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ABSTRACT

ni-Conjugated systems have been the focus of study in recent years in order to
understand their charge transport and optical properties for use in organic electronic
devices, fluorescence bioimaging, sensors, and 3D optical data storage (ODS), among
others. As a result, several molecular building blocks have been designed, allowing new
frontiers to be realized. While various successful building blocks have been fine-tuned at
both the electronic and molecular structure level to provide advanced photophysical and
optoelectronic characteristics, the azulene framework has been underappreciated despite
its unique electronic and optical properties. Among several attributes, azulenes are
vibrant blue naturally occurring hydrocarbons that exhibit large dipolar character,
coupled with stimuli-responsive behavior in acidic environments. Additionally, the non-
toxic nature and the accompanying eco-friendly feature of some azulenes, namely
guaiazulene, may set the stage to further explore a more “green” route towards photonic
and conductive materials.

The first part of this dissertation focuses on exploiting guaiazulene as a natural
building block for the synthesis of chromophores with varying stimuli-responsiveness.
Results described in Chapter 1 show that extending the conjugation of guaiazulene
through its seven-membered ring methyl group with aromatic substituents dramatically
impacts the optical properties of the guaiazulenium carbocation. Study of these m—

stabilized tropilium ions enabled establishing photophysical structure-property trends



for guaiazulene-terminated m-conjugated analogs under acidic conditions, including
absorption, emission, quantum yield, and optical band gap patterns. These results were
exploited in the design of a photosensitive polymeric system with potential application
in the field of three dimensional (3D) optical data storage (ODS).

Chapter 2 describes the use of guaiazulene reactive sites (C-3 and C-4 methyl
group) to generate a series of cyclopenta[eflheptalenes that exhibit strong stimuli-
responsive behavior. The approach presents a versatile route that allows for various
substrates to be incorporated into the resulting cyclopenta[eflheptalenes, especially after
optimization that led to devising a one-pot reaction toward such tricyclic systems.
Examining the UV-vis absorption profiles in neutral and acidic media showed that the
extension of conjugation at C(4) of the cyclopenta[eflheptalene skeleton results in longer
absorption maxima and smaller optical energy gaps. Additionally, it was concluded that
these systems act as sensitizers of a UV-activated (< 300 nm) photoacid generator (PAG),
via intermolecular photoinduced electron transfer (PeT), upon which the PAG undergoes
photodecomposition resulting in the generation of acid.

In a related study, the guaiazulene methyl group at C-4 was employed to study
the linear and nonlinear optical properties of 4-styrylguaiazulenes, having the same m—
donor with varying m-spacer. It was realized that the conjugation length correlates with

the extent of bathochromic shift of the protonated species. On the other hand, a trend of



decreasing quantum yield was established for this set of 4-styrylguaiazulenes, which can
be explained by the increasingly higher degree of flexibility.

The second part of this dissertation presents a comprehensive investigation of the
linear photophysical, photochemical, and nonlinear optical properties of
diketopyrrolopyrrole (DPP)-based derivatives, including two-photon absorption (2PA),
femtosecond transient absorption, stimulated emission spectroscopy, and
superfluorescence phenomena. The synthetic feasibility, ease of modification,
outstanding robustness, and attractive spectroscopic properties of DPPs have motivated
their study for fluorescence microscopy applications, concluding that the prepared DPP’s
are potentially suitable chromophores for high resolution stimulated emission depletion

(STED) microscopy.
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CHAPTER 1: CHROMOPHORIC MATERIALS DERIVED FROM A
NATURAL AZULENE: SYNTHESES, HALOCHROMISM AND ONE-
PHOTON AND TWO-PHOTON MICROLITHOGRAPHY

1.1. Abstract

The commercial success of numerous pharmaceuticals relies on key intermediates
that are isolated directly from natural sources.! This strategy has been employed
extensively by the Pharma industry, which utilizes the preexisting bioactivity of natural
products to enhance or add specificity to drugs and cosmetics through chemical
modification. In fact, it is estimated that 40% of all medicines are natural extracts or semi-
synthetic derivatives of naturally derived intermediates.? Similarly, the physical,
electronic, and optical properties of some natural pigments could offer access to key
building blocks for developing bio-derived chromophoric materials. Additionally, the
non-toxic nature and the accompanying eco-friendly feature of natural dyes could set the
stage for chemists to explore a more “green” route towards photonic and conductive
material.>** Among natural pigments, guaiazulene is considered a lead structure as it
serves as a modular building block for the design and synthesis of functional materials
with optical, conductive, and electron transfer properties. Toward that goal, this chapter
details the syntheses of a series of 4-styrylguaiazulenes 3a-1 that are prepared by
condensation of the C-4 methyl group of naturally-occurring guaiazulene 1 with various

aromatic carboxaldehydes 2. Treating these analogues 3a-1 with strong acids protonates



the electron-rich C-3 and reveals a reversible halochromic behavior where the optical
energy gap responds predictably to electron-donor strength and degree of mt-conjugation.
Additionally, acid-doping is accompanied by efficient fluorescence switch-on, which
allowed for the design of a new 3D fluorescence readout nonerasable (permanent or
write-once read-many, WORM) system, which is comprised of a switch-on fluorescent
guaiazulene-containing chromophore 3e and commercially available iodonium photo-
acid generator (PAG) in thin polymethyl methacrylate (PMMA) films.

1.2. The Enigmatic Azulenes

Azulene Guaiazulene Vetivazulene Chamazulene

HOF+CHCN
R

H,0 + CHACN + Fo/N,

_NMe,
{ R, Ro
< }—{
"1‘3'3‘ Br—? \ B
.~ o
S - 0°C = RT Vi

Z
J

o Yo

24 hours \

Multi-step Syntheses )

Matricaria chamomilla

Figure 1. Common azulenes and some of their natural resources.’

Centuries ago, royal blue azulenes were extracted through distillations of various
essential oils (Figure 1).° Though originally the color of these enigmatic oils was
fallaciously attributed to contamination from the copper distillation apparatuses

employed, the resulting azure-blue-colored oils were volatile, while no precipitate



(copper salts) was observed when washed with ether (Figure 2). The name “azulene” was
coined in 1864 for this blue oil, however, it is now used to distinguish the parent
compound and, hence, the class of derivatives thereof.® After the isolation of an azulene
derivative in 1915, there had been several attempts to elucidate its structure, namely one
that suggested a tricyclic system; however, hydrogenation indicated a bicyclic skeleton
where the reduced products shared similarities with some sesquiterpenes. Finally, the
isomerization of different azulenes to naphthalenes at high temperatures supported a 5,7-
bicyclic structure, which was asserted by synthetically preparing azulene derivatives.®
Since then, the striking blue-green color of azulenes has aroused scientific attention,
initially for their physical properties but more recently for their novel electronic

structures.” So what makes azulenes so colorful?

Figure 2. German Chamomile essential oil is known as a natural source for guaiazulene.



1.3. What Makes Azulenes Colored?

There are several factors that determine the “color” of matter; namely, colors are
dictated by the absorption and the scattering properties of the materials. For a set of four
polyenes: 1,3,5-hexatriene (colorless), retinal (yellow), [-carotene (orange), and
astaxanthin (red), it is clear that the length of conjugation is an important structural
feature that determines the richness of the color of each of these polyenes (Figure 3). This
can be explained from simple molecular orbital considerations where the HOMO-LUMO
gap is reliant on the length of conjugation, hence, as the HOMO-LUMO gap decreases,

the wavelength of the absorbed color increases (bathochromic shift).”

NN NN

vitamin A (retinal)

ONF
(E)-hexa-1,3,5-triene

Colorless

p-carotene naphthalene

Figure 3. Richness of the color of various species as a direct result of increased
conjugation of polyenes. Naphthalene, the constitutional isomer of azulene, is colorless.



The same explanation may not be extended when comparing azulene to its
constitutional isomer, naphthalene. While both have the same number of conjugated m—
bonds, naphthalene is colorless. The main perturbation that differentiates the two isomers
lie in the non-alternate nature of azulene that inevitably accounts for its blue color. A non-
alternate hydrocarbon exhibits a pattern with two adjacent unstarred carbons at the ring
junction, whereas an alternant hydrocarbon has all alternating starred and unstarred

carbons (Figure 4).

2 adjacent unstarred
carbons at the junction

* *
* *
*
*

Azulene Naphthalene
non-alternant hydrocarbon Alternant hydrocarbon

s

81 m
So HOMO gg:[gg S,
States Orbitals States

Figure 4. HOMO and LUMO of azulene and of naphthalene: the difference in relative
sizes of coefficients of the atomic orbitals shows a large difference in distribution of
electron density for the two molecules in their respective S: state.



The asymmetry in non-alternate hydrocarbons results in HOMO and LUMO
orbitals occupying different areas of the molecule, resulting in a poor overlap between
the two orbitals (Figure 4).® Thus, when considering frontier molecular orbitals (FMO) of
azulene, each of the HOMO and LUMO contains one electron in the S: state.” As can be
seen by the different locations of the nodal points in HOMO and LUMO, as well as the
relative sizes of coefficients of the atomic orbitals, there is little overlap between these
two electrons. This results in a slight repulsion between the two electrons occupying these
two orbitals, and, hence, giving rise to a low transition energy to the S: state in the visible
region (Figure 4).” Hence, the blue-green color of azulenes have a weak So — S transition
of the azulene at ~650 nm.”

On the other hand, naphthalene absorbs only in the UV region; this comes as a
result of equal magnitude of the coefficients at different carbons for the HOMO and
LUMO. In essence, the two electrons in these orbitals would occupy the same space,
causing large electron—electron correlation energy, which raises the Si level of
naphthalene. A similar situation exist in the case of LUMO+1 and HOMO of azulene,
where the similar distribution of electron density in the two orbitals results in an increase
in the energy of the S: state.” As a consequence of the higher S: state and the low lying S:
state, azulene absorbs between 500 and 700 nm, resulting in an intense blue color.

The addition of an electron donating or withdrawing group at C-1 and/or C-3 leads

to color change and a shift in the visible region band as depicted in Figure 5. By



considering the large electron coefficients at C-1 and C-3, it is possible to explain the effect
that the nature of substituents has on the apparent color. For example, addition of two
fluorine atoms at C-1 and C-3 has a destabilizing effect on HOMO and LUMO+1 while
not disturbing the LUMO level (Figure 5). The corresponding higher S, energy level gives
rise to a narrower gap and, hence, a bathochromic shift in the absorption spectrum
(Figure 5).”% On the contrary, the addition of electron withdrawing groups results in a

more stable HOMO level, and hence a wider So-S1 level (Figure 5).

LUMO+1

LUMO

HOMO

Azulene MO's

Wavelength / nm

Figure 5. (Left) HOMO, LUMO and LUMO+1 of azulene.” (Right) Absorption profiles of
1,3-difluoroazulene (green), azulene (blue), azulene-1-carboxaldehyde (magenta), and
azulene-1,3-dicarboxaldehyde (red). The So-S: transitions are shaded in grey while the
transitions to the Si states lie between 500-800 nm.

The opposite can be observed for azulene absorption spectra when substituents
occupy positions 2, 4 and/or 6. Electronically, the HOMO-LUMO energy gap becomes
larger in the case of electron donating groups where the LUMO and LUMO+1 levels are

raised in comparison to those of unsubstituted azulene (Figure 7). On the contrary, a red-



shift is notable for azulenes substituted at 4 or 6 position with an electron withdrawing

group, characteristic of a narrower HOMO-LUMO energy gap (Figure 7). °
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Figure 6. The effect of substituents at the C-1 on azulene FMO.”
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Figure 7. The effect of substituents at the C-4 on azulene FMO.?



1.4. Motives and Objectives

Azulenes structural and electronic features give access to various chemical
modifications that enabled azulenes to be building blocks for the construction of
conducting polymers,'® as cathode modification layers in bulk-heterojunction solar cells,*
and in electrochromic and nonlinear optical materials.!! As a result of its high electron
density at C-1/C-3, azulene can readily participate in electrophilic aromatic substitution.
In fact, treatment of azulene with strong acids leads to protonation at C-1/C-3 and the
formation of the resonance-stabilized 6-mt-electron tropylium cation.?’ It was shown that
extending the conjugation through the seven-membered ring of the parent azulene with
aromatic substituents dramatically impacts the optical, electrochemical and
electrochromic properties of azulenylium carbocation.”-

We envisioned that using guaiazulene as a natural precursor, various stimuli-
responsive chromophore can be synthesized, which would (a) help further understand
the optical and electronic properties of azulenes derivatives, (b) establish photophysical
structure-property trends for guaiazulene-terminated m-conjugated analogues under
acidic conditions, including absorption, emission, quantum yield and optical band gap
patterns, and (c) enable employing the synthesized chromophores in the design of eco-
friendly photosensitive polymeric systems that can be derived from sustainable,
naturally occurring sources with potential application in the field of 3D optical data

storage (ODS).



1.5. Results and Discussion

1.5.1. Syntheses of 4-Styrylguaiazulenes 3a-1

4-Styrylguaiazulenes 3a-1 were prepared by condensation of the C-4 methyl group
of guaiazulene and common aldehydes (Scheme 1). The reactivity of methyl group can
be explained by hyperconjugation that is triggered by the electron-poor nature of the 7-
membered ring.” While this reaction has been documented previously,? failure to
reproduce the synthesis prompt us to investigate different reaction conditions (Table 1).
The use of excess benzaldehyde 2a (3 equiv.) in a solution of ‘BuOK and morpholine
generates the corresponding 4-styrylguaiazulene 3a (method E) in moderate yield. On
the other hand, fewer side products and better yield were obtained when a solution of
guaiazulene 1 in t-amyl alcohol was added dropwise to a hot solution of benzaldehyde
2a (3 equiv.) and ‘BuOK in t-amyl alcohol (method F). It is noteworthy that in the case of
low-melting aldehydes, careful addition of ‘BuOK to a melted guaiazulene/aldehyde
mixture produces 3a in better yields under neat conditions; however, employing these
conditions requires the use of a large excess of 2 that serves to completely dissolve 1

(method G).
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Scheme 1. Syntheses of 4-styrylguaiazulenes 3a-l. Reagents and conditions: (a)
benzaldehyde 2a, method F, 54%; (b) 4-bromobenzaldehyde 2b, method G, 48%; (c) 4-
(hexyloxy)benzaldehyde 2¢, method G, 43%; (d) 4-(phenylthio)benzaldehyde 2d, method
E, 35%; (e) 7-bromo-9,9-dihexyl-9H-fluorene-2-carbaldehyde 2e, method F, 34%; (f)
pyrene-1-carbaldehyde 2f, method E, 70%; (g) (E)-4-(4-bromostyryl)-7-isopropyl-1-
methylazulene 3b, Pd(PPhs).Cl,, Cul, K2COs, THF, 32%; (h) furan-2-carbaldehyde 2g,
method G, 67%; (i) thiophene-2-carbaldehyde 2h, method G, 66%; (j) 1-hexyl-1H-pyrrole-
2-carbaldehyde 2i, method E, 71%; (k) 1-ethyl-1H-indole-3-carbaldehyde 2j, method F,
48%; (1) 9-ethyl-9H-carbazole-3-carbaldehyde 2k, method E, 75%. Color represent the
different series compared in this work: 3a-d, 3e-g, 3h-j, and 3j-1.
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Table 1. Conditions for the formation of 3a.

0 o Conditions 0
+ H >
O J\© O \ O
1 2a 3a
Method Equiv. of 2a Base (equiv.) Solvent Temp. Yield (%)
A 3 KoCOs (3) DMF  TBAB, 80 °C 0°
B 3 Cs2C0s3(3) DMF 120 °C Trace*
3 LDA THF 0°C 07
D 3 ‘BuOK (3) THF 65 °C 290
1 t
B 3 morpholine (1), ‘BuOK THF 65°C 400
©)

F 3 ‘BuOK (3) ‘AmOH 110 °C 54
G 10 ‘BuOK (3) neat 100 °C 48>

“Product was not observed. ? Isolated yields. ¢ TBAB was added as transfer agent.

1.5.2. NMR Studies

NMR studies were carried out to determine the protonation site on 4-
styrylguaiazulenes. In that regard, analyzing the '"H NMR of 3i and 3i(H*) shows that
protonation takes place exclusively at C-3 as indicated by the singlet peak corresponding
to C-1 Me- group and the presence of a broad peak that corresponds to the allylic protons

at C-3 (Figure 8). Interestingly, all proton peaks corresponding to 3i(H*) are at higher

12



frequency than 3i, thus indicating increased deshielding as a result of the resonance-

stabilized tropylium cation.

CDCI,/TFA

5.02{ —

.....................................

Figure 8. '"H NMR spectra of 3i in CDCls and CDCIs:TFA, inset showing the two
solutions in NMR tubes in CDCl: and when treated with TFA.

1.5.3. UV-vis Absorption Study

Examination of the UV-vis spectra of 3a-1 in their neutral states (DCM) shows that
all derivatives exhibit a broad profile with onsets of absorption ranging between 405 for
3a and 472 nm for 3f that corresponds to the So-S: transition (Table 2). In addition, all
spectral profiles are distinguished by broad absorptions centered at ~ 650 nm that are

correlated with the weak So—S: transition common in various azulene derivatives.
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The effect of acid on the absorption of 4-styrylguaiazulenes 3a-1 was investigated
employing either a solution of 10% TFA in DCM or photoexcitation of a solution of 3 and
commercially available PAG, diphenyliodonium hexafluorophosphate (DPIHFP), in
DCM. In all cases a bathochromic shift in the main absorption peak relative to the original
ni—7t* transitions reveals a dependence on the extent of conjugation of the guaiazulenium
cation with the adjacent aromatic rings. For instance, guaiazulenium cations 3a-d(H")
(445, 450, 500, and 523 nm, respectively), the increasing absorption maxima can be
correlated with an increased strength of the electron-donating group on the para position
of the phenyl group, and hence a stronger donor (Figures 9-12).

