. {#HRIMS (Mm/2: [M+H]" calcd. for

Ca2H33BN: 442.2701; found: 442.2711.

3.3.2.3Synthesis of Indolizino[6,5,4,3efljphenanthridine Derivatives

Synthesis 083.1a3.1b: 8H-pyrido[3,2,tde]phenanthridi¥v-ium bromide(300 mg, 1.01mmol),

DIPEA (131 mg, 1.01 mmol) andl (434 mg, 0.84 mmol) were reacted in toluene (15 ml) at
110°C in a 50 ml sealed tub for 3 days. After the mixture was cooled to room temperature, the
solvent was removed wacuoand the product was isolated by aolu chromatography on silica

gel using hgane/dichloromethane (10:1) as an eluent. The pr&itieiwas isolated as a yellow

solid (154 mg ,25% yield) and the prodBctbwas isolated as a yellow solid (74 mg, 12% yield).
3.1a'H NMR (700 MHz, CRClp): G  8J.=8.6 Hz( 1tH), 8.29 (d] = 7.9 Hz, 1H), 7.88 (d]

= 8.2 Hz, 1H), 7.73 (d) = 7.7 Hz, 1H), 7.63 (t) = 7.8 Hz, 1H), 7.56 7.52 (m, 2H), 7.48 (t] =

7.4, 1H), 7.45 7.41 (m, 2H), 7.40 (d] = 9.4 Hz, 1H), 7.29 7.24 (m, 2H), 6.89 (s,H), 2.35 (s,

6H), 2.08 (s, 12H)!°C NMR (176 MHz, CDCl,) : U 141. 74, 140.80, 139
131.00, 130.23, 128.20, 128.14, 126.75, 126.42, 126.36, 125.64, 125.12, 124.17, 123.66, 123.63,
123.26, 123.15, 122.86, 121.60, 120.87, 118.76, 116.730,023.03, 20.92. HEIMS (m/2:

[M] * calcd. for GeH3sBNFs: 731.2783; found: 731.2781.
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3.1b. 'H NMR (700 MHz, CRCL) : U 8= 84 Mz, (HY,,8.30 (d) = 7.9 Hz, 1H), 7.71 (d,

J=7.8 Hz, 1H), 7.71 (d] = 7.8 Hz, 1H), 7.66 7.61 (m, 2H), 7.58d,J = 8.1 Hz, 1H), 7.54 (1]

= 7.7 Hz, 1H), 7.52 7.47 (m, 2H), 7.43 (d] = 7.6 Hz, 1H), 7.36 (d] = 9.5 Hz, 1H), 7.32 7.27

(m, 2H), 6.88 (s, 4H), 2.35 (s, 6H), 2.05 (s, 1283.NMR (176 MHz,CCl,) : U 144. 33,
140.76, 138.72, 137.35, 138, 131.06, 128.77, 128.75, 128.127.10, 126.72, 125.76, 125.50,
125.37, 124.29, 123.53, 123.39, 122.65, 122.44, 121.88, 121.38, 120.65, 118.76, 117.74, 111.49,
111.37, 103.25, 23.05, 20.91. HRMS (m/2: [M]* calcd. for GsH3sNBFs: 731.2783; found:
731.2779.

Synthesis 0f3.2a/3.2b: 8H-pyrido[3,2,kde]phenanthridi¥v-ium bromide(280 mg, 0.93nmol),

DIPEA (120 mg, 0.93 mmol) and2 (385 mg, 0.78 mmol) were reacted in toluene (15 ml) at

110°C in a 50 ml sealed tub for 3 days. After the mixture wadecbto room temperature, the

solvent was removed wacuoand the product was isolated by column chromatography on silica
gel using hexane/dichloromethane (10:1 to 4:1) as an eluent. The p8d2latas isolated as a
yellow solid (150 mg, 27% yield) artte producB.2bwas isolateds a yellow solid (39 mg, 7%
yield).

