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ABSTRACT

The need for NIR fluorescent dyes is widely accepted for imaging and communications
applications. Cyanines are a commonly used family of dyes for biological imaging due to their
tunability, often rapid synthesis, ease of bioconjugation, intense molar absorptivities and strong
NIR emissions. Since the invention of indocyanine green (ICG), many efforts have been made to
improve on the design achieving farther red-shifted dyes with larger quantum yields and enhanced
Stokes shifts. A series of squaraine, cyanine, and xanthene based dyes using the indolizine
heterocycle as a donor in place of the commonly used indoline donor are discussed. The indolizine
donor allows for red-shifts farther into the NIR region due to the indolizine being fully conjugated.
Additionally, an enhanced Stokes shift is observed to enable high resolution imaging. These series
of dyes are discussed with a focus on structure-property relationships concerning the effects on the

photophysical properties.
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CHAPTER 1

INTRODUCTION
1.1 INTRODUCTION TO NIR EMISSIVE MATERIALS FOR BIOLOGICAL IMAGING

Near infrared (NIR) emissive materials are in high demand. These materials absorb and emit
light in the NIR region (600-1400 nm). There are a variety of applications for these materials
including dye-sensitized solar cells, night vision googles, NIR organic light emitting diodes
(OLEDs), and biological imaging agents. NIR emissive materials are attractive as biological
imaging agents due to their lower energy absorption which allows photons to penetrate deeper
into the skin. The most well known and commercially available dye is a cyanine derivative
known as indocyanine green (ICG). However other classes of NIR emissive dyes such as
squaraines and xanthene based dyes have also made great progress in the field. The work
presented here has focused on three main classes of NIR emissive dyes for biological imaging:
cyanines, squaraines, and xanthene based dyes (Figure 1). Each series of dyes employs the same
indolizine donor with variation of the R-groups attached to the aryl ring. The indolizine donor
was chosen due to its fully planar geometry, fully conjugated n-system involving the nitrogen
loan-pair and reduced resonance stabilization energy of the aromatic indolizine. These properties
are all attractive when selecting a donor for NIR imaging materials, which rely on strong

intramolecular charge transfer events.



cs Phin;SQ Rhindz

Figure 1. Representative dye structures presented in this work.

Absorption and emission in the NIR region are paramount for a biological imaging dye but are
not the only requirements. A biological imaging dye should have a high molar absorptivity (g),
high quantum yield (¢), high molecular brightness (¢ x ¢), large Stokes shift, and water
solubility. A high molar absorptivity and a high quantum yield (ratio of photons absorbed and
emitted) allow a biological imaging dye to be used in minimal amounts. The molecular
brightness is the molar absorptivity multiplied by the quantum yield and balances the two terms.
A Stokes shift is the difference between the absorption and emission maximums. A small Stokes
shift yields lower resolution images. A large Stokes shift can be achieved by increasing the
reorganization energy of the dye. However achieving a large Stokes shift is a double edged
sword. The Energy Gap Law dictates that the quantum yield will be lower at lower energy
wavelengths due to energy loss in thermal relaxations. A large Stokes shift will provide higher
resolution images but will deplete the quantum yield making the dye less desirable for imaging
applications. Therefore consideration of both properties is vital to the design of a biological

imaging dye and some middle ground must be found.



In this work three classes of dyes are presented. Each one absorbs well into the NIR
region as well as has high molar absorptivities (Figure 2). Variability of photophysical

properties is noted with each.

200x10°
— Phin,SQ
— s

— Rhindz

150+

100+

50+

molar absorptivity (M'1cm'1)

0 T T T T
500 600 700 800 900 1000 1100
wavelength (nm)

Figure 2. Molar absorptivity curves for the representative dye structures presented in this work.

Overall, each series of dyes outperforms the commercially available ICG in one or more aspects.
Absorption maxima range from 600 to 900 nm with molar absorptivity remaining high at up to
260,000 Mtcm™. Stokes shifts range from 20 to 194 nm with quantum yields of up to 3.5 %.
Conjugation as well as electronic effects on photophysical properties are probed along with steric

interactions and effect of counter anion variability.



CHAPTER 2

2.1 INDOLIZINE-CYANINE DYES: NEAR INFRARED EMISSIVE CYANINE DYES WITH

INCREASED STOKES SHIFTS

Adapted with the permission from Jacqueline Gayton, Shane A. Autry, William Meador, Sean
R. Parkin, Glake Alton Hill, Jr., Nathan I. Hammer, and Jared H. Delcamp.; J. Org. Chem. 2019,

84, 687-697. Copyright (2019) American Chemical Society.
(See appendix for permission license.)

This project is a collaborative project between Dr. Delcamp’s group and Dr. Hammer’s
group, where Shane Autry contributed to the work by measuring the emission and quantum yield
of the organic dyes. William Meador contributed to the project by synthesizing two of the cyanine
dyes. Dr. Glake Alton Hill, Jr. contributed by performing all computational studies presented. Dr.
Sean R. Parkin analyzed and solved the crystal structures. Jacqueline Gayton synthesized the

indolizine-cyanine dyes as well as carried out characterizations.
ABSTRACT

Molecular engineering strategies designed to red-shift cyanine dye absorptions and emissions
further into the near-infrared (NIR) spectral region are explored. Through the use of a novel donor
group, indolizine, with varying cyanine bridge lengths, dye absorptions and emissions, were

shifted deeper into the NIR region than common indoline-cyanines. Stokes shifts resulting from
4



intramolecular steric interactions of up to ~60 nm in many cases were observed and explained
computationally. Molecular brightnesses of up to 5800 deep into the NIR region were observed.
Structure—property relationships are explored for the six indolizinecyanine dyes with varying
cyanine bridge length and indolizine substituents showing broad absorption and emission
tunability. The dyes are characterized by crystallography, and the photophysical properties are
probed by varying solvent for absorption and emission studies. Computational data show
involvement of the entire indolizine m-system during light absorption, which suggests these

systems can be tunable even further into the NIR region through select derivatizations.
INTRODUCTION

Near infrared (NIR) emissive materials are a widely researched class of compounds with
applications in an array of areas® including biological imaging, communications, and secure
displays.?” Dye designs based on cyanine structures are ubiquitous because of the intense molar
absorptivity of these structures in the NIR region.! Additionally, the cyanine dye absorption
wavelength is highly tunable based on methine chain length selection.® The tunability, rapid
synthesis, facile bioconjugation, intense molar absorptivities (g), strong NIR emissions, and high
molecular brightness (MB) values make this class of dyes attractive for further exploration as NIR
emissive materials.®® In addition to deeper NIR absorption and emission, dyes with large Stokes
shifts and high quantum yields are in high demand.®? For many applications, longer wavelength
absorptions allow for access to differential dye properties relative to currently available dyes, and
a larger Stokes shift provides dramatically higher resolution images in biological applications by
reducing background signals.> 314 Importantly, a significant MB is needed to give high resolution

images with smaller amounts of emissive material.’®> A balance between long wavelength use,
5



Stokes shifts, and quantum yield must be struck for many functional materials in the NIR region,
since the energy gap rule dictates diminished quantum yields as wavelengths increase.'®° Stokes
shifts, which arise from molecular reorganizations, also tend to diminish quantum yields as the
Stokes shift increases in magnitude. Introduction of molecular design elements which can increase
Stokes shifts and wavelength of both absorption and emission, while retaining a reasonable
molecular brightness, can addresses a fundamental need in NIR emissive dye design.?° Both the
Stokes shift and lower energy absorption/emission challenges can be addressed by replacing the
indoline donor of typical indoline cyanine dyes (such as FDA approved, commercially available,
and widely used indocyanine green 1CG) with a fully conjugated indolizine donor to delocalize
the frontier molecular orbitals further (Figure 3). ICG serves as a good benchmarking cyanine
dye since it is one of the most widely used cyanines over the last 6 decades with multiple reviews
concerning the utility of this compound.??? In the specific case of our study, the single nitrogen
heteroatom donor groups of indoline-cyanines can be directly compared to the single nitrogen
heteroatom donor groups of novel indolizine-cyanine dyes since the donor heteroatom remains
constant and a similar number of m-bonds are present in both donor groups. Additionally, the
polycyclic indolizine donor provides a steric presence near the cyanine bridge, which requires
either a deviation from planarity of the n-System or non-ideal bond angles. Strain such as this in
the ground state often affects excited state geometries differently, leading to increased

reorganizations upon photoexcitation and thus enhanced Stokes shifts 23-24



prior work

e small reorganization energy

SV X
CO ;\‘@ N OO e planar 1r-system

o HOMO/LUMO localized to cyanine
Na®
(€] (€]

SO; 058
indocyanine green (ICG)

this work

® increased reorganization energy
e steric strain on m-system
e extended HOMO/LUMO heavily

delocalization to indolizine

steric induced dihedral

Figure 3. Comparison of an indoline cyanine dye and an indolizine cyanine dye. Hydrogens are
drawn in for a portion of the indolizine cyanine on the right to show steric interactions. The
indolizines are drawn in a cis conformation with a C7-C10 closest interaction as observed by
crystallography for this specific compound. A second conformation exists for a C7-C11 close

interaction which is also observed via crystallography in an example.

Recently, our group published a series of squaraine dyes using an indolizine heterocycle as
a donor in place of an indoline donor.?® The indolizine donor allows for red shifts farther into the
NIR region due to the proaromatic nature of the indolizine, which generates an aromatic stabilized
pyridinium ring after electron donation.?® Additionally, an increased Stokes shift was observed,
due in part to the planarization of aryl substituents on the indolizine ring in the excited state. This
is significant as indoline-squaraine dyes are known for very narrow energy gaps between the
absorption and emission spectrum. Importantly, the molar absorptivities and quantum yields (and
by default the MB, where MB = ¢ x ®) remained high despite these changes. We reasoned that a

similar strategy could be employed with cyanine bridges in place of the squaraine bridge. The



cyanine-bridged dyes are attractive targets due to the simplistic tunability of the absorption
wavelength by methine-bridge length selection. This type of straightforward absorption spectrum
tuning is attractive, but is challenging to achieve with squaraine bridges. In this work, a series of
dyes utilizing a constant indolizine donor structure with cyanine bridges between the donors of
varying lengths with one, three, and five carbons (C1, C3, and C5) were prepared to probe the
effects of methine bridge length on optical properties (Figure 4). Additionally, the electronic
activity of positions on the indolizine donors are evaluated ranging from electron donating to
electron withdrawing (PhOMelndz-C5, PhCNIndz-C5, and PhindzOMe-C5) in order to probe

structure-property relationships on the dye optical properties.

Figure 4. Target indolizine cyanine dyes.

Results and Discussion: Target dyes C1, C3, and C5 were synthesized from a known

phenyl indolizine (Phindz), which is available in two steps from commercially available 2-
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ethylpyridine (1 when R” = H) and 2-bromoacetophenone (2 when R = H) via an N-alkylation
reaction followed by a base catalyzed condensation reaction sequence (Figure 5).2 Phindz was
then reacted with methine bridge precursors 4, 5 and 6 in the presence of perchloric acid to give
C1, C3, and C5, respectively, in moderate to high yield (38-85%). PhOMe-C5 and PhCN-C5
follow the same synthetic route as C5 beginning with known indolizine building blocks
PhOMelndz (3 when R = Ome and R’ = H) and PhCNIndz (3 when R = CN and R’ = H),
respectively. The synthesis of IndzOMe-C5 began with the alkylation of commercially available
2-ethyl-4-methoxypyridine (1 when R’ = Ome) with 2-bromoacetophenone, followed by
cyclization to give PhlndzOMe. Reaction of PhIndzOMe with iminium salt 6 afforded
IndzOMe-C5 in low isolated yield, presumably due to the low stability of the indolizine precursor
in the reaction mixture as the starting indolizine was consumed during the reaction. In general, the
starting indolizines were handled with care due to limited stability as they were found to
decompose in solution under air and on silica gel; however, once the indolizine was incorporated

into a cyanine dye the motif became stable to prolonged ambient exposure.
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Figure 5. Synthetic route to the target indolizine cyanine dyes. The product conformations are

drawn to match those obtained by crystal structure analysis of C1, C3, and C5 (see below).

With the target dyes in hand, single-crystal X-ray diffraction studies were undertaken to
probe planarity of the dye =m-System and to analyze the cyanine bridge bond lengths. We
hypothesized: (1) C1 potentially cannot adopt a conformation with both indolizine heterocycles
co-planar due to steric interactions between the indolizine groups with the short single carbon
bridge, and (2) both C3 and C5 require some deviation from ideal bond angles or m-system
planarity due to steric interactions between the indolizine and cyanine bridge. To probe these
predictions, crystals suitable for crystallographic studies were grown by slow evaporation of
MeCN from C1, or via vapor diffusion techniques in the cases of C3 and C5. The crystals grew

as thin needles or granules with a metallic like orange luster, as is common for very high molar
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absorptivity organic materials. The resolved structures are shown below (Figure 6) with select

properties reported in Table 1.

Figure 6. Crystal structures of C1, C3, and C5 with co-crystallized solvents and counter ions

omitted. Hydrogens are included in order to emphasize potential steric interactions.

First, the planarity of each derivative was analyzed. As expected, the indolizine groups of
C1 are not co-planar and have n-systems perturbed by a 43° dihedral angle (Table 1). As a result,
C1 adopts a propeller type molecular shape, which significantly affects the molar absorptivity of
this derivative. C3 and C5 have lengthened methine chains that can allow for more co-planar
conformations. The indolizine groups can adopt two different cis conformations or a trans type
conformation with the phenyl groups either on the same side of the methine bridge or on opposite
sides, respectively (see appendix Table 17). The trans conformer is the observed conformation of
C3 in the crystal structure, with a 175° dihedral angle (5° from co-planarity). Upon extending the
methine chain to a five-carbon segment, the cis conformer was observed via crystallography, with

a deviation of indolizine-indolizine n-faces from planarity by a 30° dihedral angle. The presence
11



of both the cis and trans isomers of the indolizine cyanine dyes as crystals and the *H NMR
appearing as a single set of peaks suggests that both isomers are accessible and interconversion
between cis and trans isomers is likely possible as was observed for prior squaraine derivatives.?®
Bond length analysis reveals a reasonably uniform bond length (weak alternation) when the
indolizine-cyanine bond is compared to the bonds of the cyanine bridge. This bond uniformity is
indicative of cyanine type structures and extends from the attachment point of the cyanine bridge
to the indolizine across the m-bridge with lengths varying by less than 0.03 A for all derivatives.
The observed bond lengths (1.37-1.40 A) are between that of an average single C-C bond (1.54 A)
and a double C-C bond (1.34 A, Table 1). This bond length uniformity suggests these systems are
more likely to exhibit 7-7* optical transitions than n-n* optical transition and that the non-bonding
electron lone pairs, which are often formally drawn on the nitrogens of the indolizine groups, are

delocalized.

Table 1. Select crystal structure geometry measurements.

Dye indz.-indz.  C1-C10(A) C10-C11(A) C11-C12(A)
Dihedral (°)

C1 43 1.37(1) - -

C3 175 1.38 (7) 1.39 (2) -

C5 30 11.38(3) 1.40 (2) 1.37 (5)

Absorption and emission studies were undertaken to analyze the optical properties of the
dyes. First, the molar absorptivity and absorption curve features were analyzed for C1, C3, and
C5 to compare the effect of added methine spacers in several solvents (DCM, DMSO, 1:1
MeCN:H-0, and MeCN) differing in polarity and protic nature (Figure 7, Tables 2, see appendix

Tables 14, and 15). The absorption maxima were found to shift to longer wavelength with
12



increasing number of methine groups (e.g. in DMSO Amax values 652, 705, and 819 nm are
observed for C1, C3, and C5, respectively). These maxima are likely from n-t* transitions based
on bond length alternations observed from crystallography, DFT, and the high molar absorptivity
values observed (see discussion below). This is a 23-26 nm red-shift for the C5 derivative relative
to the common indoline cyanine dye, ICG. Additionally, the molar absorptivity increased
dramatically as the cyanine bridge length increased from 1 to 3 or more carbons. The twisted =-
system of C1 prevents a strong low-energy transition, limiting molar absorptivities from 11,000 to
27,000 Mtcm™ for C1 depending on solvent selection. C3 and C5 molar absorptivities are in stark
contrast to this at up to 204,000 and 188,000 M™cm™, respectively. These values are similar to
ICG, which has a maximum measured molar absorptivity of 238,000 M*cm™. A characteristic
cyanine high-energy shoulder is observed for each of the dyes and this is attributed to vibronic
transitions.?” Both C3 and C5 exhibit similar molar absorptivity trends with solvents in the
following order: DCM > DMSO > MeCN:H20 > MeCN. These trends do not correlate to dielectric

constants or dipole of
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Figure 7. The molar absorptivities of C1, C3, and C5 dyes in DCM, DMSO, MeCN, and 1:1

MeCN:H,0O measured at 1 x 10° M concentrations. See Figure S1 for the full visible range.

Individual plots of the absorption and emission of C1, C3, and C5 dyes in the four solvents are in

the appendix (see appendix Figures 37-39).

Table 2. The molar absorptivity, absorption maximum, emission maximum, quantum yield, and

Stokes shift for each dye in four solvents.

7\,max xmax H
Dye  solvent .=, @ e (;2) (el\>/<”?I)) (nsrﬁie\i |52|rf1t-1)
(nm) (nm)
MeCN 27,000 642 698 <l <300 56]0.15] 1250
11
C1 MeCN,o 11000 641 698 <L <100 5710161270
DMSO 14,000 652 846 <1 <100 194|0.43|3517°
DCM 18000 646 693 <1 <200 470.13|1050
MeCN 126,000 695 725 <1 <1300 30|0.07 |595
1:1
C3  pechi,o 133000 696 727 <L <1300  31]0.08]613
DMSO 135000 705 737 16 2200 32|0.08|616



DCM 204,000 708 741 <1 <2,000 33|0.08]629
MeCN 140,000 810 848 1.2 1,700 380.07|553
1:1
C5 MeCN:H,0 151,000 811 840 <1 <1,500 2910.05|426
DMSO 166,000 819 852 3.5 5,800 33/0.06 473
DCM 188,000 825 868 2.2 4,100 4310.07 | 600
MeCN 94,000 799 845 1.3 1,200 460.08 | 681
1:1
Phgg/le- MeCN:H,0 146,000 799 831 <1 <1,500 32|0.06|482
DMSO 162,000 816 840 2.7 4,400 2410.04 | 350
DCM 207,000 813 863 1.9 3,900 50/0.09| 713
MeCN 122,000 799 854 <1 <1,200 5510.10| 806
1:1
PhCN-C5 MeCN:H,0 100,000 805 851 <1 <1,000 46|0.08|671
DMSO 84,000 820 860 2.3 1,900 400.07 | 567
DCM 151,000 812 870 2.0 3,000 580.10| 821
MeCN 124,000 819 849 1.3 1,600 30/0.05]431
1:1
IndzCC%Me- MeCN:H,0 138,000 821 859 <1 <1,400 38|0.07|539
DMSO 141,000 838 868 3.6 5,100 30/0.05]412
DCM 151,000 823 876 <1 <1,500 53]0.09|735
1:1
ICG MeCN:H,0 238,000 785 816 9.1 21,700 31/0.06 | 484
DMSO 211,000 797 835 17.1 36,100 380.07|571
PhIn.SQ DCM 181,000 716 766 2.1 3,800 50/0.11]912

bis-t-

ouphimso DCM 216000 716 736 95 20500 20005380
TTD(T). Toluene 12,000 624 765 168 2,000 141]0.37 | 2954
TPA-

BBTD-  Toluene 24,000 763 1065 7. 1,700 302]0.46|3716
TPA

C';lE(gS' H20 . 750 1055 03 - 305/0.48 3855

Absorption and emission curves for PhOMe-C5, PhCN-C5, and PhindzOMe-C5 are in the
appendix (see appendix Figures 39-41). Data for ICG were collected under identical conditions
as a benchmark. Data for PhIn,SQ,? bis-t-buPhIn.SQ,?® TTD(T),2* TPA-BBTD-TPA,?® and
CH1055-PEG* are from literature reports. & is molar absorptivity. Amax?® is the absorption curve
low energy peak value. Amax®™® is the emission curve peak value. @ is the quantum yield. MB is
molecular brightness. ® This value is based on the smaller lower energy emission peak. A higher
energy emission peak (715 nm) is also observed which would correspond to a Stokes shift of 63
nm, 0.17 eV.

15



Solvent, which indicates a subtler solvent-dye interaction is occurring to vary molar absorptivities
(see appendix Table 14). C1 follows a different molar absorptivity trend, and this deviation away
from the pattern observed for C3 and C5 may originate from lack of planarity of the n-system of

Cl1.

A host of additional solvents were analyzed for the C1, C3, and C5 dyes to show solvent
effects on absorption wavelength (see Figures 8-10). For each solvent analyzed via absorption
spectroscopy, an emission spectrum in the same solvent was analyzed. For C1, the solvent had a
significant effect on the absorption curve shape, with the shoulder at 600 nm changing intensity
relative to the lower energy peak at 650 nm (Figure 8). THF shows the closest ratio of high-energy
to lower-energy features nearing equal heights, while DCM shows the high-energy feature at about
a 75% of the height of the low-energy feature. All the dyes were found to have a linear absorbance
versus concentration dependence following the Beer-Lambert Law from low concentrations (<1 x
10% M) to high concentrations (>1 x 10> M), which suggests the solvent dependent features in the
C1 absorption spectrum are not due to aggregation. These results show that C1 has significantly
different ground-state solution conformations depending on solvent selection. The emission curve
shape variation with solvent was even more dramatic. The emission maxima could be tuned over
a ~200 nm range by solvent selection. THF and DMF represent the highest energy emission peaks
near 650 nm, while DMSO, methanol, and ethanol all show peaks at wavelengths >800 nm, with
DMSO being the most red-shifted at 850 nm. This is a 194 nm Stokes shift and represents a very
large reorganization energy (0.43 eV) from the ground state to the excited state. All three of the
solvents with the lowest energy emission spectrum peaks show dual emission behavior with an

emission peak near 700 nm. This type of dichromic behavior has been observed previously with
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non-symmetric cyanine dyes.?® The low-energy emission is the dominant feature in MeOH, while
the high-energy emission is dominant in DMSO. The remaining solvents all show a peak near 700
nm and typically show a shoulder at 750 nm, which mirrors the absorption spectrum, suggesting
the higher energy absorption feature is vibronic in nature. The vast range of emission curve shapes
and peak energies suggests a wide range of geometries are accessible in the excited-state and the

excited-state geometry is exceptionally solvent dependent.