Similarly, for guaiazulenium cation 3a(H") baring a styryl group a sharp peak at
Amax = 445 nm is observed, while an increasingly dramatic impact on the absorption
maxima is noted for guaiazulenium cations having p-(phenylethynyl)styryl 3g(H*) (Amax
=490 nm), fluorenylvinyl 3e(H") (Amax = 529 nm), and pyrenylvinyl 3f(H*) (Amax =599 nm)
moieties (Figures 13-15). Whereas a similar trend can be seen in the case of guaiazulenium
cations conjugated to 5-membered ring heterocycles 3h-j(H*) (Figures 16-18), the
absorption maxima of 3j-1(H") are of comparable values (Figures 18-20). This suggests
that the extent of conjugation of nitrogen-containing heterocyclic guaiazulenium cations
has little impact on Amax. Collectively, these observations indicate that narrowing of the

optical band-gap upon treatment of 3 with strong acids can be systematically tuned by
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the nature of the substituent conjugated to the seven-membered ring of guaiazulene

(Table 2).
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Figure 9. (a) Normalized absorbance spectra of 3a in DCM, Amax =318 nm, and DCM:TFA
(10%), Amax = 445 nm. (b) Normalized abs and em spectra of 3a in DCM:TFA (10%), Aex =
445 nm, Amax =512 nm, QY 0.03 (CV in MeOH).
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Figure 10. (a) Normalized absorbance spectra of 3b in DCM, Amax =318 nm, and DCM:TFA
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Figure 11. (a) Normalized absorbance spectra of 3¢ in DCM, Amax =367 nm, and DCM:TFA
(10%), Amax = 516 nm. (b) Normalized abs and em spectra of 3¢ in DCM:TFA (10%), Aex =
445 nm, Amax =534 nm, QY 0.12 (CV in MeOH).
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Figure 12. (a) Normalized absorbance spectra of 3d in DCM, Amax =370 nm, and DCM:TFA
(10%), Amax = 523 nm. (b) Normalized abs and em spectra of 3d in DCM:TFA (10%), Aex =
523 nm, Amax =705 nm, QY 0.11 (CV in MeOH).
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Figure 14. (a) Normalized absorbance spectra of 3f in DCM, Amax =405 nm, and DCM:TFA
(10%), Amax = 599 nm. (b) Normalized abs and em spectra of 3f in DCM:TFA (10%), Aex =
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Figure 15. (a) Normalized absorbance spectra of 3g in DCM, Amax=369 nm, and DCM:TFA
(10%), Amax =490 nm. (b) Normalized abs and em spectra of 3g in DCM:TFA (10%), Aex =
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Figure 16. (a) Normalized absorbance spectra of 3h in DCM, Amax =332 nm, and DCM:TFA
(10%), Amax = 498 nm. (b) Normalized abs and em spectra of 3h in DCM:TFA (10%), Aex =
498 nm, Amax =576 nm, QY 0.19 (CV in MeOH).
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Figure 17. (a) Normalized absorbance spectra of 3i in DCM, Amax =332 nm, and DCM:TFA
(10%), Amax = 493 nm. (b) Normalized abs and em spectra of 3i in DCM:TFA (10%), Aex =
493 nm, Amax =570 nm, QY 0.02 (CV in MeOH).
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Figure 18. (a) Normalized absorbance spectra of 3j in DCM, Amax =420 nm, and DCM:TFA
(10%), Amax = 587 nm. (b) Normalized abs and em spectra of 3j in DCM:TFA (10%), Aex =
587 nm, Amax = 663 nm, QY 0.01.
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Figure 19. (a) Normalized absorbance spectra of 3k in DCM, Amax =425 nm, and DCM:TFA
(10%), Amax =590 nm. (b) Normalized abs and em spectra of 3k in DCM:TFA (10%), Aex =
590 nm, Amax = 678 nm.
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Figure 20. (a) Normalized absorbance spectra of 31 in DCM, Amax =407 nm, and
DCM:TFA (10%), Amax =595 nm. (b) Normalized abs and em spectra of 31 in DCM:TFA
(10%), Aex =593 nm, Amax = 744 nm.
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Table 2. Linear optical properties of 3 in DCM:TFA.*

Stokes shift

3 A% (mp AT (nm) ) o Eg (V)
a 445 512 67 0.03 2.53
b 450 534 84 0.05 2.50
C 516 619 103 0.12 217
d 523 705 182 0.11 2.04
e 529 656 127 0.70 2.07
f 599 768 169 0.05 1.81
g 490 636 146 0.55 2.24
h 498 576 78 0.19 2.26
i 493 570 77 0.02 2.26
j 587 663 76 0.01 1.92
k 590 678 88 0.01 1.90
593 744 151 0.02 1.86

« All measurements performed at room temperature. * Absorption and emission maxima

+1 nm. ¢ All experiments were performed using optical densities < 0.1 at the excitation

wavelength (Aex = 1255.). ¢ Fluorescence quantum yields are relative to the quantum yield

of either DPA in cyclohexane, Rh6G in ethanol or CV in methanol.

1.5.4. Emission Properties of 4-Styrylguaiazulenes 3a-1

Similar to guaiazulene 1, all synthesized 4-styrylguaiazulenes 3a-1 have an
extremely weak 51-S, emission in DCM. On the other hand, fluorescence is switched-on
to varying extents upon dissolving 3a-1 in a solution of DCM:TFA (v:v, 9:1). The
structureless emission spectra of 3a-1(H"*) suggest that the long-wavelength emission may
result from an internal charge transfer (ICT) state. Interestingly, emission maxima are
also consistent with previous observations drawn from the absorption profiles, in that
enhanced conjugation and increasing strength of electron-donor group of the aromatic
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substituents result in longer Si—S, emissions (Table 2). It is observed that all 4-
styrylguaiazulenes have considerably large Stokes shift, however, the calculated Stokes
shift for 3d(H*) (181 nm) is surprisingly larger than those determined of the same series
(3a-c(H)). It is noteworthy that derivatives baring aromatic substituents of expanded
conjugation 3e-g(H*) similarly show large Stokes shifts, reflecting more structural
reorganization of 3d-g(H*) upon photoexcitation.

The fluorescence quantum yields (®r) measured for 3a-d(H*) show a steady
increase in the radiative decay upon photoexcitation with increasing donor strength
(Table 2). On the other hand, guaiazulenium 3e(H*) and 3g(H*) have exceptionally high
fluorescence quantum efficiencies as result of increased conjugation and rigidity.
Fluorescence switching-on is also observed in the case of 3h(H*) with a @r of 0.19, but
becomes negligible for 3i(H*) as a direct consequence of significant spin-orbit coupling

induced by the thienyl sulfur.

1.5.5. Acid Titrations on 4-Styrylguaiazulenes

The study of UV-vis spectral changes as a function of TFA concentration was made
using two closely related 4-styrylguaiazulenes 3b,c. In both cases, the addition of TFA
results in a gradual increase in intensities of new peaks corresponding to the protonated
species along with bleaching of the m—7t* transition peaks in the UV-region (Figure 21).
In addition, both 4-styrylguaiazulene analogs 3b,c display an isosbestic point at 380 and

425 nm, respectively, as a result of two interconverting optically different species.
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Figure 21. Absorption spectra of (a) 3b (8.0 x 10° M) and (b) 3¢ (8.0 x 10° M) upon titration
with a solution of TFA and DCM.

It is notable that the equivalence of TFA necessary to induce complete acid
saturation varies between the two derivatives, however, a trend related to the different
electron donor strength could not be established as seen in the case of titration of 3l

(Figure 22).
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Figure 22. Absorption spectra of 31 (8.0 x 10° M) upon titration with a solution of TFA
and DCM.

In a similar fashion, fluorescence spectral changes as result of incremental TFA
concentration were studied by employing 3e that exhibits significant switch-on

fluorescence (Figure 23). As predicted, the intensity of the emission band at 656 nm
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responds proportionally to TFA titrations, where 1500 molar equivalences of TFA are

deemed necessary to achieve a 6-fold increase in the emission band at 8.0 x 10-° M of 3e.
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Figure 23. (a) Absorption spectra of 3e (8.0 x 10° M) (b) and emission spectra of 3e (8.0 x
10 M) upon titration with a solution of TFA in DCM.

1.5.6. Phototitration using Photoacid Generator

A similar halochromic behavior was observed when an equimolar solution of 3e
and a commercially available onium PAG, DPIHFP, is irradiated at 405 nm where
absorption spectra were recorded at 1 minute intervals (Figure 24a). While DPIHFP is
activated at wavelengths below 300 nm, photoexcitation is also achieved at 405 nm
through an intermolecular photoinduced electron transfer (PeT) phenomenon, which is
reported to occur from the S: state of guaiazulene to the excited state of various electron
acceptors.??0 Sensitization of UV-activated DPIHFP with 3e was evident as the band at
Amax = 532-537 nm, associated with 3e(H+) UV-vis profile, gradually emerges with a
concomitant decrease in intensity of 365 nm peak. In a solution of 2:1 DPIHFP/3e (Figure

24b), complete conversion to the protonated species 3e(H+) was achieved in a shorter
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time period, while a further increase in the concentration of DPIHFP had little effect on
peak intensities and irradiation time that is necessary for complete protonation.

(@ (b)

Absorbance (OD)
Absorbance (OD)

Wavelength (nm) Wavelength (nm)

Figure 24. Absorption spectra of 3e (8.0 x 10° M) in the presence of (a) 1 equiv. and (b) 2
equiv. of DPIHFP in DCM (1 min interval, average irradiance = 24.3 mW cm? at 405 nm).

1.5.7. Thin-film One-Photon and Two-Photon Microlithography

The results described previously encouraged us to design a photosensitive
polymeric system with potential application in the field of 3D optical data storage. These
films are prepared by spin-coating a DCM solution of 3e as an acid-sensitive fluorescence
switch-on dye/PAG sensitizer, DPIHFP as the photoacid generator, and PMMA as the
matrix. The thin film samples are then irradiated using custom printed transparency
masks as well as a copper TEM grid. A 405 nm-laser is briefly used to excite the film
samples placed under the appropriate masks. Brightfield images are then collected after
the removal of the masks by using an Olympus IX-81 microscope with a TRITC filter cube
to capture the fluorescence emitted by 3e(H+). Control images, taken for sections of the
film that saw no 405 nm excitation, showed only autofluorescence or negligible signal.

One the other hand, fluorescence images of one-photon irradiated masked samples were
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taken under 100x magnifications showing grid sizes of approximately 100 um from one
corner of a square grid to the other (Figure 25a). Unfortunately for the mask used in
Figure 25b (a compilation of four images), capture of a detailed smaller image was limited
by the quality of the mask made. The excellent contrast seen from these images from
such short exposure times prompted the attempt to probe the quality of 2PE lithography
with these films. The corresponding samples were examined under a Leica SP5 confocal
microscope with a 63x 1.20 numerical aperture water immersion objective coupled to a
2PE system with 800 nm wavelength emission. Point excitation of the film was performed
by setting the microscope at the maximum optical zoom allowed and irradiating for a
period of five seconds followed by moving in the Z direction to another area below the
tirst plane and exciting for the same time interval. The image was then retaken using 1x
zoom at 561 nm and collected from 570 — 650 nm and scanned using 0.15 um steps.
Collected images as a result of 2PE can be seen in Figure 26. Scanned voxels show an
average size of ~5 x 6 nm in the xy-plane with an example shown in Figure 26a. Figure
26b shows a 3D rendering of a single voxel where the height along the z-direction could
be measured as being approximately 16 um. Figure 26c shows a 3D image corresponding
to Figure 26a with a side view along the z-axis clearly showing the distinct region of no
fluorescence that lies in between the two voxels.

We then studied the effect of radiation power and interval, in which two different

irradiation powers (1.6 mW and 0.7 mW) and (5.0 s and 0.5 s) times were used to create
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the voxels. Figure 27a-d depicts the sectional view of the captured images. As expected,
higher power and longer exposure time lead to greater depth of the voxel along the z-
axis (18-20 um).3! On the other hand, a low power radiation with a short exposure time
result in a depth of ~9 um. The rectangular to cuboidal shape of the voxels can be
attributed to the faster scanning mode of the microscope, which translates to the voxels
being created with a false point scanning method despite applying maximum optical
zoom.*? This mainly affected the y-axis of the voxel with an average length of ~5 um to ~2
um. The results, however, show that if a true point scan was applied, the spatial

resolution could be greatly enhanced by controlling the power and speed of irradiation.

g 100 um

Figure 25. Thin film fluorescence image using (a) 200 mesh TEM grid mask and (b)
custom transparent mask. (Images taken with a custom TRITC filter cube (Ex:525/40;
DM:555; Em:624/40 — Scale bar 100 um). Spin-coated films are prepared from a solution
of 3e, 2% (w/w); DPIHFP, 6%; PMMA, 92% in DCM (5 mL).
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Figure 26. 2PE images of thin film samples: (a) Top down view of voxel showing average
size of ~ 5 x 6 um, (b) 3D reconstructed image of single voxel, (c) 3D reconstructed image
of two voxels separated along the z-axis.

Figure 27. Sectional view of irradiation power and time experiments. Irradiation powers
of 1.6 mW for (a) and (b) and 0.7 mW for (c) and (d). Irradiation times of 5.0 s for (a) and
cand 0.5 s for (b) and (d). (Scale bar 5 pum).
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1.6. Conclusion and Future work

In conclusion, naturally-occurring guaiazulene has been used as a building block
to prepare an introductory set (3a-1) of 12 guaiazulene-terminated m-conjugated analogs
for which photophysical structure-property trends under acidic conditions are
established. Experiments indicates a linear dependence of photophysical behavior on the
nature of the donor moiety, and shows how the extent of m-conjugation can result in
tunable optical energy gaps for the described guaiazulenium derivatives. In addition, the
fluorescence switching-on of these analogues in response to protonation via a commercial
PAG was considered for the design of photosensitive polymeric system with potential
application in the field of 3D optical data storage. The corresponding images clearly
demonstrate the ability for 3 to be applied in the use of 2PE fluorescence lithography with
its high fluorescence signal after very short irradiation times. Efforts to further explore
the use of guaiazulene as an eco-friendly, non-toxic starting material for deriving
chromophores for bio-imaging applications are on-going in our research group.

1.7. Experimental Section

1.7.1. General Information

Reagents and solvents were purchased from commercial sources and used without
further purification unless otherwise specified. THF was degassed in 4 L drum and
passed through two sequential purification columns (activated alumina) under a positive

nitrogen atmosphere. Thin layer chromatography (TLC) was performed on S5iO2-60 F254
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aluminum plates with visualization by UV light or TFA staining. Flash column
chromatography was performed using CombiFlash Rf 200. Melting points (mp.) were
determined on a Fisher Scientific melting point apparatus. 400(100) MHz 'H(**C) NMR
spectra were recorded on Bruker Avancelll 400 spectrometer. 500(125) MHz 'H(**C) NMR
were recorded on Varian VNMRS 500 spectrometer. Chemical shifts (6) are given in parts
per million (ppm) relative to TMS and referenced to residual protonated solvent (CDCls:
6H 7.26 ppm, 6C 77.23 ppm; DMSO-ds: 6H 2.50 ppm, 6C 39.50 ppm). Abbreviations used
are s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), hp (heptet), b (broad),
and m (multiplet). ESI-TOF-MS spectra were recorded on Agilent 6210 TOF spectrometer,
respectively. Linear photophysical parameters were determined at room temperature in
spectroscopic grade DCM. The steady-state one-photon absorption spectra were obtained
with UV-Vis spectrophotometer Agilent 8453, using regular quartz cells with 1 cm path
length and molecular concentrations as reported. The steady-state fluorescence was
measured with FLS980 spectrofluorimeter (Edinburg Instruments Ltd.), using
spectrofluorimetric quartz cells with 1 cm path length and low concentrated solutions (C
~ 8 x 10° M). Fluorescence quantum yields (®r) were determined by standard method

relative to DPA in cyclohexane, Rh6G in ethanol or CV in methanol.

1.7.2. One and two-photon microscopy of film samples
Film samples were initially irradiated with a 405 nm laser through a custom mask

printed on a clear transparency or a 200 mesh copper TEM grid. Brightfield one-photon
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images were then taken using an Olympus IX-81 microscope equipped with a
Hamamatsu EM-CCD C9100 digital camera using a TRITC filter cube (Ex:525/40; DM:555;
Em:624/40) and a 10x (Olympus UplanFLN 10x, N.A.=0.30) objective. One and two-
photon microscopy images were all recorded with a Leica TCS SP5 II laser-scanning
confocal microscope system with a 63x objective (HCX P1 APO CS 63.0 x 1.20 WATER
UV) coupled to a tunable Coherent Chameleon Vision S (80 MHz, mode-locked, 75 fs
pulse width, tuned to 900 nm) laser. Irradiation times of up to ten seconds were used for
the excitation of dye film samples followed by confocal one-photon images taken by
exciting the film sample at 561 nm and collecting between 570-620 nm. Captured images
were then 3D rendered by using Olympus Slidebook V5.0. Laser power was measured

from the output of the beam from the objective.