3.2a'HNMR (700 MHz,CDRCl) : U 9. 13 (Js8.2HzHM), 8.38 (d}4 3.1 Kzd ,

1H), 8.25 (dJ = 7.9 Hz, 1H), 7.78 (d) = 8.3 Hz, 1H), 7.72 (d] = 7.5 Hz, 1H), 7.64 (1= 7.6

Hz, 1H), 7.61i 7.56 (m, 2H), 7.55 7.49 (m, 2H), 7.42 7.37 (m, 2H), 7.36 () = 7.5 Hz, 1H),

7.197 7.12 (m, 2H), 6.72 (s, 2H), 5.90 (s, 2H), 2.25 (s, 3H), 1.72 (s, 12H), 1.22 ($3GH)MR

(176 MHz,CDCl;) : U0 159. 43, D5 139.28136.51,4F.89 432.79,11325%6,
130.47, 129.40, 128.68, 127.59, 126.93, 126.67, 126.58, 126.15, 125.85, 124.63, 123.85, 123.66,
123.48, 123.08, 122.96, 122.87, 122.44, 121.04, 120.47, 119.72, 118.73, 117.85, 23.37. HR

ESIMS (m/2): [M + H]* caled. for CagHaoN2BFs: 711.3153; found: 711.3146.
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3.2b.'HNMR (700 MHz, CRCl)) : U 8. 93 (Js 9.5 HzHM), 8.38 ()3 B.1 Hzd ,
1H), 8.23 (dJ = 7.8 Hz, 1H), 8.08 (d] = 7.5 Hz, 1H), 7.82 (d] = 8.1 Hz, 1H), 7.79 7.72 (m,
1H), 7.70 (dJ = 7.6 Hz, 1H), 7.63 7.56 (m, 2H), 7.56 7.49 (m, 2H), 7.46 () = 7.4 Hz, 1H),
7.41 (d,J = 9.5 Hz, 1H), 7.33 (d] = 8.4 Hz, 1H), 7.24 (t) = 7.6 Hz, 1H), 6.64 (s, 2H), 5.68 (s,
2H), 2.20 (s, 3H), 1.80 (s, 3H), 1.60 (s, 3H), 1.46 (s, 3H), 1.18H),3C NMR (176 MHz,
CDCly) : u 159. 13, 149. 99, 145. 76, 141. 55, 136.
127.31, 126.76, 126.32, 126.19, 125.74, 125.27, 124.12, 123.78, 123.22, 122.96, 122.35, 122.21,
121.90, 121.68, 119.23, 118.15, 117.2%.33. HRESIMS (Mm/2: [M + H]* cakd. for
CagH3zoN2BF3: 711.3153; found: 711.3184.

Synthesis of 3.3d3.3b: 8H-pyrido[3,2,tde]phenanthridi¥v-ium bromide(49 mg, 0.16 mmol),

DIPEA (21 mg, 0.16 mmol) and3 (60 mg, 0.14 mmol) were reacted in toluene (15 ml) atC10

in a 50 ml sealed tufor 3 days. After the mixture was cooled to room temperature, the solvent
was removed iracuoand the product was isolated by column chromatography on silica gel using
hexane/dichloromethane (1:1) as an eluent. The prdgl3etwas isolated as a yellowlgb(17 mg,

19% vyield) and the produBt3bwas isolated as a yellow solid (7 mg, 8% yield).

3.3a'HNMR (700 MHz, CRCl) : U 9=60 8iz, {H), 8.35 (d] = 8.1 Hz, 1H), 8.20 (d]

= 7.9 Hz, 1H), 7.74 (s, 1H), 7.677.62 (m, 2H), 7.61 (d) = 7.5 Hz, 1H), 7.59 7.55 (m, 2H),

7.48 (t,J = 7.6 Hz, 1H), 7.40 (d) = 7.8 Hz, 1H), 7.36 7.30 (m, 2H), 7.27 (d] = 9.4 Hz, 1H),

7.22 (d J=5.8 Hz, 1H), 7.13 () = 7.6 Hz, 1H), 7.09 (s, 1H), 6.87 (s, 1H), 5.65 (s, 1H), 5.42 (s,

1H), 2.43 (s, 3H)2.39 (s, 3H), 1.91 (s, 3H), 1.84 (s, 3H), 1.61 (s, 3H), 1.27 (s, 3H), 0.95 (s, 3H).
3CNMR (176 MHz,CDClp) : U4 153. 30, 0%IB5%,635.09, 239.713181.34,1 3 8 .