The quantum yield for C1 was measured to be less than 1% in the same four solvents as the molar
absorptivity studies (Table 2). This leads to a low molecular brightness upper limit of <300, as is

expected from a molecule with a very large reorganization energy.

For the absorption curve profiles of C3 and C5, solvent effects are not as dramatic as with
C1 (Figures 9 & 10). C3 and C5 show typical cyanine curve shapes with little energetic variation
in the absorption curve maxima based on solvent choice (<20 nm change observed in the 12
solvents examined). The emission curves show a slight increase in solvent effect changes with a
range of about 35 nm observed for C3 and C5. Notably, the most red-shifted and most blue-shifted
solvents change between these two derivatives, suggesting subtle differences in solvent
interactions between these two dyes. Stokes shifts between 30 and 50 nm were observed for these
dyes, which allows for use in some biological imaging applications.®® Both C3 and C5 show >1%
quantum yields with the highest values (1.6 and 3.5%, respectively) observed in DMSO. A high
MB value of 5,800 is observed for C5. While the MB values for the indolizine-cyanine dyes were
not as high as those reported for the ICG benchmark, it should be noted that these values can be
improved dramatically through enhancing the emission quantum yield by selection of non-

conjugated substituents, as was recently shown for CH1055-PEG.* Compared to other benchmark
17



materials such as D-A-D dyes based on squaraine (PhIn,SQ and bis-t-buPhin,SQ) and
thienothiadiazole (TTD(T)2), C5 is significantly more red shifted by >100 nm in absorption and
emission spectrum maxima. The reorganization energy of C5 is similar to that of the squaraine
derivatives, which have large Stokes shifts for that class of materials (0.07 eV versus 0.05-0.11
eV). Despite being red shifted significantly with a larger Stokes shift, the MB of C5 is higher than
these comparison dyes even with the very high quantum yield of TTD(T)2. Compared to one of
the most red-shifted imaging materials, TPA-BBTD-TPA (and derivative CH1055-PEG), a
significantly higher MB is observed for C5 with a more red-shifted absorption maximum. Notably,
a significantly more red-shifted emission is present with TPA-BBTD-TPA. Overall, compared to

the benchmark materials analyzed, C5 is a promising dye scaffold for future applications.

The remaining indolizine-cyanine dyes synthesized are analogues of C5 and show
comparable absorption maxima, emission maxima, quantum vyields, and MB to the parent
compound in most solvents (see appendix Figures 39-41). These derivatives (PhOMe-C5, PhCN-
C5, and IndzOMe-C5) are dramatically different in substituent electronic nature with PhOMe-
C5 and IndzOMe-C5 having a strong electron donating methoxy group and PhCN-C5 having a
strong electron withdrawing group. The lack of change in the absorption and emission spectrum
suggests these derivatives do not have a strong effect on the m-conjugated system (see
computational discussion below). These positions on the indolizine heterocycle and phenyl group
of the indolizine have little effect on the optical properties of these dyes and are attractive positions
for functionalization to introduce components such as water solubilizing groups or bioconjugation

functionality.
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Figure 8. Absorption (top) and emission (bottom, fit with 0.1 LOESS function) spectra of C1 in
various solvents. Absorption spectra were collected at 1 x 10° M. Emission spectra were

collected with excitation at 633 nm.
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Figure 9. Absorption (left) and emission (right, fit with 0.1 LOESS function) spectra of C3 in
various solvents. Absorption spectra were collected at 1 x 10° M. Emission spectra were collected

with excitation at 633 nm.
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Figure 10. Absorption (left) and emission (right, fit with 0.1 LOESS function) spectra of C5 in
various solvents. Absorption spectra were collected at 1 x 10 M. Emission spectra were
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The C5 derivatives show up to a 41 nm red shift relative to ICG in DMSO, indicating a deeper
NIR light absorption as is desired for many applications (see appendix Figures 42 & 43). This red

shift occurs despite a 2 methine shorter bridge for the C5 indolizine cyanine derivatives.

To better understand the role of the indolizine group and the optical properties of these
dyes, calculations were performed using density functional theory (DFT) at the MO06-2X/6-
311G(d,p) level with the Gaussian 16 software package.'32 The SMD solvation model was used
during geometry optimizations to better approximate the presence of MeCN.3 Both the cis and
trans isomers were analyzed since crystallography revealed the presence of cis isomers for C1 and
C5 but the trans isomer of C3. A small energy difference was found between the ground state
geometries of 1.0-4.4 kcal/mol with the trans isomer slightly lower in energy for C1 and one of
the cis isomers slightly lower in energy for C3 and C5 (see appendix). For all derivatives studied
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
were delocalized across the entire n-system, with significant orbital presence on both the methine

bridge and on the indolizine donors (Figure 11 and appendix Figure 44).

HOMO LUMO

o a?"& M
: ‘,m’*‘ cm’
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Figure 11. HOMO and LUMO images for C1, C3, and C5 with an isovalue of 0.02.
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It is noteworthy that the HOMO and LUMO are extended onto the conjugated indolizine
heterocycle to a greater extent than is observed in the case of indoline cyanines. This suggests
the indolizine cyanine dyes may be electronically tuned more effectively than with indoline

cyanines by careful substitution on the indolizine donor group.

For comparison to experimental trends, time dependent (TD)-DFT calculations were
carried out at the same level of theory as the geometry optimizations (Table 3). TD-DFT shows a
similar trend to the observed experimental data for the cis isomer with a close C7-C11 interaction
for both Amax and € when compared with the vertical transition energies and oscillator strengths in
MeCN: C1 < C3 < C5 (Table 3, Figure 3). When the different conformers obtained from the
crystal structure analysis are compared computationally, C1 is red shifted relative to C3, and the
energy of the vertical transition is significantly different than the experimental absorption spectrum
maximum. As an example comparison, C5 with the C7-C11 close interaction cis conformer shows
theory and solution experiments within 0.12 eV. When the conformer observed via crystallography
is computationally analyzed the comparison with solution experimentation shows a larger variation
of 0.55 eV. We note that the energy difference between these geometries is small at 2 kcal/mol,
and since *H NMR shows only a single isomer, rapid interconversion is likely possible. These
transitions were found to be HOMO to LUMO n-n* transitions. To analyze the experimental
emission spectrum data computationally, the excited-state geometry for each derivative was
optimized. Similar to experimental data, C5 was found to have the most red-shifted excited-state
geometry vertical transition (labeled dye* vertical trans. In Table 3) and strongest oscillator
strength (brightest emission). C1 was computationally shown to have the largest Stokes shift,

which is in good agreement with experimental data. Electron density difference mapping of the
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three dyes was used to show where electrons are traveling from (red) and to (blue) upon
photoexcitation (Figure 12 & appendix Figure 45). Green areas represent minimal electron
movement. The maps show a delocalization of electron density across the cyanine w-bridge
extending onto the full indolizine n-system in red, and a similar delocalization of areas accepting
electron density on alternating atoms. No significant contribution from the phenyl group is

observed on the electron density difference maps.

Table 3. TD-DFT values for the ground- and excited-state optimized geometries.

Dye vertical trans. oscillator  dye* vertical osc. Str.  Stokes shift

(eV, nm) strength  trans. (eV, nm)  Dye* eV, nm)

Clcis? 2.20, 561 0.79 1.78, 697 0.47 0.42, 136
C3trans®  2.33,533 1.11 2.18, 569 0.97 0.15, 36
C3cis® 1.91, 648 1.49 1.74,712 1.27 0.17, 64
C5 cisP 1.65, 752 2.06 1.51, 822 1.84 0.14, 70
C5 cis?¢ 2.08, 596 1.52 2.03, 611 1.75 0.05, 15

2Conformation observed by crystallography.® C7-C11 interaction in Figure 1. ¢ C7-C10 interaction
in Figure 3.
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Figure 12. Electron density difference map. Red is where electrons originate from, blue is where

they travel to upon photoexcitation, and green is neutral.

The predicted geometry changes from the ground state to the excited state were analyzed
to determine the origin of the Stokes shift in these dyes. The ground state geometry shows a
deviation of bond angles from ideal 120° sp? hybridized bong angles to wider values for all isomers
(122-134° for the first two angles measured, Table 4 & appendix Table 16). This is presumably
to lower steric interactions between hydrogen atoms on the indolizine and cyanine bridge (or
between the two indolizines for the case of C1). Despite the bond angle distortion, the nearest

hydrogens are still well within a typical hydrogen bond distance (1.5-2.5 A).
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Table 4. Select computed bond angles, dihedral angles, and atom-atom distances.

Dye anglel1(°) angle2(°) angle3 angle4 dihedral dihedral H-H bond
GS|ES GS|ES ) () ) ) distance (A) GS |
GS | GS| indz-  indz-indz ES
ES ES cyanine  GS|ES
GS|ES
Cl 128|123 134]125 N/A  N/A 15|27 35|50 2.73.6%

C3  128,123| 131,126| 120] N/A 2,10|11, 15|32 18,21|19 21

127,122 | 129,123 = 123 22
C5  122(122 127|126 122| 123 7|11 22|33 2.1]2.0
124 121

GS is ground state. ES is excited state. ? Indicates H-H bond distance is between the two closest
hydrogens of the indolizines. The structure below illustrates the bond angles being analyzed.

Upon photoexcitation, the bond angles adopt a closer to ideal geometry at 122-130°. These angles
favor increased steric interactions between hydrogen atoms on indolizine and the cyanine bridge
if the m-system were to remain planar. To relieve this increased strain, the indolizine-cyanine
dihedral angle increases in the excited state by 4°-18° for all the conformers of C3 and C5
derivatives from nearer to planar in the ground state. This results in a less planar w-system, but
does release steric strain, as evidenced by an increase in distance between nearest neighboring
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hydrogens of about 0.1 A (see appendix Table 17). Thus, the ground state geometry favors bond
angle distortion with a more ideal dihedral angle across the m-system, while the excited state
geometry favors a distorted dihedral angle across the m-system but gains more ideal bond angles
(Figure 13). This change in geometry explains the increased Stokes shift for these indolizine

cyanine derivatives relative to well-established indoline cyanines.

Excited State

reduced ni-system planarization

Ground State planarized n-system

widened bond angles

Figure 13. Illlustration of geometry changes from the ground state to the excited state.
Conclusions:

Six NIR indolizine-cyanine dyes were designed, synthesized and characterized. UV-Vis-
NIR absorption measurements show that increasing the methine bridge lengths leads to red-shifted
absorptions. The indolizine-cyanine dyes show a red-shifted absorption relative to benchmark ICG

despite two fewer methines.

This shows the critical role the indolizine groups can play in shifting absorption spectra as a
conjugated donor group. The dyes were found to emit in the NIR region with the sterically
congested dye C1 showing the largest solvent effects and reorganization energies. The 5 methine
group bridge of C5 was found to lead to the largest quantum yields and a high MB value for a dye
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emitting near 900 nm. Computational studies reveal that the ground state favors a planarized n-
system with distorted bond angles while the excited state favors the opposite geometry.
Importantly, the use of molecularly engineered steric interactions shows that significant Stokes
shifts can be designed into a class of molecules known for minimal Stokes shifts while keeping a

good quantum yield and red shifting the absorption and emission curves.
Experimental:

General Information. All commercially obtained reagents and solvents were used as received
without further purification. It should be noted that the dyes were isolated as perchlorate salts, and
perchlorate salts in general have been found explosive is some cases. Care is advised while
handling all perchlorate salts. Thin-layer chromatography (TLC) was conducted with Sorbtech
silica XHL TLC glass backed plates and visualized with UV. Flash column chromatography was
performed using a CombiFlash Rf+ system. RediSep cartridges were charged with silica gel from
Sobent Tech P60, 40-63 um (230-400 mesh). *H and *3C NMR spectra were recorded on a Bruker
Avance-300 (300 MHz) spectrometer and a Bruker Avance-500 (500 MHz) spectrometer and are
reported in ppm using solvent as an internal standard (DMSO at 2.50 ppm). Data reported as: s =
singlet, d = doublet, t = triplet, g = quartet, p = pentet, m = multiplet, b = broad, ap = apparent, dd
= doublet of doublets; coupling constant(s) in Hz; integration. UV-Vis Spectra were measured
with a Cary 5000 UV-Vis-NIR spectrometer. HRMS spectra were obtained with a QTOF HRMS
utilizing nanospray ionization. The mass analyzer was set to the 200-2000 Da range. Infrared
spectra were recorded with an Agilent Cary 660 ATR-FTIR. For all derivatives, the excited-state
lifetimes were found to be shorter than the response function of the instrument. The emission of

the C1 and C3 derivatives were measured using a Horiba LabRam spectrometer with a 600
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grooves/mm grating, CCD camera detection and an excitation laser of 633 nm. All other dyes were
measured using the same instrument and a 785 nm excitation laser. The quantum efficiency of the
detector was accounted for when measuring emission profiles. The relative quantum yields were

obtained using this equation:

2
ESample *AStandard " T]Sample

Dsample = Pstandard * E A 2
Standard sample  N$tandard

For the equation above, E is the sum of emission intensities and A is maximum absorbance. n is
the refractive index of the solvent used and ® denotes the quantum yield.*® The standard used to
obtain the relative quantum yields was Indocyanine Green (ICG) with a quantum yield of 14% in
H,0.% Diffraction data were collected at 90K on a Bruker D8 Venture dual microsource
diffractometer using MoK« X-rays. Data scaling, merging, and absorption correction used well-
established procedures.®®-’ Crystal structures were solved and refined using the Shelx programs.3®-

39 Crystals of C3 included some poorly defined solvent that was accounted for using SQUEEZE.*

(2)-1-methyl-3-((1-methyl-2-phenylindolizin-3-yl)methylene)-2-phenyl-3H-indolizin-4-ium

perchlorate (C1): To a round bottom flask equipped with a stir bar, Phindz (1.00 g, 4.80 mmol)
was added to acetic anhydride (48 mL) followed by perchloric acid (0.48 g, 4.80 mmol). The
mixture was allowed to stir at room temperature for five minutes. Triethylorthoformate (4) (0.36
g. 2.40 mmol) was added along with triethylamine (0.58 g, 5.76 mmol). The reaction mixture was

allowed to stir at room temperature for 24 hours before being subjected to a silica gel column with
28



a solvent gradient beginning with 40:60 dichloromethane:hexane and ending with 100%
dichloromethane. The product was isolated as a red solid (0.48 g, 38%). 'H NMR (300 MHz,
DMSO-d6) & 8.50 (s, 2H), 8.08-7.97 (m, 4H), 7.90-7.80 (m, 4H), 7.44-7.37 (m, 8H), 7.3 (t, J =
6.8 Hz, 1H), 2.38 (s, 6H). 1*C NMR was not obtained due to low solubility. IR (neat, cm™): 3598,
3534, 2916, 2665, 2329, 2092, 1777, 1621, 1586, 1464. HRMS m/z calculated for CaiHzsN2 [M-

ClO4]*: 425.2018, found 425.2019. Melting Point: 157-162 “C.

(2)-1-methyl-3-(3-(1-methyl-2-phenylindolizin-3-yl)allylidene)-2-phenyl-3H-indolizin-4-ium

perchlorate (C3): To a round bottom flask equipped with a stir bar, Phindz (0.35 g, 1.69 mmol)
was added to acetic anhydride (17.0 mL) followed by perchloric acid (0.169 g, 1.69 mmol). The
mixture was allowed to stir at room temperature for five minutes. Malonaldehyde bis(dimethyl
acetal) (5) (0.139 g, 0.845 mmol) was added along with triethylamine (0.205 g, 2.03 mmol). The
reaction mixture was allowed to stir at room temperature for 24 hours before being subjected to a
silica gel column with a solvent gradient beginning with a 50:50 dichloromethane:hexane solvent
mixture and ending with 100% dichloromethane. The product was isolated as a gold solid (0.35 g,
76%). 'H NMR (300 MHz, DMSO-d6) 6 7.99 (d, J = 8.5 Hz, 2H), 7.76-7.68 (m, 9H), 7.46-7.31
(m, 9H), 6.69 (t, J = 13.2 Hz, 1H), 2.19 (s, 6H). 3C NMR was not obtained due to sparing
solubility. IR (neat, cm™): 3109, 2993, 2817, 2669, 2582, 2330, 2116, 1618, 1555, 1533, 1454.
HRMS m/z calculated for CssHo7N2 [M+H]*: 451.2174, found 451.2197. Melting Point (dec.):

252-253 °C.

(2)-1-methyl-3-((2E,4E)-5-(1-methyl-2-phenylindolizin-3-yl)penta-2,4-dien-1-ylidene)-2-phenyl-
3H-indolizin-4-ium perchlorate (C5): To a round bottom flask equipped with a stir bar, Phindz

(1.00 g, 4.80 mmol) was added to acetic anhydride (48.0 mL) followed by perchloric acid (0.48 g,
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4.80 mmol). The mixture was allowed to stir at room temperature for five minutes.
(Phenylamino)pentadienylidene aniline HCI (6) (0.68 g. 2.40 mmol) was added along with
triethylamine (0.58 g, 5.76 mmol). The reaction mixture was allowed to stir at room temperature
for 24 hours before being subjected to a silica gel column with a solvent gradient beginning at
50:50 dichloromethane:hexane and ending with 100% dichloromethane. The product was isolated
as a gold solid (1.1 g, 82%). *H NMR (300 MHz, DMSO-d6) 6 9.18 (d, J = 6.9 Hz, 2H), 8.03 (d,
J=13.6 Hz, 2H), 7.91 (d, J = 8.6 Hz, 2H), 7.70-7.54 (m, 8H), 7.37-7.25 (m, 8H), 5.91 (t, J = 12.5
Hz, 1H), 2.14 (s, 6H). 1*C NMR was not obtained due to sparing solubility. IR (neat, cm™): 3652,
2670, 2564, 2329, 2116, 1925, 1806, 1671, 1617, 1516, 1458. HRMS m/z calculated for CssH2gN>

[M]*: 477.2331, found 477.2315. Melting Point (dec.): 176-179 ‘C.

(2)-2-(4-methoxyphenyl)-3-((2E,4E)-5-(2-(4-methoxyphenyl)-1-methylindolizin-3-yl)penta-2,4-

dien-1-ylidene)-1-methyl-3H-indolizin-4-ium perchlorate (PhOMe-C5): To a round bottom flask
equipped with a stir bar, PhOMelndz (1.08 g, 4.54 mmol) was added to acetic anhydride (45.0
mL) followed by perchloric acid (0.46 g, 4.54 mmol). The mixture was allowed to stir at room
temperature for five minutes. (Phenylamino)pentadienylidene aniline HCI (6) (0.65 g. 2.27 mmol)
was added along with triethylamine (0.55 g, 5.45 mmol). The reaction mixture was allowed to stir
at room temperature for 24 hours before being poured into ether (200 MI). The pure product was
insoluble in ether and was isolated by vacuum filtration as a red solid (0.81 g, 58%). *H NMR (300
MHz, DMSO-d6) & 9.16 (d, J = 6.9 Hz, 2H), 7.90-7.85 (m, 2H), 7.70 (t, J = 15.6 Hz, 2H), 7.45-
7.29 (m, 8H), 7.13 (d, J = 8.3 Hz, 6H), 6.42 (t, J = 11.5 Hz, 1H), 3.91 (s, 6H), 2.14 (s, 6H). 13C

NMR was not obtained due to sparing solubility. IR (neat, cm™): 3656, 3581, 3333, 2831, 2656,
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2463, 2329, 2116, 1919, 1804, 1754, 1706, 1658, 1607, 1555, 1516, 1465. HRMS m/z calculated

for Ca7H33N20, [M]": 537.2542, found 537.2516. Melting Point (dec.): 158-161 'C.

(2)-2-(4-cyanophenyl)-3-((2E,4E)-5-(2-(4-cyanophenyl)-1-methylindolizin-3-yl)penta-2,4-dien-

1-ylidene)-1-methyl-3H-indolizin-4-ium  perchlorate (PhCN-C5): To a round bottom flask
equipped with a stir bar, PhnCNIndz (1.00 g, 4.31 mmol) was added to acetic anhydride (45.0 mL)
followed by perchloric acid (0.432 g, 4.31 mmol). The mixture was allowed to stir at room
temperature for five minutes. (Phenylamino)pentadienylidene aniline HCI (6) (0.613 g. 2.15
mmol) was added along with triethylamine (0.523 g, 5.17 mmol). The reaction mixture was
allowed to stir at room temperature for 24 hours before being poured into ether (200 mL). The
pure product was insoluble in ether and was isolated by vacuum filtration as a red solid (1.0 g,
77%). *H NMR (300 MHz, DMSO-d6) & 9.19 (d, J = 6.8 Hz, 2H), 8.05 (d, J = 8.1 Hz, 4H), 7.98
(d, J = 8.6 Hz, 2H), 7.91 (d, J = 14.0 Hz, 2H), 7.76 (t, J = 7.6 Hz, 2H), 7.65 (d, J = 8.1 Hz, 4H),
7.44-7.36 (m, 4H), 6.21 (t, J = 13.2 Hz, 1H), 2.18 (s, 6H). 1*C NMR was not obtained due to
sparing solubility. IR (neat, cm™): 3611, 3395, 2354, 2332, 2116, 1619, 1612, 1530, 1527, 1471.
HRMS m/z calculated for Cs7H27Na [M]*: 527.2236, found 527.2251. Melting Point (dec.): 187-

191°C.