1.7.3. Syntheses of 4-tyrylguaiazulenes 3a-I.

Method E: A solution of guaiazulene 1 (1.0 mmol) in anhyd. THF (5 mL) was
added dropwise to a hot solution of 2 (3.0 mmol), morpholine (1.0 mmol), and ‘BuOK (3.0
mmol) in anhyd. THF (5 mL). The mixture was heated until most of the starting material
was consumed (0.2 — 1.0 h). The mixture was cooled to room temperature and poured in
dilute HCI (1 N), then extracted with EtOAc (2 x 25 mL). The fractions were dried over
Na:SOs and evaporated under reduced pressure. Flash column chromatography using
hexanes and EtOAc (0 — 5%) afforded the desired product as green solid. For Method F,

a hot solution of ‘BuOK (3.0 mmol) in t-amyl alchol (10 mL) was heated at 105 °C for 30
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min. To this solution was added 2 (3.0 mmol) followed by the dropwise addition of a
solution of guaiazulene 1 (1.0 mmol) in f-amyl alchol (5 mL). The solution was heated for
3 h at 105 °C, then cooled to room temperature and poured in dilute HCI (1 N). The
mixture was extracted with DCM (2 x 25 mL) and worked up as above. As for method G,
10.0 mmol of aldehydes 2a-c, 2g or 2h and guaiazulene 1 (1.0 mmol) were heated to 80 C
in a sand bath followed by the addition of ‘BuOK (3.0 mmol) in small portions. The slurry
was heated for 10 min and the cooled to room temperature. The greenish solid was
dissolved with hexanes (30 mL) and filtered through a short silica pad. The solvent was
condensed and the resulting crude mixture was purified using Flash column
chromatography using hexanes and EtOAc (0 — 3%).
(E)-7-1sopropyl-1-methyl-4-styrylazulene (3a). Green oil (54%). 'H NMR (NMR (CDCls,
400 MHz) 6 8.25 (dd, ] =1.7, 0.8 Hz, 1H), 8.06 (d, ] =16.1 Hz, 1H), 7.77 - 7.70 (m, 1H), 7.68
(ddt, J=7.7,1.3, 0.6 Hz, 2H), 7.60 — 7.35 (m, 7H), 3.15 (p, ] = 6.9 Hz, 1H), 2.74 (s, 3H), 1.44
(d, ] =7.0 Hz, 4H). *C NMR (CDClIs, 100 MHz) 6 142.2, 140.5, 137.2, 135.3, 134.3, 133.5,
130.0, 129.2, 128.7, 127.4, 126.3, 120.7, 112.3, 38.7, 25.1, 13.4. HRMS (ESI) (m/z): [M + HJ*
caled for C22H23 287.1794; found, 287.1790.
(E)-4-(4-Bromostyryl)-7-isopropyl-1-methylazulene (3b). Green needles (mp. 100.0 -
102.0 °C, 46%). 'H NMR (NMR (CDCls, 400 MHz) 6 8.18 (s, 1H), 7.97 (d, ] = 16.1 Hz, 1H),
7.67 (d, ] =3.9 Hz, 1H), 7.59 — 7.36 (m, 7H), 7.28 (d, ] = 16.2 Hz, 1H), 3.09 (sept, ] = 6.9 Hz,

1H), 2.67 (s, 3H), 1.37 (d, ] = 6.9 Hz, 6H). *C NMR (CDCls, 100 MHz) 6 141.5, 140.5, 137.1,
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136.9, 136.7, 136.4, 135.0, 133.4, 132.7, 132.1, 130.5, 128.6, 126.1, 122.3, 120.3, 112.0, 100.1,
38.5, 29.9, 24.9, 13.2. HRMS (ESI) (m/z): [M + H]* caled for C2H22Br 365.0899; found,
365.0895.

(E)-4-(4-(Hexyloxy)styryl)-7-isopropyl-1-methylazulene (3¢). Green needles (mp. 55.0 —
58.0 °C, 43%). 'H NMR (CDCls, 400 MHz) 6 8.21 (s, 1H), 7.92 (d, ] =16.1 Hz, 1H), 7.69 (d,
J=3.9 Hz, 1H), 7.60 (d, ] = 8.6 Hz, 2H), 7.57 — 7.49 (m, 3H), 7.38 (d, ] = 16.1 Hz, 1H), 6.97
(d, ]=8.6 Hz, 2H), 4.04 (t, ] = 6.6 Hz, 2H), 3.14 (sept, | = 6.9 Hz, 1H), 2.72 (s, 3H), 1.84 (dd,
J=8.5, 6.4 Hz, 2H), 1.56 — 1.33 (m, 13H), 1.00 - 0.93 (m, 2H). *C NMR (CDCls, 100 MHz)
6159.7, 142.4, 139.9, 136.8, 136.6, 136.3, 135.0, 133.7, 133.1, 130.0, 128.5, 127.3, 125.9, 120.3,
115.0, 112.0, 68.3, 38.4, 31.7, 29.9, 29.4, 25.9, 24.9, 22.8, 14.2, 13.2. HRMS (ESI) (m/z): [M +
H]* caled for CasHss0 387.2682; found, 387.2688.
(E)-(4-(2-(7-Isopropyl-1-methylazulen-4-yl)vinyl)phenyl)(phenyl)sulfane (3d). Green
powder (mp. 120.0 — 122.0 °C, 35%) 'H NMR (CDCls, 500 MHz) 6 8.21 (d, ] = 1.8 Hz, 1H),
8.00 (d, ] =16.2 Hz, 1H), 7.72 - 7.66 (m, 1H), 7.60 — 7.55 (m, 2H), 7.51 (d, ] = 1.9 Hz, 1H),
7.46 (dd, J=7.5, 3.6 Hz, 2H), 7.44 — 7.41 (m, 2H), 7.38 — 7.33 (m, 5H), 7.32 - 7.28 (m, 1H),
3.12 (sept, | =6.9 Hz, 1H), 2.70 (s, 3H), 1.40 (d, ] = 6.9 Hz, 6H). 3C NMR (CDCls, 125 MHz)
6 141.6, 136.8, 136.7, 136.5, 136.4, 136.0, 134.9, 133.2, 133.0, 131.5, 130.8, 129.8, 129.3, 127.7,
127.4, 125.9, 120.2, 111.9, 110.0, 38.3, 24.7, 13.0. HRMS (ESI) (m/z): [M + H]* calcd for

Ca2sH27S 395.1828; found, 395.1817.
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(E)-2-Bromo-9,9-dihexyl-7-(2-(7-isopropyl-1-methylazulen-4-yl)vinyl)-9H-fluorene
(3e). Green powder (mp. 88.0 — 90.0 °C, 34%) 'H NMR (CDCls, 400 MHz) 6 8.20 (s, 1H),
8.06 (d, ] =16.1 Hz, 1H), 7.72 - 7.66 (m, 2H), 7.62 (dd, | =7.9, 1.5 Hz, 1H), 7.59 — 7.44 (m,
8H), 3.11 (sept, | = 6.9 Hz, 1H), 2.69 (s, 3H), 1.99 (ddd, | =11.5, 9.8, 6.3 Hz, 4H), 1.40 (d, ] =
6.9 Hz, 6H), 1.18 — 1.00 (m, 12H), 0.77 (t, ] = 7.0 Hz, 6H), 0.71 — 0.58 (m, 4H). *C NMR
(CDCls, 100 MHz) 6 153.7, 151.4, 142.3, 140.9, 140.5, 140.1, 137.1, 137.0, 136.8, 135.3, 134.8,
133.5,130.4, 129.4, 126.7, 126.6, 126.3, 121.8, 121.6, 121.5, 120.6, 120.5, 112.2, 55.8, 40.7, 38.7,
31.9, 30.0, 25.1, 24.1, 23.0, 14.4, 13.4. HRMS (ESI) (m/z): [M + H]* caled for CuHsBr
621.3091; found, 621.3096.

(E)-1-(2-(7-Isopropyl-1-methylazulen-4-yl)vinyl)pyrene (3f). Green foamy solid (mp.
108.0 — 110.0 °C, 70%).'H NMR (CDCls, 400 MHz) 6 8.51 — 8.40 (m, 3H), 8.26 — 8.15 (m,
5H), 8.11 (d, ] =9.2 Hz, 1H), 8.05 (s, 2H), 7.99 (d, ] =7.6 Hz, 1H), 7.74 — 7.54 (m, 4H), 3.12
(sept, ] = 6.9 Hz, 1H), 2.72 (s, 3H), 1.43 (d, ] = 7.1 Hz, 6H). 3C NMR (CDCl;, 100 MHz) 6
142.3, 140.5, 137.2, 137.1, 136.8, 135.2, 133.4, 132.0, 132.0, 131.7, 131.6, 131.2, 131.1, 129.0,
128.1, 127.8, 127.7, 126.3, 126.2, 125.7, 125.4, 125.4, 125.3, 125.1, 124.3, 123.2, 120.8, 112.3,
38.6, 25.0, 13.3. HRMS (ESI) (m/z): [M + H]* calcd for Cs2H27 411.2107; found, 411.2110.
(E)-7-Isopropyl-1-methyl-4-(4-(phnylethynyl)styryl)azulene (3g). Green needles (mp.
100.0 - 102.0 °C, 32%). 'H NMR (CDCls, 400 MHz) 6 8.26 (d, ] =1.9 Hz, 1H), 8.09 (d, ] =
16.1 Hz, 1H), 7.75 (d, ] =3.8 Hz, 1H), 7.68 = 7.48 (m, 9H), 7.41 (ddd, ] =9.1, 4.9, 1.7 Hz, 4H),

3.16 (sept, | = 6.9 Hz, 1H), 2.75 (s, 3H), 1.45 (d, ] = 6.9 Hz, 6H). 3C NMR (CDCl;, 100 MHz)
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6141.7,140.5, 137.4, 137.1, 137.0, 136.7, 135.1, 133.3, 133.3, 132.2, 131.8, 130.6, 128.6, 127.2,
126.2,123.4,123.2,120.4, 112.2,90.9, 89.7, 38.5, 24.9, 13.3. HRMS (ESI) (m/z): [M + H]* calcd
for CsoHzr 387.2107; found, 387.2112.
(E)-2-(2-(7-Isopropyl-1-methylazulen-4-yl)vinyl)furan (3h). Green oil (mp. 80.0 -82.0 °C,
67%). 'H NMR (CDCls, 400 MHz) 6 8.20 (d, ] = 1.9 Hz, 1H), 7.97 (d, ] =16.1 Hz, 1H), 7.70
(dd, J=3.9, 0.8 Hz, 1H), 7.56 — 7.48 (m, 3H), 7.43 (d, ] = 11.1 Hz, 1H), 7.21 (d, ] = 16.0 Hz,
1H), 3.08 (sept, ] = 6.9 Hz, 1H), 2.71 (s, 3H), 1.41 (d, ] = 6.9 Hz, 6H). *C NMR (CDCls, 100
MHz) 6 153.6, 143.3, 141.7, 140.3, 137.1, 136.6, 135.1, 133.3, 128.1, 126.3, 121.5, 112.0, 112.4,
112.3, 110.7, 38.97, 25.1, 13.4. HRMS (ESI) (m/z): [M + H]* caled for C20H210 277.1587;
found, 277.1587.

(E)-2-(2-(7-Isopropyl-1-methylazulen-4-yl)vinyl)thiophene (3i). Green powder (mp.
68.0 - 70.0 °C, 66%). 'H NMR (CDCls, 400 MHz) 6 8.17 (s, 1H), 7.82 (d, ] = 15.9 Hz, 1H),
7.69 —7.64 (m, 1H), 7.55 - 7.38 (m, 4H), 7.27 (dd, ] = 5.2, 0.9 Hz, 1H), 7.17 (dd, ] = 3.4, 0.8
Hz, 1H), 7.09 - 7.01 (m, 1H), 3.08 (sept, ] =6.9 Hz, 1H), 2.67 (s, 3H), 1.37 (d, ] = 6.9 Hz, 6H).
BC NMR (CDCls, 100 MHz) 6 153.4, 143.1, 141.4, 140.1, 136.9, 136.3, 134.9, 133.1, 127.8,
126.1,121.3,119.7, 112.2,112.1, 110.5, 38.4, 24.9, 13.2. HRMS (ESI) (m/z): [M + H]* calcd for
CsoH2r 293.1358; found, 293.1358.
(E)-1-Hexyl-2-(2-(7-isopropyl-1-methylazulen-4-yl)vinyl)-1H-pyrrole (3j). Green oil
(71%). 'H NMR (CDCls, 400 MHz) 6 8.14 (d, ] =2.0 Hz, 1H), 7.75 (d, ] = 15.8 Hz, 1H), 7.62

(d, ] =3.9 Hz, 1H), 7.50 — 7.36 (m, 3H), 7.27 (s, 1H), 6.82 — 6.64 (m, 2H), 6.32 — 6.12 (m, 1H),
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4.00 (t, J=7.3 Hz, 2H), 3.08 (s, 1H), 2.66 (s, 3H), 1.77 (t, ] =7.1 Hz, 2H), 1.40 — 1.24 (m, 12H),
0.94 - 0.77 (m, 3H). *C NMR (CDCls, 100 MHz) 6 143.0, 139.9, 136.8, 136.4, 135.2, 133.4,
131.8, 126.6, 126.3, 124.2, 122.7, 120.2, 112.4, 109.2, 108.7, 47.7, 38.7, 32.1, 31.9, 27.0, 25.2,
23.0, 14.5, 13.6. HRMS (ESI) (m/z): [M + HJ* calcd for C26H34N 360.2686; found, 360.2697.
(E)-1-Ethyl-3-(2-(7-isopropyl-1-methylazulen-4-yl)vinyl)-1H-indole (3k). Green powder
(mp. 74.0 - 77.0 °C,48%). 'H NMR (CDCls, 400 MHz) 6 8.16 (s, 1H), 8.13 — 8.08 (m, 1H),
8.01 (d, J=16.2 Hz, 1H), 7.68 — 7.59 (m, 2H), 7.58 — 7.46 (m, 3H), 7.42 (s, 1H), 7.37 (d, = 1.4
Hz, OH), 7.32 - 7.26 (m, 1H), 4.30 — 4.11 (m, 2H), 3.16 — 3.04 (sept, ] =7.0 1H), 2.67 (s, 3H),
1.56 — 1.49 (m, 3H), 1.38 (d, ] = 7.0 Hz, 6H). *C NMR (CDCls, 100 MHz) 6 143.7, 139.6,
137.3, 136.6, 136.3, 135.2, 133.2, 128.5, 127.5, 126.0, 125.5, 122.8, 120.9, 120.9, 120.0, 115.0,
112.1, 110.2, 41.6, 38.6, 25.1, 15.7, 13.5. HRMS (ESI) (m/z): [M + H]* caled for CasHzsN
354.2216; found, 354.2176.
(E)-9-Ethyl-3-(2-(7-isopropyl-1-methylazulen-4-yl)vinyl)-9H-carbazole ~ (31). = Green
foamy solid (mp. 88.0 — 90.0 "C, 75%). 'H NMR (CDCls, 400 MHz) 6 8.36 (dd, ] =1.7, 0.6
Hz, 1H), 8.22 - 8.20 (m, 1H), 8.19 (ddd, ] =7.8, 1.2, 0.7 Hz, 1H), 8.08 (d, ] = 16.1 Hz, 1H),
7.85-7.81 (m, 1H), 7.71 - 7.67 (m, 1H), 7.64 (d, ] =16.0 Hz, 1H), 7.61 — 7.49 (m, 4H), 7.48 -
7.43 (m, 2H), 7.32 - 7.28 (m, 1H), 4.42 (q, ] =7.2 Hz, 2H), 3.18 - 3.09 (m, 1H), 2.74 - 2.64 (m,
3H), 1.48 (t, ] = 7.2 Hz, 3H), 1.42 (d, ] = 6.9 Hz, 6H). *C NMR (CDCls, 100 MHz) 6 142.6,

140.5, 139.8, 136.8, 136.4, 136.2, 135.2, 135.0, 133.0, 128.6, 126.7, 126.1, 125.8, 125.1, 123.1,
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120.7, 120.3, 119.7, 119.3, 112.0, 108.9, 108.8, 38.4, 37.7, 24.9, 13.9, 13.2. HRMS (ESI) (m/z):

[M + HJ* caled for CaoHsoN 404.2373; found, 404.2320
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CHAPTER 2: EXTENDING II-CONJUGATION OF GUAIAZULENE
VIA RING ANNULATION OR PALLADIUM CATALYZED CROSS-
COUPLING REACTIONS

Parts of this chapter appear in E. H. Ghazvini Zadeh, et al. Eur. J. Org. Chem. 2015, 2271-2276.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, used with permission.

2.1. Abstract

Guaiazulene reactive sites at C-3 and C-4 were exploited to generate a series of
cyclopenta[eflheptalenes 6a-c that exhibit strong stimuli-responsive behavior. Though the
synthesis of cyclopenta[eflheptalenes has been reported in the literature, this described
approach is versatile in that it allows for various substrates to be incorporated into the
resulting cyclopenta[ef]lheptalenes. The synthesis was optimized to a one-pot step that
furnished a set of cyclopentaleflheptalenes 6a-c, which was characterized via 1D and 2D
NMR. In addition, UV-vis absorption profiles were obtained in neutral and acidic media,
showing that the extension of conjugation at C(4) of the cyclopenta[eflheptalene skeleton
from X =H, 6a, to X = CN, and 2-thiophenyl, 6b and 6¢, respectively, resulting in longer
absorption maxima and smaller optical energy gaps of the cyclopenta[eflheptalenium
cations 6a-c*. Additionally, in the presence of a UV-activated (< 300 nm) photoacid
generator (PAG), protonation of 6¢c can be indirectly achieved via intermolecular
photoinduced electron transfer (PeT) from the excited state of 6¢ to the PAG, upon which
the latter undergoes photodecomposition resulting in the generation of acid. In a related

study, guaiazulene methyl group at C-4 was employed to study the linear and non-linear
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optical properties of 4-styrylguaiazulenes 3¢, 3m, and 30, which have 4-hexylphenylether
moiety as the m—donor with varying m-spacer. As predicted, increasing the conjugation
results in a bathochromic shift for the protonated species. On the other hand, a trend of
decreasing quantum yield was established for this set of 4-styrylguaiazulenes, which can
be explained by the increasingly higher degree of flexibility.