131.09, 127.61, 127.00, 126.48, 126.33, 126.27, 125.94, 125.71, 125.42, 125.26, 123.89, 123.85,

87



123.80, 123.78, 122.94, 122.84, 122.74, 121.69, 120.38, 120.19, 118.67, 117.67, 117417, 24.
20.52, 18.97. HRESIMS (/2: [M + H]* calcd. for GgHaaN2B: 657.3436; found: 657.3441.

3.3b. 'H NMR (700 MHz, CDCl) : 0 8= 5®Hz, (H), 8.31 (d] = 8.1 Hz, 1H), 8.20 (d,

J=7.9 Hz, 1H), 7.96 (d] = 8.2 Hz, 1H), 7.92 (d] = 9.4 Hz, 1H)7.85 (d,J = 7.5 Hz, 1H), 7.66

(d,J=7.7 Hz, 1H), 7.61 7.54 (m, 2H), 7.49 (1] = 7.6 Hz, 1H), 7.44 (t} = 7.6 Hz, 1H), 7.39 (s,

1H), 7.38i 7.32 (m, 2H) 7.27 (t) = 7.6 Hz, 1H), 7.02 (d] = 5.5 Hz, 1H), 6.87 (s, 1H), 6.76 (s,

1H), 556 (s, 1H), 58 (s, 1H), 2.34 (s, 3H), 2.29 (s, 3H), 1.87 (s, 3H), 1.47 (s, 9H), 1.08 (s, 3H).
3CNMR (176 MHz,CRCl) : U 153.59, 149.39, 148.83, 139.¢
127.34, 127.24, 127.18, 126.09, 126.07, 125.97, 125.89, 12546801224.11, 123.58, 123.30,

122.67, 122.37, 121.36, 120.94, 120.69, 117.95, 117.86, 117.40, 20.BSINIS (/2): [M +

H]* calcd. for GgH4oN2B: 657.3436; found: 657.3449.

et = =)

A5 A6

Mes,B — O BMes,

AT B A8

2
Z\I
If

Figure 3.16 Molecular Structures ok4-A8.

Synthesis of 3.48H-pyrido[3,2,tde]phenanthridi¥V-ium bromide(300 mg, 101 mmol), DIPEA

(131 mg, 1.01 mmol) and4 (268 mg, 0.84 mmol) were reacted in toluene (15 ml) at’CifA a

50 mlsealed tub for 3 days. After the mixture was cooled to room temperature, the solvent was
removed invacuoand the product was isolated bglumn chromatography on silica gel using

dichloromethane as an eluent. The prodsivas isolated as a yellow s0l{94 mg, 35% yield).
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3.4 'H NMR (700 MHz, CDClp) : G 8= 4®BHz, (H), 8.57 (d] = 9.4 Hz, 1H), 8.33 (d]

= 8.1 Hz, 1H), 8.23 (dJ = 7.8 Hz, 1H), 8.18 (d] = 8.0 Hz, 1H), 7.86 (d] = 8.0 Hz, 1H), 7.82

7.77 (m, 2H), 7.68 (d] = 8.1 Hz, 1H), 7.63 7.56 (m, 2H), 7.53 (J = 5.7 Hz, 1H) 7.38 (d] =

9.5 Hz, 1H), 7.18 (dJ = 3.5 Hz, 1H)3C NMR (176 MHz, CBCl) : U 1645,.136630, 1 4
131.26, 128.66, 126.70, 126.22, 126.(5.88, 125.56, 124.55, 123.86, 123.11, 123.02, 122.89,
120.95, 120.62, 120.56, 120.22, 118.31, 118.10, 102.92, 53.83, 53.74, 53.58, 53.43, 53.28, 53.12.
HR-EIMS (m/2: [M]* calcd. for GsH14N2: 318.115; found: 318.1146.

Synthesis of 3.58H-pyrido[3,2,2de]phenanthridir7-ium bromide (300 mg, 1.01 mmol), DIPEA

(131 mg, 1.01 mmol) and5 (475 mg, 0.84 mmol) were reacted in toluene (15 ml) at’CifA a

50 ml sealed tub for 3 days. After the mixture wasled to room temperature, the solvent was
removed invacuoand the product was isolated by column chromatography on silica gel using
hexane/dichloromethane (10:1) as an eluent. The pr&lGavas isolated as a yellow solid
(152mg, 32% vyield).