(2)-1-methyl-3-(3-(1-methyl-2-phenylindolizin-3-yl)allylidene)-2-phenyl-3H-indolizin-4-ium

perchlorate (IndzOMe-C5): Part 1: 7-methoxy-1-methyl-2-phenylindolizine (4, PhindzOMe): To
a round bottom flask equipped with a stir bar and a reflux condenser was added 2-ethyl-4-
methoxypyridine (0.39 g, 2.81 mmol) and bromoacetophenone (0.84 g, 4.22 mmol) in acetone
(5.62 mL). The mixture was heated to reflux in an oil bath for 24 hours. The reaction was

monitored by TLC. Upon disappearance of the starting material 2, water (5.62 mL) and sodium
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bicarbonate (0.94 g, 11.2 mmol) were added to the reaction mixture. The mixture was heated at
reflux in an oil bath for two hours. The crude product oiled out of solution and was extracted with
dichloromethane to yield a brown oil that was immediately subjected to a rapid plug filtration
through silica gel with 20:80 ethyl acetate:hexanes to yield an off white solid. Due to oxidative
instability, the intermediate was carried forward to the next reaction without any further
purification or characterization. To a round bottom flask equipped with a stir bar under nitrogen,
the intermediate PhindzOMe (0.25 g, 1.05 mmol) was added to acetic anhydride (10.5 mL)
followed by perchloric acid (0.11 g, 1.05 mmol). The mixture was allowed to stir at room
temperature for five minutes. (Phenylamino)pentadienylidene aniline HCI (6) (0.15 g. 0.52 mmol)
was added along with triethylamine (0.13 g, 1.26 mmol). The reaction mixture was allowed to stir
at room temperature for 3 hours before being subjected to a plug of silica with a solvent gradient
from 100% dichloromethane to 50:50 ethyl acetate:dichloromethane. A final purification was
performed by dissolving the concentrated product in a minimal about of dichloromethane followed
by the addition of diethyl ether:hexanes (50:50) to yield the pure product as a green solid (0.03 g,
10%). *H NMR (300 MHz, DMSO-d6) § 9.02 (d, J = 7.5 Hz, 2H), 7.73-7.53 (m, 10H), 7.33 (d, J
= 7.2 Hz, 4H), 7.15-7.01 (m, 4H), 5.86 (t, J = 14.4 Hz, 1H), 4.01 (s, 6H), 2.10 (s, 6H). 3C NMR
was not obtained due to sparing solubility. IR (neat, cm™): 3788, 3691, 2917, 2633, 2329, 2116,
1797, 1775, 1630, 1527, 1444. HRMS m/z calculated for Cs7HzsN202 [M]*: 537.2542, found

537.2532. Melting Point (dec.): 162-165 "C.
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CHAPTER 3

3.1 COUNTER ANION EFFECT ON THE PHOTOPHYSICAL PROPERTIES OF EMISSIVE

INDOLIZINE-CYANINE DYES IN SOLUTION AND SOLID STATE

Adapted with the permission from Jacqueline Gayton, Shane Autry, Ryan C. Fortenberry,

Nathan |. Hammer, and Jared H. Delcamp Molecules 2018, 23, 3051. Copyright (2018) MDPI.
(See appendix for permission license)

This project is a collaborative project between Dr. Delcamp’s, Dr. Hammer’s, and Dr.
Fortenberry’s group. Shane Autry contributed to the work by measuring the emission and
quantum yield of the organic dyes. Dr. Ryan C. Fortenberry performed all computational studies
presented. Jacqueline Gayton synthesized the cyanine anion exchanged dyes and performed

characterizations.
ABSTRACT

Near-infrared emissive materials with tunable Stokes shifts and solid-state emission are needed for
a number of active research areas and applications. To aid in addressing this need, a series of
indolizine-cyanine compounds varying only the anions based on size, dipole, and hydrophilicity
were prepared. The effect of the non-covalently bound anions on the absorption and emission
properties of identical n-system indolizine-cyanine compounds were measured in solution and as

thin films. Interestingly, the anion choice has a significantly influence on the Stokes shift and
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molar absorptivities of the dyes in solution. In the solid-state, the anion choice was found to have
an effect on the formation of aggregate states with higher energy absorptions than the parent
compound. The dyes were found to be emissive in the NIR region with emissions peaking at near

900 nm for specific solvent and anion selections.
INTRODUCTION

Near infrared (NIR) emissive materials in both solution and the solid-state are in high demand
with applications in biological imaging and optoelectronics *# 67 13 4144 Eor non-invasive
biological imaging an increased Stokes shift (the energetic difference between the absorption and
emission maxima) is desirable to increase image resolution 145, Recently, we reported that Stokes
shifts can be controlled through the molecular engineering of m-conjugated materials by the
introduction of strategic dye steric elements and ground state ring strains 2% 242, Presumably, non-
covalently bound counter ion selection with charged m-systems could also be used to tune
reorganization energies by altering the chromophore environment. The counter ion size would also
be expected to have a significant impact on film morphologies and therefore influence solid-state
emission properties.

Cyanine dyes are a common class of NIR emissive materials known for their intense molar
absorptivities (€) and high molecular brightness (MB = € x ¢, where ¢ is the quantum yield defined
as number of photons emitted per number of photons absorbed) in the NIR region ®. Cyanine dyes
often suffer from small Stokes shifts and prior efforts have focused on increasing reorganization
energies without loss of emission 113, Recently, we designed a series of cyanine dyes utilizing an
indolizine donor in place of the common indoline donor 6. A steric-induced deviation from typical

bond angles along the cyanine backbone in the ground state geometry was found to reorganize to
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more ideal bond angles in the excited state. The reorganization energy in changing from the ground
state to the excited state geometry gave an increased Stokes shift (up to 60 nm) relative to common
indoline cyanine Stokes shifts of >20 nm 12 30. 47 Thuys, indolizine cyanine dyes are good
candidates to evaluate the effects of non-covalent anions on the dye photophysical properties since
the m-conjugated system is positively charged and significant reorganization energies can be
adopted. Anion choice has been shown to have substantial effect on dye optical properties
previously in literature *8-°*. To analyze the effects of anion selection on the recently reported
indolizine cyanine dye C5 “, seven anions were targeted with varying size and charge distributions
(Figure 14). Chloride (CI), perchlorate (ClO47), hexafluorophosphate (PFe), and nitrate (NO3")
were selected as smaller sized ions. Trifluoromethanesulfonimide (TFSI), tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (BARF), and tetraphenylborate (TPB) were selected as the
largest anions studied. By systematic study of these anions with C5, the effects of anion properties
on the conjugated system photophysical properties can be examined in both solution and the solid-

state.
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Figure 14. Dye C5 with counter anions studied in this work.
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Results and Discussion

First, the anions were analyzed computationally to determine ion volume, electrostatic surface
potentials, and Mulliken population charges with the Gaussian 09 program® via B3LYP/6-
31+G(d)*®-8 in a fashion similar to that done for determination of charge densities in common ions
59, Comparing ion sizes by volume, the following order of ions is established from smallest to
largest: NOz~ = ClI- < ClO4 < PFs~ < TFSI << TPB << BARF (Table 5). BARF is nearly double
the size of the next largest ion, TPB, which is nearly double the size of TFSI. Comparing the range
of anion sizes, Cl and NO3 are more than 10 times smaller than BARF. This vast difference in size
of the selected ions allows for the probing of anion size effects on dye emissive properties, which
would be presumably heavily affected in the solid-state where the anion size plays a significant
role in determination of dye-dye interaction distances.

Table 5. Calculated anion volumes.

Anion Volume/Mole Volume

(cm3/mol) (cm?)

CI- 36.741 6.1011 x 10"
NOz 35.092 5.8273 x 103
ClOs 52.148 8.6596 x 102
PFe¢ 90.531 1.5033 x 10
TFSI 130.771  2.1716 x 10
TPB 246.294 | 4.0899 x 102
BARF 414.785 6.8878 x 102
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The electrostatic surface potential maps for each of the anions are plotted with the WebMO
graphical user interface®® in Figure 15 to see the outer atom charges, which interact most strongly
with the cationic dye C5. Among the polyatomic anions studied NO3~, ClO4~, PFs~, and TFSI all
show significant negative charge build up on the outer periphery of the anions. Mulliken
population charges show the largest accumulation of negative charge on the outer atoms of the
anion for PFe~ with a charge of -0.734 on each of the F atoms (see appendix Tables 39-44). The
trend then proceeds in the following order from most negative charge on peripheral atoms to least:
PFs~ > ClOs~ > TFSI > NOs~ >BARF> TPB. TPB is unique among the anions in that the outer
most atoms (hydrogens) show a build-up of positive charge around the periphery of that anion.
This is clearly displayed on the electrostatic surface potential map where the surface of the TPB
anion is nearly completely blue indicating build-up of positive charge (Figure 15). Given the outer
positive charge surrounding the TPB anion, it is expected to be very weakly attracted to the cationic

C5 dye relative to the other anions with negative charge build-up on the surface.

TPB BARF

Figure 15. Electrostatic surface potentials of anions.
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The target dyes were synthesized beginning from previously reported C5-CIOs “6. C5-ClI
could be accessed from C5-CIOs in high vyield (95%) via a salt metathesis with
tetrabutylammonium chloride (TBACI) in fluorobenzene (Figure 16). The significant solubility
difference in C5-ClO4 (fluorobenzene soluble) and C5-Cl (fluorobenzene insoluble) suggests
successful anion swap. C5-Cl was further purified with silica gel chromatography where the
unique Rf of C5-Cl relative to C5-ClO4 further confirms ion exchange. The complete anion
exchange is verified by metathesis reactions with C5-Cl and sodium salts of TPB and BARF which
show quantitative anion exchange via *H NMR. If ClO4~ were remaining, equal molar ratios of
TBP or BARF to C5 would not be observed. C5-Cl serves as a lynch pin intermediate in allowing
access to C5-NOs, C5-PFg, C5-TFSI, C5-TPB, and C5-BARF from silver and sodium salts of
the anions via metathesis reactions. The presence and quantification of the TPB and BARF anion
could be confirmed by *H NMR. The presence of PFs-, TFSI and BARF were confirmed by °F
NMR and the drastic solubility differences between C5-CI and C5-PFs or C5-TFSI suggests
complete metathesis reactions. All dyes were purified via silica gel chromatography after
metathesis reactions to remove any silver or sodium salts followed by filtration of the dyes through
celite to remove any silica gel particles remaining in the sample due to the use of methanol as an

elution solvent in most cases.
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AgNO3, MeCN
r.t., 60%

C5-NO;
AgPFg, MeCN
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TBACI AgTFSI, MeCN
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——» C5-Cl C5-TFSI

rt., 95%

NaTPB, MeCN

rt., 84%
C5-TPB

NaBARF, MeCN
r.t., 80%

C5-BARF

Figure 16. Synthetic route to the C5 anion varied compounds.

With the target C5-anion varied compounds in hand, molar absorptivity and emission
spectrum were measured for each dye in a polar aprotic solvent (acetonitrile, MeCN) and a low-
polarity aprotic solvent (dichloromethane, DCM; Figures 17, appendix Figures 57-58; Table 6).
The absorption curve shapes show sharp transitions at 810 nm in MeCN or 825 nm in DCM. The
sharp transition shows a peak % width of only 75 nm (0.15 eV, 1176 cm™). The narrow transition
is indicative of a n-n* transition as is commonly observed for many symmetric indoline cyanine
dyes ! rather than a charge transfer (CT) transition, which is typically much broader in this spectral
region (>150 nm, >0.46 Ev, >3735 cm) 224 Additionally, the curve shape for these dyes shows
a high energy shoulder which is thought to be a characteristic vibronic feature of many indoline-
cyanine dyes undergoing low energy m-m* transitions 2’. Anion selection has a dramatic effect on
molar absorptivity in MeCN with a range of 141,000 to 66,000 M-*cm™ where ¢ is increasing in
the following order: NO3~ < CI" < PFs~ = TPB < BARF < ClO4~ < TFSI when an absorbance of 1
is reached. We note that the MeCN & measurements via serial dilution reveal a positive deviation

from the Beer Lambert Law, even at very low concentrations, while DCM shows linear absorbance
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versus concentrations plots even to high absorbances near 3 in some cases (see appendix Figures
59-70). An example spectra set is provided at varying concentrations where new features are
observed as concentrations change (see appendix Figure 71). The origin of this positive deviation
is not obvious as the samples appear dissolved to the naked eye, although the possibility of non-
observed solution aggregates exists. This non-linear behavior is observed even at low absorbances
near the detection limit of the spectrometer used in these studies. The anion trend does not track
with either simplistic analysis of anion size or charge localization and we note these factors as well
as others such as dispersion forces may be in competition. The smallest anion and the largest anion
had the highest molar absorptivities, and the order of anion charge localization is not mirrored in
the molar absorptivity measurements as found via computational analysis. Significant dispersion
forces with small ions may promote higher molar absorptivities and larger anions promote higher
molar absorptivities through increased intermolecular spacing leading to two independent strong
effects which does not allow for a definitive simple trend analysis. No significant change in molar
absorptivity maximum (Ama®) is observed with all compounds having a maximum absorbance at
810 nm in MeCN. In DCM, an even more dramatic molar absorptivity change is seen with anion
choice ranging from 120,000 to 238,000 M-tcm™. The anion trend in DCM is as follows: NO3~ <
TPB < CI- < PFg < ClO4~ < TFSI < BARF. This trend tracks reasonably well with anion size
suggesting the influence of larger anions on 7w-system spacing places a dominate role. The three
largest anions are in order of size with higher molar absorptivities than the remaining anions. The
difference in MeCN and DCM can be rationalized as the less polar solvent (DCM) giving a

stronger contact ion pairs between the anions and cations than the more polar MeCN. This tighter
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ion pair shows a very dramatic € change relative to the better solvated ions in MeCN. The anions

in DCM again had no significant effect on Amax?® with all compounds absorbing at ~825 nm.
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Figure 17. Molar absorptivity (solid lines) and emission intensity (dotted lines) for each dye

in acetonitrile (left) and dichloromethane (right).

Table 6. Optical properties of each dye in acetonitrile and dichloromethane.

Dye Solvent ~ Molar Amax?0s Amax®™is ¢ MB  Stokes shift
Abs. (nm) (nm) (%) (ex (m[eV]cem?)
(M-cm™) P)
C5-Cl0O4s MeCN 140,000 810 848 1.2 1,700 380.07 |
553
DCM 188,000 825 868 2.2 4,100 4310.07 |
600
C5-Cl MeCN 87,000 810 866 <l <870 560.10 |
798
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DCM 170,000 821 849 <l <1,700 28|0.05|

402

310.06 |

439

238,000

360.07 |

506

4010.07 |

559

4110.07 |

573

35 0.06 |
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The emissive properties of the dyes were also analyzed in both MeCN and DCM (Table 6).
In MeCN, C5-PFs and C5-BARF have the highest energy emission and C5-Cl has the lowest
energy emission with the remaining anions following this energy trend: PFs~ ~ BARF > TFSI >
TPB > NO3~ > ClO4 >> CI-. Since all the compounds have the same absorption energy, the Stokes
shift values are directly correlated with the observed emission energy changes. C5-Cl has a 56 nm
(0.10 eV, 798 cm™) Stokes shift which is the largest observed in the series. The smallest Stokes
shift in MeCN was with C5-PFe at half the energy of the chloride derivative (0.05 eV, 384 cm™).
This change in energy of emission illustrates a larger geometry reorganization of the excited state
in the presence of chloride relative to PFe. In this polar solvent the localized anion has a larger
effect on the geometry of the excited state, which may be due to a strong contact ion pairing being
needed to keep the anion near the dye when dissolved in MeCN. The remaining anions are likely
more readily dispersed in MeCN. Interestingly in the less polar DCM as solvent, the effect of the
anions on emission energy changes substantially with a new order of increasing Stokes shift
energies: CI- > NOs~ > BARF > PFs~ > TFSI > TPB > ClO4". In this solvent, the chloride ion has
the smallest Stokes shift (0.05 eV, 402 cm™) with CIO4~ having nearly a twice as large of a Stokes
shift at 0.09 eV (600 cm™). Thus, the effect of the anions on emission energy and absorption
intensity, varies significantly with solvent as well as anion selection. These molar absorptivity and
emission energy results in two different solvents with each set of anions highlights the importance
of carefully comparing dyes in literature under identical conditions since both solvent and anion
choice are non-innocent. In most cases, the dyes were too weakly emissive to accurately measure

a quantum yield of emission. This is expected based on the Energy Gap Rule, which predicts that
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as lower energy light is absorbed and emitted, thermal pathways start to dominate excited state
energy loss mechanisms rather than photon emission 61°. However, despite the indolizine
cyanines absorbing and emitting light significantly further into the NIR region than traditional
indoline cyanines, several compounds were found to have quantum yields measured in excess of
1%. C5-ClO4 was found to be emissive in both MeCN and DCM at 1.2 and 2.2% ¢, respectively.
C5-ClO4 was the only compound found have a >1% quantum yield in DCM. C5-TFSI and C5-
TPB were both emissive at 1.1 and 1.2% ¢, respectively, in MeCN. These results suggest that
ClOg4~, TPB, and TFSI function most effectively in reducing thermal energy losses from the excited
state dye. By analyzing molecular brightness of the compounds, both the intense absorption
strength and quantum yield can be accounted for to generate a number valuable to applications of
emissive materials where both components are critical such as biological imaging. The highest
MB (4,100) was observed for C5-ClO4 in DCM due to a high ¢ and medium molar absorptivity
relative to the other compounds in DCM. The highest MB confirmed in MeCN is also with C5-
ClO4 and is significantly lower than that observed in DCM at 1,700. This lower MB is due to both
a lower molar absorptivity in MeCN than DCM and a much lower quantum yield in MeCN. It
should be noted that since the quantum yields are only reliably reported as <1% in several
instances, the exact MB value is not known for many of the of the compounds and only a possible
upper limit can be defined in Table 6.

In addition to solution studies, the solid-state absorption and emission properties were
examined for each compound to determine the influence of anions on solid-state photophysical
properties (Figure 18). Thin films of each dye were prepared by first dissolving each dye ina 1:1

mixture of acetonitrile:chlorobenzene (~0.01 M dye solution) and spin coating a glass slide. To
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ensure the absorption spectrum were resulting from the dye and not the substrate, a non-normalized
spectrum set is provided with the glass slide absorption which shows a clear difference (see
appendix Figure 72). Additionally, films were made via spin coating from different solution
concentrations which shows a significant change in absorption intensity and on a different surface
(fluorine doped tin oxide (FTO)) with a different glass supplier (see appendix Figures 73-75).
These control experiments suggest the absorption features are a result of the dye and not the
substrate. The anion was found to have a significant effect on the absorption curve shape. C5-TPB
was found to uniquely have a curve shape most resembling the solution spectrum with a large low
energy feature and a presumably vibronic higher energy shoulder. The ratio of the shoulder feature
to low energy transition differs significant from the solution measurements with a roughly 0.8:1
ratio in the solid state for C5-TPB and a 0.3:1 ratio in solution. Additionally, the absorption energy
maximum has shifted significantly to 878 nm from solution measurements at 810 or 826 nm (Table
7). A host of reasons exist to explain this red-shift of film absorption relative to solution with
examples such as a significant change in the n-conjugated system geometry in the ground state in
the solid state relative to solution, excimer formation, zm-stacking, and various aggregation
phenomena.

Table 7. Optical properties of each dye on thin film.
Dye Amax® (nm)  Abs. High E: Low E

Feature Ratio

C5-CIO4 875 11
C5-Cl 7507 1:0.7
C5-NOs3 735% 1:0.8
C5-PFs 778 1:0.9
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C5-TFSI 722% 1:0.7

C5-TPB 878P 0.8:1

C5-BARF 800? 1:1

% Indicates a lower energy shoulder is present near 875 nm. ® Indicates a higher energy shoulder is
present near 805 nm.