2.2. Azulenes — Modular Building Blocks

There is an extensive growth in the research and development of organic materials
whose optical, electronic, and conductive properties can be modulated upon application
of external stimuli. The design of such chromophores has been based on various -
conjugated building blocks that are functionalized with electron donor or acceptor
moieties, leading to extended push-pull chromophores.?® Expanded m-conjugated
organic materials are often known for poor physical and chemical stability, limiting their
scope of application.?*** To address these drawbacks, significant efforts have been made
to exploit the azulene framework as a modular building block for the synthesis of
chromophores having stimuli-responsive behavior.*® Similar to the various azure-blue
derivatives of the bicyclic sesquiterpene —azulene, guaiazulene exhibits unique electronic
and optical properties that allow for its use in charge-transport,'3* nonlinear optics,'>1¢
and sensor applications.”” Unlike other small aromatic hydrocarbons, guaiazulene
exhibits a relatively large permanent dipole moment, owing to its fused electron-rich

cyclopentadiene and electron—poor heptatriene skeleton (Figure 28).181°2! Electronic

39



properties of the azulene core result in the domination of fluorescence from the Sz excited
state to the So state, in violation of Kasha’s rule,® and very low emission intensity from
the S1 to So state. Treatment of guaiazulene with strong acids leads to the protonation of
the cyclopentadiene ring at the unsubstituted 3-position and yields the tropylium cation,
which is accompanied by a change in the radiative decay pathway from the S2 — So to the

S1 — So transition in the protonated species.?

o

Figure 28. Resonance structures of guaiazulene with the numbering scheme and

permanent dipole moment.

Various substitution patterns on the azulene core have been tailored in order to
alter the azulene structure and understand the effect of acid doping on the optical and
electronic properties of azulene-containing systems.?? The selective synthesis of azulene
derivatives having a single isomeric arrangement of functional groups at the 4- and 7-
positions of the seven-membered ring was reported.” Such a connectivity pattern
allowed for the incorporation of two thiophenyl groups at these positions via Stille
coupling. The corresponding azulenium cation showed a significantly smaller energy gap
with a concomitant red shift of the absorption maximum and a relatively strong S1 — So

fluorescence (Figure 29).1315
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Figure 29. Formation of azulenium cations (red) from thiophene azulene oligomer
(black). UV-vis absorption in DCM and DCM:TFA for neutral oligomer and protonated
oligomer, respectively.

2.3. Annulation of Guaiazulene to Cyclopentaleflheptalenes

The extension of the azulene framework by annulation to form a stimuli-
responsive m—conjugated polycyclic hydrocarbon has been modestly reported. Hafner
used the immonium salts of 4,6,8-trimethylazulene-1-formaldehyde and 4,6,8-
trimethylazulene-1-propenal to form via intramolecular cyclization the corresponding
cyclopenta[cd]azulene and cyclopentaleflheptalene, respectively (Figure 30).3¢ Recently,
Wu and coworkers demonstrated a relatively lengthy method for the synthesis of two
functionalized cyclopenta[ef]lheptalenes,® and none of the prepared derivatives were
fully conjugated throughout the skeleton (Figure 30). In addition, the doping of these
tricyclic systems with acids has not yet been reported. We envisioned that a stimuli-
responsive cyclopenta[eflheptalene framework can be achieved by adopting a similar

synthetic approach to the one reported by Wu.¥” As depicted in Figure 30, the
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intermediate  aldehyde is attacked by the enolate, leading to 7,8-
dihydrocyclopenta[eflheptalene. In this work, we employed the acidic protons of the Me
group at C(4) of prepared guaiazulene-based acrylonitriles for the annulation of the fused
7-membered ring. This concomitantly introduces a basic amine on C(5) that is thought to
be feasibly protonated by acids to generate a halochromic system.

Hafner's Approach Wu's Approach This work

R
X
fo . A

o
\/ 2 Q CH,

Figure 30. Ring formation via intramolecular cyclization.

When compared to previous literature procedures, the approach employed in this
work is rather versatile in that it allows for various alkyl or (hetero)aryl groups to be
installed on the C-4 position of cyclopenta[eflheptalene skeleton, hence yielding an array
of cyclopenta[eflheptalenes that could enable study of photophysical structure-property
trends.

2.4. Syntheses and NMR Characterization of Cyclopentaleflheptalenes 6a-c

The syntheses of cyclopenta[eflheptalenes 6a-c are shown in Scheme 2. Initially, 3-
guaiazulenecarboxylaldehyde 1a was condensed with acetonitriles 4a-c in the presence
of morpholine as a base to afford the corresponding guaiazulene-based acrylonitrile 5a-

c. Treatment of 5a-c with two equivalents of ‘BuOK led to formation of the fused 7-
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membered ring 6a-c. The two-step synthetic route was reexamined in order to afford 6a-
¢ in a one-pot synthesis. Accordingly, condensation and ring formation were achieved
when excess acetonitrile 4a-c and ‘BuOK were used, leading to yields higher than those
obtained via the step-wise approach.
X N
}

Morpholine

Y MeOH, rt, 30’ O
(0]
X)\CN

4a, X = H, Y = P(O)(OEt), Morpholine ['BuOK, THF
4b, X =CN, Y = H A 3h
4c, X = 2-thiophenyl, Y = H ’

1a Morpholine

'BUOK, THF QO X
A 3h

NH
6a-c 2

Scheme 2. Syntheses of 6a-c.

We predicted that protonation with TFA would occur on the amine, as observed
with various other aromatic compounds having exocyclic amines. However, a thorough
NMR study, including COSY, 'H-3C HSQC, 'H-*N HSQC, HMBC, and INADEQUATE
experiments, shows that protonation occurs at C(6), as evidenced by the presence of a
CH: in the HSQC spectra of the protonated forms (Figure 31, inset). Further analysis of
spectra corresponding to the neutral and protonated forms of 6 shows that all aromatic

'H resonances appear at lower frequency than expected for aromatic systems, but shift
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significantly to higher frequency when protonated (Figure 31). This suggests that the —
NH: group does not behave as an aromatic amine, but rather as an enamine. This
phenomenon can be interpreted by comparing the relative hardness of
cyclopenta[eflheptalene (0.285), azulene (0.439), and benzene (1.000). Coined by Parr and
Zhou, relative hardness is an index used to identify aromatic, nonaromatic, and
antiaromatic character of cyclic conjugated molecules, and incorporates high stability,
low reactivity, and sustained induced ring current as defining measures of aromaticity.
Accordingly, the values of relative hardness suggest that 6 exhibits low aromatic
character, which is consistent with the unusual low frequencies of aromatic 'H
resonances. Additionally, the higher frequencies of 6a-c* '"H resonances are comparable
to those seen in azulene derivatives, suggesting that a larger sustained induced ring

current exists, and hence a larger aromatic character for the protonated species.
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Figure 31. 'H NMR spectra for 6b (red, CDCls) and 6b* (blue, CDCls + 1% TFA) with
aliphatic '"H-1*C HSQC spectrum for 6b* (inset).

The resonances of cyclopenta[eflheptalenes are assigned by analyzing the 1D and
2D NMR spectra, which became important to resolve any ambiguities, especially at C(2a),
C(2a’), and C(10’) in the cyclopenta[ef]heptalene skeleton (see Scheme 2 for numbering).
The assignment was validated by directly observing the *C-3C connectivity with an
INADEQUATE experiment on 6b (Figure 32). In the case of 4a, protonation could
potentially occur at either C(4) or C(6), which are at the (3-position of the amine group.
However, HMBC correlation between the *C resonance of C(7) and the CH: 'H resonance

indicated that protonation with TFA occurs at C(6).
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Figure 32. °C-13C coupling network for 4b as determined by NMRanalyst.

2.5. UV-vis Absorption Study of Cyclopentaleflheptalenes

Examination of the UV-vis spectra of 6a-c (Figure 33) in their neutral states (DCM)
shows that all derivatives exhibit an absorption maximum at ~400 nm that corresponds
to the Sp-S:2 transition, consistent with other reported azulenes (Figure 3a, Table 2).18 It is
notable, however, that there is little to no indication of the long wavelength absorption
that corresponds to the Sp — S:i transition seen in azulene derivatives.??¢ Upon

protonation of 6a-c, there is a distinct bathochromic shift relative to the original m—mt*
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transitions (Figure 3b). The absorption maxima of the new broad peaks (574, 587, 609) are

correlated with the extent of conjugation of the protonated heptalenes 6a-c+, respectively.

(a) (b)

2.0 ——4a
——ap
—4c

6a+
6b+
6c+

1.5+

1.0+

Normalized absorbance
Normalized absorbance

0.5

0.0
T T T T T 0 T T T T
300 400 500 600 700 800 900 400 500 600 700 800 900

Wavelength /nm Wavelength /nm

Figure 33. (a) Absorption spectra of 6a-c in DCM, and (b) 6a-c* in DCM:TFA (v:v, 9:1).

Extrapolating the onset wavelength of the absorption spectra of
cyclopenta[eflheptalenes in their neutral 6a-c and protonated forms 6a-c+, it is possible to
estimate their corresponding optical energy gap, Eg (Table 3).° It can be seen that the
energy gap decreases through the series of derivatives, which is consistent with other
azulene derivatives previously reported.?

Table 3. Spectral data for compounds 4a-c in DCM and DCM:TFA (v,v; 9,1)

1 Neutral Protonated

Apose (nm)  AghS,, (nm)  Eg(eV) | Aghs, (nm)  Aghs., (nm) Eg (eV)
a 390 498 2.49 574 647 1.92
b 406 510 243 586 692 1.79
c 400 521 2.38 609 752 1.65
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2.6. Sensitization of Commercial PAG with Cyclopentaleflheptalenes

Inspired by reports that discuss the intramolecular photoinduced electron transfer
(PeT) from the S: state of azulene to the excited state of various electron acceptors,? the
possible intermolecular PeT of 6 to the excited state of a commercial PAG,
diphenyliodonium hexafluorophosphate (DPIHFP), was investigated. Such a PAG is
photoactivated at wavelengths ranging from the VUV to UV.#* This presents a serious
drawback, especially in certain applications as it limits their use to a spectral region that
may overlap with functional groups that undergo, e.g., free radical photoinitiated
polymerization.*! As a proof of concept, sensitization of DPIHFP with 6 was investigated
when 6c was initially excited in the range of the So-S: transition (365 — 410 nm).
Photoexcitation of 6¢/DPIHFP was recorded at 10 s intervals (Figure 34a). Acid generation
was evident as the band at 580 nm, commonly observed in the UV-vis profile of 6c*,
gradually emerges with a concomitant decrease in intensity at 400 nm. An isosbestic point
observed at 465 nm is indicative of the presence of two inter-converting optically different
phases in the solution.

Interestingly, excitation of a 6¢/DPIHEP solution at 532 nm is similar in manner to
that observed in Figure 4a, yet provides better controlled sensitization of DPIHFP as
result of lower absorptivity at longer wavelength (Figure 34b). In contrast, the use of a
254 nm excitation source allows for a direct excitation of DPIHFP. This was observed

when 6c+ was obtained via phototitration of an equimolar ratio of 6¢ and DPIHFP in
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DCM using a 254 nm hand-held UV-lamp (Figure 34c) at 20 s intervals. Complete
protonation was achieved in 80 s using direct excitation at 254 nm, while requiring ~ 3
min when excited at 405 nm, and ~ 8 min for 532 nm excitation. This suggests that 6a-c

can be used as sensitizers for commercial UV-activated PAGs.

(b)

3.25 4 — 3254
3.00] — 3.00] o
275 W - 2751 —a0
250 ——160 250 \\
225 :;‘A’g 2257 \\ —100
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Figure 34. Absorption spectra recorded at (a) 10 s intervals of 4c/DPIHFP (3.7 x 10 M,
12.5 mW cm?, 405 nm), (b) at 40 s intervals of 4c/DPIHFP (1.25 x 10° M, 12.5 mW cm?,
532 nm) and (c) at 20 s intervals of 6¢/DPIHFP (1.1 x 10° M, 12.5 mW cm?, 254 nm).

2.7. Concluding Remarks and Future Work

In summary, we report a new approach towards the efficient synthesis of stimuli-
responsive cyclopenta[eflheptalenes 6 from naturally-occurring guaiazulene. Upon
protonation with TFA, perturbation of the electronic states resulted in a switch from the
dominant So — Sz transition in the neutral state to the So — Si transition as seen in other
reported azulene derivatives, where E; of 6a-c* is finely tunable by substituents at C(4).
In addition UV-vis spectrometry demonstrated that 6 can act as a sensitizer of DPIHFP.
This suggests that such cyclopenta[eflheptalenes may be employed as visible sensitizers

in a variety of applications of PAGs.
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2.8. Effect of m—Spacer on the Linear and Non-Linear Photophysical Properties of
Guaiazulene-terminated Chromophores

In the second part of this study, we aimed at preparing a set of guaiazulene-
terminated chromophores having 4-hexylphenylether as the donor part of the molecule
for investigating the effect conjugation length and the nature of m—spacer on the linear
and non-linear properties of guaiazulenes 3¢, 3m, and 3o (Figure 35). We envisioned that
using these results, an in silico study can be conducted, leading to the possibility of
designing guaiazulene-terminated compounds with desirable properties, hence
significantly limiting chemical wastes that result from the synthesis of target molecules

with less appreciable properties.

Figure 35. Structure of guaiazulene-terminated compounds with various rt—spacers.

2.8.1. Synthesis of Guaiazulene-terminated Analogs 3c, 3m and 30
The synthesis of 3¢ is depicted in Scheme 3. Initially, 4-hydroxybenzaldehyde A
was alkylated with 1-hexylbromide to afford 2c¢ in 90% yield. Purification of this

intermediate was facilitated when a marginal excess of A was used; the reaction mixture
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was then filtered and extracted with a saturated Na2COs solution, which eliminated the

unreacted 4-hydroxybenzaldehyde A. 2c was then used to prepare 3c as described in

Chapter 1.
X .
C6H13Br _ 1’ t-BuOK \ O OC6H13
_—
K,CO3, CH3;CN t-CsHq4OH O
82 °C, 3 h, 90% :
’ ' A, 20 min
H ~0 0" "H 43%
A 2c 3c

Scheme 3. Synthesis of 3c.

The synthesis of guaiazulene-terminated chromophore 3m is shown in Scheme 4.
In this synthetic route, a Wittig reaction was employed to convert 2¢ in B by condensing
the former with methyltriphenylphosphonium bromide under basic condition. The vinyl
group allowed B to be coupled to 2e, which is prepared by lithium-halogen exchange
reaction employing intermediate C in the presence of n-BuLi. The Heck coupling of B
with 2e yielded aldehyde 31, which was condensed with guaiazulene 1 as elaborated

previously, affording guaiazulene-terminated analog 3m.
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CGH1304©_< C6H13O©J
H MeOK, DCM

2c rt, 12 h, 73% B
R R R R
n-BuLi, DMF (6]
Br . Br Br .
THF, -78 °C, 1 h — rt, 2h H
c 65% 2e
R =CgHis
K,COs3, DMF

B, Pd(OAc), | 110°C,12h
60%

R R

1, +BuOK 0

o tCoHiOH RO Q J 0.0 ’
A, 20 min

25%

2

Scheme 4. Synthetic route towards 3m.

Finally, 30 was prepared starting with commercially available 5-bromothiophene-
2-carbaldehyde 2m and involved a convergent synthetic approach. Aldehyde 2m was
condensed with guaiazulene 1 under basic conditions to afford 3n. This constituted the
tirst segment that was later connect to vinyl-terminal intermediate D via a Heck cross-
coupling reaction. In order to prepare the latter, aldehyde 3m was condensed with
methyltriphenylphosphonium bromide in a Wittig reaction as described above. Thus, a
Heck coupling between D and 3n afforded the target compound 30, which was isolated
as green needles (Scheme 5). The intermediates and the target compounds were

characterized by NMR spectroscopy (*H and *C) and high resolution mass spectrometry.
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39%

Scheme 5. Synthetic route towards 30.

2.8.2. Photophysical Characterization of 3c.

The absorption and emission profiles of (E)-4-(4-(hexyloxy)styryl)-7-isopropyl-1-
methylazulene 3c were described in Chapter 1. In methylene chloride, the various
excitation wavelengths (365 nm and 650 nm) used to study the emission properties of 3c
showed that this derivative is non-fluorescent. Conversely, the addition of TFA to the

DCM solution of 3¢ results in a dramatic changes, both in the absorption and emission
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properties. The change in color from blue to reddish orange is reflected in the emergence
of absorption band at 512 nm. The shift to an acidic medium results in switching the
fluorescence on in the case of 3¢, with a Amax = 619 nm. Using this band, excitation
anisotropy was measured for the protonated species. The plateau of this trace through
the main absorption band indicates that this is a single electronic transition. A summary
of the photophysical properties measured for 3c are listed as in Table 4.

Table 4. Photophysical parameters measured for 3¢, 3m, and 30 in DCM and 10%
TFA/DCM, respectively.

aghs A AR e . T n
/nm /nm /nm /10° M cm™ /ns /106
3a 294 -f -f 29.3 f -f 1000
3a(H") 512 619 93 25.1 0.12 0.87 1.5
3m 410 500 90 0.01 1.76
3m(H") 585 700 115 0.03 2.06
30 448 -f -f 16.1 -f -f f
3o0(H") 385, 664 764 100 18.2,16.9 0.01 1.52 13

« Absorption and emission maxima +1 nm;  Stokes shift +2 nm; ¢ extinction coefficients +5%; ¢ fluorescence
quantum yields + 1%; ¢ fluorescence lifetimes +10%; f not determined.