3.5 1HNMR (700 MHz, CDCL)) : U 8= 8315z, (H, 8.24 (d] = 7.9 Hz, 1H), 8.19 (d)

= 7.7 Hz, 1H), 7.86 (d] = 9.5 Hz, 1H), 7.81 (d] = 7.7 Hz, 2H), 7.67 () = 7.6 Hz, 1H), 7.65 (d,
J=7.7Hz, 2H), 7.64 (s, 1H), 7.62 @,= 8.0 Hz, 1H), 7.58 ({} = 7.7 Hz, 1H), 7.54 (1) = 8.0 Hz,

1H), 7.33 (d,J = 9.5 Hz, 1H), 6.91 (s, 4H), 2.36 (s, 6H), 2.12 (s, 12f0. NMR (176 MHz,
CD2Cly) : a 141. 80, 140. 75, 139. 723,17, 128.81, 2B15, 13 7.
126.76, 125.98, 125.84, 125.424185, 124.77, 123.84, 123.20, 123.12, 122.93, 120.60, 119.50,
118.42,118.35, 103.83, 23.23, 20.92.-BRIS (m/2: [M] * calcd. for GoHzsNB: 565.2914; found:
565.2955.

Synthesis of 3.68H-pyrido[3,2,Xde]phenanthridisv-ium bromide (300 mg, 1.01 mmol), BPEEA

(131 mg, 1.01 mmol) and6 (330 mg, 0.84 mmol) were reacted in toluene (15 ml) atClfA a
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50 ml sealed tub for 3 days. After the mixture was cooled to room temperature, the a@se
removed invacuoand the product was isolated by column chramgetphy on silica gel using
hexane/dichloromethane (20:1 to 10:1) as an eluent. The p&6uas isolated as a yellow solid
(69 mg, 21% yield).

3.6.'H NMR (700 MHz, CDRCly) : i d, 8= 80%z, (H), 8.25 (d] = 7.9 Hz, 1H), 7.68 (d]

= 7.8 Hz, 1H) 7.63 (dJ = 8.2 Hz, 1H), 7.61 7.56 (m, 2H), 7.51 7.45 (m, 5H), 7.44 () = 8.2

Hz, 1H), 7.37 7.30 (m, 4H), 7.30 (d] = 9.4 Hz, 1H), 7.28 7.22 (m, 2H)C NMR (176 MHz,

CD:Cl2) : u 136.51, 134. 50, 131. 43, 1268G,.12630, 12 8.

126.07, 126.02, 125.63, 124.63, 123.59, 122.99, 122.86, 122.80, 121.85, 120.34, 120.12, 120.06,
118.00, 117.89. HEEIMS (m/2: [M]* calcd. for GoH1gN: 393.1517; found393.1511.
Synthesis of 3.78H-pyrido[3,2,2de]phenanthridif7-ium branide (300 mg, 1.01 mmol), DIPEA

(131 mg, 1.01 mmol) and7 (750 mg, 0.84 mmol) were reacted in toluene (15 ml) at’'CifA a

50 ml sealed tub for 3 days. After the mixture was cooled to room temperature, the solvent was
removed invacuoand the product v&isolated by column chromatography on silica gel using
hexane/dichloromethane (15:1) as an eluent. The prc&ldaivas isolated as a yellow solid
(130mg, 28% yield).

3.7.'H NMR (700 MHz, CBCl) : U 8= 83161z, LH), 8.25 (d] = 7.9 Hz, 1H), 7.77 (d]

= 8.1 Hz, 1H), 7.72 7.67 (m, 2H), 7.58 (t) = 7.8 Hz, 1H), 7.48 7.42 (m, 2H), 7.41 7.37 (m,

2H), 7.35 (tJ = 7.5 Hz, 1H), 7.32 7.27 (m, 3H), 7.26 () = 7.4 Hz, 1H), 7.24 7.18(m, 2H).

13C NMR (176 MHz, CRClp) : a 137. 25, 135. 27, 133. 34, 132.
128.87, 128.43, 127.53, 126.87, 126.71, 126.67, 126.31, 126.21, 125.%83, 124..48, 123.82,
123.21, 123.17, 123.13, 123.01, 122.86, 120.77, 12021202, 119.16, 118.65, 118.36, 118.23.