The remaining anions show an increase in the prominence of the higher energy shoulder region
ranging from a near 1:1 ratio with the low energy feature for BARF and ClO4~ to favoring of the
higher energy feature for ClI~ anions at about 1:0.7. The unique behavior of the TPB anion is
correlated to the unique electrostatic surface potential which shows a positive surface surrounding
this anion. Presumably the positive surface charge of the TPB anion and the positive charge of the
dye cation disrupt aggregation in the solid state due to electrostatic repulsion separating the m-

conjugated systems. Attempts to obtain emission spectra form the solid state films proved to be

difficult due to a weak emission signal.
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Figure 18. Solid-state absorption spectra for C5-X compounds.
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Materials and Methods

All commercially obtained reagents and solvents were used as received without further
purification. Thin-layer chromatography (TLC) was conducted with Sorbtech silica XHL TLC
glass backed plates with a UV indication. TLCs were visualized with UV light (254 nm). Silica
gel column chromatography was performed using silica gel from Sorbent Tech P60, and pre-
packed Normal Phase Disposable RediSep columns on a Combi-Flash Rf+ system. 'H and °F
NMR spectra were recorded on a Bruker Avance-300 (300 MHz) spectrometer and a Bruker
Avance-500 (500 MHz) spectrometer and are reported in ppm using solvent as an internal standard
(DMSO at 2.5 ppm). Data reported as: s = singlet, d = doublet, t = triplet, q = quartet, p = pentet,
m = multiplet, b = broad, ap = apparent, dd = doublet of doublets; coupling constant(s) in Hz;
integration. UV-Vis Spectra were measured with a Cary 5000 UV-Vis-NIR spectrometer. HRMS
spectra were obtained with a QTOF HRMS utilizing nanospray ionization. The mass analyzer was
set to the 200-2000 Da range. Infrared spectra were recorded with an Agilent Cary 660 ATR-FTIR.
Thin films of each dye were prepared with a spin coater (Laurell Technologies Corporation, Model
WS-650MZ-23NPPB) on VWR 18x18 mm micro cover glass slides. Acquisition of emissive data
was obtained using a Horiba LabRam Spectrometer with 785 nm diode laser excitation and dye
concentrations of 1 x 10° M. The quantum efficiency of the detector was accounted for when
measuring emission profiles. The relative quantum yields were obtained using the following

equation:

2
ESample *AStandard x nSample

d)Sample - q)Standard E A 2
Standard Sample Nstandard
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For the equation above, E is the sum of emission intensities and A is maximum absorbance. The
refractive index of the solvent used is accounted for with n and ¢ denotes the quantum yield .
The standard used to obtain the relative quantum yields was indocyanine green (ICG) taking the
guantum yield to be 14% in H2O as previously reported 2.
(2)-1-methyl-3-((2E,4E)-5-(1-methyl-2-phenylindolizin-3-yl)penta-2,4-dien-1-ylidene)-
2-phenyl-3H-indolizin-4-ium chloride (C5-CI): To a round bottom flask equipped with a stir bar,
C5-ClO4 (1.00 g, 1.73 mmol) was added and dissolved in fluorobenzene (0.35 M, 5.0 mL).
Tetrabutylammonium chloride (0.47 g, 1.73 mmol) was then added. The mixture was allowed to
stir at room temperature overnight. The reaction mixture was then filtered through syringe filters
(MicroSolv Nylon, 13 mm diameter, 0.45 um) to separate the fluorobenzene soluble material from
the fine precipitate. The precipitate was then washed from the syringe filters with DCM. The DCM
soluble material was then subjected to a silica column with a gradient of 100% DCM to 50:50
DCM:methanol. After concentration, the product was filtered through celite with DCM to remove
silica that was dissolved by methanol on the column. The product was isolated as a red solid (0.84
g, 95%). H NMR (300 MHz, DMSO-de) & 9.18 (d, J = 6.9 Hz, 2H), 8.01 (d, J = 13.6 Hz, 2H),
7.91 (d, J = 8.6 Hz, 2H), 7.70-7.54 (m, 8H), 7.37-7.26 (m, 8H), 5.91 (t, J = 12.5 Hz, 1H), 2.14 (s,
6H). 1*C NMR was not obtained due to sparing solubility. IR (neat, cm™): 2800 (br), 2330, 1750
(br), 1619, 1517. HRMS (ESI) m/z calculated for CssH2oN2 [M]*: 477.2331, found 477.2315.
(2)-1-methyl-3-((2E,4E)-5-(1-methyl-2-phenylindolizin-3-yl)penta-2,4-dien-1-ylidene)-

2-phenyl-3H-indolizin-4-ium nitrate (C5-NOs): To a round bottom flask equipped with a stir
bar, C5-ClI (0.020 g, 0.04 mmol) was added and dissolved in acetonitrile (0.008 M, 5.0 mL). Silver

nitrate (0.007 g, 0.04 mmol) was then added to the mixture. The reaction mixture was then allowed
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to stir at room temperature for 5 minutes. The reaction mixture was concentrated and directly
subjected to silica column chromatography with a gradient from 100% DCM to 50:50
dichloromethane:methanol. The concentrated product was filtered through celite with DCM to
remove silica that was dissolved by methanol on the column. The product was isolated as a red
solid (0.013 g, 60%). *H NMR (300 MHz, DMSO-de) 5 9.16 (d, J = 6.9 Hz, 2H), 7.99 (d, J = 13.6
Hz, 2H), 7.89 (d, J = 8.6 Hz, 2H), 7.68-7.54 (m, 8H), 7.35-7.31 (m, 8H), 5.90 (t, J = 12.5 Hz, 1H),
2.13 (s, 6H). 13C NMR was not obtained due to sparing solubility. IR (neat, cm™): 2700 (br), 2330,
2123, 1707 (br), 1619, 1559, 1517. HRMS (ESI) m/z calculated for CasH2oN, [M]*: 477.2331,
found 477.2357.
(2)-1-methyl-3-((2E,4E)-5-(1-methyl-2-phenylindolizin-3-yl)penta-2,4-dien-1-ylidene)-

2-phenyl-3H-indolizin-4-ium hexafluorophosphate (C5-PFe): To a round bottom flask
equipped with a stir bar, (C5-Cl) (0.030 g, 0.06 mmol) was added and dissolved in acetonitrile
(0.01 M, 5.0 mL). Silver hexafluorophosphate (0.012 g, 0.06 mmol) was then added to the mixture.
The reaction mixture was allowed to stir at room temperature for 5 minutes. The reaction mixture
was concentrated then subjected to a silica gel column chromatography with a gradient of 100%
DCM to 50:50 dichloromethane:methanol. The concentrated product was filtered through celite
with DCM to remove any silica that was dissolved by methanol on the column. The product was
isolated as a red solid (0.031 g, 79%). *H NMR (300 MHz, DMSO) & 9.09 (d, J = 6.9 Hz, 2H),
8.00 (d, J = 13.6 Hz, 2H), 7.88 (d, J = 8.6 Hz, 2H), 7.69-7.54 (m, 8H), 7.33-7.26 (m, 8H), 5.84 (t,
J=12.5Hz, 1H), 2.15 (s, 6H). 1°F NMR (471 MHz, DMSO) § -70.16 (d, J = 711.2 Hz). 13C NMR
was not obtained due to sparing solubility. IR (neat, cm™): 3100 (br), 2800 (br), 1800 (br), 1653,

1540. HRMS (ESI) m/z calculated for CssH2oN2 [M]*: 477.2331, found 477.2315.
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(2)-1-methyl-3-((2E,4E)-5-(1-methyl-2-phenylindolizin-3-yl)penta-2,4-dien-1-ylidene)-
2-phenyl-3H-indolizin-4-ium bis((trifluoromethyl)sulfonyl)amide (C5-TFSI): To a round
bottom flask equipped with a stir bar, C5-Cl (0.03 g, 0.06 mmol) was added and dissolved in
acetonitrile (0.012 M, 5.0 mL). Silver bis((trifluoromethyl)sulfonyl)amide (0.023 g, 0.06 mmol)
was then added to the mixture. The reaction mixture was then allowed to stir at room temperature
for 5 minutes. The reaction mixture was concentrated and subjected to silica gel column
chromatography with a gradient of 100% DCM to 50:50 dichloromethane:methanol. The product
was concentrated and filtered through celite with DCM to remove silica that was dissolved by
methanol on the column. The product was isolated as a red solid (0.04 g, 87%). *H NMR (300
MHz, DMSO-ds)  9.16 (d, J = 6.9 Hz, 2H), 8.00 (d, J = 13.6 Hz, 2H), 7.88 (d, J = 8.6 Hz, 2H),
7.68-7.56 (M, 8H), 7.37-7.25 (m, 8H), 5.73 (t, J = 12.5 Hz, 1H), 2.15 (s, 6H). 1°F NMR (471 MHz,
DMSO) § -78.70. 1*C NMR was not obtained due to sparing solubility. IR (neat, cm™): 2800 (br),
2335, 1750 (br), 1618, 1518. HRMS (ESI) m/z calculated for CasHaoN2 [M]*: 477.2331, found

477.2315.

(2)-1-methyl-3-((2E,4E)-5-(1-methyl-2-phenylindolizin-3-yl)penta-2,4-dien-1-ylidene)-
2-phenyl-3H-indolizin-4-ium tetraphenylborate (C5-TPB): To a round bottom flask equipped
with a stir bar, C5-Cl (0.02 g, 0.04 mmol) was added and dissolved in acetonitrile (0.008 M, 5.0
mL). Sodium tetraphenylborate (0.013 g, 0.04 mmol) was then added to the mixture. The reaction
mixture was allowed to stir at room temperature for 5 minutes. The reaction mixture was
concentrated and subjected to silica gel column chromatography with a gradient of 100% DCM to
50:50 dichloromethane:methanol. The concentrated product was filtered through celite with DCM
to remove any silica that was dissolved by methanol on the column. The product was isolated as a
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red solid (0.026 g, 84%). *H NMR (300 MHz, DMSO-ds) & 9.17 (d, J = 6.9 Hz, 2H), 8.01 (d, J =
13.6 Hz, 2H), 7.90 (d, J = 8.6 Hz, 2H), 7.70-7.54 (m, 8H), 7.37-7.18 (m, 10H), 6.95-6.82 (M, 12H),
6.80-6.77 (m, 6 H), 5.93 (t, J = 12.5 Hz, 1H), 2.14 (s, 6H). *C NMR was not obtained due to
sparing solubility. IR (neat, cm™): 2900 (br), 2336, 2152, 1857 (br), 1618, 1518. HRMS (ESI) m/z

calculated for CasHaoN2 [M]*: 477.2331, found 477.2315.

(2)-1-methyl-3-((2E,4E)-5-(1-methyl-2-phenylindolizin-3-yl)penta-2,4-dien-1-ylidene)-
2-phenyl-3H-indolizin-4-ium tetra(3,5-bis(trifluoromethyl)phenyl)borane (C5-BARF): To a
round bottom flask equipped with a stir bar, C5-Cl (0.02 g, 0.04 mmol) was added and dissolved
in acetonitrile (0.008 M, 5.0 mL). Sodium tetra(3,5-bis(trifluoromethyl)phenyl)borane (0.04 g,
0.04 mmol) was then added to the mixture. The reaction mixture was allowed to stir at room
temperature for 5 minutes. The reaction mixture was concentrated and directly subjected to silica
gel column chromatography with a gradient of 100% DCM to 50:50 dichloromethane:methanol.
After concentration, the product was filtered through celite with DCM to remove silica that was
dissolved by methanol on the column. The product was isolated as a red solid (0.03 g, 84%). *H
NMR (300 MHz, DMSO-dg) § 9.17 (d, J = 6.9 Hz, 2H), 8.01 (d, J = 13.6 Hz, 2H), 7.90 (d, J = 8.6
Hz, 2H), 7.74-7.54 (m, 18H), 7.37-7.26 (m, 6H), 5.93 (t, J = 12.5 Hz, 1H), 2.14 (s, 6H). °F NMR
(471 MHz, DMSO-ds) & -61.60.23C NMR was not obtained due to sparing solubility. IR (neat, cm”
1Y: 2918, 2852, 2800 (br), 2330, 2121, 1771, 1619, 1559, 1520. HRMS (ESI) m/z calculated for
CasHaoN2 [M]*: 477.2331, found 477.2303.

Conclusions

We have synthesized a series of seven compounds that differ only in anion size and

electrostatic surface potentials. Anion selection has a dramatic effect on molar absorptivities,
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behaviors depending on solvent selection, Stokes shifts variance, altered quantum yields, and solid
state photophysics which are strongly affected. These results highlight the critical importance of
strictly controlling the anion and the environment around the dye system when comparing optical
properties of various dyes in the literature. DCM measurements are found to track with anion size
showing that molar absorptivities can be significantly enhanced by a simple non-coordinating

anion swap.
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CHAPTER 4

4.1 INDOLIZINE-SQUARAINES:NIR FLUORESCENT MATERIALS WITH MOLECULAR

ENGINEERED STOKES SHIFTS

Adapted with the permission from Louis E. McNamara, Tana A. Rill, Aron J. Huckaba,
Vigneshraja Ganeshraj, Jacqueline Gayton, Rachael A. Nelson, Emily Anne Sharpe, Amala
Dass, Nathan |. Hammer, and Jared H. Delcamp Chem. Eur. J. 2017, 23, 12494. Copyright

(2017) Wiley.
(See appendix for permission license)

This project is a collaborative project between Dr. Delcamp’s, Dr. Hammer’s, and Dr.
Dass’ group. Louis E. McNamara contributed to the work by measuring the emission and
quantum yield of the organic dyes and performing computational analyses. Tana A. Rill
synthesized some of the organic dyes as well as characterization of the dyes. Aron J. Huckaba
also synthesized some of the organic dyes as well as characterization of the dyes. Vigneshraja
Ganeshraj solved the crystal structure of the Phindz dye. Jacqueline Gayton synthesized both the
cis and trans isomers of one of the organic dyes as well as characterization of both. Rachael A.
Nelson assisted in emission measurements. Emily Anne Sharpe assisted with the synthesis of the

organic dyes.
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Abstract:

The development of deep red and near infrared emissive materials with high quantum yields is an
important challenge. Several classes of squaraine dyes have demonstrated high quantum yields,
but require significantly red-shifted absorptions to access the NIR window. Additionally, squaraine
dyes have typically shown narrow Stokes shifts, which limits their use in living biological imaging
applications due to dye emission interference with the light source. Through the incorporation of
indolizine heterocycles we have synthesized novel indolizine squaraine dyes with increased Stokes
shifts (up to >0.119 eV, >50 nm increase) and absorptions substantially further into the NIR region
than an indoline squaraine benchmark (726 nm versus 659 nm absorption maxima). These
materials have shown significantly enhanced water solubility, which is unique for squaraine dyes
without water solubilizing substituents. Absorption, electrochemical, computational and
fluorescence studies were undertaken and exceptional fluorescence quantum yields of up 12%

were observed with emission curves extending beyond 850 nm.
INTRODUCTION

Near-infrared (NIR) absorbing and emitting materials have recently found a number of
applications including secure displays, night vision goggles, tissue welding, telecommunications,
biological imaging and more.®*"® Among NIR materials, several donor-acceptor based designs
have emerged including those based on cyanine, BODIPY, and squaraine.’*’® Squaraines have
been closely examined in many applications, such as organic solar cell applications, and are of
interest for living fluorescence biological imaging applications.®® 78 |deally, for biological

imaging, the NIR material would: (1) be water soluble, (2) absorb and emit photons within the
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therapeutic window, 700 nm — 1400 nm, and (3) absorb and emit photons which are significantly

different in energies.

Popular indoline donor-based squaraines (1) fall short of all of these goals (Figure 19).
Their absorption often occurs outside the therapeutic window due to wider than desired optical
band gaps and their absorption and emission peak intensities are separated by very small energies
(<0.01 Ev). Hydrogen bonding approaches have shifted the absorption ranges for benzene based
squaraines;’® however, these dyes often fall short of the NIR window and have narrow absorption-
emission peak separations. Water solubility is especially difficult for many squaraines despite
having a charged donor and squaraine core, due to the anionic oxygen often being either shielded
with hydrophobic groups or heavily hydrogen bonded with the appended donor group. Frequently,
the addition of pendant water solubilizing groups are necessary to achieve significant water
solubility. Despite these shortcomings, squaraine based dyes remain popular candidates for
imaging research purposes as they represent low molecular weight NIR materials with relatively
concise syntheses and exceptional molar absorptivities, which are commonly greater than 100,000
M-1cm™.8° We sought to address the deficiencies by substituting the indoline donor group with a
more electron rich, fully conjugated indolizine donor group. Introduction of a sterically hindered
donor with increased electron density may lead to significant separation of absorption and emission
spectra, further extension of the absorption range into the therapeutic window, and increased water

solubility through allowing hydrogen-bonding access to the charged squaraine core (Figure 19).
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Figure 19. Example classes of popular D-A-D squaraines with the donor motifs highlighted in red.

Indolizines have been shown to yield improved performances in dye-sensitized solar cells
owing to their exceptional donor strength when compared with common triphenylamine and alkyl
amine-based donor groups within the donor-rn bridge-acceptor framework.828® The increase in
relative donor strength is in part due to a nitrogen atom with three separate carbon bonds being
incorporated into a building block with a fully planar geometry, a fully conjugated m-system
involving the nitrogen loan-pair, reduced resonance stabilization energy of the aromatic indolizine,
and the proaromatic nature of the indolizine building block in charge transfer systems. These
properties are all attractive when selecting a donor for NIR imaging materials, which rely on strong
intramolecular charge transfer events. To investigate the effects of different substituents on the
dye’s energetic properties and NIR emission, we have targeted twelve donor-acceptor-donor (D-
A-D) dyes with the indolizine-squaraine-indolizine (In2SQ) D-A-D core held constant (Figure
20). The substituents were varied from groups without mt-electron contributions for steric analysis
to a series of aryl substituents of various size baring electron donating, neutral and electron
withdrawing groups for analysis of the influence of pendant aryl groups on the core structure.

These substituents provide insight into the effects of substituent size, conjugation and electronic

56



contributions on the optical properties (molar absorptivity, excited-state lifetime and fluorescence
quantum yield) of this new class of material.

The degree of planarity of the conjugated n-system plays a critical role on inducing significant
Stokes-shifts. If the ground- and excited-state differ in planarity substantially, a geometry
reorganization can occur after photoexcitation potentially leading to significant energy differences
in the absorption and emission energies. The indolizine donor offers an nucleophilic position for
EAS reactions at the 3-position with substituents at the 2-position and a fused ring in close
proximity to the squaraine core allowing for the introduction of sterically demanding substituents
to modulate the degree of planarity of the In2SQ core and planarity at the 2-position substituent

location, which should offer Stokes-shift tunability (Figure 20).

Figure 20. Position numbering convention for the indolizine building block and angles where
dihedral steric interactions induce a significant deviation from a planar conjugated system. See

Table 9 for calculated twist angles.
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Figure 21. Indolizine-squaraine-indolizine (In2SQ) based target NIR emissive materials.

Meln2SQ and PhInoSQ were selected as targets to compare a methyl versus an aryl substituent on
the indolizine donors (Figure 21). The methyl substituent offers the smallest group, and a more
planarized In.SQ core. The phenyl group increases steric bulk near the squaraine core and may
additionally expand the dye conjugated m-system through incorporating n-electrons from the
phenyl ring. Large aryl substituted squaraine dyes (Naphln.SQ, PyIn.SQ, bisCFsPhIn.SQ,
bis'BuPhIn2SQ, MesIn,SQ) and electronically variable substituted squaraine dyes (MeOPhIn,SQ,
CNPhINn2SQ, NO2PhIn,SQ, HOPhIN2SQ, CF3PhInaSQ) were targeted to probe steric interactions
and evaluate the effect of increased or decreased electron density on the aryl group in order to
further probe the photophysical properties of these molecules.

The In2SQ dye series was synthesized in a straight forward 2-step fashion from ethyl pyridine

and alphabromo ketone derivatives (Scheme 1). Upon heating the bromide and pyridine starting
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materials, N-alkylated salts were awarded which were insoluble in cold acetone. These pyridinium
salt intermediates were filtered, dissolved in an aqueous base solution, and heated to reflux. The
cyclization-condensation reaction proceeded to give neutral organic indolizine products, which
could be isolated through simple filtration upon cooling the solution. Finally, the indolizine
heterocycles were heated in the presence of squaric acid as a 2:1 ratio of indolizine:squaraine. The
resulting dark green reaction mixture gave an NMR and alumina TLC of analytically pure In2SQ
products upon addition of diethyl ether in many cases. In this manner, >1 gram scale was
demonstrated with no adverse effects on yield and no need for column chromatography for the
PhIn,SQ derivative.

Results and Discussion

Two possible conformational isomers could result from the double condensation reaction with
squaric acid. Given the significant distance the two indolizine building blocks are separated by,
NMR may not show a substantial difference in the two possible isomers if both were present as a
mixture. To confirm the isomeric purity of the samples, a combined computational IR spectrum
prediction and experimental IR spectroscopy approach was employed. The B3LYP density
functional was employed with the 6-311g (d,p) basis set in order to calculate the modes and IR
intensities of both the cis and trans rotamer of Phin.SQ. The calculated modes were scaled by
0.975 in order to correct for the harmonic approximation. Modes were determined experimentally
by ATR-IR and compared to calculations of both rotamers (Figure 22). A mixture of the two
rotamers would show little difference according to the predicted spectrum since both rotamers are
similar except in the region between 1600 and 1800 cm™. In this region there is noticeably

difference between the cis and trans rotamer computationally with better agreement between the
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experimental IR spectrum and the calculated modes for the cis rotamer, suggesting the cis rotamer
is a product of the reaction (Scheme 1).

Scheme 1. Synthetic route to In.SQ dyes.

o) Ns
Br | —
R acetone
heat
(0] O
HO OH
(1/2 equiv.)

-
n-butanol, toluene
typically 50-80%

Since the majority of the IR spectrum (600-1600 cm™) is predicted to be similar for the cis
and trans rotamers, the obvious peak confirming the cis rotamer presence that is not present for
the predicted trans rotamer spectrum, cannot be used to exclude the presence of the trans rotamer
in the mixture. As such, a variety of crystallization techniques were attempted, and the most
successful crystallization attempt led to the formation of small (<0.5 mm) cubic crystals from the
vapor diffusion of diethyl ether into chlorobenzene. These crystals, despite the small size, were X-
ray quality and proved the presence of the trans rotamer (Figure 23). The crystal structure shows
a significant dihedral angle between the phenyl and indolizine planes at 51° and a dihedral angle
of 21° between the indolizine and squaraine plane. These results are further compared with

computational results below.
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Figure 22. IR spectrum of PhIn,SQ comparing the computational results for the cis rotamer (top,

black) and the trans rotamer (bottom, black) to the experimental results (red).

Figure 23. X-ray crystal structure representation for Phin,SQ as the trans rotamer.

The PyIn,SQ derivative was unique among the synthesized derivatives in that the cis and trans
rotamers were separable via silica gel chromatography with the trans rotamer eluting with a higher
Rf value. Separation of these rotamers allowed for the comparison of a purified trans rotamer
vibrational spectrum to the cis rotamer vibrational spectrum (see appendix Figure 76). For this
rotamer, the peak at 1750 cm™ is present for the cis rotamer similar to that predicted and observed
for the PhIn,SQ cis rotamer. This peak is not present for the trans rotamer experimentally, as
predicted. The PyInoSQ was uniquely able to be studies as the purified cis rotamer, the purified

trans rotamer and as a mixture. It is important to note however, that the rotational barrier to convert
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from the cis to trans rotamer can be crossed at room temperature on the order of a day timescale.
The existence of both rotamers could only be confirmed for PyIn,SQ since no evidence of the cis
isomer was obvious for the other derivatives.