The two-photon absorption spectrum recorded for 3¢ shows a peak of ~170 GM at
1020 nm (Figure 36). This overlay with the linear absorption spectrum is not unexpected
given the unsymmetrical design of the molecule. The quantum vyields of
photodecomposition measured for 3c and 3c(H*) show significant disparity, separated by
three orders of magnitude. Though a value is not explicitly stated, the photostability of

guaiazulene has been investigated before; the sample showed greater photostability than
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3c at an equivalent or greater irradiance but no quantitative value was reported.
However, the use of DCM in the case of 3c in comparison with methanol for guaiazulene
may cause such discrepancy, as the C—Cl bond in DCM is homolytically cleaved under
UV light, resulting in active radical that can react with the guaiazulene moiety, which is
reported to have anti-oxidant and anti-radical properties. On the other hand, longer
wavelength excitation was used in the case of 3¢(H*), hence minimizing radical formation

resulting from solvent degradation.
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Figure 36. Absorption (black), emission (red), and 2PA spectra (turquoise points) for 3¢
in 10% TFA/DCM, and excitation anisotropy (dark green) in acidified silicone oil.

2.8.3. TD-DFT Calculations toward the Design of Guaiazulene-terminated Chromophores with
Predictable Photophysical Properties

The results obtained from studying the linear and non-linear properties of 3c
allowed for the design of various analogues with longer m-conjugation, and predicting

their spectral properties through TD-DFT methods. Examination of the absorption
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spectra generated through TD-DFT calculations shows that the weak intensity band
characteristic of 3¢ So — Si transition is manifested, though the bands at shorter
wavelength appear to more resolved than observed in the experimental spectrum (Figure
37a). In the case of 3c¢(H") (Figure 37b), the band centered at ~600 nm is anticipated by the

calculation, however the short wavelength bands are less well aligned.
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Figure 37. Calculated absorption spectra (blue) overlaid with experimental absorption
(black) and emission (red) spectra for (a) 3c and (b) 3¢(H").

The computed photophysical properties allowed us to design guaiazulene-
terminated analogues 3m and 30. The computed absorption and emission spectra for the
corresponding guaiazulene-terminated analogues 3m and 30 showed potentially
interesting properties. However, experimental results indicated that these computed
spectra had some obvious discrepancies. For example, the emission Amax calculated
3m(H*) differed by an additional 300 nm (~ 1000 nm), as compared to 700 nm for

experimental spectrum (Figure 38 and 39).
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Figure 38. Absorption and emission spectra for 3m in DCM.
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Figure 39. (a) Absorption (green) and emission (blue) for 3m in 10% TFA/DCM, and
excitation anisotropy (purple) for 3m in acidified silicone oil. (b) Calculated absorption
(green) and emission spectra of 3m(H").

The one-photon absorption spectrum of 3o (Figure 40a) shows a 100 nm
hypsochromic shift compared to the calculated spectrum, and as such does not conceal
the So — S1 transition at ~ 650 nm. In the case of 30(H"), a reasonable agreement is seen

between the long wavelength band of the experiment data and the short band of the
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calculated spectrum (Figure 40b). However, further probing into the band centered at
~1250 nm revealed no evidence of absorption at this wavelength. In addition, excitation
of 30(H") at 664 nm results in a fluorescence band centered at 764 nm (Figure 40b), though

the quantum yield of this emission is low (Table 4).
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Figure 40. (a) Absorption (black) and emission (red) spectra recorded for 6 in DCM (a)
and 6H in 10% TFA/DCM overlaid with their respective calculated absorption spectra
(blue).

The increase in the photodecomposition quantum yield of 3o(H*) is nominal,
though the compound was noted to have poor stability in solution over time, attributed
to the combination of the thiophene and the acidic solution. In addition, the excitation
anisotropy of 3o(H*) plateaus within the long wavelength absorption band, in accordance
with a sole transition. This plateau also suggests that the absorption and emission are
collinear (parallel transition dipoles), given its value of 0.4 (the theoretical maximum).

The two-photon absorption spectrum of 30(H*) recorded in 10% TFA/DCM initially
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shows a reasonable agreement with the linear absorption spectrum, though appears

erratic beyond 1300 nm (Figure 41).
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Figure 41. Absorption (black), emission (red), and 2PA spectra (dark blue points) for
30(H") in 10% TFA/DCM, and excitation anisotropy trace (dark green) in acidified silicone
oil.

In an effort to resolve the difference observed between the experimental results
and those of the B3LYP TD-DFT calculation, a series of additional methods were
implemented. These methods include differing proportions of Hartree-Fock calculations.
Such ab intio methods yield results that are less erratic than the semiempirical methods,
though at the cost of time. Hybrid functions, including B3LYP (20% Hartree-Fock), have
been developed to bridge this gap, where the ratios can be adjusted. With respect to
spectroscopic data, increasing the ab intio portion blue shifts, or decreases, the wavelength
reported for the first (longest wavelength) transition. The one-photon absorption

calculated through the MO06-HF (100% Hartree-Fock) method shows acceptable
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correlation to the experimental, and the 2PA is to the same order of magnitude, with the

same disparity as the one-photon absorption (Figure 42).
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Figure 42. (a) Experimental (black) and M06-HF calculated one-photon absorption (solid
blue), and experimental (dark blue points) and MO06-HF calculated two-photon
absorption (dashed blue); (b) an enlargement of 1000-1600 nm region of the 2PA
spectrum.

2.9. Concluding Remarks and Future Work

The extension of mt-conjugation of guaiazulene-terminated analogues shows a red-
shifted absorption bands that rely on the length of conjugation. Unfortunately, the
extended guaiazulenes showed weak fluorescence properties along with small 2PA cross-
section. The low quantum yield recorded may be a consequence of increased vibrations
that result from the extended geometry of the derivatives studied that allows for feasible
rotation about single bonds. Our future work involves reducing rotation by constructing

extended guaiazulene-terminated analogues where the vinyl spacer is substituted with
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acetylenes. Alternatively, the aromatic rings can be joined via Pd-catalyzed cross
coupling involving no spacers. Various structures can be synthesized to help tune the
theoretical calculations in order to design chromophores with more accurately predicted
properties.

2.10. Experimental Section

2.10.1. Photophysical Characterization

Linear photophysical properties were measured using prepared solutions (~ 10
M) in 10 mm quartz cuvettes using spectroscopic grade solvent. An Agilent 8453 was
used to collect absorption spectra, while an Edinburgh Instruments FLS 980 for steady-
state luminescence emission, excitation anisotropy, and fluorescence lifetimes. These
measurements utilized a red-sensitive PMT, and a liquid-nitrogen-cooled Hamamatsu
R5509-72; all measurements were corrected for detector response.
Fluorescence quantum yields were calculated using a relative method, with DPA (®f =
0.95) as a reference.” Anisotropy measurements were performed in a viscous solvent,
namely silicone oil, to hamper the rotational relaxation of the molecules.
Photodecomposition quantum yields, ®@r,, were measured by irradiating into the main
absorption band of solutions with LOCTITE 97034 UV-lamp (Aex = 366 nm, Io(A) = 13 mW
cm?), a green diode laser (Aex =532 nm, Io(A) = 98 mW cm?), or a red diode laser (Aex =650
nm, Io(A) = 62 mW cm?). Two-photon absorption spectra were collected through an open
aperture z-scan setup using solutions (102 M) in 1 mm cuvette moved through the focal
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point of the output beam of a OPA pumped by a 1 kHz, ~100 fs Coherent Inc. Legend
Elite, in turn seeded by a Coherent Inc. Mira Ti-sapphire laser. Phototitrations of 6¢c were
performed in the presence of DPIHFP, and excited using a LOCTITE 97034 UV-lamp, a
532 nm diode laser, and a 254 nm hand-held UV-lamp

2.10.2. Synthesis

3-Formylguaiazulene (1a). Phosphorus oxychloride (5.00 mL, 53.0 mmol) was added to
a solution of guaiazulene 1 (5.00 g, 25.0 mmol) in DMF at 0 °C under an inert atmosphere.
After stirring in the ice bath for 1.5 h, the solution was carefully neutralized with conc.
aqueous KOH solution. The purple solution was extracted with CH2Cl (3 x 50 mL), and
the organic fractions were dried over Na:SOs and evaporated under reduced pressure.
The resulting crude oil was purified using column chromatography (hexanes: EtOAc, 3:1)
to afford the title product 2 as purple solid (4.55 g, 20.1 mmol, 79%). 'H NMR (CDCls, 400
MHz): 6 10.64 (s, 1H), 8.29 (d, ] = 2.1 Hz, 1H), 8.23 (s, 1H), 7.59 (dd, ] = 10.8; 2.1 Hz, 1H),
7.43 (d, ]=10.8 Hz, 1H), 3.16 (p, ] =7.0 Hz, 1), 3.15 (s, 1H), 2.59 (s, 1H), 1.39 (d, ] = 7.0 Hz,
6H). *C NMR (CDCls, 100 MHz): 6 186.9, 147.5, 147.1, 144.1, 140.0, 139.7, 136.6, 136.0,

133.0, 128.0, 127.7, 38.7, 30.7, 25.1, 13.6.

2-((5-Isopropyl-3,8-dimethylazulen-1-yl)methylene)malononitrile (5a). --BuOK (0.56 g,
5.0 mmol, 1.25 equiv) was added in small portions to a solution of 3-formylguaiazulene
1a (0.90 g, 4.0 mmol) and diethyl (cyanomethyl)phosphonate 4a (0.80 mL, 5.0 mmol) in

anhyd. THF at 0 °C. The reaction mixture was allowed to warm to rt and then heated at
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50 °C for 1h. The resulting green solution was dried under reduced pressure, and
subsequently purified using column chromatography (hexanes: EtOAc, 4:1) to afford the
title product 3a as a green blue solid (1.00 g, 3.6 mmol, 92%). 'H NMR (CDCls, 400 MHz,
trans/cis: 2:1): 6 8.46 (s, 0.34H), 8.22 (d, ] = 16.0 Hz, 0.63H), 8.12 (dd, | = 14.4, 1H), 7.94 (d,
J=11.6 Hz, 0.38 H), 7.72 (s, 0.62H), 7.39 (dd, ] =10.8; 2.0 Hz, 1H), 7.07 (d, ] = 10.8 Hz, 1H),
5.53 (d, ] =15.6 Hz, 0.62H), 5.12 (d, ] = 11.6 Hz, 0.36H), 3.09-3.02 (m, 1H), 2.93 (s, 3H), 2.59
(s, 1H), 2.56 (s, 2H), 1.34 (d, ] = 6.8 Hz, 6H).3C NMR (CDCls, 100 MHz): 6 151, 146.7, 146.6,
146.4, 145.0, 145.0, 144.6, 143.1, 141.5, 137.8, 137.0, 136.5, 136.4, 135.9, 135.3 135.0, 131.3,
131.9, 128.1, 127.4, 122.6, 122.3, 121.3, 120.5, 89.9, 88.4, 38.4, 29.2, 25.0, 24.9, 13.5, 13.5.

Calcd. for CisHiN [M + HJ* = 250.1591, exp. [M + H]* = 250.1564.

2-((5-Isopropyl-3,8-dimethylazulen-1-yl)methylene)malononitrile (5b). 1a (0.90 g, 4.0
mmol) was added to a solution of malononitrile 4b (0.33 g, 5.0 mmol, 1.2 equiv) and N-
methylmorpholine (1 mL, 2.5 equiv) in methanol. After heating the resulting solution at
50 °C for 1h, the volatile material were evaporated under reduced pressure. The crude
solid was purified using column chromatography (hexanes: EtOAc, 4:1) to afford the title
product 3b as dark yellow solid (1.00 g, 3.6 mmol, 90%). 'H NMR (CDCls, 400 MHz): 6
8.63 (s, 1H), 8.46 (s, 1H), 8.28 (d, ] =2.2 Hz, 1H), 7.66 (dd, ] =10.8; 2.2 Hz, 1H), 7.48 (d, | =
10.8 Hz, 1H), 3.18 (sept, ] = 6.9 Hz, 1H), 3.10 (s, 3H), 2.59 (s, 3H), 1.41 (d, ] = 6.9 Hz, 6H).
BC NMR (CDCls, 100 MHz): 6 151.2, 150.4, 147.9, 145.7, 141.7, 138.0, 137.6, 136.0, 135.8,

130.8, 121.3, 117.8, 116.8, 38.5, 29.6, 24.7.
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3-(5-Isopropyl-3,8-dimethylazulen-1-yl)-2-(thiophen-2-yDacrylonitrile =~ (5¢).  The
synthetic procedure for 5c¢ is similar to that described for 5a. Purification of the crude
reaction mixture using column chromatography (Hexanes: EtOAc, 5:1) afforded the title
product as dark yellow solid (1.12 g, 3.4 mmol, 85%). 'H NMR (CDCls, 400 MHz): 6 10.42
(s, 1H), 8.22 (s, 1H), 8.13 (s, 1H), 7.75 (dd, ] = 16.0; 2.0 Hz, 1H), 7.61-7.60 (m, 1H), 7.21 (dd,
J=16.0; 2.0 Hz, 1H), 6.98-6.96 (m, 1H), 6.90 (dd, ] =4.4; 1.2 Hz, 1H), 3.14 (sept, | =7.2 Hz,
1H), 2.56 (s, 3H), 1.38 (d, ] = 7.2 Hz, 6H). *C NMR (CDCls, 100 MHz): 6 185.5, 147.4, 144.1,
144.0, 143.5, 140.3, 137.6, 136.0, 135.3, 132.6, 130.8, 128.0, 127.9, 127.2, 126.7, 126.5, 113.5,

38.3,24.4,12.9. Calcd. for C22H21NS [M + H]* = 332.1468; found [M + H]* = 332.1440.

One pot synthesis of 9-isopropyl-1-methylcyclopentaleflheptalen-5-amine (6a). t-
BuOK (2.24 g, 20.0 mmol) was added to a hot solution of 1a (1.00 g, 4.4 mmol), 4a (1.5 mL,
8.9 mmol) and morpholine (0.78 mL, 8.9 mmol) in dry THF (25 mL) was heated to reflux
for 3 h. The formation of 6a was monitored by TLC; interestingly, exposing the developed
TLC to TFA vapor results in a rapid change in the color of the spot corresponding to 4a-
c from pale yellow to purple-blue. The solution was cooled to rt and then diluted with
DCM (50 mL) and washed with dilute HCI (2 N, 3 x 50 mL). The organic layer was dried
over Na2504 and then evaporated under reduced pressure. The crude product was
purified with silica column chromatography using hexanes: EtOAc (v:v, 5:1) to afford the
title product as a dark yellow oil (15% for step-wise; 59% for one-pot). 'H NMR (CDCls,

400 MHz): 6 6.74 (d, J = 10.8 Hz, 1H), 6.64 (s, 1H), 6.39 (d, ] = 2.0 Hz, 1H), 5.70 (dd, ] = 12.4;
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2.0 Hz, 1H), 5.43 (d, ] = 12.4 Hz, 1H), 4.94 (dd, ]=10.8; 2.4 Hz, 1H), 4.84 (d, ] = 2.4 Hz, 1H),
3.72 (br s, 2H), 2.24-2.17 (m, 4H), 1.04 (d, ] = 6.8 Hz, 6H). *C NMR (CDClL;, 100 MHz): 6
155.8, 144.2,141.3,138.7, 133.7, 133.1, 129.9, 129.3, 129.2, 123.8, 111.4, 109.9, 36.5, 22.8, 13.8.

Calcd. for CisHwN [M + HJ* = 250.1591, found [M + H]* = 250.1579.

Synthesis of 8-amino-4-isopropyl-2-methylcyclopentaleflheptalene-9-carbonitrile (6b)
from (6b). +-BuOK (0.22 g, 2.0 mmol) was added to a solution of 6b (0.55 g, 2.0 mmol) in
anhyd. THF (10 mL). The solution was heated with reflux for 12 h, and then cooled to rt.
The solvent was evaporated and the resulting crude was dissolved with DCM (20 mL)
and was washed with dilute HCl (2 N, 3 x 50 mL). The organic layer was dried over
NazSOs, and was evaporated to dryness. Column chromatography (Hexanes: DCM; 3:1)
was used to isolate the title product as a dark yellow solid (23% for stepwise vs 71% for
one-pot). 'H NMR (CDCls, 400 MHz): 6 6.74 (s, 1H), 6.44 (d, ] = 2.0 Hz, 1H), 5.88 (dd, | =
12.4; 2.0 Hz, 1H), 5.62 (d, ] = 12.4 Hz, 1H), 4.90 (s, 1H), 4.45 (brs, 2H), 2.29 (p, ] =6.8 Hz,
1H), 2.20 (s, 3H), 1.07 (d, ] = 6.8 Hz, 6H). *C NMR (CDCls, 100 MHz): 6 154.7, 154.4, 144.2,
142.6, 142.5, 138.2, 137.8, 134.2, 132.3, 130.1, 129.9, 128.2, 127.2, 127.7, 125.1, 124.3, 114.0,

109.5, 36.2, 22.5, 13.5. Calcd. for C19H1sN2 [M + H]* 275.1543; found [M + H]* = 275.1503.

Isopropyl-2-methyl-9-(thiophen-2-yl)cyclopentaleflheptalen-8-amine  (6¢c). Golden
yellow solid (21% for stepwise vs 92% for one-pot). 'H NMR (CDCls, 400 MHz): 6 7.25

(dd, ] =5.2; 1.2 Hz, 1H), 7.00 (dd, ] = 5.2; 3.6 Hz, 1H), 6.95 (s, 1H), 6.93 (dd, ] = 3.6; 1.2 Hz,
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1H), 6.62 (s, 1H), 6.36 (d, ] = 2.0 Hz, 1H), 5.71 (dd, | =12.4 Hz, 1H), 5.46 (d, ] = 12.4 Hz,
1H), 4.92 (s, 1H), 4.14 (br s, 2H), 2.26-2.17 (m, 4H), 1.05 (d, ] = 6.8 Hz, 6H). 3C NMR (CDCls,
100 MHz): 6 154.8, 154.2, 144.3, 142.8, 142.6, 138.4, 137.9, 133.9, 132.5, 130.1, 130.1, 128.3,
127.1, 126.7, 125.1, 124.3, 114.0, 109.3, 36.2, 22.4, 13.5. Calcd. for C2H2NS [M + H]* =

332.1468; found [M + HJ* = 332.1440.