HR-EIMS (m/2: [M]™ calcd. for GoH17NBr2: 548.9728; found: 548.9726.
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Synthesis of 3.88H-pyrido[3,2,Xde]phenanthridif7-ium bromide (300 mg, 1.01 mmol), DIPEA

(131 mg, 1.01 mmol) and8 (460 mg, 0.84 mmol) were retd in toluene (15 ml) at 1£Q in a

50 ml sealed tub for 3 days. After the mixture was cooled to room temperature, the a@se
removed invacuoand the product was isolated by column chromatography on silica gel using
hexane/dichloromethane (10:13 an eluent. The produ&8 was isolated as a yellow solid
(434mg, 28% vyield).

3.8 1H NMR (700 MHz, CDCl,)) : U 8=83L#z, (H), 8.24 (d) = 7.9 Hz, 1H), 7.76 (d]

= 8.8 Hz, 1H), 7.69 7.65 (m, 2H), 7.58 (t} = 7.8 Hz, 1H), 7.54 (d] = 7.9Hz, 2H), 7.46 7.42

(m, 3H), 7.38 (dJ = 7.9 Hz, 2H), 7.32 (d] = 9.4 Hz, 1H), 7. 29 (d] = 7.9 Hz, 2H), 7.22 () =

7.2 Hz, 1H), 6.90 (s, 1H), 6.88 (s, 1H), 2.36 (s, 12H), 2.09 (s, 12H), 2.05 (s,"32MMR (176

MHz, CD.Clp) : 0 145. 2.83,140182,340.8901,40.38,4.38.77, 138.51, 138.30, 136.14,
136.12, 131.30, 131.20, 129.71®28.19, 128.12, 127.80, 126.61, 126.33, 126.21, 125.55, 124.76,
123.70, 122.99, 122.78, 121.90, 120.61, 120.44, 119.63, 118.18, 117.81, 23.21, 20.98, 20.96. HR
EIMS (m/2: [M] " calcd. for GeHsiNB2: 889.4990; found: 889.5028.

3.3.3 X-ray Crystallography

Crystals of3.1b, 3.2a and 3.7 were grown by thelow evaporation of a concentrated hexanes:
ethyl acetate (4:130lution. Single crystals were mounted on a glass fibédidfraction data were
collected on a Bruker D¥enture diffractometer withMo-t ar g et (e« = 0.712073
operating at 50 kV and 30 mA. Data were processed usigytiker SHELXTL software package
(version 6.10% and corrected for absorption effects. All nbiydrogen atoms wereefined
anisotropically. The crystal data haleen deposited dahe Cambridge Crystallographic Data

Centre (CCDC No. 1911236r 3.1b, 1911231 foB.23).
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Table 3-5 Crystal data and structure refinement3dtb, 3.2 and3.7

3.1b 3.2a 3.7
Empirical ormula Ca9H36BCl3FsN Ca9H39BCl3F3N2 CeoH34BraN2
Formula weight 850.95 829.98 1102.53
Crystal system Monoclinic Triclinic Monoclinic
Space group P2/c P-1 P2/n
alA 8.2594(11) 8.5885(6) 7.8544(16)
b/ A 24.311(2) 14.6907(12) 30.668(5)
c/ A 20.696(2) 16.3399(13) 18.675(3)
al° 90 93.829(3) 90
b/ ° 97.933(5) 94.403(3) 92.054
q° 90 98.387 90
v/ A® 4115.9(8) 2027.2(3) 4495.5(14)
Z 4 2 4
Density (calculated)|  1.373 Mg/n 1.360 Mg/m 1.629 Mg/m
Absorption ) . .
coefficient 0.282 mnt 0.278 mnt 3.626 mnt
i 10<=h<=10, i11<=h<=11, i 10<=h<=10,
Index ranges 1 31<=k<=31, 119<=k<=19, 139<=k<=39,
i 26<=I<=26 i21<=l<=21 i 23<=1<=23
Reflections collected 64838 67617 71264

Completeness to

99.9 %(25.242)

99.9 % (25.242)