Upon isolation of these novel dyes, the optical properties were probed by UV-Vis-NIR
absorption spectroscopy to evaluate the effect the indolizine donor group in relation to the indoline
standard (1). Comparison of Meln>SQ and 1 reveals a near 50 nm red-shift for the indolizine based
dye (Figure 24). The 50 nm shift in absorption maxima to lower energy places these dyes in a
more ideal range for use with non-invasive in vivo fluorescence imaging applications. Interesting,
the absorption curve shape shows a very similar profile for both dyes with a strong, relatively sharp
peak at low energy, followed by a weaker vibronic transition at slightly higher energy as a
shoulder. Absorption spectra show a characteristic, intense absorption near 720 nm and no
substantial absorption between 675 nm and 450 nm (see appendix Figures 77 and 78). Meln,SQ
does show an extended absorption peak ¥z height width of 45 nm (0.108 eV) versus 20 nm (0.076

eV) for benchmark 1 (Figure 24).
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Figure 24. Comparison of UV-Vis-NIR absorption spectra (solid black lines) and emission
spectra (dashed red lines) for 1, Meln.SQ and PhIn>SQ in toluene (see appendix for absorption

and emission curves of all derivatives).
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Table 8. Comparison of Stokes shifts, absorption, emission maxima, molar absorptivity,

photoluminescent quantum yield and fluorescent lifetimes in toluene. *Indicates in DMSO.

Dye Abs. Max. Emis. Max. Stokes Shift € L T
(nm) (nm) (nm,eV) (Mlcm?) (%) (ns)
MelnzSQ 712 738 26, 0.055 210,000 89 0.42
Phln2SQ 723 756 33,0.075 181,000 | 3.7 0.45
NaphlnzSQ 727 766 39, 0.087 150,000 5.3 0.45
PyIn2SQ 729 757 28,0.063 | 124,000 105 1.11
PyInzSQ (trans) 730 756 26, 0.058 160,000 5.8 1.03
PyIn2SQ (cis) 730 754 24,0.054 = 110,000  12.1 1.46
MesInzSQ 724 735 11, 0.026 262,000 7.3 0.30
Bis-tBuPhIn2SQ 722 770 48, 0.107 216,000 | 6.7 0.55
Bis-CFsPhInzSQ 127 757 30, 0.068 260,000 12.0 0.79
CF3PhIn2SQ 727 765 38, 0.085 166,000 @ 5.9 0.40
CNPhINzSQ 729 756 54, 0.119 213,000 5.8 0.65
NO2PhIn2SQ 732 769 37, 0.082 185,000 ' 11.2 0.65
MeOPhINn2SQ 723 761 38, 0.086 140,000 45 0.33
HOPhIN2SQ* 723 756 33, 0.075 185,000 1.0 0.09
1 633 653 20, 0.050 229,000 16.0 240

Additionally, the indolizine group substituent influence on optical properties was evaluated based

on electron donation ability, electron withdrawing ability, steric size and extended n-System size
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for a variety of aryl groups. Comparison of a methyl versus a phenyl at the 2-position shows a 10
nm red-shift for the aryl substituted Phin,SQ dye. Among aryl groups however, a modest effect
on absorption maxima position is observed with a close range varying by only 9 nm (723-732 nm)
for the series in toluene. The absorption spectrum in dichloromethane was found to give similar
absorption maxima shifted by about 6 nm to higher energy (see appendix for DCM results, Table
45). This suggests poor electronic coupling of the aryl group n-system with the squaraine m-system
in the ground-state since strongly withdrawing and donating substituents have little effect on the
absorption spectrum. A comparison of molar absorptivity of Meln,SQ and 1 shows a modest
reduction in molar absorptivity for the indolizine-based dye (210,000 versus 229,000 M-cm™ in
toluene). A substantially larger effect on molar absorptivities was observed with indolizine
substituent choice ranging from 110,000-262,000 M~tcm™ in toluene. Replacement of a methyl at
the 2-position with a phenyl group reduces the dye’s molar absorptivity from 210,000 to 181,000
M-cm™. Expansion of the substituent n-system from phenyl to naphthy! further lowered the molar
absorptivity by 31,000 M™cm™ (from 181,000 to 150,000 M-cm™). Finally, pyrene substitution
results in the lowest molar absorptivity of the series at 124,000 M-tcm™ for the mixture (Figure

25).
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Figure 25. Comparison of molar absorptivities for all arylated dyes.

To probe if the lowering of molar absorptivity is a result of increasing the m-system size or a
result of increasing steric bulk MesIn,SQ, bis-tBuPhIn,SQ and bis-CF3PhIn,SQ were evaluated as
neutral, electron rich and electron deficient aryl groups. Increasing steric bulk leads to the highest
molar absorptivities observed, exceeding those of the parent indolizine dye and the benchmark 1
by as much as 33,000 Micm?. The MesIn,SQ and bis-CFsPhIn,SQ had similar molar
absorptivities of near 260,000 M-tcm™, while the electron rich bis-tBuPhIn,SQ gave a lower molar
absorptivity of 216,000 M™cm™. To probe the lower molar absorptivity origin, a variety of electron
donating (Ome, OH) and withdrawing (CN, NO2, CF3) substituents were evaluated at the para-
position on each phenyl of Phin.SQ. However, no apparent trend emerged based on electronic

considerations (Table 8).
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Figure 26. PhIn2SQ Arranged in an “M” and covered by white filter paper.

Having established the desired red-shifting of the absorption spectrum in the therapeutic window
(~700-1400 nm, dye absorption onsets ~750 nm) through the use of indolizine donors and retained
high molar absorptivities, we next evaluated the emissive properties of the dyes in solution. The
fluorescence spectra of the compounds were recorded in toluene and DCM. A large Stokes shift,
the difference in energy between the absorption maximum and fluorescence maximum, is desirable
for applications requiring significant separation between input and output energy, such as live
fluorescence imaging. For this application specifically, molecules should also emit within the
therapeutic window (~700-1400 nm). The emission maxima for these dyes were found to range
from 756-777 nm with the exception of MesIn,SQ, which emits at noticeably higher energy (735
nm). This gives Stokes shifts of around 30-50 nm or 0.063-0.119 eV for In,SQ series (except
MesIn.SQ 11 nm, 0.026 eV), which is a significantly larger separation of input and output energies
than observed for the benchmark 1 (12 nm, 0.034 eV) (Table 8). The absorption and emission of

the most water soluble derivative, Meln,SQ, was also investigated by dissolving the dye in

67



minimal DMSO then diluting with water (see appendix Figure 84). A blue shift of the absorption
spectrum is noted; however, no evidence of aggregation was observed based on absorption or
emission curve shapes since there are no noticeable changes comparing water with organic
solvents.

The excited-state lifetimes for the dyes in this series ranged from 0.30 ns to 0.79 ns with the
longest excited-state lifetime from bis-CFzPhInSQ (0.79 ns) and the shortest excited-state
lifetimes from MesIn.SQ (0.30 ns) and MeOPhINn2SQ (0.33 ns). It is noteworthy that the resonance
withdrawing substituted dyes CNPhIn,SQ and NO2PhIn,SQ have relatively long-lived excited-
states (both at 0.65 ns) and the resonance donating substituted MeOPhIn,SQ has a relatively short-
lived excited-state. While all of the dyes show shorter excited-state lifetimes than the benchmark
squaraine 1 (2.40 ns), this is expected as dyes emitting at lower energies typically have reduced
excited-state lifetimes due to the Energy Gap Law.

The fluorescence quantum vyield is one of the most important metrics for evaluating
fluorescent materials, especially in the NIR range where @ is typically very low, often <1%.84 For
a number of applications, @ dictates the amount of dye needed for good image resolution and
device performance. Interestingly, PyInoSQ was found to have a fluorescence quantum yield of
>12%. This is a dramatic enhancement over what is commonly observed for materials emitting
photons at energies lower than 800 nm, with notable exceptions®®’. The next highest ® values
were observed for bis-CFsPhInaSQ (12%) and NO2PhInoSQ (11%), with the remaining dyes
emitting between 3.7%-8.9%. Even the lowest observed @ for this series is a significant
enhancement over that of many materials currently being evaluated for biological imaging

purposes. Although substantially larger Stokes-shifts are observed compared to benchmark, 1, with
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less absorption and emission overlap, we do note that considerable overlap of absorption and
emission curves is observed for the indolizine squaraine dyes, which can lead to re-absorption and
diminished quantum yields. It is interesting that of the dyes evaluated computationally, PyIn,SQ
had a substantial influence of the HOMO™ orbital (which is heavily influenced by the n-system of
pyrene) on the vertical transition. Since the PyIn.SQ dye has the highest quantum yield in the
series, the modulation of the HOMO™ to have a significant contribution to vertical transition upon
transfer of charge to the LUMO may be a novel strategy for enhancing ® values for NIR emissive
materials. This suggests tuning lower level orbitals could have substantial influences on @ values.

The solid-state absorption of all the dyes was also measured by diffuse reflectance
spectroscopy. All of the dyes showed absorption in the 600-800 nm range in the solid state with
several of the dyes’ having absorption extending well into the 800-900 nm range (see appendix
Figure 82). Solid-state emission of dyes in this range is useful for potential applications in secure
display technologies (NIR OLEDSs). As a demonstration for the use of these materials in as solid
emitters, PhIn,SQ powder was arranged in the shape of an “M”, then covered with a white filter.
As shown in Figure 26, under visible light irradiation only the filter is visible. However, under
NIR irradiation at 785 nm through the white filter, an image of the PhIn,SQ powder is clearly
visible via NIR photon detection at 850 nm. The emission spectra of each dye in the solid state can
be found in appendix Figure 83.

Substituent selection has relatively minor effects on absorption and emission energies.
Electrochemical analysis was used to find if the substituents are effectively isolated from the In.SQ
n-system responsible for the observed absorption and emission energies. The electrochemical

properties of the dyes are also critical for applications involving solar cells, display applications,
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photochemical reactions and for assessing of the stability of the dyes under atmosphere. The dye
ground-state oxidation potentials (Es+s)) ranged from 1.26 to 1.44 V versus ferrocene and the
excited-state oxidation potentials (Es+ss+), varied from -0.88 V to -1.22 V. The ground-state
reduction potentials (Esss-)) show a similar range of potentials (-1.37 to -1.55 V). Interestingly,
this indicates the substituents have tunable control of Es+s), E(siso) and Es+s+) energy levels
without significantly altering the optical band gap energy (E¢°"") which only varies by 0.04 Ev
between dyes. In general, the dye substituents give the expected changes in energy levels where
added m-electron density from aryl groups raise energy levels to more destabilized values and
substituents withdrawing n-electron density lead to more stabilized energy levels (see appendix
Table 46).

The observed Stokes shifts are hypothesized to be the result of a geometric reorganization in
the excited-state to allow for increased planarization of the w-system. To evaluate this hypothesis,
computational analysis was performed on PhIn.SQ with DFT at the B3LYP/6-311g(d,p) level.
Ground-state and excited-state geometries were first optimized, then TD-DFT at the B3LYP/6-
311g(d,p) level was carried out to predict the vertical excitation (ground-state geometry) and
relaxation energies (excited-state geometry), where the difference of these corresponds to a Stokes-
shift. Provided reasonable agreement is observed between theory and experiment, the geometry
changes from the ground to the excited-state can be analyzed to better understand the origin of the
Stokes-shift observed.

In the ground state, the HOMO and LUMO were found to be delocalized throughout the
indolizine-squaraine m-system with little orbital contribution from the indolizine substituents

(Figure 27). The HOMO* orbital was found to be the first orbital with substantial contribution of
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the indolizine-aryl substituent to the n-system (see appendix Figure 85). The indolizine-squaraine
backbone is not fully planar and the PhIn2SQtans derivative was found to have a twist angle of 10
degrees between the indolizine plane and the squaraine plane which is in reasonable agreement
with the crystallographic data collected (Table 9, Figure 28). Additionally, the aryl substituents
have a substantial dihedral angle when compared to the plane of the indolizine (62 degrees for
PhIn2SQans, in close agreement with crystallographic measurements). The twist angles and
calculated energies are similar for PhinoSQcis when compared with PhIn2SQuans (See appendix
Table 47). The PyInSQuans derivative was also evaluated as it had the largest fluorescence
quantum vyield. PyIn2SQuans has similar dihedral angles to the PhInaSQuans derivative with 8

degrees at the indolizine-squaraine planes and 72 degrees at the pyrene-indolizine planes.

LUMO

Figure 27. HOMO and LUMO orbitals for PhIn,SQ as determined by B3LYP/6-311g(d,p) DFT

geometry optimization.
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Interestingly, PyIn2SQ:cis has a reduced indolizine-squaraine dihedral angle of only 2 degrees and
an increased pyrene-indolizine dihedral angle of nearly perpendicular at 87 degrees (see appendix
for cis rotamer values).

TD-DFT (B3LPY/6-311g(d,p)) was used to assess the orbital contributions to the vertical
transition upon photoexcitation of electrons in the ground-state to the excited-state. The vertical
excitation was found to be primarily composed of a HOMO to LUMO contribution (90% for
PhIN2SQtrans, 98% for PhInzSQcis) with some contribution of the HOMO™ to LUMO transition for
the trans rotamers (8% for PhInzSQuans). The contribution of the HOMO™ to LUMO transition was
greatly increased for the large m-system pyrene substituted dye with 58% HOMO to LUMO and
36% HOMO™ to LUMO for PyInzSQuans and 20% and 72% for the respective orbital transitions

for PyIn2SQcis (see appendix).

The substantial involvement of the HOMO™ orbital highlights the importance of the aryl
substituents in controlling the emissive properties of the indolizine-squaraine dye series. The
Meln2SQ derivative also confirms the importance of the aryl groups as this compound shows a
98% HOMO to LUMO contribution to the lowest energy transition for both the trans and cis

confirmers (Table 9).

72



Ground-State Geometry
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Figure 28. Comparison of the geometry of PhIn2SQ in the ground and excited-state along the
indolizine-squaraine-indolizine edge (a and b), along the indolizine edge (¢ and d), and of the nt-

system face (e and f), respectively.

The excited-state geometries were optimized with TD-DFT calculations on the Phin.SQ and
PyIn,SQ derivatives. In both cases (trans or cis), the indolizine substituent adopts a more
planarized configuration with a 6-8 degree reduction in the dihedral angle. This observation
suggests the aryl substituents may have a significant influence on the dye excited-state properties.
Interestingly, the indolizine-squaraine dihedral angle substantially increases in the excited state.
A substantial increase of the indolizine-squaraine dihedral angle is observed for Phin2SQrans (17°),

PhInZSQcis (120), PYIHZSQtrans (70) and PyInZSQcis (40)
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Table 9. Dihedral angles, orbital contributions to vertical transitions, vertical transition energies
and oscillator strengths computed with DFT and TD-DFT analysis at the B3LYP/6-311g(d,p)

level.

dye angle 1 angle 2 transition contrib. vert. trans.  oscillator
(") (") (%) (nm | eV) strength
Meln;SQ 9 - H>L 98% 569 | 2.18 1.0118
PhiIn;SQ 10" (21°)2 62°(51°%* H->1L 90% 607 | 2.04 0.7524
H1->L 8%
PyIn,SQ 8 72° H>L 58% 628 | 1.97 0.4171

H1>1L 36%
H2>L 5%

Meln;SQ* 25 - H>L 83% 676 | 1.83 0.5317
H1->L 14%

PhinSQ* 27" 56° H>L 78% 733|169 0.3689
H1->L 19%

Pyin;SQ* 13° 66" H>L 38% 758 | 1.64 0.1019
H1-=>L 56%
H®>L 4%

The reduced reorganization of the excited-state geometry for PyIn,SQ relative to the ground-state
geometry suggests the possibility of a higher fluorescence quantum yield for this dye is due to a
better geometry overlap between the ground- and excited-states. Importantly, upon computational
analysis of the Meln,SQ derivative, an increase in dihedral angle is still observed in the excited
state (9° to 25%) indicating the geometry reorganization is not the direct result of the aryl group on
the indolizine. Additionally, no significant shifts in bond length are observed between the ground
and excited-states, which indicates the driving force for the reorganization computationally

observed is subtle.

A series of indolizine-squaraine based NIR fluorescent compounds, with emission maxima
ranging from 730 to 770 nm, were synthesized and the optical properties studied. The dyes were

studied with X-ray crystallography as well as IR spectroscopy to assess the presence of structural
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rotamers. The NIR dyes were analyzed with electrochemical studies, UV—Vis-NIR spectroscopy,
and fluorometry in a variety of solutions as well as in the solid-state. Compared to a benchmark
indoline-squaraine compound, these materials are significantly red-shifted in absorption and
emission spectrum values. Solution absorption and emission curves show Stokes shifts up to 50
nm and some of the highest fluorescence quantum yields known for emissive small molecules in
this NIR region with significant Stokes-shifts (©>12%). Large Stokes shifts are desirable for living
biological imaging applications to avoid background signals from the excitation source, and the
squaraine-based dyes examined have demonstrated a large shift and high PLQE. DFT
computational analysis shows the origin of this Stokes-shift to come from the molecular
engineering of large dihedral angles within the n-system, which undergo significant changes when
the excited-state geometry reorganizes.

Experimental General Information.

Photophysical Measurements: UV-Vis-NIR absorption spectra were all taken using a
Cary 5000 UV-vis-NIR spectrometer. All dye solutions were stirred for at least 30 minutes with
slight warming to fully dissolve the In.SQ dyes. Solution phase photoluminescent quantum
efficiencies (PLQE) were obtained using the optically dilute method described by Crosby and
Demas.® All sample concentrations were on the order of 10> M to reduce reabsorption. The 647
nm line of a Kr+ ion laser was used as the excitation source, and zinc phthalocyanine (¢ = 0.30 in
1% pyridine in toluene)® was used as a reference. Fluorescent lifetimes were obtained by exciting
with the 485 nm line of a pulsed diode laser (fwhm <100 ps) and detecting with an avalanche

photodiode.
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Computational Analysis: MM2 energy minimization in ChemBio3D Ultra
(version:13.0.2.3021) was used for the initial energy minimization of the TPz-based dyes. Dihedral
angles for the relevant groups were set to values between the global minimum and the next local
minimum on the conformational energy diagram as calculated by chemBio3D. Accurate geometry
optimization were performed sequentially by density functional theory (DFT) using Guassian09%°
with the B3LYP®9 functional with the following basis sets: first 6-31g (d,p) and finally 6-311g
(d,p). Dihedral angles were evaluated with the GaussView software on the fully optimized
geometries. Time-dependent density functional theory (TD-DFT) computations were performed
with optimized geometries and with the B3LYP functional and 6-311g (d,p) basis set to compute
the vertical transition energies, oscillator strengths and orbital contributions to the vertical

transitions.

Synthetic Materials and Instruments: All commercially obtained reagents and solvents
were used as received without further purification. Thin-layer chromatography (TLC) was
conducted with Analtech Alumina GF UV254 250 micron plates or Sorbtech Silica XHL TLC
Plates with UV254 250 micron plates and visualized with UV irradiation when appropriate. Flash
column chromatography was performed using Sorbent Tech P60, 40-63 pum (230-400 mesh). *H
and *C NMR spectra were recorded on a Bruker Avance-300 (300 MHz) spectrometer and a
Bruker Avance-500 (500 MHz) spectrometer and are reported in ppm using solvent as an internal
standard (CDCls at 7.26 ppm). Data reported as: s = singlet, d = doublet, t = triplet, g = quartet, p
= pentet, m = multiplet, br = broad, ap = apparent, dd = doublet of doublets; coupling constant(s)
in Hz; integration. UV-Vis Spectra were measured with a Cary 5000 UV-Vis-NIR spectrometer.

Cyclic voltammetry was measured with a C-H Instruments 600E electrochemical analyzer. ATR-
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IR were taken using an Agilent Technologies Cary 600 series FTIR Spectrometer. Crystal structure
data was gathered with a Bruker APEX-1I CCD diffractometer. The crystal was kept at 296 K
during data collection. Using Olex2 software, the structure was solved with the ShelXT structure
solution program using Direct Methods and refined with the XL refinement package using Least

Squares minimization.

General Synthetic Procedure for Indolizine Heterocycle Synthesis: To a round bottom
flask equipped with a stir bar and a reflux condenser was added 2-ethylpyridine (1.0 equiv.) and
the desired alpha-bromoketone derivative (1.0 equiv.). After addition of acetone, the mixture was
heated to 60°C or reflux for 16 hours. After cooling to room temperature, the white precipitate was
filtered and washed with cold acetone. The solid was mixed with sodium bicarbonate and water
and heated to reflux. After 2-7 hours, the solid formed is filtered and used in the next step without

further purification.

General Synthetic Procedure for Squaraine Dye Double Condensation: To a flame
dried round bottom flask equipped with a stir bar and reflux condenser was added 2.0 equivalents
of the desired indolizine and 1.0 equivalent of squaric acid. A 1:1 mixture of toluene:n-butanol
was added where the combined solvent mixture gave a concentration of 0.02 M. The mixture was
vigorously degassed with N2 for 10 minutes, then heated to reflux for 20 hours. After cooling to
room temperature, approximately 10 times the reaction mixture volume of diethyl ether was added
to precipitate out a green solid. The liquid was decanted to give the pure product. Alternatively,
upon completion of the reflux time the mixture could be extracted with dichloromethane, washed

with water three times, purified with alumina chromatography and a gradient solvent system
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(dichlormethane:hexanes -> dichloromethane:methanol mixtures) and recrystallization from

acetone/dichloromethane mixtures.
Specific Synthetic Procedures

1,2-dimethylindolizine (1): In a nitrogen filled round bottom flask equipped with a stir bar and a
reflux condenser 2-ethylpyridine (2.00 g, 18.7 mmol) was mixed with chloroacetone (1.72 g, 18.7
mmol). The mixture was degassed with N2 for 20 minutes, then heated to 130°C for 24 hours. The
product was extracted with excess ethyl acetate and 2 M KOH and dried with sodium sulfate. The
product was purified through aluminum oxide chromatography with 500 MI hexanes to yield the
pure product (0.386 g, 14%). *H NMR (500 MHz, CDCl3) § 7.76 (d, J = 7.5 Hz, 1H), 7.24 (d, J =
7.5 Hz, 1H), 7.10 (s, 1H), 6.55 (dd, J = 7.5 Hz, 4.0 Hz, 1H), 6.33 (ap t, J = 7.5 Hz, 1H), 2.26 (s,
6H). This compound has been previously synthesized and characterized through an alternative

route.®

(2)-4-(1,2-dimethyl-3H-indolizin-4-ium-3-ylidene)-2-(1,2-dimethylindolizin-3-yl)-3-
oxocyclobut-1-en-1-olate (Meln2SQ): To a flame dried round bottom flask equipped with a stir
bar and reflux condenser, 1 (0.34 g, 2.34 mmol) was added then 3,4-dihydroxy-1,2-
cyclobutanedione (0.12 g, 1.05 mmol) followed by purging with N2 for 10 minutes. The mixture
was dissolved in a degassed 1:1 mixture of toluene and n-butanol (squaric acid was 0.017 M in the
mixture) and refluxed for 20 hours. The reaction mixture was then cooled to room temperature and
500 Ml diethyl ether was added to crash out a green solid. The liquid was centrifuged then decanted
to yield the pure product as a black solid (0.24 g, 61%). *H NMR (500 MHz, CDCls) & 10.35 (d, J

= 7.0 Hz, 2H), 7.28 (d, J = 7.2 Hz, 2H), 7.15 (t, J = 6.8 Hz, 2H), 6.85 (t, J = 6.9 Hz, 2H), 2.81 (s,
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6H), 2.21 (s, 6H). >*C NMR was not obtained due to sparing solubility. IR (neat, cm™): 3392 (br),
1626, 1624. HRMS m/z calculated for C24H20N202 [M]*: 368.1525, found 368.1563. UV-Vis

(CH2Cl2) Amax = 704 nm; UV-Vis (toluene) Amax = 712 nm (& = 210,000 M-tem), Aonset = 750 nm.