9,9-Dihexyl-2-((E)-4-(hexyloxy)styryl)-7-((E)-2-(7-isopropyl-1-methylazulen-4-

yDvinyl)-9H-fluorene (3m). Green solid (25%, 72.0 - 75.0 °C). '"H NMR (CDCls, 400 MHz):
58.20 (d, ] = 1.4 Hz, 1H), 8.06 (d, ] = 16.1 Hz, 1H), 7.73 — 7.61 (m, 4H), 7.59 — 7.44 (m, 9H),
7.19 -7.04 (m, 2H), 6.95 - 6.87 (m, 2H), 3.99 (t, ] = 6.6 Hz, 2H), 3.12 (p, ] =6.9 Hz, 1H), 2.70
(s, 3H), 2.04 (dd, ] =11.3, 5.7 Hz, 4H), 1.87 - 1.73 (m, 2H), 1.48 (dd, ] = 10.5, 4.8 Hz, 2H),
1.40 (d, J=6.9 Hz, 6H), 1.38 — 1.31 (m, 4H), 1.16 - 1.03 (m, 11H), 0.95 - 0.90 (m, 4H), 0.81 -
0.65 (m, 10H). *C NMR (CDCls, 100 MHz): 6 159.2, 152.1, 152.0, 140.3, 137.0, 136.4, 135.2,
135.0, 130.5, 128.9, 128.1, 128.0, 127.4, 126.2, 125.8, 121.7, 120.9, 120.6, 120.4, 120.3, 115.1,
77.6, 68.5, 55.4, 40.9, 38.7, 32.0, 31.9, 30.1, 29.6, 26.1, 25.1, 24.2, 23.0, 14.4, 14.4, 13.4. Calcd.

for CssHesO [M + H]* = 745.5343; found [M + HJ* = 745.5189.

2-((E)-2-(9,9-Dihexyl-7-((E)-4-(hexyloxy)styryl)-9H-fluoren-2-yl)vinyl)-5-((E)-2-(7-
isopropyl-1-methylazulen-4-yl)vinyl)thiophene (30). Green solid (39%, 154.0 - 156.0 °C).
'"H NMR (CDCls, 400 MHz): 6.18 (d, ] = 1.8 Hz, 1H), 7.82 (d, ] = 15.8 Hz, 1H), 7.73 - 7.60

(m, 3H), 7.53 - 7.41 (m, 10H), 7.27 (dd, ] = 16.0, 0.7 Hz, 1H), 7.19 - 7.00 (m, 5H), 6.90 (d, ]
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= 8.7 Hz, 2H), 3.98 (t, ] = 6.6 Hz, 2H), 3.10 (p, ] = 6.9 Hz, 1H), 2.72 — 2.64 (s, 3H), 2.07 — 1.93
(m, 4H), 1.85 — 1.75 (m, 2H), 1.52 — 1.43 (m, 2H), 1.37 (m, 10H), 1.19 — 0.99 (m, 11H), 0.95 —
0.88 (m, 4H), 0.80 — 0.73 (t, ] = 8.0 Hz, 6H), 0.73 — 0.63 (m, 4H). Calcd. for CssHesO [M + HJ*

= 852.5304; found [M + H]* = 852.5373.
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CHAPTER 3: PHOTOPHYSICS AND BIOCONJUGATION OF
FLUORESCENT WATER-SOLUBLE TWO-PHOTON ABSORBING
DIKETOPYRROLOPYRROLE DYES

Parts of this chapter appear in E. H. Ghazvini Zadeh, et al. J. Phys. Chem. C. 2015, 119, in press.

© 2015 American Chemical Society, used with permission.

3.1. Abstract

A myriad of applications have been demonstrated as a result of the synthetic
feasibility, ease of modification, outstanding robustness, and attractive spectroscopic
properties of diketopyrrolopyrrole (DPP) based chromophores. Toward a comprehensive
linear photophysical and nonlinear optical characterization of diketopyrrolopyrroles,
two derivatives, 2-(2-ethylhexyl)-3,6-di(pyridin-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione 9 and 2-(10-azidodecyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione 13, were prepared. In addition to the various optical experiments
performed to characterize these two derivatives, which include experimental excitation
anisotropy spectra, 3D fluorescence maps, emission lifetimes, and photochemical
decomposition quantum yields in a number of organic solvents, quantum chemical
calculations were used to determine the nature of the main linear absorption bands of 9
and 13. Further characterization included determining the two-photon absorption (2PA)
spectra of 9 and 13 in a broad spectral range using 1 kHz femtosecond open aperture Z-
scan technique, which show a maximum cross section of ~ 100 GM was shown. In

addition, it was notable that transient absorption and stimulated emission pump-probe
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measurements with femtosecond time resolution revealed two different types of fast
relaxations in the excited states of 9 and 13. This allowed for the determination of the one-
photon stimulated emission depletion (STED) spectra. In that regard, -efficient
superfluorescence emission of 9 was observed under femtosecond transverse pumping
conditions. In order to culminate on these results, we attempted the preparation of water-
soluble DPP chromophores with extended conjugation that can be employed in

bioimaging applications.

3.2. Fluorescent Molecules: Glowing Nanolamps for Sharper Bioimaging

Fluorescent chromophores have enabled scientists to monitor the interplay
between biomolecules inside cells and observe disease-related proteins aggregate as well
as track cell division at the nanolevel. However, bioimaging at such a level was not
possible with simple optical microscopy techniques. Prior to the advent of methods in
fluorescence microscopy,*>! optical microscopes prevented biologists to distinguish
details of important cellular proteins and study relevant cellular processes. This
limitation was described by the microscopist Ernst Abbe,* who published an equation
demonstrating that the microscope resolution is limited by, among other factors, the
wavelength of the light, and hence objects smaller than 0.2 um could not be observed

under a microscope (Figure 43).
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Figure 43. Abbe’s diffraction limit inhibited the ability to discern nanomaterials such as
viruses or single proteins.

In recent years, several scientists have proposed methods to overcome Abbe’s diffraction
barrier of light using far-field optics.**! Among whom was Stephan Hell, whose
proposed method, the so-called stimulated emission depletion (STED), involves two
overlapping synchronized laser beams, excitation and depletion.*# The two pulses reach
the sample position successively where the excitation laser excites and the second (STED
laser) depletes the excitation within the sample. Stimulated emission arises in the region
where both laser beams overlap, while fluorescence is observed only in the focal region
where only the first excitation beam exists (Figure 44).

The choice of fluorophore susceptible to stimulated emission depends on certain
physical properties such as photostability and suitable combinations of pulsed laser lines
for both excitation and depletion. Toward that goal, a comprehensive investigation of the
linear photophysical, photochemical and nonlinear optical properties of two

diketopyrrolopyrrole dyes, including two-photon absorption (2PA), femtosecond
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transient absorption and stimulated emission spectroscopy, and superfluorescence
phenomena are presented in the second part of this work. The studied dyes show great
potential for fluorescence microscopy applications, including high resolution STED

microscopy.
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Figure 44. The principle of STED microscopy.¥”
3.3. Diketopyrrolopyrrole (DPP)-based Chromophores for Practical Applications

Diketopyrrolopyrrole (DPP) derivatives are well-known molecular structures
with great potential for practical application in various pigments-employed
industries,*%* organic electronics,®% metal ion sensing,* laser active media***° and one-
and two-photon fluorescence microscopy techniques.®’®® The nature of these DPP
derivatives has incited great interest in synthesis, study of linear spectroscopic,

photochemical and non-linear optical properties, as well as fundamental investigation of
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electronic structures for greater understanding and further novel application. A number
of interesting properties were revealed for DPP-based media, including aggregation
enhanced fluorescence emission,* adjustable thin-film crystallinity for use in organic
photovoltaics,* efficient photoinitiating abilities for cationic polymerization of epoxides
and free radical polymerization of acrylates,® and excellent self-assembling resulting in
well-organized domain structures,® The effects of different donor/acceptor substituents
on the optical properties of DPP derivatives were investigated®”! and the role of

intramolecular hydrogen bonds in DPP structures was demonstrated.”

The wide array of applications discussed previously stem from the remarkable
spectroscopic properties of the DPP bis(lactam) backbone. While some of these properties
have not been systematically described in the literature, other characteristics may require
a more elaborate and accurate study. For instance, the nature of the excited state
absorption (ESA) of DPP derivatives, along with their fast relaxation processes in the
ground and excited state,” are scarcely addressed in the scientific literature and require
further investigation. In addition, the photochemical stability of DPP-based structures
was studied by means of relative comparison with standard molecules* and/or by the
measurements of temporal changes in the fluorescence or lasing intensities during
irradiation.®®”* In these cases, the majority of the presented data on photochemical
stability are strictly dependent on the employed experimental conditions and cannot be

considered as molecular parameters. Hence, we believe that the values of the
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photodecomposition quantum yields should be determined for a more accurate
characterization of the photochemical stability.”

In its first part, the following chapter details a comprehensive investigation of the
linear photophysical, photochemical and nonlinear optical properties of DPP-based
derivatives  2-(2-ethylhexyl)-3,6-di(pyridin-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione 9 and 2-(10-azidodecyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione 13, including two-photon absorption (2PA), femtosecond transient absorption
and stimulated emission spectroscopy, and superfluorescence phenomena. Compounds
9 and 13 exhibited great potential for fluorescence microscopy applications, including
high resolution stimulated emission depletion (STED) microscopy. However, since
water-solubility is a prerequisite for their use in relevant bioimaging applications, efforts
toward preparing water-soluble and fluorescent red-emitting DPP-based chromophores
are discussed in the latter part of this chapter.

3.4. Investigating the Linear Photophysical, Photochemical and Nonlinear Optical
Properties of 9 and 13

3.4.1. Synthesis of 9 and 13.

Although the synthesis of DPP intermediates 8 and 11 is reported previously,”¢7
there is no report of use of 18-crown-6 ether as means to enhance both yields and purity
of the resulting DPP (Scheme 6). This simple modification yields 8 and 11 in 81% and

74%, respectively, as compared to 30% and 21% when no ether is added. Monoalkylation
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of 8 and 11 with lipophilic solubilizing groups, 2-ethylhexylbromide and 1,10-
dibromodecane, was not efficient using K2COs, as the bisalkylated products predominate.
Therefore, ‘BuOK was added instead to generate the conjugated anion. This results in
various red impurities that can be eliminated by tedious column chromatography. In
order to avoid such undesired products, alkyl bromide was introduced to the reaction
mixture prior to the addition of t-BuOK. Consequently, better alkylation yields and
cleaner reaction mixture. In the case of thiophene-substituted DPP 11, the isolation of
pure monoalkylated product 12 proved cumbersome. Therefore, substitution of the Br-
group of 12 with Ns both aid in isolating a pure product and to function as a handle for

further functionalization of 13.

10 1" 12 13
74% 33% 80%

Scheme 6. (a) Diethyl succinate, ‘BuOK, 18-crown-6 ether, -CsH1:0OH, 110 °C, 2 h; (b) 2-
ethylhexyl bromide, ‘BuOK, 18-crown-6 ether, DMF, 100 °C, 12 h; (c) 1,10-dibromodecane,
‘BuOK, 18-crown-6 ether, DMF, 100 °C, 12h; (d) NaNs, DMF, 80 °C, 3 h.
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3.4.2. Linear Photophysical Measurements and Characterization

Linear photophysical parameters and photochemical stability of 9 and 13 were
determined at room temperature in spectroscopic grade toluene (TOL), tetrahydrofuran
(THF), and dichloromethane (DCM). The steady-state one-photon absorption (1PA)
spectra were obtained with UV-Vis spectrophotometer Agilent 8453, using regular quartz
cells with 1 cm path length and molecular concentrations, C = (4-8)-10 M. No aggregation
effects were observed up to C = 2:102 M. The steady-state fluorescence, excitation, and
excitation anisotropy spectra, along with the fluorescence lifetimes, 7, were measured
with FLS980 spectrofluorimeter (Edinburg Instruments Ltd.), using spectrofluorimetric
quartz cells with 1 cm path length and low concentration solutions (C = 2-10° M). The
excitation anisotropy spectra were obtained in viscous room temperature poly THF

(pTHF) in order to avoid rotational depolarization effects.” Fluorescence quantum

yields, @ 4, of 9 and 13 were determined by standard method® relative to Rhodamine
6G in ethanol (® 4 = 0.95).8' Photostability of these compounds was investigated under
CW laser irradiation with excitation wavelength, A, =532 nm, and average irradiance

90 mW/cm?. The values of photochemical decomposition quantum yields, @ ;,, were

determined in air saturated solutions using absorption methodology described in details

previously.”
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3.4.3. 2PA, Superfluorescence, Transient Absorption and STED Measurements

All nonlinear optical measurements were performed with femtosecond laser
system described previously.®2# Femtosecond pulse train from Ti:Sapphire laser was
regeneratively amplified by Legend Elite and pumped two optical parametric amplifiers,
providing pulse duration, 7, =100 fs (FWHM), 1 kHz repetition rate, pulse energy E, <
300 yJ, and tuning range 0.24 - 20 p. The first OPA exit was used for direct measurements
of the degenerate 2PA cross section values by open aperture Z-scan technique® using 1
mm path length quartz cells with molecular concentrations C ~ 102 M. Laser exit of the
second OPA was used as a pump source for investigation of the superfluorescence
properties of 9 and 13. This laser beam was vertically polarized and focused by cylindrical
lens into 4 mm x 10 mm x 35 mm fluorometric quartz cell to the waist of 0.15 mm x 4 mm,
and transversely pumped liquid dye solutions (~10-%- 10 M). Superfluorescence emission
was observed perpendicular to the pumping beam and detected with fiber optic
spectrometer. Femtosecond transient absorption measurements were performed with
two laser beams from separate OPAs and optical delay line with retroreflector, using well
developed pump-probe methodology.®2%8 Similar configuration of the experimental
setup was used for STED cross sections measurements using fluorescence quenching

method described previously in details.%”
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3.4.4. Linear Photophysical Properties and Photochemical Stability of 9 and 13

The steady-state one-photon absorption (1PA) spectra of DPPs (Figure 43a, b,
curves 1-3) were nearly independent of solvent properties and exhibited well-defined
vibrational structure with characteristic modes = 1300 cm™ (for 9) and ~ 1400 cm™ (for 13),
evidence of noticeable vibronic interaction. The main photophysical parameters of 9 and
13 are presented in Table 5. As illustrated by these data, the values of maximum
extinction coefficients were relatively small ~ (1-2)-10* M-lcm™ and revealed extremely
weak dependence on solvent polarity, Af =(¢-1)/(2¢+1) - (I‘]2 -1 /(Zﬂ2 +1) 7 (where ¢
and N are the dielectric constant and refraction index of the medium, respectively). The
excitation anisotropy spectra, r(1), of 9 and 13 (Figure 45c, d, curves 3) revealed the
nature of the main long wavelength absorption contours. Constant values of r(1) in the
spectral range 420 nm - 570 nm indicate on a dominant role of only one electronic
transition So — S1 in the main long wavelength absorption bands (So and S1 are the ground
and first excited electronic states, respectively). In this case the values of transition

dipoles, fq, for So — S1 electronic transition can be calculated based on the experimental

main 1PA bands as:88

o, ~0.006- [ (v)-dv/v™ (1)
where (5 isin D (see Table 5), extinction coefficient g(v) is in M'cm, and V is in cm™ (

v™ =1/ A" ). Small Stokes shifts and extremely weak solvatochromic behavior of 9 and
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13 allow for the assumption of relatively small changes in the permanent dipole

moments, Auy, =|u00—u11 , under electronic excitation So — S1 (M, and M;; are the

permanent dipole moments of So and S1 electronic states, correspondingly).

The steady-state fluorescence spectra of 9 and 13 (Figure 45a, b, curves 1’-3"), along
with their excitation spectra (Figure 45c, d, curves 2) were independent of the excitation,
A, and observed, Ay, wavelengths, respectively. These results were confirmed by 3D

fluorescence maps shown in Figure 46a, b. It is also worth noting that excitation spectra
of 9 and 13 overlapped well with corresponding absorption ones (Figure 45c, d, curves

1), which is indicative of reasonable agreement with Kasha’s rule,® and negligible
spectral dependence of the fluorescence quantum yields @ ;. Obtained values of @
were relatively high (0.7 - 0.8) and exhibited weak dependence on solvent polarity Af .
All spontaneous fluorescence emission processes in 9 and 13 exhibited mono-exponential
decay profiles (Figure 46¢, d, curves 1-3), and corresponding lifetimes, 74, were in the

range ~ 5 - 7 ns. The values of 7; were also estimated numerically from the equation

r?la' =7y -®;7 and presented in Table 5 (natural lifetime, 7y, was obtained from the

Strickler and Berg approach® using experimental steady-state absorption and
fluorescence spectra). As illustrated by these data, experimentally observed values of 7y
noticeably deviate from the calculated ones, T(,f,al , and this deviation decreases with the

increase in absorption efficiency in the main 1PA band. These results confirm the
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limitations of the Strickler-Berg theory, which can be effectively employed for strongly

allowed one-photon electronic transitions only.®
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Figure 45. Normalized 1PA (1-3) and fluorescence (1'-3") spectra of 9 (a) and 13 (b) in TOL
(1, 1), THF (2, 2’), and DCM (3, 3"). 1PA (1), excitation (2), and excitation anisotropy (3)
spectra of 1 (c) and 2 (d) in THF (1, 2) and pTHF (3).

Photodecomposition quantum yields of 9 and 13, @, were determined in
solvents of different polarity by absorption method” using CW laser excitation into the

main 1PA band (4, =532 nm), and presented in Table 5. Observed changes in the optical

density at A3 corresponded to the first order photoreaction under the employed

irradiation conditions and all detectable photoproducts appeared in the short wavelength
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range, at < Ay . Obtained values of ® oh = (2-5)-10* were comparable with corresponding

parameters of known fluorescent labels®? and acceptable for practical applications in laser

bioimaging.