99.9 % (25.242)

theta
Goodnesof-fit on
1.023 1.051 1.079
F2
Final R indices R1 = 0.0675, R1 = 0.0806, R1 =0.0723,
[I>2sigma(l)] wR2 =0.1587 wR2 =0.1959 wR2 =0.1851
R1 =0.1391, R1 = 0.2054, R1 =0.0997,
R indices (all data)
wR2 = 0.2030 wR2 = 0.2983 wR2 =0.2019
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Table 3-6 Selectecbond lengths [A] and angles [for 3.1b

N(1)}-C(18) 1.382(4) C(22)B(1)-C(25) 118.4(3)
N(-C(3 1.388(4) C(22)B(1)-C(34) 115.5(3)
N(1)-C(4) 1.389(4) C(25)yB(1)-C(34) 126.1(3)
B(1)-C(22) 1.570(5) C(18)N(1)-C(3) 125.2(2)
B(1)-C(25) 1.570(5) C(18)N(1)-C(4) 124.0(2)
B(1)-C(34) 1.577(5) C(3yN(1)-C(4) 110.9(2)
C(1rC(d) 1.385(4) C(4rC(1)C(2) 108.7(3)
ccR) 1.418(4) C@yC(1yC(43) 127.1(3)
C(1}C(43) 1.481(4) C(2)C(1)C(43) 124.1(3)
C2ICR) 1.390(4) C(3rCyCc() 107.8(3)
C(2rC(19) 1.485(4) CR)C(2)C(19) 127.5(3)

C(1}C(2)C(19) 124.7(3)

B caa

Figure 3.17 A diagram showing the structure ®fLb with labeling schemes.
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Figure 3.18 A diagram showing the intermolecular stacking of the IDP coB:=1dd

Table 3-7 Selectedbond lengths [A] and angles [} foB.2a

N(1)-C(18) 1.382(5) C(31)B(1)-C(40) 123.5(3)
N(1)-C(3) 1.395(5) C(31)}B(1)-C(24) 117.6(4)
N(1)-C(4) 1.383(5) C(40)B(1)-C(24) 118.7(3)
B(1)-C(31) 1.577(6) C(4)yN(1)-C(18) 123.4(3)
B(1)-C(40) 1.580(6) C(4)N(1)-C(3) 110.7(3)
B(1)-C(24) 1.581(6) C(18)}N(1)-C(3) 125.9(3)
N(2)-C(29) 1.336(5) C(29YN(2)-C(35) 117.4(3)
N(2)-C(25) 1.351(5) C(4yC(1)C(2) 107.5(3)
C(1)C(4) 1.386(5) C(4)C(1)-C(19) 121.7(3)
C(1}C(2) 1.422(5) C(2)}C(1)C(19) 130.7(4)
C(1)C(19) 1.492(5) C(3)rC(2yC(1) 108.7(3)
C(2-C(3) 1.395(5) C(3)-C(2)-C(25) 127.5(3
C(2)C(25) 1.485(5) C(1)C(2)-C(25) 123.8(3)
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C(26) /‘&i‘, C(29)

O
FiA) F(2)

Figure 3.19 A diagram showing the structure ®Rawith labeling schemes.

Table 3-8 Selectedbond lengthsA] and angles [} for 3.7.

N(1)-C(2) 1.378(7) C(2FN(1)-C(17) 111.3(4)
N(1)-C(17) 1.388(7) C(2FN(1)-C(14) 125.6(5)
N(1)-C(14) 1.392(7) C(17yN(1)-C(14) 123.0(4)
Br(1)-C(24) 1.902(7) C(17yC(18)}C(1) 108.4(5)
Br(2)-C(26) 1.889(6) C(17)yC(18)C(25) 1254(5)

C(1}C(2) 1.413(7) C(1)}C(18)}C(25) 125.6(5)
C(1)yC(18) 1.421(8) C(18)}C(1)C(19) 122.2(5)
C(1)}C(19) 1.482(7) C(2)C(1)C(18) 107.4(5)
C(17)C(18) 1.397(8) C(2)C(1)C(19) 129.9(5)
C(18)C(25) 1.490(8)
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Figure 3.20 A diagram showing the structure &7 with labeling schemes.