(2)-4-(1-methyl-2-phenyl-3H-indolizin-4-ium-3-ylidene)-2-(1-methyl-2-phenylindolizin-3-

yl)-3-oxocyclobut-1-en-1-olate (PhIn2SQ): To a flame dried round bottom flask equipped with a
stir bar and reflux condenser, 1-methyl-2-phenylindolizine (2)? was added (0.50 g, 2.4 mmol) then
3,4-dihydroxy-1,2-cyclobutanedione (0.137 g, 1.20 mmol) was added followed by purging with
N2 for 10 minutes. The mixture was dissolved in 136 mL 1:1 toluene:n-butanol then heated to
130°C for 15 hours. The mixture was cooled to room temperature, extracted with dichloromethane
and washed three times with water. The product was purified through alumina chromatography
with a gradient of 75:25 dichloromethane:hexanes then 98:2 dichloromethane:methanol and
recrystallized in acetone and dichloromethane to yield a green solid (0.49 g, 82%). *H NMR (500
MHz, CDCl3) § 10.07 (d, J = 6.9 Hz, 2H), 7.5-7.40 (m, 6H), 7.39-7.35 (m, 6H), 7.19 (ap t, J = 6.0
Hz, 2H), 6.86 (ap t, J = 7.3 Hz, 2H), 2.18 (s, 6H). 13C NMR (125 MHz, CDCls) & 175.7, 168.5,
141.4, 137.6, 135.0, 134.7, 130.6, 127.6, 127.5, 126.9, 120.6, 118.2, 117.0, 114.9, 9.5. IR (neat,
cm™): 3401 (br), 2356, 2329, 2038, 1633, 1616. HRMS m/z calculated for CzsH2sN202 [M+H]":
493.1916, found 493.1962. UV-Vis (CH2Clz) Amax = 716 nm; UV-Vis (toluene) Amax = 723 nm (&

= 181,000 M*cm™), Aonset = 755 nm.

2-bromo-1-mesitylethanone (3): To a round bottom flask equipped with a stir bar, mesitylene (10
mL, 96.4 mmol) was added and cooled to 0°C. After 10 minutes, aluminum trichloride (1.7 g, 13
mmol) was added and allowed to cool for 5 minutes. 2-bromoacetyl chloride was added drop wise

(6.00 mL, 72.0 mmol). The solution turned from yellow to orange, and was stirred while warming
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to room temperature for 15 hours. The reaction mixture was then poured into 100 mL cold H20
and extracted twice with 150 mL Et,0. The organic layer was washed with 50 mL saturated sodium
bicarbonate, dried with magnesium sulfate, filtered and concentrated to yield a pure product (16.4
g, 94%). 'H NMR (300 MHz, CDCl3) 6.90 (s, 2H), 4.29 (s, 2H), 2.32 (s, 3H), 2.26 (s, 6H). This

molecule has been previously synthesized through an alternate route.®*

2-mesityl-1-methylindolizine (4): To a sealed pressure flask equipped with a stir bar and a reflux
condenser was added 3 (2.41 g, 10 mmol) and 2-ethyl pyridine (1.14 mL, 10 mmol) in 0.5 M
acetone (20 mL). The reaction mixture was heated to 150°C for 24 hours, then cooled to room
temperature, poured into a 100 mL round bottom flask and dissolved in 70 mL H>O and sodium
bicarbonate (3.5 g, 40 mmol). The mixture was heated to 100°C for 2 hours, then cooled to room
temperature, extracted with dichloromethane and concentrated. The product was passed through
200 mL SiOz using hexanes:DCM (70:30) and concentrated to yield a mixture of 3 and 4. Due to
the similar Rf values on SiO> of these compounds, the mixture was carried through to the next step.
IH NMR (300 MHz, CDCl3) & 8.54 (d, J = 5.0 Hz, 1H), 7.62 (t, J = 7.5 Hz, 1H), 7.18 (d, J = 10.0
Hz, 1H), 7.62 (t, J = 7.5 Hz, 1H), 7.12 (d, J = 7.5 Hz, 1H), 6.88 (s, 2H), 6.81 (s, 1H), 2.31 (s, 3H),

2.24 (s, 6H), 2.29 (s, 3H).

(2)-4-(2-mesityl-1-methyl-3H-indolizin-4-ium-3-ylidene)-2-(2-mesityl-1-methylindolizin-3-

yl)-3-oxocyclobut-1-en-1-olate) (MesIn2SQ): In a flame dried, round bottom flask equipped with
a stir bar and a reflux condenser under N2, 4 (0.10 g, 0.40 mmol) was dissolved in 4 mL 1:1
toluene:n-butanol. 3,4-dihydroxy-1,2-cyclobutanedione (0.023 g, 0.20 mmol) was added and the
mixture was heated to reflux for 1.5 hours, cooled to room temperature and concentrated to yield

a red solid. The solid was suspended in diethyl ether, centrifuged, and the supernatant was
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decanted. The resulting solid was washed with hexanes (10 mL, 3 times) and dried to yield a
bronze/red metallic in appearance solid (0.08 g, 70%). *H NMR (300 MHz, CDCls) § 10.12 (d, J
= 6.8 Hz, 2H), 7.31 (d, J = 8.7 Hz, 2H), 7.15 (t, J = 8.6 Hz, 2H), 6.93 (s, 4H), 6.83 (t, J = 6.8 Hz,
2H), 2.38 (s, 6H), 1.97 (s, 12H), 1.92 (s, 6H). IR (neat, cm™): 3411 (br), 1635, 1616. HRMS m/z
calculated for CsoH37N202 [M+H]": 577.2855, found 577.3189. UV-Vis (CH2Cl2) Amax = 717 nm;

UV-Vis (toluene) Amax = 724 nm (& = 262,000 M-tem%), Aonset = 750 nm.

1-methyl-2-(naphthalene-2-yl)indolizine (5): To a flame dried, N> filled round bottom flask
equipped with a stir bar and a reflux condenser was added 2-ethyl pyridine (0.215 g, 2.01 mmol),
2-bromo-2-(naphthalene-2-yl)ethan-1-one (0.5 g, 2.01 mmol) and 8 mL acetone. The solution was

heated to 60°C and stirred. After 16 hours, a white precipitate had formed and the solution was

cooled to room temperature. The precipitate was filtered and washed with cold acetone, then
combined with sodium bicarbonate (0.086 g, 8.04 mmol) and dissolved in 32 mL water. The
mixture was heated to reflux. After 2 hours, a brown solid had formed. The solid was extracted
with dichloromethane, washed three times with water, dried and concentrated to yield the pure
product (0.153 g, 30%). *H NMR (300 MHz, CDCls) & 7.96 (s, 1H), 7.95-7.80 (m, 4H), 7.68 (d, J
= 8.3 Hz, 1H), 7.55-7.40 (m, 3H), 7.35 (d, J = 8.9 Hz, 1H), 6.63 (dd, J =8.9, 6.1 Hz, 1H), 6.44 (t,
J = 6.6 Hz, 1H), 2.51 (s, 3H). 3C NMR (75 MHz, CDCls) & 133.7, 133.5, 132.1, 131.1,129.0,
127.9 (2 C), 127.7, 127.4, 126.9, 126.1, 125.5, 124.8, 117.6, 115.8, 110.2 (2 C), 105.8, 9.8. IR
(neat, cm™): 3050, 2965, 2919, 2860, 1626, 1598. HRMS m/z calculated for C19H1sNCs [M+Cs]*:

calculated 390.0259, found 390.0122.
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(2)-4-(1-methyl-2-(naphthaneln-2-yl)-3H-indolizin-4-ium-3-ylidene)-2-(1-methyl-2-

(naphthalene-2-yl)indolizine-3-yl)-3-oxocyclobut-1-en-1-olate (NaphIn2SQ): To a round
bottom flask equipped with a stir bar and reflux condenser was added 5 (0.103 g, 0.401 mmol) and
3,4-dihydroxy-1,2-cyclobutanedione (0.023 g, 0.2 mmol). The flask was flushed with N for 10
minutes. The solids were then dissolved in 23 mL 1:1 toluene:n-butanol, and heated to 130°C for
2 hours during which a red precipitate formed. The mixture was cooled to room temperature, 50
mL diethyl ether was added and the liquid was decanted from the precipitate. The solids were
dissolved in warm dichloromethane and recrystallized three times, then suspended in diethyl ether
and centrifuged to yield a metallic red appearing solid (0.102 g, 86%). *H NMR (300 MHz, CDCls)
$9.95 (d, J = 6.3 Hz, 2H), 7.90-7.77 (m, 4H), 7.77-7.60 (m, 4H), 7.60-7.40 (m, 6H), 7.36 (d, J =
7.9 Hz, 2H), 7.17 (t, J = 7.5 Hz, 2H), 6.79 (t, J = 6.4 Hz, 2H), 2.21 (s, 6H). 3C NMR was not
obtained due to sparing solubility. IR (neat, cm™): 3350-1600 (br), 1594, 1435. HRMS m/z
calculated for Cs2H2sN202Cs [M+Cs]: calculated 725.1205, found 725.0571. UV-Vis (CH2Cl,)

Amax = 720 nm; UV-Vis (toluene) Amax = 727 nm (g = 150,000 Mtcm™), Aonset = 760 nm.

2-bromo-1-(pyren-4-yl)ethanone (6): In a flame dried round bottom flask equipped with a stir
bar under N, aluminum trichloride (0.34 g, 2.97 mmol) was suspended in 2 Ml dichloromethane
and cooled to 0°C. 2-bromoacetyl chloride (0.215 MI, 2.60 mmol) was added slowly, then
pyrene (0.50 g, 2.47 mmol) was added. The solution turned a deep red and was warmed to room
temperature while stirring. After 3.5 hours, the mixture was diluted with 50 Ml dichloromethane
and washed with 25 MI H2O. The organic layer was separated, then dried with magnesium

sulfate, filtered and concentrated to yield the pure product (0.77 g, 96%). *H NMR (300 MHz,
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CDCls) § 8.96 (d, J = 9.4 Hz, 1 H), 8.31 (d, J = 8.1 Hz, 1H), 8.28-7.95 (m, 7H), 4.71 (s, 2H).

This molecule has been previously synthesized through alternate reaction conditions.®

1-methyl-2-(pyren-1-yl)indolizine (7): In a round bottom flask equipped with a stir bar and a
reflux condenser, 2-bromo-1-(pyren-4-yl)ethanone (6)* (4.1 g, 12.7 mmol) and 2-ethylpyridine
(2.67 mL, 12.7 mmol) were dissolved in 25 mL of acetone and heated to reflux. The reaction
intermediate crashed out of solution after 20 hours. The mixture was cooled to room temperature
and the solid was collected by vacuum filtration. The solid was then dissolved in 25 mL of H20
with sodium bicarbonate (4.3 g, 50.8 mmol) and heated at reflux for two hours. The final product
crashed out of solution after two hours. The solution was cooled to room temperature and diluted
with 50 mL of DCM and washed with H20. The organic layer was separated, then dried with
magnesium sulfate, filtered and concentrated to yield the crude product. The product was passed
through a plug of 200 mL of SiOz using ethyl acetate: DCM (30:70) to yield the pure product (0.95
g, 23%). *H NMR (500 MHz, CDCl3) & 8.28-8.10 (m, 7H), 8.04 (ap t, J = 7.3 Hz, 2H), 7.99 (d, J
= 7.0 Hz, 1H), 7.53 (s, 1H), 7.49 (d, 1H), 6.72 (t, J = 7.8 Hz, 1H), 6.53 (t, J = 6.8 Hz, 1H), 2.25 (s,
3H). *C NMR (125 MHz, CDCl3) 8 131.6, 131.5, 131.2, 130.52, 130.5, 129.8, 128.9, 128.3, 127.6,
1275, 127.4, 127.3, 126.3, 126.0, 125.0 (2C), 124.9, 124.8, 124.5, 117.7, 115.9, 111.9, 110.2,
108.2, 9.6. HRMS m/z calculated for C19H1sNCs [M+Cs]*: calculated 332.1439, found 332.1575.

IR (neat, cm™): 3544, 3442, 3034, 2856, 1621, 1579,1451, 1367, 1302, 1098.

(E,Z)-4-(1-methyl-2-(pyren-2-yl)-3H-indolizin-4-ium-3-ylidene)-2-(1-methyl-2-pyren-2-
yDindolizin-3-yl)-oxocyclobut-1-en-1-olate (PyIn2SQ): In a round bottom flask equipped with a
stir bar and a reflux condenser, 1-methyl-2-(pyren-1-yl)indolizine (7) (0.5 g, 1.51 mmol) and

squaric acid (0.09 g, 0.75 mmol) were dissolved in 75 mL of a 1:1 toluene:butanol mixture. The
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mixture was heated at reflux overnight under N2. The mixture became green in color after heating
overnight. The solvent was evaporated under reduced pressure. The solids were dispersed in ether
and centrifuged. The ether was triturated off the solids and the solids were washed with hexane.
Rotomers were confirmed to be present by *H NMR. The rotomers were separated by column
chromatography with DCM to yield the pure trans rotamer (0.216 g, 39%) as the higher R¢ and the
pure cis rotamer (0.033 g, 6%) as the lower Rr. Even though the rotamers are separable by column

chromatography, a mixture of the rotamers is obtained after storing for a day.

Trans rotamer: *H NMR (300 MHz, CDCl3) § 9.48 (d, J = 9.0, 2H), 8.30-7.70 (m, 16H), 7.48 (d,
J=9.0 Hz, 2H), 7.33 (m, 2H), 7.10 (t, J = 9.0 Hz, 2H), 6.4 (t, J = 9.0 Hz, 2H), 2.20 (s, 6H). 13C
NMR was not obtained due to sparing solubility. HRMS m/z calculated for Cs4sH33sN20O2 [M+H]":
741.2542, found 741.2977 with perfect isotope pattern match. UV-Vis (toluene), Amax = 730 nm (g
= 160,000 Mtcm™), Aonset = 756 nm. IR (neat, cm™): 2955, 2920, 2852, 1729, 1604, 1431, 1392,

1368, 1297, 1257, 1226, 1205, 1050, 968, 842, 751, 717, 646, 545.

Cis rotamer: *H NMR (300 MHz, CDClz) & 9.88 (br s, 2H), 8.66-6.40 (br m, 18H), 7.35-7.30 (br
s, 2H), 7.20-7.00 (br s, 2H), 6.80-6.60 (br s, 2H), 2.20 (s, 6H). 3C NMR was not obtained due to
sparing solubility. HRMS m/z calculated for CssH33N202 [M + H]™: 741.2542, found 741.2925.
UV-Vis (toluene) Amax = 730 nm (¢ = 110,000 Mcm™), Aonset = 754 nm. IR (neat, cm®): 2963,
2919, 2853, 1606, 1434, 1393, 1363, 1300, 1257, 1226, 1206, 1101, 1057, 975, 843, 792, 755,

717,544,

Mixed UV-Vis (toluene) for mixture of rotamers: Amax = 729 nm (g = 124,000 Mcm™), Aonset =

757 nm.
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(2)-4-(2-(4-methoxyphenyl)-1-methyl-3H-indolizin-4-ium-3-ylidene)-2-(2-(4-

methoxyphenyl)-1-methylindolizin-3-yl)-3-oxocyclobut-1-en-1-olate (MeOPhIn2SQ): To a
flame dried round bottom flask equipped with a stir bar and Dean-Stark apparatus under N2 was
added 2-(4-methoxyphenyl)-1-methylindolizine (8)?% (0.16 g, 0.69 mmol) and 3,4-dihydroxy-1,2-
cyclobutanedione (0.04 g, 0.35 mmol). The mixture was degassed with N> for 10 minutes, then
dissolved in 20 mL 1:1 toluene:n-butanol and heated to 130°C with stirring. After 6 hours, the
reaction mixture was condensed, dissolved in dichloromethane, washed with 50 mL H2O three
times, dried with magnesium sulfate and condensed to yield a metallic dark green in appearance
solid (0.11 g, 58%). 'H NMR (300 MHz, CDCls) § 10.10 (d, J = 6.8 Hz, 2H), 7.34 (d, J = 8.7 Hz,
2H), 7.25 (4H), 7.18 (ap t, J = 7.9 Hz, 2H), 6.97 (d, J = 8.6 Hz, 4H), 6.86 (t, J = 6.5 Hz, 2H), 3.87
(s, 6H), 2.19 (s, 6H). 13C NMR (75 MHz, CDCl3) § 175.9, 168.3, 159.1, 141.5, 137.4, 134.9, 131.8,
127.1,126.8,120.7, 118.0, 116.9, 114.7, 113.2, 55.3, 9.6. IR (neat, cm™): 3395 (br), 1633. HRMS
m/z calculated for CssH2sN204 [M+H]": 553.2127, found 553.2237. UV-vis (CH2Cl2) Amax = 716

nm; UV-Vis (toluene) Amax = 723 nm (& = 140,000 Mcm™), donset = 760 nm.

4-(1-methylindolizin-2-yl)phenol (9): To a flame dried round bottom flask equipped with a stir
bar and a reflux condenser was added 2-bromo-4-hydroxyacetophenone (1.00 g, 4.65 mmol), 2-
ethyl pyridine (0.498 g, 4.65 mmol) and 18.6 mL of acetone. The mixture was heated to 60°C
and stirred during which time a fine white precipitate formed. After 18 hours, the mixture was
cooled to room temperature and the precipitate was filtered off and washed with cold acetone.
The precipitate was then added with sodium bicarbonate (1.56 g, 18.6 mmol) and 18.6 mL water
to a round bottom flask, and the mixture was heated and stirred for 2 hours at reflux. After 2

hours, a dark brown oil had formed. The oil was extracted with dichloromethane, washed 3 times
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with 50 mL water, dried with sodium sulfate and condensed to yield an orange solid (0.356 g,
35%). 'H NMR (300 MHz, CDCl3) & 7.82 (d, J = 7.0 Hz, 1H), 7.39 (d, J = 8.5 Hz, 2H), 7.36-
7.26 (m, 2H), 6.90 (d, J = 8.5 Hz, 2H), 6.59 (t, J = 7.7 Hz, 1H), 6.38 (t, J = 6.7 Hz, 1H), 2.40 (s,
3H). 13C NMR (75 MHz, CDCls) § 154.4, 131.1, 130.1, 128.9, 128.9, 124.9, 117.6, 115.8, 115.6,

110.1, 109.7, 105.6, 9.8. IR (neat, cm™): 3309.2, 1619.9, 1608.3.

(2)-4-(2-(4-hydroxyphenyl)-1-methyl-3H-indolizin-4-ium-3-ylidene)-2-(2-(4-

hydroxyphenyl)-1-methylindolizin-3-yl)-3-oxocyclobut-1-en-1-olate (HOPhIn2SQ): In a
round bottom flask equipped with a stir bar and a reflux condenser was added (9) (0.326 g, 1.46
mmol) and 3,4-dihydroxy-1,2-cyclobutanedione (0.075 g, 0.657 mmol) dissolved in 80 mL of 1:1
toluene:n-butanol. The mixture was heated to 130°C and stirred for 6 hours. *H NMR (300 MHz,
DMSO-dg) 6 9.92 (d, J = 7.1 Hz, 2H), 9.5 (s, 2H), 7.72 (d, J = 9.2 Hz, 2H), 7.43, (t, J = 7.2 Hz,
2H), 7.14 (d, J = 8.6 Hz, 4H), 7.20-7.10 (m, 6H), 6.82 (d, J = 8.6 Hz, 4H), 2.21 (s, 6H). 3C NMR
was not obtained due to sparing solubility. IR (neat, cm™): 3397.89, 1641.09, 1639.16. HRMS m/z
calculated for C3sH24N204 [M]*: 524.1736, found 524.1722. UV-Vis (DMSO) Amax = 723 nm (g =

185,000 M™*cm™), Aonset = 765 nm.