Table 5. Linear photophysical and photochemical parameters of 9 and 13.

DPP
Solvent TOL
Af 0.0135
Ay, nm 522+ 1
A7, nm 546 + 1
Stokes shift, nm 24 +2
(cm) (= 840)
g™ 103,
.6 0.
Mo 9.6 £0.5
Mo *, D 3.8
Dy, % 73+5
T4, ns 7.0+0.1

cal

T4 , NS 204 +0.1

D10 27405

THF
0.209
521+1

541 £ 1

20 +2
(= 710)

10.0£0.5

77 £5
72%0.1
22.0+0.1

46+1

DCM
0.217
513+1

541 £ 1

28 +2
(~1010)

8.8+0.5

785
7.7%0.1
222 +0.1

22+0.5

TOL
0.0135
541 t£1

555+1

1442
(= 470)

1961
52
67 £5

54+0.1

11.9+0.1

28+0.5

13
THE
0.209
539 %1

5501

1142
(= 370)

202+1

705

59+0.1

12.6 £0.1

511

DCM
0.217
538 £ 1

552 t1

1442
(= 470)

19.3+1
5.3
735
6.0+0.1
12.7+0.1

35=%1

max max
“See text for details. “Excitation wavelength, /?“ex = lab . absorption iab and fluorescence /ITX maxima,

Stokes shifts, maximum extinction coefficients ¢™, calculated transition dipole moments for So — Si

. . . |
excitation Mg, fluorescence quantum yields d 7 » experimental Ty, and calculated T ?,a , fluorescence

lifetimes, and photodecomposition quantum yields ) oh-
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Figure 46. 3D fluorescence maps of 9 (a) and 13 (b) in TOL. Fluorescence decays of 1 (c)
and 2 (d) in TOL (1), THF (2), DCM (3), and instrument response function (4).

3.4.5. 2PA Spectral Properties of 9 and 13

The investigation of two-photon absorption efficiency of 9 and 13 were performed
in a broad spectral range by the well-developed open-aperture Z-scan method” and
corresponding degenerate 2PA spectra are presented in Figure 47. Molecular structures
of 9 and 13 are close to centrosymmetric compounds and, therefore, 2PA efficiency is
relatively low in the main 1PA bands, with gradual increase in the two-photon allowed

short wavelength region up to ~ 70-140 GM. 2PA cross sections, &,,,, in the one-photon

allowed long wavelength absorption band are mainly determined by the product ~
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2, and obtained values of s,, were consistent with the observed weak

2PA

2
|Al101| |ll01
solvatochromic behavior of the steady-state fluorescence spectra of 9 and 13, indicating

on a small changes in the permanent dipole moment under electronic excitation So — Si.

Transition dipoles ty of 9 and 13 estimated from equation (1) (see Table 5) also confirm

a good agreement with the obtained values of 5,,,.

The larger values of g for 13
resulted in the corresponding increase in 2PA efficiency. It is worth noting that the
maxima of two-photon action cross sections (i.e. the product of @ g - S.pa)® Were in the
range of ~ 50-100 GM, which is comparable with known two-photon fluorescence labels,*>

2 and can be practically employed.
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Figure 47. Degenerate 2PA (1, 2) and normalized 1PA (3, 4) spectra of 9 (1, 3) and 13 (2,
4) in TOL.
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3.4.6. Transient Absorption Spectroscopy and Superfluorescence Properties of 9 and 13

The nature of fast relaxation processes in the excited state of 9 and 13 was
investigated in low viscosity TOL solution using transient absorption pump-probe
technique®8¢ with time resolution ~ 300 fs. The kinetic dependences, AD = f (), of the
induced optical density, AD, on the time delay between pump and probe pulses, z_,
were measured under excitation into the main long wavelength absorption band (pump

wavelength, A,, =500 nm), and probe wavelength, 4,,, was tuned in a broad spectral

pr 7
range, 530-720 nm. The most representative dependences AD = f (z,,) for 9 and 13 are
shown in Figures 48 and 49, respectively. In general, the values of induced optical
density, AD, are determined by the depopulation of the ground state (saturable
absorption (SA)), excited state absorption (ESA), and light amplification (gain) processes

that usually occur in organic molecules under excitation.”% As follows from these data,

negative values of AD were detected in the main 1PA band (/1pr = 530 nm), and

corresponding maxima signals are related to the depopulation of the ground state So
accomplished in the first 300 - 400 fs (Figures 48a, 49a). The decrease in the absolute value
of AD observed in the next 10-15 ps can be associated with the dynamic ESA and gain
processes in the first excited electronic state Si due to Frank-Condon and solvent
relaxation phenomena.”*® An efficient gain was observed for probe pulses in the
fluorescence spectral range of 9 and 13 (Figures 48b-d, 49b-d), where no ground state

absorption occurred, and negative values of AD can be attributed to the light
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amplification with corresponding effects of solvent relaxation dynamics for particular

Ar - Positive signals in the transient absorption kinetics were observed for 4, > 660 nm

and 680 nm for 9 and 13, respectively, and revealed a dominant role of the ESA processes
in that spectral range (Figures 48e,f, 49¢,f). Interestingly, some differences in the observed

characteristic solvent relaxation times for different 4, can be explained by the specific
spectral position of the particular 4,, relative to the corresponding instantaneous ESA

and/or stimulated emission contours.
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Figure 48. Kinetic dependences, AD = f (z,), for 9 in TOL under pumping at A,, =500
nm: 4, =530 nm (a), 580 (b), 600 nm (c), 640 nm (d), 660 nm (e), and 700 nm (£).

Efficient light amplification of the weak probe pulses with 4, in the fluorescence

spectral region (Figures 48b-d, 49b-d) was indicative of potential superfluorescence and

lasing abilities of 9 and 13 in TOL, which was investigated at 102-10° M under 1 kHz fs
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transverse pumping into the main 1PA band. Highly reabsorbed and spectrally broad
spontaneous fluorescence spectrum of 9 (Figure 50a, curve 1) was transformed into a
narrow emission line (curves 2, 3) under the increase in pumping energy. The main
parameters of the observed emission lines, such as linear polarization (in accordance with
the polarization of the pump beam), relatively narrow spectral width (FWHM ~ 8-10 nm),
high directionality (divergence < 3 -5 mrad), along with the high intensity (more than ~ 3
orders of magnitude higher than spontaneous fluorescence emission), and obvious

threshold character (Figure 50b) were attributed to the superfluorescence radiation.”®82
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Figure 49. Kinetic dependences, AD = f (), for 13 in TOL under pumping at A,, =500
nm: ﬂpr =530 nm (a), 560 (b), 620 nm (c), 640 nm (d), 700 nm (e), and 720 nm (f). The
insert in (a) is the initial part of AD = f (z,) obtained from separate measurement with
100 fs temporal step in 7.
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Compound 13 exhibited much less efficient supefluorescent properties than 9
despite comparable gain values observed in transient absorption measurements (see
Figure 49b-d). Assumingly, it can be explained by smaller Stokes shift and much stronger
self-reabsorption in highly concentrated solution. More significantly, superfluorescence
phenomena have the potential to be used for dramatic increase in spectral brightness of
the fluorescent probes and, therefore, are attractive for further development of the

fluorescence microscopy technique.
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Figure 50. (a) Spontaneous fluorescence spectrum (1) and superfluorescence emission (2,
3) of 9in TOL (C ~ 2.5:10° M) under pump energy E, = 1.2 pJ (1), 3.5 uJ (2), and 4 pJ (3)
at A,m = 510 nm. (b) The threshold dependence of superfluorescence intensity on the
pump energy. The insert in (b) shows the initial part of the threshold dependence.

3.4.7. STED Properties of 9 and 13

One-photon stimulated emission spectra of 9 and 13 were obtained by
fluorescence quenching method comprehensively described previously.®*#” Fluorescence
emission was induced by femtosecond pump pulse with 1,, =500 nm, E, = 0.3 pJ, and

7, = 100 fs, and then, after a small time delay, was partially quenched by another
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(quenching) pulse with wavelength 580 nm < 4, <720 nm, energy 1 uJ < E, <25 pJ, and

pulse duration 7, =100 fs. Time delay between pump and quench pulses was set to ~ 30
ps in order to remove all effects related to the fast relaxation processes in Si state (see
Figures 48, 49). The values of corresponding stimulated emission cross-sections o, (A44)
(i.e. cross-sections of S1 — So optical stimulated transitions) were obtained from the fitting

of the experimental dependences:

A1, 119 =0 (A) 2 50 2)
1/ la) =0, A 1+ §E,

where (1-14/1 ?I) is the degree of fluorescence quenching (1, and |3 are the integral
fluorescence intensities with and without quenching pulse, respectively); & and g are
the parameters including pump and quench beam waists, 4,, and ground state one-
photon absorption cross-section at A,. It should be mentioned that equation (2) can be

obtained based on the same approach,® taking into account additional ground state linear

absorption processes and relatively weak multiphoton absorption efficiency at A,. In the

case of negligible ground state absorption at 4, (fE, << 1) the values of &.0(4,) canbe
determined from the slope of the linear dependence:®

(A=14/15) =0y (4)-a-E, ©

Typical experimental dependences (1-1,/13)=f(E,) and one-photon STED

spectra of 9 and 13 are shown in Figure 51. The values of Stokes shifts of new compounds
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are relatively small (see Table 5). For most of the employed quenching wavelengths 1,,
experimental dependences (1-14/13)=f(E;) deviated from the linear type due to
ground state linear absorption (Figure 51b, e) and were subsequently fitted by equation
(2). In the case of 1, >> Ay, the degree of fluorescence quenching exhibited linear
dependence on E, (Figure 51a, d) which was fitted by equation (3). As follows from the
obtained data, the absolute maxima values of O3 ~4-10""7 cm? for 9 and = 6:10"7 cm? for
13 were comparable with the corresponding ground state absorption cross-sections
maxima O = 3.7-107 cm? and = 7.4-10"7 cm?, respectively. The experimental values of

o10(1q) were analogous to calculated contours o (1) ~ A" 14 (1),%% (Figure 51c, d,

curves 4), where | (4) are the corresponding steady-state fluorescence spectra (curves 3).

These results are in agreement with the observed “mirror symmetry” in the absorption-
fluorescence spectra, small Stokes shifts, and weak solvatochromic dependences of the
investigated diketopyrrolopyrrole derivatives. It should be emphasized that stimulated
emission cross-sections of fluorescent probes are important parameters for high
resolution STED microscopy technique, which need to be further developed for

fundamental research and practical applications.
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Figure 51. Experimental dependences (1-1; /I )= f(E,) (a, b, d, e, red circles) and one-
photon STED spectra (c, £, red circles) for 9 (a-c) and 13 (d-f) in TOL: 4, =580 (b, e) and
720 nm (a, d). The steady-state 1PA (c, f, curves 2), fluorescence (curves 3), and calculated
stimulated emission (curves 4) spectra for 9 (c) and 13 (f) in TOL. Solid lines in (a, d) and
(b, e) are the fitting curves obtained by equations (3) and (2), respectively.

3.5. Design and Synthesis of Water-Soluble Fluorescent DPP-based Chromophores
The results discussed above for DPP’s 9 and 13 encouraged us to prepare
hydrophilic DPP derivatives having extended m-conjugation that could result in higher
2PA efficiency. Enhanced two-photon DPP-fluorophores with large cross-sections would
offer the ability for a highly confined excitation as well as intrinsic three-dimensional
resolution in microscopic imaging, accompanied by an increased penetration depth in
tissues as a by-product of a reduction of scattering losses.!® The reduced photodamage,

as well as improved signal-to-noise ratio may allow for bioimaging at deeper penetration
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depth.”* Toward that goal, 2-pyridyl substituted DPP 14, having a short polyethylene

glycol chains, was accessible through N-alkylation of the lactam moiety of 8 (Scheme 7).

Tsok\/oég/ .

t-BuOK, DMF
120 °C,6 h

Scheme 7. N-alkylation of 8 leads to 2-pyridyl substituted DPP 14.

Examining the steady-state one-photon absorption (1PA) spectrum of 14 (Figure

max

52) shows a marked hypsochromic shift (4, =486 nm) compared to 9 in DCM (/IZEX =513
nm) with little noticeable vibronic interaction (Figure 52). On the other side, the
fluorescence quantum yield @ ; exhibited weak dependence on solvent polarity Af with
values close to the one obtained previously for 9 and 13 (~ 0.7). The satisfactory solubility
and high fluorescence quantum yield of 14 in water prompt us to synthesize dopamine-
conjugated DDP derivatives in order to investigate these chromophores as two-photon
fluorescent tag suitable for cell imaging. In order to realize this goal, a hydrophobic DPP
model compound was designed and prepared, and its linear photophysical properties

have been assessed prior to preparing a hydrophilic analogue.
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Figure 52. Normalized absorbance (Amax = 486 nm, H20) and emission (Aem = 533 nm, @ 4
= 0.71) spectra of 14.

3.5.1. Synthesis of Hydrophobic rt-Extended DPP 18 and 21

The preparation of 18 followed a traditional synthetic route as depicted in Scheme
8. Alkylation of 11 was achieved by using K2COs in hot DMF, where the purification of
the product was simplified by washing the crude solid obtained after the removal of DMF
with methanol and hexanes. Borylation of 15 was achieved following a reported literature
procedure with some optimization of the equivalence of LDA and boronic ester used to
afford 16 in 65%. Finally, Suzuki cross-coupling between 16 and 5-bromo-2,3,3-trimethyl-
3H-indole afforded 17, which is prepared via a Fisher indole synthesis starting with 4-
bromophenylhydrazine hydrochloride and 3-methylbutan-2-one in boiling
ethanol/H250s solution, afforded 18 in 40%. The efficiency of the last step was deterred

by the deamination side products obtained (Scheme 8).
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40%
Scheme 8. (a) 2-Ethylhexyl bromide, K2COs, DMF, 120 °C; (b) LDA, THF, 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane; (c) 17, Pd(PPhs)s, K2COs, TOL, H20, 2 h, 120 °C.

Another hydrophobic DPP 21 with extended conjugation was prepared (Scheme
9). Thus, alkylation of 11 with t-butyl 2-bromoacetate afforded 19, which was brominated
at 5’-positions of thienyl moieties using NBS to give 20. Intermediate 20 was successfully

coupled to tributyl(thiophen-2-yl)stannane to provide 21 as dark blue powder.

Scheme 9. Synthesis of 21. (a) t-butyl 2-bromoacetate, DMF, K2COs, 12 h, 110 °C; (b)
NBS, CHCls, dark, 12 h; (c) Pd(PPhs)e, tributyl(thiophen-2-yl)stannane, THF, 80 °C, 12 h.
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3.5.2. Photophysical Characterization of 18 and 21

The steady-state OPA spectra of 18 (Figure 53a) were slightly unaffected by solvent
polarity and exhibited well-defined vibrational structure as encountered previously
(Table 6). The extinction coefficient determined in TOL is relatively larger than that
determined for DPPs 9 and 13, with a value of emx=5.0 + 0.5 x 10* M! cm?.

The steady-state fluorescence spectra of 18 (Figure 53b) were independent of the
excitation wavelengths, with emission in the NIR and relatively large Stokes shifts. In
contrast to values obtained for DPP’s 9 and 13, obtained values of ¢, are significantly
dependent on solvent polarity with ¢, = 0.28 in the case of MeOH (Af = 0.3098).

This suggested that a hydrophilic derivative of 18 may exhibit a lower quantum
yield in water, yet can be significantly fluorescent for bioimaging purposes. A similar
suggestion was drawn upon examining the absorption and emission profiles of 21 in TOL

which exhibited a @ 4 = 0.55 that is comparable to that obtained for 18 in TOL.

Table 6. Linear photophysical parameters of 18 in solvents with different polarity Af .

Solvent Toluene DCM MeOH

A3 (nm) 615+ 1 611 +1 597 + 1

A7 (nm) 704 +1 699 + 1 690 + 1

Stokes Shift (nm) 89+2 88 +2 93+2
®; (CV, MeOH) 0.62 0.56 0.28
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Figure 53. (a) Absorption and (b) emission spectra of 18 in solvents of varying polarity.
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Figure 54. Absorbance and fluorescence spectra of 21 in TOL.

The investigation of 2PA efficiency of 18 was performed over a broad spectral
range by the well-developed open-aperture Z-scan method and corresponding
degenerate 2PA spectrum are presented in Figure 55. Given the entrosymmetric nature
of 18 structure, the 2PA efficiency is relatively low in the main 1PA bands, with a gradual

increase in the two-photon allowed short wavelength region up to ~ 210 GM.
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Figure 55. Degenerate 2PA of 18 in TOL.
3.5.3. Synthesis of Hydrophilic -Extended DPP 24 and 25

The synthesis of hydrophilic derivative of DPP 25 followed a similar synthetic
route to that of 18. Starting with t-butyl ester intermediate 19, borylation as described
previously afforded 22 in poor yields (~ 20%), which was used for coupling to 17 under
modified Suzuki conditions, where KF was used instead of K2CO3 to hydrolyze the
boronic ester 22. The resulting intermediate 23 was dissolved in TFA, which was
employed for the hydrolysis of t-butyl ester group to furnish 24 as green flakes. The
solubility of 24 in NaOH solution is excellent, but shows low solubility in buffer of pH <
7.4. As for 21, the same hydrolysis conditions resulted in the bis-carboxylic acid 25, which

shows similar solubility characteristics to 24 (Scheme 10).
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22 23, R = Bu, 50% ]
C

24, R=H, 99%

Scheme 10. (a) LDA, THF, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane; (b) 17,
Pd(PPhs)s, K2COs, TOL, H20, 2 h, 120 °C, (c) TFA, DCM, 8 h, rt.