3.3.4 DFT-TD-DFT Calculations

All calculations were performed usirthe Gaussian 09 suite of progrdfnat the Center for
AdvancedComput i ng at Qu e e n doptimikationsraededidaltexcitatioseoo me t r vy
all compounds were obtained at B@LYP*/ 6-31g(d)}° level of theory. The Gibbs free energies

were obtained by performing frequency analysis, which edsdirmed all optimized structures

were stationary points.

3.4Conclusions

In conclusion, a series of fluorescentolizino[6,5,4,3defiphenanthridin€lDP) derivativeswere
synthesized by 1;8ipolar cycloaddition of a new azomethine ylide with selected asymmetric
internal, symmetric internal and terminal alkynEise discussions were focused ontlivee pairs

of pushpull regioisomers that contain a triarylboronit along with a GFs, or a Ck-py/CHs-py
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substituenaind the comparison with the previously establishddlizino[3,4,5ablisoindole (IDI)

system Eachpair of the regioisomers displays distipttotophysical propertieend temperature
dependent fluorescencHoteworthy, interesting and rare temperature tormmfluorescence was
observed for one pair of the regioisomeavhjch provides a new opportunitgrfthe exploration

of organobororbased molecular thermometer systems
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3.5 Supporting Information

3.5.1 NMR Spectra
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Figure 3.32H NMR spectrum an&C NMR spectrum of compouri5in CD,Cl..
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3.5.2 UV-vis andFluorescent Spectra
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Figure 3.36 UV-vis spectra of compoundslaand3.1b in CHxCl. and toluene (c=2x1GM).
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Figure 3.37 UV-vis spectra of compound@s2a and3.2b in CH,Cl; and toluene (c=2x1'0M).
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Figure 3.38 UV-vis spectra of compoun@s3a and3.3b in CH,Cl, and toluene (c=2x1'GM).
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Figure 3.39 Fluorescence spectra of compouBdkaand3.1bin CH.Cl; and toluene (c= 2XI'0

M).
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Figure 3.40 Fluorescence spectra of compouBdzaand3.2bin CH.Cl, andtoluene (c= 2x10°

M).

12

10 4

0.8 1

0.4 4

0.2 4

DcM

Toluene

3.3a

0.0

400

5;)0 A (nm)

12

10

0.8 4

~ 06 |

0.4 4

0.2 4

0.0

400

—— Toluene

3.3b

500 A(nm)

600 700

Figure 3.41 Fluorescence spectra of compouBd3aand3.3bin CH.Cl; and toluene (c=2x1¢

M).
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Figure 3.42 Fluorescence spectraampounds3.1laand3.1bat different concentrations of
CH.ClI> solution.
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Figure 3.43 Fluorescence spectra of compoudzaand3.2bat different concentrations of
CHClI solution.
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Figure 3.44 Fluorescence spectra of compouBBddaand3.3b at different concentrations of

CHCI2 solution.
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3.5.3 TD-DFT Computational Calculation Data

Figure 3.45 HOMO of 8H-pyrido[3,21-dgphenanthridineZ-ium-8-ide (top left) and LUMO of
the internal alkynes used for the synthesi8S.@&/3.1b (top right), 3.2a/3.2b (bottom left) and
3.3d3.3b (bottom right).
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Table 3-9 TD-DFT cdculated electronic transition configurations olaalong with their

corresponding excitation energies and oscillator strengths

Excitation Energy
Spin Statg  Transition Configuration Oscillator Strength
(nm, eV)

St HOMOY LUMO (98%) 419.41(2.956) 0.3002
HOMOY LUMO+1 (71%)

S 376.80(3.2909 0.0816
HOMOY LUMO+2 (21%)
HOMOY LUMO+1 (22%)

S 366.16(3.3860 0.0367
HOMOY LUMO+2 (63%)

4 HOMOi2Y LUMO (87%) 350.62(3.536)) 0.0749
HOMOi3Y LUMO (35%)

S 340.40(3.6423 0.1465
HOMOi 1Y LUMO (48%)
HOMOi3Y LUMO (18%)

Ss HOMOY LUMO+3 (53%) 335.92(3.6909 0.0153
HOMOY LUMO+4 (10%)
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Table 3-10 Primary orbitals which contribute to the calculatehsitions of3.1a(iso = 0.03)