2,6-di-tert-butyl-4-(1-methylindolizin-2-yl)phenol (10): To a flame dried round bottom flask
equipped with a stir bar and a reflux condenser was added 2-ethylpyridine (0.137 mL, 1.2
mmol), 2-bromo-1-(3,5-di-tert-butyl-4-hydroxy-phenyl)-ethanone (0.393 g, 1.2 mmol) and 1.6
mL of acetone. The reaction mixture was heated to 65°C for 12 hours, then cooled to 0°C. The
resulting precipitate was filtered and washed with cold acetone, then suspended in 2 mL H-O.
Sodium bicarbonate was added (0.403 g, 4.8 mmol), then the mixture was heated to 110°C for 2

hours. The mixture was cooled to room temperature, extracted with dichloromethane, washed 3
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times with water and dried with sodium bicarbonate and concentrated to yield the pure product
(0.083 g, 21%). *H NMR (500 MHz, CDCl3) 5 7.84 (br s, 1H), 7.4-7.2 (m, 4H), 6.58 (br s, 1H),
6.38 (br s, 1H), 5.18 (s, 1H), 2.42 (s, 3H), 1.49 (s, 18H). 13C NMR (75 MHz, CDCl3) § 152.8,
136.1, 131.1, 130.2, 127.2, 125.7, 124.9, 117.5, 115.7, 110.0, 109.7, 105.5, 34.6, 30.6, 9.9. IR
(neat, cm™): 3627, 2942, 2908, 2864. HRMS m/z calculated for C23H2sNO [M+H]*: 336.2327,

found 336.2327.

(2)-4-(2-(3,5-di-tert-butyl-4-hydroxyphenyl)-1-methyl-3H-indolizin-4-ium-3-ylidene)-2-(2-

(3,5-di-tert-butyl-4-hydroxyphenyl)-1-methylindolizin-3-yl-3-oxocyclobut-1-en-1-olate (bis-
tBuPhIn2SQ): To a flame dried round bottom flask equipped with a stir bar and a reflux condenser
was added (10) (69.0 mg, 0.206 mmol), 3,4-dihydroxy-1,2-cyclobutanedione (10.5 mg, 0.0925
mmol), butanol (5.88 mL), and toluene (5.88 mL). The reaction was heated to 130°C for 15 hours,
then cooled to room temperature. The reaction was extracted with dichloromethane, washed three
times with water and dried with magnesium sulfate. The product was purified through silica gel
chromatography in dichloromethane, and then triturated in ethyl acetate to give a red solid (58.0
mg, 84% yield). *H NMR (300 MHz, CDCl3) § 9.90 (d, J = 6.9 Hz, 2H), 7.37 (d, J = 8.6 Hz, 2H),
7.25-7.10 (m, 6H), 6.77 (t, J = 6.2 Hz, 2H), 2.32 (s, 6H) 1.48 (s, 36H). 3C NMR was not obtained
due to sparing solubility. IR (neat, cm™): 3419 (br), 1653. HRMS m/z calculated for CsoHssN2O4
[M]*: 748.4240, found 748.4153. UV-vis (CH2Cl2) Amax = 716 nm; UV-Vis (toluene) Amax = 722

nm (8 = 216,000 M_lcm_l), }Lonset =750 nm.

1-methyl-2-(4-trifluoromethyl)phenyl)indolizine (11): To a flame dried, round bottom flask
equipped with a stir bar and a reflux condenser was added 2-ethyl pyridine (1.07 mL, 9.33

mmol) and 2-bromo-1-(4-(trifluoromethyl)-phenyl)ethanone (2.49 g, 9.33 mmol) dissolved in 20
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mL of acetone and heated to reflux. After 22 hours, the reaction mixture was cooled to room
temperature and concentrated. The resulting solid was dissolved in 20 MI H20 and sodium
bicarbonate (3.13 g, 37.3 mmol). The mixture was refluxed for 2 hours and cooled to room
temperature during which dark crystals formed. The crystals were filtered and washed with cold
water to yield the pure product (2.36 g, 92%). *H NMR (500 MHz, CDCl3) § 7.86 (d, J = 6.0 Hz,
1H), 7.67 (d, J = 8.0 Hz, 2H), 7.62 (d, J = 8.0 Hz, 2H), 7.41 (s, 1H), 7.34 (d, J = 9.0 Hz, 1H),
6.64 (ap t, J = 6.5 Hz, 1H), 6.45 (t, J = 6.5 Hz, 1H). 3C NMR (75 MHz, CDCl3) § 149.0, 139.9,
136.5, 131.3, 128.7, 127.5, 125.0 (q, J = 270 Hz, C-F coupling), 124.8, 117.6, 116.2, 110.6,
110.1, 105.7, 9.6. IR (neat, cm™): 3400 (br), 3070, 2920, 1684, 1616. HRMS m/z calculated for

CisH12F3N [M+H]": 276.1000, found 276.1318.

(2)-4-(1-methyl-2-(4-(trifluoromethyl)phenyl)-3H-indolizin-4-ium-3-ylidene)-2-(1-methyl-
2-(4-trifluoromethyl)phenyl)indolizin-3-yl)-3-oxocyclobut-1-en-1-olate (CFsPhIn2SQ): To a
flame dried, round bottom flask equipped with a stir bar and condenser under N2 was added (11)
(0.10 g, 0.36 mmol) and 3,4-dihydroxy-1,2-cyclobutanedione (0.021 g, 0.18 mmol) were in 4 mL
of 1:1 toluene:n-butanol and heated to reflux. After 24 hours, the reaction mixture was cooled to
room temperature and a dark green precipitate formed. Diethyl ether was added and a metallic
yellow/bronze precipitate was observed. The mixture was centrifuged and the resulting supernatant
was decanted. To purify, diethyl ether was again added to the precipitate to give a suspension
which was centrifuged and the supernatant was decanted 2 additional times. Then, the precipitate
was washed with hexanes to yield a metallic green solid (0.01 g, 9%). *H NMR (300 MHz, CDCls)
§10.14 (d, J = 6.9 Hz, 2H), 7.65 (d, J = 8.4 Hz, 4H), 7.45-7.35 (m, 6H), 7.24 (t, J = 6.8 Hz, 2H),
6.92 (t, J = 6.9 Hz, 2H), 2.16 (s, 6H). 3C NMR (75 MHz, CDCls) & 175.4, 167.4, 141.5, 138.4,
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136.1, 135.0, 130.9 (2C), 127.5, 124.7 (g, J = 270 Hz, C-F coupling), 124.5, 120.6, 119.0, 117.3,
115.6, 9.6. IR (neat, cm™): 3381 (br), 1616. HRMS m/z calculated for CssH22FsN202 [M]:
628.1585, found 628.1810. UV-vis (CH2Cl2) Amax = 720 nm; UV-Vis (toluene) Amax = 727 nm (g =

166,000 Mtcm™), Aonset = 760 nm.

2-(3,5-bis(trifluoromethyl)phenyl)-1-methylindolizine (12): To a flame dried round bottom
flask equipped with a stir bar and a reflux condenser was added 1-(3,5-bis(trifluoromethyl)phenyl)-
2-bromoethan-1-one (0.8 g, 2.38 mmol), 2-ethyl pyrinine (0.255 g, 2.38 mmol) and 10 mL of
acetone. The mixture was heated to 60°C and stirred, during which a white precipitate formed.
After 16 hours, the solution was cooled to room temperature, and the white precipitate was filtered
off and washed with cold acetone. The precipitate was then combined with sodium bicarbonate
(0.802 g, 9.55 mmol) in a round bottom flask and dissolved in 10 mL of water. The solution was
heated to 100°C and stirred for 2 hours. After 2 hours a brown oil had formed, and was extracted
with dichloromethane. The organic layer was washed three times with water, dried with
magnesium sulfate and concentrated to yield the pure product (0.69 g, 84% yield). *H NMR (300
MHz, CDCl3) & 7.94 (s, 2H), 7.87 (d, J = 6.9 Hz, 1H), 7.79 (s, 1H), 7.46 (s, 1H), 7.35 (d, J = 9.0
Hz, 1H), 6.67 (ap t, J = 6.7 Hz, 1H), 6.48 (t, J = 6.7 Hz, 1H), 2.43 (s, 3H). 2*C NMR (75 MHz,
CDCl3) 6 138.4, 132.0, 131.6, 131.4, 128.3, 126.1, 124.8, 123.7 (q, J = 271 Hz, C-F coupling),
117.7, 116.5, 110.9, 110.1, 105.6, 9.3. IR (neat, cm™): 3232 (br), 2923, 2866, 1617. HRMS m/z

calculated for C17H11FsN [M+H]*: 344.0874, found 344.0860.

(2)-4-(2-(3,5-bis(trifluoromethyl)phenyl)-1-methyl-3H-indolizin-4-ium-3-ylidene)-2-(2-(3,5,-
bis(trifluoromethyl)phenyl)-1-methylindolizin-3-yl)-3-oxocyclobut-1-en-1-olate

(bisCF3PhIn2SQ): To a N3 filled, round bottom flask equipped with a stir bar and a reflux
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condenser was added (12) (0.235 g, 0.685 mmol), 3,4-dihydroxy-1,2-cyclobutanedione (0.0389 g,
0.342 mmol) and 40 mL of 1:1 toluene:n-butanol. The mixture was heated to 130°C and stirred.
After 6 hours, the mixture was cooled to room temperature and 50 Ml diethyl ether was added to
precipitate a dark solid. The liquid was decanted and the solids were collected. To purify, the solids
were dissolved in hot dichloroethane and hot filtered. The solution was cooled to room
temperature, and dark solids precipitated at the bottom of the flask. The solids were separated from
the supernatant to yield the pure metallic appearing product (0.24 g, 90% yield). *H NMR (300
MHz, CDCl3) 6 9.99 (d, J = 6.3 Hz, 2H), 7.90 (s, 2H), 7.74 (s, 4H), 7.45 (d, J = 8.6 Hz, 2H), 7.30
(t, J=7.6,2H), 7.0 (t, I = 6.7 Hz, 2 H), 2.23 (s, 6H). 3C NMR was not obtained due to sparing
solubility. IR (neat, cm™): 3415, 1574, 1556. HRMS m/z calculated for CssHzoF12N2Cs
[M+Cs]*:897.0388, found 897.0547. UV-Vis (CH2Cl2) Amax = 720 nm; UV-Vis (toluene) Amax =

727 nm (8 = 260,000 M_lcm_l), )\.onset =755 nm.

1-methyl-2-(4-nitrophenyl)indolizine (13): To a flame dried round bottom flask equipped with a
stir bar and a reflux condenser was added 2-bromo-4’-nitroacetophenone (1.0 g, 4.10 mmol), 2-
ethyl pyridine (0.439 g, 4.10 mmol) and 16.4 mL of acetone. The mixture was heated to 60°C and
stirred. After 16 hours, the solution was cooled to room temperature, and the white precipitate was
filtered off and washed with cold acetone. The precipitate was then combined with sodium
bicarbonate (1.38 g, 16.4 mmol) in a round bottom flask and dissolved in 16.4 mL water. The
solution was heated to 100°C and stirred for 2 hours. After 2 hours a brown oil had formed, and
was extracted with dichloromethane. The organic layer was washed three times with water, dried
with sodium sulfate and concentrated. To purify, the product was filtered through silica with 1:1

dichloromethane:hexanes and concentrated to yield a orange powder (0.237 g, 23%). *H NMR
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(300 MHz, CDCl3) 6 8.27 (d, J = 8.7 Hz, 2H), 7.86 (d, J = 6.8 Hz, 1H), 7.67 (d, J = 8.7 Hz, 2H),
7.46 (s, 1H), 7.35, (d, J = 9.2 Hz, 1H), 6.66 (t, J = 6.7 Hz, 1H), 6.47 (t, J = 6.5 Hz, 1H), 2.46 (s,
3H). 13C NMR (75 MHz, CDCls) 5 146.1, 143.2, 131.5, 128.7, 126.6, 124.8, 123.9, 117.8, 116.5,
111.0, 110.4, 105.9, 9.8. IR (neat, cm™): 3361, 3109, 1595. HRMS m/z calculated for C15sH1302N;

[M+H]":253.0977, found 253.0960.

(2)-4-(1-methyl-2-)4-nitrophenyl)-3H-indolizin-4-ium-3-ylidene)-2-)1-methyl-2-(4-

nitrophenyl)indolizin-3-yl)-3-oxocyclobut-1-en-1-olate (NO2PhIn2SQ): To a N2 filled round
bottom flask equipped with a stir bar and a reflux condenser was added (13) (0.118 g, 0.468 mmol),
3,4-dihydroxy-1,2-cyclobutanedione (0.027 g, 0.234 mmol) and 13.4 mL of toluene:n-butanol.
The mixture was heated to 130°C and stirred. After 24 hours the mixture was cooled to room
temperature and 50 mL of 1:1 diethyl ether:hexanes was added. A red solid precipitated and the
liquid was decanted off. The solids were filtered from dichloromethane after the hot solution
reached room temperature and concentrated to yield a metallic appearing red solid (0.088 g, 64%).
IH NMR (300 MHz, CDCl3) § 10.13 (d, J = 5.2 Hz, 2H), 8.28 (d, J = 8.6 Hz, 4H), 7.46 (d, J = 8.9
Hz, 4H), 7.43 (d, J = 9.9 Hz, 2 H), 7.26 (m, 2H), 6.96 (t, J = 6.5 Hz, 2 H), 2.18 (s, 6H). 13C NMR
was not obtained due to sparing solubility. IR (neat, cm™): 3408, 1653, 1617. UV-Vis (CH2Cl)

Amax = 726 nm; UV-Vis (toluene) Amax = 732 nm (g = 185,000 Mtcm™), Aonset = 765 nm.

4-(1-methylindolizin-2-yl)benzonitrile (14): To a flame dried round bottom flask equipped with
a stir bar and a reflux condenser was added 4-(2-bromoacetyl)benzonitrile (0.5 g, 2.23 mmol), 2-
ethylpyridine (0.256 mL, 2.23 mmol) and 5 mL of acetone. The mixture was then heated to 60°C
and stirred for 16 hours to yield a white precipitate. The reaction mixture was then cooled to room

temperature, and the precipitate was filtered off, rinsed with cold acetone and dried. The solid was
91



then dissolved in 5 mL H>O with sodium bicarbonate (0.75 g, 8.93 mmol). The solution was heated
to 100°C, during which a brown precipitate formed. After 3 hours, the precipitate was extracted
with 50 mL dichloromethane, washed 3 times with water, dried with magnesium sulfate and
condensed to yield a dark brown solid (0.283 g, 54%). *H NMR (300 MHz, CDCl3) § 7.85 (d, J =
6.9 Hz, 1H), 7.70 (d, J = 8.6 Hz, 2H), 7.62 (d, J = 8.3 Hz, 2H), 7.42 (s, 1H), 7.34 (d, J = 9.0 Hz,
1H), 6.65 (dd, J = 9.2, 6.0 Hz, 1H), 6.46 (t, J = 6.7 Hz, 1H), 2.43 (s, 1H). 3C NMR (75 MHz,
CDCl3) 6 141.1,132.3,131.4, 128.8, 127.0, 124.9,119.3,117.7, 116.9, 110.9, 110.2, 109.5, 105.7,
9.8. IR (neat, cm™): 3100, 2912, 2842, 2219. HRMS m/z calculated for CigHi3N2

[M+H]":233.1079, found 233.0682.

(2)-4-(2-(4-cyanophenyl)-1-methyl-3H-indolizin-4-ium-3-ylidene)-2-(2-(4-cyanophenyl)-1-

methylindolizin-3-yl)-3-oxocyclobut-1-en-1-olate (CNPhIn2SQ): To a flame dried, N2 flushed
round bottom flask was added (14) (0.153 g, 0.659 mmol), 3,4-dihydroxy-1,2-cyclobutanedione
(0.037 g, 0.33 mmol), and 38 mL of 1:1 toluene:n-butanol. The reaction mixture was heated to
130°C with a reflux condenser for 2.5 hours, during which a green solid precipitated. The
precipitate was extracted with dichloromethane, then condensed. To purify, the solid suspended in
hot hexanes and filtered three times, then suspended in diethyl ether and centrifuged. The resulting
supernatant was decanted off to yield a metallic green solid (0.23 g, 46%). *H NMR (300 MHz,
CDCl3) & 10.12 (d, J = 7.0 Hz, 2H), 7.72 (d, J = 8.3 Hz, 4H), 7.50-7.30 (m, 6H), 7.26 (m, 2H),
6.96 (m, 2H), 2.17 (s, 6H). **C NMR was not obtained due to sparing solubility. IR (neat, cm™):
3390, 2913, 2846, 2373, 2346, 2217, 1604, 1596. HRMS m/z calculated for CssH22N4O2Cs
[M+Cs]*:675.0797, found 675.0160. UV-Vis (CH2Clz) Amax = 723 nm; UV-Vis (toluene) Amax =

729 nm (8 = 213,000 M_lcm_l), Aonset = 760 nm.
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CHAPTER 5

5.1 DONOR-ACCEPTOR-DONOR NIR Il EMISSIVE RHODINDOLIZINE DYE

SYNTHESIZED BY C-H BOND FUNCTIONALIZATION

Adapted with the permission from Chathuranga S.L. Rathnamalala, Jacqueline Gayton, Austin
L. Dorris, Shane A. Autry, William Meador, Nathan 1. Hammer, Jared H. Delcamp, and Colleen
N. Scott; J. Org. Chem. 2019, 84, 20, 13186-13193. Copyright (2019) American Chemical

Society.
(See appendix for permission license.)

This project is a collaborative project between Dr. Delcamp’s group and Dr. Hammer’s
group, where Austin L. Dorris and Shane A. Autry contributed to the work by measuring the
emission and quantum yield of the rhodindolizine dye. Chathuranga S.L. Rathnamala contributed
by optimizing reaction conditions to obtain the rhodindolizine dyes in higher yields. Jacqueline
Gayton contributed by making the first rhodindolzine dye. William Meador contributed to the

project by synthesizing the indolizine donors.
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ABSTRACT:

A NIR II emissive dye was synthesized by the C-H bond functionalization of 1-methyl-2-
phenylindolizine with 3,6-dibromoxanthene. The rhodindolizine (RhIndz) spirolactone product
was non-fluorescent; however, upon opening of the lactone ring by the formation of the ethyl ester
derivative, the fluorophore absorbs at 920 nm and emits at 1092 nm, which are both in the NIR II
region. In addition, 4-cyanophenyl- (CNRhIndz) and 4-methoxyphenyl-substituted

rhodindolizine (MeORhIndz) could also be prepared by the C-H activation reaction.

INTRODUCTION:

Photoluminescent materials in the near-infrared I (NIR I) (~ 0.7 pm — 0.9 pm) and near-
infrared II (NIR II) (~ 0.9 pum — 1.7 um) region of the electromagnetic spectrum have applications
in many areas such as optical recording, laser filters, thermal writing displays, bioimaging, NIR
photography, photodynamic therapy, and solar cells.>* #!- 4. 96-101 Among these applications, NIR
I and NIR II materials are desirable for tissue imaging due to the deeper penetration of light,
minimal tissue damage, and high spatial resolution as a result of low autofluorescence in the NIR

I and NIR II regions.> 1% 13:42.45. 102 There are several examples of NIR I dyes derived from common

1, 30, 103-106 101, 107-108

fluorescent dye scaffolds such as cyanine, phthalocyanine and porphyrin,

115 and xanthene derivatives.'°"

squaraine,”> %' BODIPY analogs,''?!'* benzo[c]heterocycle,
16-119 Among these common scaffolds, xanthene-based dyes are widely explored due to their

outstanding photophysical properties and stimuli responses. Consequently, they have been
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modified to achieve absorption and emission wavelengths in the NIR I region. For example,

0

replacing the bridged oxygen atom of the xanthene scaffold to phosphorous'? or silicon!?! leads

to areduced optical energy gap into the NIR I region. Subsequently, there are a number of examples

Figure 29. Rhodindolizine structure

from our group,'*? and others,'?*-1?* that have demonstrated strong atom substitution effects with
various xanthene-based dyes. In addition, Yuan and coworkers have developed several NIR I dyes
with moderate to high quantum yields by extending the n-conjugation of the xanthene scaffold.!?>-
126 In contrast, while there are several examples of NIR I emissive dyes, there are only a few NIR
I1 fluorophores available.> 10 13: 15. 26,43, 45,97, 127-128 ‘Nangparticles and quantum dots have shown
interesting photophysical properties as NIR II fluorophores with very high quantum
efficiencies;'?*1** however, these nanoparticles tend to be insoluble, slow to excrete from the body,
and accumulate in the spleen and liver, making them non-ideal therapeutic agents in many
cases.'3!"132 In this regard, small molecule organic dyes are attractive for clinical applications
because of their tendency to metabolize in the cells and low toxicity.'% 19-1% Recently, researchers
have sought different strategies to develop NIR II organic emissive dyes such as combining donor

and acceptor groups.2® 228133 This approach is well-developed for organic electronic devices, and
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this strategy has been successful in producing low bandgap molecules. The choice of a good donor
— acceptor pair can significantly lower the optical bandgap of a dye due to the promotion of charge
transfer events.”” 134 Indolizines are gaining use in dye-sensitized solar cells as the donor due to a
good donor strength compared to ubiquitous triphenylamine donors and other alkyl amine-based
donor groups.?* 26135136 The excellent donor strength of indolizines is a result of several factors
such as, having a nitrogen atom with three separate single bonds creating a fully planar geometry,
a fully conjugated m-scaffold with the nitrogen lone pair, low stabilization energy, and a pro-
aromatic nature.”> 2% 137 Owing to the excellent photophysical properties of xanthene-based dyes
and their electron accepting ability, we have designed a donor-acceptor-donor NIR II fluorescent
dye by coupling the 3-position of the electron rich indolizine to the 3 and 6 positions of the electron

poor xanthene using the C-H bond functionalization reaction (Figure 29).