3.5.4. Photophysical Characterization of 24 and 25

When compared to their hydrophobic analogues 18 and 21, respectively, the
electronic absorption spectra of phosphate-buffered saline (PBS, pH 7.3, simulated
physiological conditions) of DPPs 24 and 25 are dominated by a broad and intense band
centered around A = 575 nm for either DPP dyes, and showed no indication of noticeable
vibronic interaction in their corresponding absorption spectra. The emission bands
corresponding to DPPs 24 (618 and 669 nm) and 25 (640 and 692 nm) in PBS are similar
to previously studied analogues, but show a hypsochromic shift in the emission spectrum
of 24 as compared to that of 18 (Figure 56). Remarkably, the emission band corresponding
o the bithiophene DPP analogue 25 closely resembles that observed for the hydrophobic
analogue in MeOH (Figure 57). More notably, the quantum yield of 24 and 25 in PBS was
significantly low, with values of 0.01 and 0.02, respectively, suggesting an increased

hydrogen-bonding interaction from MeOH to water in the case of indole-terminated DPP
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18 and 24 that may contribute to fluorescence-quenching perhaps by composing electron
accepting water cages as reported for heterocyclic amines.!

In line with the aforementioned observations, bovine serum albumin (BSA) was
used in order to determine whether a significant turn-on of fluorescence can be observed.
Serum albumin is a plasma protein that is well-known known for its ability to bind and
to transport various ligands to specific sites.!21% Encapsulation of the DPP dyes with BSA
is driven by hydrophobic interactions as well as hydrogen bonding as a result of the
anchoring carboxylate moieties of DPPs. Such interactions may lead to enhanced rigidity,
which may result in fluorescence turn-on and increased fluorescence life time, as well as
shield the DPP against quenchers such as ions and thiols, hence providing enhanced
stability to the fluorophores under investigation. Undeniably, fluorescence intensity was
strongly enhanced upon addition of BSA, especially in the case of 24, where quantum
yield has increased around two folds (Figure 58). While further studies are underway to
determine the binding affinity of these dyes to BSA, fluorescence turn-on was also
achieved in a solution containing sodium dodecyl sulfate (SDS), an ionic surfactant, with
a one-fold enhancement compared to solution with no additives (Figure 58a). Such
observations suggest that cell imaging using these dyes is promising as BSA and SDS

mimic the hydrophobic nature of cellular components.
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Figure 56. (a) Normalized absorption and (b) emission spectra of 18 and 24.
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Figure 57. (a) Normalized absorption and (b) emission spectra of 21 and 25.
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3.6. Investigating DPPs as Fluorescent Dyes for Bioimaging

The efficacy of the prepared DPPs as fluorescent dyes was assessed by preliminary
fluorescence imaging experiments. In that regard, hydrophobic DPP 20 was determined
to be suitable for encapsulation in Pluronic® F-127, an FDA approved poloxomer micelle
that has been used in drug delivery applications to enhance the solubility of hydrophobic
drugs.%+1% Micelle-encapsulated DPP 20 was coincubated with Lysotracker™ Green to
determine whether the micelle-encapsulated dye will be localized in the lysosomes as
anticipated. Interestingly, fluorescence imaging of the micelle-encapsulated 20 in
HCT116 cells demonstrates good cellular uptake. (Figure 59b). Overlap image with
LysoTracker Green shows good colocolaization, indicating that most micelles are

distributed in the cellular lysosomes (Figure 59c¢).

Figure 59. Confocal fluorescence images of HCT 116 cells incubated with 20 micelles (10
uM, 2 h) and LysoTracker Green (75 nM, 2 h). (a) DIC, (b) fluorescence image with 20
micelles, (c) colocalization imaging, overlay of b and LysoTacker Green. FitC filter cube
(Ex: 477/50, DM: 507, Em: 536/40) and Texas Red filter cube (Ex: 562/40, DM: 593, Em:
624/40) were applied to excite LysoTracker Green and 20.

99



The good solubility of DPP 25 in PBS allowed for the direct use of the dye in buffer
solution for cell incubation. Initially, biocompatibility of 25 was examined by employing
a cell viability experiment using HCT-116 colon carcinoma cells. Solutions of varying
concentrations of 25 (1.5 to 100 uM) were used for dye incubation with the prepared cells
and the viability was measured by MTS assay.'”” After 20 h incubation with cells the
percentage of viable cells remained above 80%, indicating fairly low overall toxicity of

DPP 25 even at 100 uM (Figure 60).
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Figure 60. Viability Chart of 25 in HCT-116 cells.

Based on these results, two concentrations (25 and 50 uM) of 25 in PBS were chosen
for incubation and imaging, with greater signal-to-noise images obtained at 50 uM. 1PE
of the fixed cells (Figure 61a-c) indicates successful permeation of the cell membrane,
where strong fluorescence signal can be seen throughout the cytoplasm of the cells, with

little specificity of the dye towards organelle. 2PE images also have good signal but show
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a greater signal-to-noise ratio when compared to the 1PE images, further supporting the

internalization of 25 into the cytoplasm.

Figure 61. Confocal fluorescence images of HCT 116 cells (control, a-c) incubated with 25
(25 uM, d-f and 50 uM, g-i). (a), (d) and (g) are DIC, (b), (e), and (h) are 1PE (Aex=562 nm),
2PE (A = 810 nm) of HCT 116 cells with no dye, incubated with 25 uM and 50 uM of 25,
respectively.
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Fluorescence enhancement through non-covalent binding to BSA, coupled with
the presence of a free carboxylic acid group on their core structure, render the prepared
DPP 25 as potential candidates for in vivo imaging. Furthermore, ongoing efforts entail
1PFM and 2PFM imaging of cells incubated with DPP 24.

3.7. Conclusions

Derivatives 9 and 13 of the well-known DPP-type organic pigments were
synthesized and comprehensively investigated. A variety of linear photophysical,
photochemical and nonlinear optical properties of 9 and 13 were shown in a number of
organic solvents at room temperature. The steady-state absorption, fluorescence, and
excitation anisotropy spectra revealed the nature of the main absorption bands, weak
solvatochromic behavior, strong vibronic coupling, and agreement with Kasha’s rule.
2PA spectra of 9 and 13 were obtained in a broad spectral range by open aperture Z-scan
method and two-photon action cross sections of 50-100 GM were shown. Fast dynamic
ESA and gain processes with characteristic times of 10-15 ps were observed for 1 and 2 in
a broad spectral range, and efficient superfluorescence emission was shown for 1 in TOL
under femtosecond transverse pumping. The values of one-photon STED cross-sections
were determined for 9 and 13 by fluorescence quenching pump-probe technique and

maxima values of &0, obtained experimentally, were close to corresponding ground
state absorption cross-sections maxima O, . It is worth mentioning that such interesting

linear spectral and nonlinear optical properties of these DPP derivatives make such
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derivatives attractive for various practical applications, including two-photon induced

fluorescence and STED microscopy techniques.

Water-soluble DPPs exhibits remarkable features including good solubility in
aqueous media; the interesting optical properties, and the availability of a free carboxylic
acid group on their core structure, and low cytotoxicity render these derivatives suitable
candidate for bioimaging applications. Currently, focus to conjugate the studied dyes to

targeting peptides is underway.

3.8. Experimental Section

3.8.1. Solutions and Methods for Cell Imaging

Pluronic Micelles of 20. A solution of DPP 20 in DCM (0.5 mM) was mixed with
an equal volume of Pluronic-127 solution in PBS (2.5 mg/mL). The mixture were stirred
at 60 °C overnight to remove DCM, and the resulting micelle solution was stored at 4 °C
for cell incubation.

Cell Incubation for 20 Imaging. HCT-116 colon carcinoma cells (America Type
Culture Collection, Manassas, VA) were seeded on poly-D-lysine functionalized
coverslip in a 24-well plate. Cells were incubated in RPMI-1640 complete medium (Life
Technologies) for 48 h, followed by incubation with 20 micelle (10 uM) and LysoTracker
Green (Life Technologies, 100 nM) mixture or 25 (25 or 50 uM) for 45 min. Cells were then

fixed with formaldehyde solution (4%) and treated with NaBHs (1 mg/mL) with 2x
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washes of phosphate buffered saline (PBS) between each step. Coverslips were again
washed and mounted on slides with ProLong Gold antifade reagent (Life Technologies).
Images were taken with Olympus IX70 DSU microscope.

Cytotoxcity Assay. HCT 116 cells (America Type Culture Collection, Manassas,
VA) were placed in 96 well plates and incubated until there were no fewer than 6 x 103
cells per well for the cytotoxicity assays. After that, the cells were incubated at different
concentrations of 25 for an additional 20 h. Next, 20 uL of CellTiter 96 Aqueous One
solution reagent was added into each well and incubated for an additional 4 h. The
relative cell viability, incubated with 25 and a control for untreated cells, was determined
by measuring the MTS formazan absorbance on a microplate reader at 490 nm. All

absorbance values were subtracted from the blank volume from a cell-free control.

Cell Imaging: Images of cells incubated with 25 were taken with a Leica TCS SP5
IT laser-scanning confocal microscope system with a 63x objective (HCX P1 APO CS 63.0
x 1.20 WATER UV), while those incubated with 20 micelles were take were taken with
Olympus IX70 DSU microscope. One photon images of cells incubated with 25 were
taken with 561 nm excitation wavelength and emission collected between 600 to 700 nm.
Two-photon fluorescence images were recorded using a tunable Coherent Chameleion
Vision S (80MHz, mode-locked, 75 fs pulse width, tuned to 810nm) which is coupled to

the Leica system.
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3.8.2. Synthesis of DPPs

3,6-Di(pyridin-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (8). A solution of t-
BuOK (2.70 g, 24.0 mmol) in f-amyl alcohol (50 mL) is heated at 110 °C for 1 hr under N-.
2-Cyanopyridine (10.40 g, 20.0 mmol) and a catalytic amount of 18-crown-6 ether (100
mg) are added to the solution, which becomes dark brown. To this mixture, a solution of
diethyl succinate (1.66 mL, 10.0 mmol) in t-amyl alcohol (10 mL) is added dropwise over
a period of 20 min. The purple mixture is heated at 110 °C for additional 3 hr before
cooling to 50 “C, when a solution of MeOH:H:O (30 mL:10 mL) is carefully added to the
reaction mixture. The resulting sluggish deep red solution is heated for 20 min under
reflux and then cooled at room temperature, and poured onto dilute HCI (1 N, 50 mL)
and ice (100 g). The mixture is stirred vigorously for 30 min and the precipitate was
collected by filtration. The solid is dissolved in hot MeOH (100 mL) and heated for 10
min, and then precipitate is collected and dried to afford the title compound as red

powder (4.65 g, 16.2 mmol, 81%).

2-(2-Ethylhexyl)-3,6-di(pyridin-2-yl)-2,5-dihydropyrrolol[3,4-clpyrrole-1,4-dione (9). 2-
Ethylhexylbromide (2.90 g, 15.0 mmol) was added to a suspension of 8 (2.90 g, 15.0
mmol), t-BuOK (1.70 g, 15.0 mmol) and catalytic amount of 18-crown-6 ether in DMF (25
mL). The suspension was stirred overnight at room temperature and then poured onto
ice (150 g). After vigorous stirring, the insoluble materials were collected and dried.

Purification was achieved using column chromatography (Hexanes: EtOAc, 3:1) and
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washing with cold hexanes to afford the title product as dark red powder (2.60 g, 6.5
mmol, 65%). 'H NMR (400 MHz, Chloroform-d) 0 9.01 (dt, ] =7.9, 1.0 Hz, 1H), 8.77 (dt, |
=8.0, 1.0 Hz, 1H), 8.70 (br s, 1H), 8.64 (ddd, ] =4.8, 1.8, 0.9 Hz, 1H), 8.59 (ddd, | =4.8, 1.7,
0.9 Hz, 1H), 7.84 (dddd, ] =7.6, 4.6, 1.8 Hz, 2H), 7.31 (dddd, ] =9.1, 7.6, 4.8, 1.1 Hz, 2H),
429 (t, ] =7.5 Hz, 2H), 1.54 — 1.42 (m, 1H), 1.26 — 1.16 (m, 8H), 0.79 — 0.71 (m, 6H). ESI-

HRMS caled. For C2sH26N4O2 [M+H]* 403.5055; found 403.4045.

2-(10-Azidodecyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
(13). A solution of 2-(10-bromodecyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione 12 (0.52 g, 1.0 mmol) prepared as described for the synthesis of 8, and
NaNs (0.12 g, 2.0 mmol) in anhyd. DMF (5 mL) was heated under Ar at 80 °C for 8 h. The
solution was cooled to room temperature and then poured over ice water (100 mL). The
product was collected by filtration, suspended in DCM, and dried over Na2SO4. The
solvent was evaporated under reduced pressure to afford the title compound as brick red
flakes (0.48 g, 99%). 'H NMR (400 MHz, DMSO-ds) 0 11.38 (s, 1H), 8.76 (dd, ] =3.9, 1.2 Hz,
1H), 8.26 (dd, ] = 3.8, 1.2 Hz, 1H), 8.05 (dd, ] = 5.0, 1.2 Hz, 1H), 8.01 (dd, ] = 5.0, 1.1 Hz,
1H), 7.39 (dd, ] =5.0, 3.9 Hz, 1H), 7.32 (dd, ] = 5.0, 3.8 Hz, 1H), 4.02 - 3.93 (m, 2H), 3.29 (t,
J=6.9 Hz, 2H), 1.61 (d, ] = 7.5 Hz, 2H), 1.55 — 1.43 (m, 2H), 1.27 (m, | = 27.1 Hz, 12H).1C
NMR (101 MHz, ) d 160.9, 135.0, 134.1, 133.0, 132.5, 130.1, 129.6, 129.4, 107.7, 51.4, 42.0,
40.8, 40.2, 30.1, 29.5, 29.2, 29.0, 26.9. ESI-HRMS calcd. For C2sH26NsO2 [M+H]* 482.1679;
found 482.1670.
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2,5-Bis(2-ethylhexyl)-3,6-bis(5-(2,3,3-trimethyl-3H-indol-5-yl)thiophen-2-yl1)-2,5-

dihydropyrrolo[3,4-clpyrrole-1,4-dione (18). Prepared according literature.'® 'H NMR
(400 MHz, CDCls) 6 8.97 (d, ] = 4.1 Hz, 2H), 7.66 (dd, | = 8.0, 1.8 Hz, 2H), 7.61 — 7.56 (m,
4H), 7.47 (d, ] = 4.1 Hz, 2H), 4.20 — 4.03 (m, 4H), 2.33 (s, 6H), 1.97 (s, 2H), 1.48 — 1.25 (m,
28H), 0.98 - 0.84 (m, 12H).*C NMR (100 MHz, CDCls) 6 189.7, 162.1, 154.9, 150.5, 147.2,
140.1, 137.1, 130.7, 128.9, 126.5, 124.6, 120.8, 119.5, 108.5, 77.6, 54.3, 46.4, 39.6, 30.8, 29.0,
241, 23.5, 15.9, 14.4, 11.0. ESI-HRMS calcd. For Cs2HeN4O2S: [M+H]* 839.4314; found

839.4353.

Di-tert-butyl 2,2'-(3,6-di([2,2'-bithiophen]-5-yl)-1,4-dioxopyrrolo[3,4-c]pyrrole-
2,5(1H,4H)-diyl)diacetate (21). Prepared according to literature procedure.!®® 'H NMR
(400 MHz, Chloroform-d) d 8.76 (d, | = 4.1 Hz, 1H), 7.37 - 7.27 (m, 3H), 7.07 (dd, ] = 5.1,
3.7 Hz, 1H), 4.82 (s, 2H), 1.47 (s, 9H). *C NMR (101 MHz, CDCls) d 167.5, 161.3, 143.3,

139.4, 136.6, 136.4, 128.7, 128.4, 126.7, 125.6, 125.4, 108.3, 100.3, 83.3, 44.6, 28.4.

2,2'-(1,4-Dioxo-3,6-bis(5-(2,3,3-trimethyl-3H-indol-5-yl)thiophen-2-yl)pyrrolo[3,4-

clpyrrole-2,5(1H,4H)-diyl)diacetic acid (24). TFA (2.00 mL) was added to a solution of
DPP 23 (0.42 g, 0.5 mmol) in DCM at 0 °C. The solution was stirred overnight, and the
solvent was evaporated under reduced pressure. Toluene (20 mL) was then added and
the solvent was evaporated again to remove any excess TFA, to afford the title compound
as green crystals (0.31 g, 0.5 mmol, 99%). '"H NMR (400 MHz, CDCls) 6 8.88 (d, ] =4.2 Hz,

1H), 7.60 (dd, ] = 8.0, 1.8 Hz, 1H), 7.56 — 7.47 (m, 2H), 7.38 (d, ] = 4.1 Hz, 1H), 4.77 (s, 2H),
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2.28 (s, 3H), 1.33 (s, 8H). *C NMR (100 MHz, CDCls) & 189.4, 161.8, 149.6, 140.3, 136.2,

131.0, 130.5, 126.2, 124.5, 120.6, 119.6, 108.4, 54.2, 23.4, 15.9.

2,2'-(3,6-Di([2,2'-bithiophen]-5-yl)-1,4-dioxopyrrolo[3,4-clpyrrole-2,5(1H,4H)-
diyl)diacetic acid (25). 'H NMR (400 MHz, CDCls, 1%Et:sN) & 8.50 (d, ] =3.9 Hz, 1H), 7.72
—-7.38 (m, 3H), 7.14 (d, | =4.2 Hz, 1H), 4.77 (s, 2H). *C NMR (101 MHz, CDCls, 1%EtsN) 0

167.5,161.3, 143.3, 139.4, 136.6, 136.4, 128.7, 128.4, 126.7, 125.6, 125.4, 108.3, 100.3, 44.6.
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