HOMO-3

HOMO-2

-5.99 eV

HOMO-1

-5.95eV

HOMO

LUMO+2

LUMO+3

LUMO+4

-0.74 eV
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Table 3-11 TD-DFT calculated electronic transition configurations3drb along with their

corresponding excitaih energies and oscillator strengths

Excitation Energy

Spin State  Transition Configuration Oscillator Strength
(nm, eV)

St HOMOY LUMO (98%) 422.64(2.9335 0.0935

S HOMOY LUMO+1 (89%) | 381.87(3.2469 0.1827

Ss HOMOY LUMO+2 (82%) | 365.52(3.392(Q 0.0342

St HOMOi2Y LUMO (94%) 355.66(3.4860 0.0798
HOMOi3Y LUMO (42%)

S 342.89(3.6159 0.2322
HOMOi 1Y LUMO (50%)
HOMOi4Y LUMO (37%)

Se HOMOi3Y LUMO (34%) 334.65(3.7049 0.0438

HOMOI1Y LUMO (12%)
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Table 3-12 Primary orbitals which contribute to the calculated transitior&Xdj (iso = 0.03)

LUMO+1 -1.46 eV LUMO+2 -0.99 eV
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Table 3-13 TD-DFT calculated electronic transition configurations3daalong with their

corresponding excitation energies and oscillator strengths

Excitation Energy

Spin State  Transition Configuration Oscillator Strength
(nm, eV)

St HOMOY LUMO (98%) 454.40(2.7285 0.0050

S HOMOY LUMO+1 (95%) 420.64(2.9475 0.0985
HOMOY LUMO+2 (40%)

S 379.56(3.2669 0.0763
HOMOY LUMO+4 (10%)
HOMOY LUMO+3 (10%)

S 368.08(3.3689 0.0346
HOMOY LUMO+4 (73%)

S HOMQOiI1Y LUMO (83%) 365.90(3.3889 0.0175
HOMO Y LUMO+3 (85%)

Ss 359.42(3.4499 0.0049

HOMOY LUMO+4 (11%)
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Table 3-14 Primary orbitals which contribute to the calculated transitior& 2 (iso = 0.03)

LUMO+2 g LUMO+3

LUMO+4 -0.80 eV
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Table 3-15TD-DFT calculated electronic transition configurations3db along with their

corresponding excitation energies and oscillator strengths

Excitation Energy Oscillator
Spin Stateg  Transition Configuration
(nm, eV) Strength

HOMOY LUMO (43%)
S 438.10(2.830) 0.0079
HOMOY LUMO+1 (55%)

HOMOY LUMO (53%)
S 409.62(3.0269 0.2106
HOMOY LUMO+1 (42%)

HOMOY LUMO+2 (50%)
Ss 375.03(3.3060 0.0243
HOMOY LUMO+3 (37%)

HOMOI 1Y LUMO (37%)
Sy 367.50(3.3737 0.0309
HOMOI 1Y LUMO+1 (54%)

HOMO Y LUMO+2 (40%)
S 355.17(3.4909 0.0151
HOMO Y LUMO+3 (50%)

HOMOI 1Y LUMO (45%)
S 350.66(3.5359 0.1166
HOMOI 1Y LUMO+1 (28%)
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Table 3-16 Primary orbitas which contribute to the calculated transition8.@b (iso = 0.03

-5.67 eV

-5.00 eV

-1.60 eV

LUMO+1

-1.57 eV

LUMO+2

-1.03 eV

LUMO+3

-0.94 eV
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Table 3-17 TD-DFT calculated electronic transition configurations3@aalong with their

corresponding excitation energiasd oscillator strengths

Excitation Energy
Spin State  Transition Configuration Oscillator Strength
(nm, eV)
St HOMOY LUMO (98%) 464.68(2.6682 0.0070
S HOMOY LUMO+1 (82%) 384.60(3.2237 0.1676
S HOMOY LUMO+2 (85%) 378.79(3.2732 0.0422
S HOMOY LUMO+3 (79%) 370.39(3.3479 0.0150
S HOMOi 1Y LUMO (84%) 369.02 (3.3598) 0.0142
HOMOi3Y LUMO (27%)
Ss 344.02(3.6040 0.0032
HOMOi2Y LUMO (71%)
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Table 3-18 Primary orbitals which contribute to the calculated transitior&2H(iso = 0.03)
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