C-H bond functionalization/activation has emerged as a very useful method for the formation
of sp> — hybridized C-C bonds. C-H activation synthetic routes have an advantage over the classical
cross-coupling approaches in that additional synthetic steps to activate the carbon site and the
production of toxic by-products are avoided.!3*1** C-H functionalization can be highly tolerant of
many functional groups, which makes it desirable for the preparation of drugs and natural products.
However, since there are usually many C-H bonds on the substrates, selectivity can be challenging.
While C-H functionalization on sp? — hybridized carbon centers has been widely developed for the
preparation of conjugated compounds for applications in organic devices, only a few examples
have been reported for the synthesis of photoluminescent dyes.?’ For instance, Verbelen et al. have
developed several BODIPY dyes by radical C-H arylation and alkylation.!*!!*?> They have also

reported the direct palladium catalyzed C-H activation at the 3- and 3,5-positions of a BODIPY
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derivative that resulted in high fluorescence quantum yields (¢ > 0.85).'** Perumal and coworkers
have reported tetra-substituted olefinic xanthene dyes with aggregation induced emission (AIE)
properties, which were synthesized by a tandem Pd-catalyzed 6-exo-dig cyclization followed by a
C-H activation reaction.'** Gryko and coworkers have prepared indolizine-based dyes by a double
C-H activation of electron deficient indolizines with the electron rich dibromoarenes, fluorene and

thiophene.!* They obtained the desired bis-indolizine products in 58% and 47% yield respectively.

Herein, we reported the first NIR II xanthene-based dye, which was prepared by the C-H bond
functionalization reaction of 1-methyl-2-phenylindolizine with 3',6’-dibromofluoran (a xanthene
derivative). The specific methyl/phenyl substitution pattern on the indolizine was selected as these
groups allow for a simple synthesis of an electron rich indolizine with prolonged ambient stability.
The target dye is inspired by the popular rhodamine dyes; however, the xanthene core is attached
to carbon atoms of indolizine (Figure 29), instead of nitrogen atoms, which is common to the
rhodamine structure. Interestingly, 3’,6’-bis(1-methyl-2-phenylindolizin-3-yl)-3 H-spiro|[2-
benzofuran-1,9’-xanthen]-3-one, which is referred to as rhodindolizine (RhIndz) from here on,
undergoes the typical molecular optical switching between the closed spirocyclic ring structure
and the open-form that is commonly observed for rhodamine dyes. RhIndz shows intense
absorption and emission in the NIR II region of the spectrum, which is desirable for biological
imaging. To analyze the substituent effects on the C-H activation reaction, substituted indolizines
containing both electron withdrawing and electron donating groups on the phenyl ring were

investigated.
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RESULTS AND DISCUSSION:

The C-H bond functionalization is an attractive method for preparing 3-substituted indolizine
since preparing/isolating 3-haloindolizines, which are common precursors to other classical cross
coupling reagents such as organoboron and organotin reagents is challenging. Furthermore, the
direct borylation at the 3-position of the indolizine is also challenging, while the C-H bond
functionalization at the 3-position of indolizine has been reported.'*>’! The synthesis of RhIndz
begins with the known 3,6-ditriflated fluorescein (1) reported by Lavis and coworkers.”? The
intermolecular C-H bond functionalization of 1-methyl-2-phenylindolizine with the 3,6-ditriflated
xanthene derivative was explored by varying the catalyst, ligand, base, additive, solvent,
temperature and time according to Table 10 and appendix Table 48. We began our study with
PdCI2(PPh3)2 (10 mol %) as the catalyst, potassium acetate (KOAc) (5.2 equiv.) as the base, and
N-methyl-2-pyrrolidone (NMP) as the solvent at 80 °C for 6.5 h (Table 10, Entry 1). For these
conditions, 5% of the desired disubstituted product (2a) and 10% of undesired monosubstituted
product (2b) were isolated. Increasing the time to 17 h only slightly increased the yield of the
desired product (Table 10, Entry 2). Notably, changing the base to cesium carbonate (Cs2CO3),
potassium fert-butoxide (KO'Bu), or sodium zert- butoxide (NaO'Bu) yielded trace or no product
(appendix Table 48, Entries 1-3). In fact, the ditriflated xanthene precursor was converted to
fluorescein by a de-triflation process that was previously observed by Rogers et al.,'*¢ with the
recovery of the indolizine starting material. When the catalyst was changed to Pd(OAc): (10 mol
%) with triphenylphosphine (PPhs) (20 mol %) as the ligand, KOAc (3 equiv) as the base in DMF

at 150 °C for 18 h — 20 h, only the desired product 2a was obtained in 14% isolated yield (Table
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10, Entry 3). The yield of the desired product increased to 22% when Xphos (20 mol %) was used

as the ligand in place of PPhs at 100 °C (Table 10, Entry 4).

Table 10. Optimization of reaction conditions for xanthene ditriflate

- L~ Q/(
QL -0 “fj«wl s O

LT xs:slse ?atalyst ligand, o ‘N/ p

Tioj\ o /\LOTf ﬁ 3 i / N L)
entry catalyst ligand KOAc (equiv) temp (°C) time (h) (%)* 2a:2b
1 PdCIx(PPhs); None (5.2) 80 6.5 5:10
2 PdClh(PPh3), None (5.2) 80 18 8:17
3 Pd(Oac). PPhs  (3.0) 150 20 14:0
4 Pd(Oac) Xphos (6.0) 100 20 22:20
5b Pd(Oac). Xphos (6.0) 100 20 5:6

Reactions are carried out in a sealed tube under nitrogen atmosphere in the presence of 1 (0.083
mmol), 1-methyl-2-phenylindolizine (0.167 mmol), NMP (entries 1 and 2) or DMF as solvent
(0.34 — 2.0 mL), catalyst (10 mol %), ligand (20 mol %when added), and KOAc. ?Isolated yields
(%) were reported for 2a and 2b.°Pivalic acid added (30 mol %).

The work of Fagnou and coworkers has shown the direct arylation of electron rich indolizines with
trialkylphosphines;'*” however, with (‘Bu).PMeHBF4 added as the ligand, no product was obtained
(appendix Table 48, Entry 4). In fact, the addition of pivalic acid (30 mol %) or any condition
that requires strong bases such as K»COs3, Cs>CO3 and KO'Bu, including the conditions reported
by Ozawa and coworkers that use Pd(dba); CHCI; adduct (10 mol %) as the catalyst,'*® resulted in
only trace or no product at all (appendix Table 48, Entries 5 — 10). In all cases, mostly unreacted

starting materials were recovered.

While the target dye is accessible from the xanthene ditriflate precursor with yields high
enough for photophysical studies, the C-H bond functionalization of 1-methyl-2-phenylindolizine
with 3',6’-dibromofluoran’ was investigated to determine if the reaction yield could be improved

(Table 11). Beginning with one of the highest yielding conditions from the ditriflate study in Table
99



1, 3',6'-dibromofluoran (3) and 1-methyl-2-phenylindolizine were subjected to PACl2(PPhs3), (10
mol %) as the catalyst, KOAc (5.2 equiv) as the base, and NMP as the solvent at 80 °C for 18 h.
From these reaction conditions, the desired product was isolated in 23% yield (Table 11, Entry
1). Changing the base to Cs>COs did not affect the yield (Table 11, Entry 2), and there was no
observable conversion with NaO’Bu (see appendix Table 49, Entry 1). However, by increasing
the reaction temperature and time to 110 °C and 24 h respectively, the desired product could be
isolated in 35% yield (Table 11, Entry 3). Further increase in the temperature to 150 °C did not
improve the yield (Table 11, Entry 4). Again, Fagnou’s conditions or the use of Xphos only
lowered the percent conversion after 18 h (see appendix Table 49, Entries 2 & 3). To the best of
our knowledge, this is the first known case of a xanthene-based C(sp?)-C(sp?) bond C-H activation
cross-coupling reaction, and this route sets a precedent for the rapid access of aryl-xanthene
derivatives. Furthermore, our yields were comparable to the literature where bis-indolizine

products were prepared by C-H bond functionalization.”

Table 11. Optimization of reaction conditions with 3',6’—dibr0m0ﬂu0ran 3)

e ~ QO o~ O
Qf o Y anl? o anb
A O, O . "
entry catalyst base temp time (h) yield (%)?
(equiv) C)
1  PdCI(PPh3); KOAc(5.2) 80 18 23
2 PdCIx(PPhs), Cs2COs3(5.2) 80 18 23
3  PdCIx(PPhs). KOAc (5.2) 110 24 35
4  PdCl(PPhs) KOAc(5.2) 150 24 35

Unless otherwise specified, the reaction was carried out in a sealed tube under nitrogen atmosphere
in the presence of 3 (0.11 mmol), 1-methyl-2-phenylindolizine (0.24 mmol), NMP solvent (0.34 —
2 Ml), PACl>(PPhs)> (10 mol %), and base, for 18 — 24 h at 80 °C — 150 °C. Isolated yields (%)
reported for 2a.
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In order to probe the substrate scope with respect to the C-H bond functionalization of the
indolizine coupling partner, the electronic effects on the reaction was investigated. As such, the C-
H bond functionalization of six phenyl-substituted 1-methyl-2-phenylindolizine containing
electron donating and withdrawing groups were investigated in comparison with the parent 1-
methyl-2-phenylindolizine using the optimized conditions from Table 12. 4-Cyanophenyl-
substituted rhodindolizine (CN RhIndz) was obtained in comparative yield relative to Rhindz
(30% versus 35% respectively) indicating that the resonance withdrawing CN group is tolerated
in this reaction. However, 4-trifluoromethylphenyl-substituted (CF3;Rhlndz), 4-nitrophenyl-
substituted  rhodindolizine  (NO:2RhIndz) and  3,5-ditrifluoromethylphenyl-substituted
(diCF3RhlIndz), led to low or trace amounts of the corresponding products. The origin of the low
yields is not obvious, but it is notable that the starting materials, compound 3 and indolizine
precursors were not consumed during the reaction. Modifying the phenyl group with the electron
donating phenol substituent led to only trace product, presumably due to the reaction not tolerating
acidic functionality (Table 12, Entry 5.) On the other hand, the methoxy derivative gave a

reasonable yield (20%) of the desired product (Table 12, Entry 6).

With RhIndz in hand, the reactivity of the spirolactone functionality was explored.
Interestingly, upon exposure to strong Bronsted acids the lactone ring resisted ring opening.
However, the ring opened acid chloride derivative could be prepared directly from the lactone
using POCIs in refluxing 1,2-dichloroethane (Scheme 2),”® which was reacted with anhydrous
ethanol to form the ethyl ester (10). Having accessed both the ring closed (2a) and ring open (10)

forms, the photophysical properties of these derivatives were investigated.
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Table 12. Substrate Scope with Substituted Indolizines

di-substituted Prod mono-substituted Prod

compound R group yield (%)
di : mono
CNRhlIndz 4 4-CNPh 30:14
CF3:RhIndz 5 4-CF3Ph 11:6
NO:RhIndz 6 4-NO,Ph trace
diCFs:;RhIndz 7 3,5-bisCFsPh trace
HORhIndz 8 4-OHPh trace
MeORhIndz 9 4-OmePh 20:0

The absorption maximum for RhIndz is 375 nm (see appendix Figure 86). However, upon the
formation of the ethyl ester, a large bathochromic shift of 550 nm occurs shifting the maximum
absorption to 920 nm, which is within the NIR II region. The dye also displays a high molar
absorptivity of 97,500 Mecm!, which is critical for a practical molecular brightness (MB).
Excitingly, dye 10 also exhibits an emission peak at ~1092 nm in the NIR II region, which is almost
200 nm Stokes shift (Figure 30). This observed emission is broad extending from 950 nm to just
beyond 1400 nm in dichloromethane with a quantum yield (®) of ~0.03% when using a cyanine
references dye (C5).'% While this @ appears low, we stress that very few molecular emissive
materials exist in this region.”” Additionally, a range of solvent polarities were evaluated to access
the polarity of RhIndz in the ground-state via absorption spectroscopy and in the excited-state via
fluorescence spectroscopy (see appendix Figure 87). Both the absorption and emission maxima
varied by < 0.04 Ev in energy for solvents ranging in dipole from 3.96 debye to 0.36 debye and
with dielectric constants ranging from 46.7 to 3.96.
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These very large ranges of solvent properties show very small changes in the absorption maxima,
which indicates minimal conformational or localized charge density changes occurring in the
ground or excited state of 10 due to the solvent properties.

1) POCI;, 1,2-DCE
reflux, 4 h

Jeee .
2) anhyd EtOH, 40 °C
24h

Scheme 2. Synthesis of Rhindz ethyl ester 10 from Rhindz 2a
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Figure 30. Molar absorptivity and emission of RhIndz ethyl ester in dichloromethane. Note: the
drop in the emission spectrum at ~1150 nm is a possible spectrometer artifact (see appendix Figure

88).

In conclusion, we have demonstrated the use of C-H bond functionalization reaction to
prepare NIR II emissive dyes by the combination of the electron rich indolizine donor with the
electron poor xanthene core. The best condition found was PdCIl>(PPhs), catalyst with KOAc base

and NMP as solvent at 110 °C. CNRhIndz and MeORhIndz were also prepared by the C- bond
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activation reaction; while CF3RhIndz, (diCF3)RhIndz and OHRhIndz only gave trace amounts of

the product, with recovery of the starting materials.

The RhIndz dye, while not a typical rhodamine structure with N-xanthene bonds, was non-
fluorescent in the closed spirocyclic structure; however, with the formation of the opened ethyl
ester derivative, the fluorophore possessed absorption and emission within the NIR II region with
high molar absorptivity and a @ of ~0.03%. To the best of our knowledge, this is the first xanthene-

based emissive dye with photophysical properties in the NIR II region.
EXPERIMENTAL SECTION

All chemicals and solvents were purchased from commercial suppliers and used without further
purification unless otherwise specified. 'H NMR (500 MHz) and *C NMR (500 MHz) spectra
were recorded in deuterated solvents on a Bruker AVANCE 500 NMR Spectrometer. J values are
expressed in Hz and quoted chemical shifts are in ppm downfield from tetramethylsilane (TMS)
reference using the residual protonated solvents as an internal standard. The signals have been
designated as follows: s (singlet), d (doublet), t (triplet), m (multiplets). High resolution mass
spectra (HRMS) were determined on Bruker-micrOTOF-Q II Mass Spectrometer. Absorption
spectra were acquired using a Cary 5000 UV-Vis-NIR spectrophotometer in a 1-cm quartz
cell. Fluorescence spectra were acquired using a Horiba QuantaMaster 8075-21
spectrofluorometer with xenon lamp excitation and liquid nitrogen cooled indium gallium arsenide
solid state detector. The choice of 882 nm excitation was chosen to coincide with a Xe emission
peak. The relative quantum yield of the rhodindolizine dye was calculated using a technique

previously outlined by Miller et al.”’A cyanine dye was chosen as the standard due to the similar
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absorption and emissive regions. The dye, C5, has a known quantum yield of 2.2%.”® The
absorbance point for the quantum yield was chosen because of similar overlap in the absorption

spectra between the standard and the rhodindolizine dye.

An excitation wavelength of 870 nm was used for both the C5 and rhodindolizine dyes. Both

samples were solvated in DCM to a 10 mM concentration.

3-oxo-3H-spiro[isobenzofuran-1,9 -xanthene]-3’,6 -diylbis(trifluoromethanesulfonate) (1) was
prepared according to literature procedure.”? 3’ 6'-dibromofluoran (3) was prepared according to

literature procedure. ”°
Representative procedure for the preparation of Rhindz (2a) (Table 10)

Compound 1 (50 mg, 0.083 mmol), 1-methyl-2-phenylindolizine (35 mg, 0.167 mmol), solvent
(0.34 — 2.0 mL), catalyst (5 — 10 mol %), base, and additives (pivalic acid) were placed in a
microwave sealed tube, flushed with nitrogen and heated for 12 — 24 h at 80 — 150 °C according
to Table 1. The reactions were monitored by TLC and NMR. Once it was determined that the
reaction conversion has plateaued, the crude was diluted with 30 mL of dichloromethane and
washed with water (5 x 10 mL). The crude product was dried over anhydrous sodium sulfate,

filtered, and concentrated under reduced pressure.
37,6°-bis(1-methyl-2-phenylindolizin-3-yl)-3H-spiro[2-benzofuran- 1,9 ’-xanthen]-3-one (2a)

The crude product was purified by column chromatography on silica gel (hexane: ethyl acetate,
70:30) to give the product (2a) as a light-yellow solid in 20% yield (12 mg). '"H NMR (500 MHz,

CD,Cl) 8 8.11 (d, J = 7.2 Hz, 2H), 8.00 (d, J = 7.6 Hz, 1H), 7.73 (td, J= 7.6, 1.1 Hz, 1H), 7.68 —
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7.63 (m, 1H), 7.40 (d, J = 9.0 Hz, 2H), 7.33 — 7.20 (m, 13H), 6.97 (dd, J = 8.2, 1.7 Hz, 2H), 6.78

(d, J=8.2 Hz, 2H), 6.73 — 6.68 (m, 2H), 6.46 (t, J = 6.7 Hz, 2H), 2.31 (d, J = 4.5 Hz, 6H).

BC{1IH}NMR (126 MHz, CD>Cl,) § 169.6, 153.3, 152.0, 135.82, 135.79, 135.1, 131.4, 131.2,
130.6, 129.3, 128.8, 128.6, 127.1, 126.9, 126.3, 126.2, 125.6, 124.6, 124.5, 124.3, 122.5, 120.4,
119.6, 118.7, 118.1, 117.9, 117.7, 117.2, 111.2, 108.2, 82.8, 9.5. HRMS-ESI-TOF (m/z): [M+H]"

caled for CsoH34N203H 711.2642 found 711.2642.

3’-(I-methyl-2-phenylindolizin-3-yl)-3-oxo-3H-spiro[2-benzofuran-1,9 ’-xanthen]-6 -yl

trifluoromethanesulfonate (2b)

The crude product was purified by column chromatography on silica gel (hexane: ethyl acetate,
70:30) to give the product (2b) as a light-yellow solid in 22% yield (12 mg). 'H NMR (500 MHz,
CD:Cl,) 6 8.14 (s, 1H), 8.03 (d, J = 6.6 Hz, 1H), 7.73 (s, 1H), 7.68 (d, J= 7.0 Hz, 1H), 7.54 (s,
1H), 7.41 (d,J=7.7 Hz, 1H), 7.28 (d, J=36.9 Hz, 8H), 7.00 (d, /= 7.4 Hz, 1H), 6.90 (d, J=22.3
Hz, 1H), 6.81 (d, J = 8.0 Hz, 1H), 6.71 (s, 1H), 6.47 (s, 1H), 2.32 (s, 3H). *C{1H} NMR (126
MHz, CD:Cl») 6 169.4, 153.2, 152.8, 152.3, 151.9, 135.86, 135.85, 135.8, 135.14, 135.12, 131.47
131.45, 131.2, 130.6, 129.5, 129.3, 128.8, 128.7, 126.9, 126.4, 125.6, 124.6, 122.5, 120.3, 118.8,
118.2, 118.1, 117.9, 117.2, 111.3, 111.0, 108.2, 82.4, 9.5. HRMS-ESI-TOF (m/z): [M+K]" calcd

for C3sH22F3NOSK 692.0752 found 692.0751.

Representative procedure for the preparation Rhindz and phenyl-substituted Rhindz (Table 11 and

Table 12)

The reaction was carried out in a sealed tube under nitrogen atmosphere in the presence of 3',6'-

dibromofluoran (3) (0.458 g, 1 mmol), 1-methyl-2-phenylindolizine (0.456 g, 2.2 mmol), solvent
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(3 mL), catalyst 10 mol %), base, and additives (PivOH) for 18 — 24 h at 110 °C. The reactions
were monitored by TLC and 'H NMR. Once it was determined that the reaction conversion had
plateaued, the crude was diluted with 30 mL of dichloromethane and washed with water (5 x 10
MI). The crude product was dried over anhydrous sodium sulfate, filtered, and concentrated under
reduced pressure. The crude product was purified by column chromatography on silica gel (hexane:

ethyl acetate, 70:30) to give the product (2a) as a light-yellow solid in 35% yield (244 mg).

4-(3-{3°-[2-(4-cyanophenyl)- 1-methylindolizin-3-yl]-3-oxo-3H-spiro[2-benzofuran-1,9 -

xanthen]-6-yl}-1-methylindolizin-2-yl) benzonitrile (4a)

Yellow solid, 30 % yield, (25 mg). 'H NMR (500 MHz, CD,CL) & 8.09 (d, J = 7.1 Hz, 2H), 8.03
(d,J=17.6 Hz, 1H), 7.77 (t, J= 7.5 Hz, 1H), 7.68 (t, J = 7.5 Hz, 1H), 7.59 (d, J= 8.1 Hz, 4H), 7.42
(d, J=9.0 Hz, 2H), 7.33 (d, J = 8.0 Hz, 4H), 7.28 (d, J = 7.7 Hz, 1H), 7.22 (s, 2H), 6.93 (d, J =
8.2 Hz, 2H), 6.82 (d, J = 8.2 Hz, 2H), 6.76 — 6.71 (m, 2H), 6.50 (t, J = 6.8 Hz, 2H), 2.32 (s, 6H).
13C{1H} NMR (126 MHz, CD,CL) § 169.5, 153.2, 152.0, 141.1, 135.9, 134.5, 132.5, 131.8, 131.7,
130.7, 129.2, 127.3, 127.0, 126.5, 125.7, 124.5, 122.5, 120.6, 119.6, 118.9, 118.4, 118.3, 117.7,
111.9, 110.5, 108.1, 82.5, 9.5. HRMS-ESI-TOF (m/z): [M+K]" caled for Cs;H3N403K 799.2106

found 799.2106

3’-(2-(4-cyanophenyl)-1-methylindolizin-3-yl)-3-oxo-3H-spiro[2-benzofuran-1,9 -xanthen]-6 -

vitrifluormethanesufonate (4b)

Yellow solid, 14 % yield, (9 mg). '"H NMR (300 MHz, CD,Cl,) § 8.11 (d, J= 7.2 Hz, 1H), 8.04 (d,
J=7.4Hz, 1H), 7.79 — 7.72 (m, 1H), 7.72 — 7.65 (m, 1H), 7.61 (s, 1H), 7.59 (s, 1H), 7.57 — 7.54
(m, 1H), 7.43 (d, /= 9.0 Hz, 1H), 7.38 — 7.30 (m, 3H), 7.26 (d, J = 5.6 Hz, 2H), 7.00 — 6.91 (m,
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2H), 6.85 (d, J = 8.2 Hz, 1H), 6.74 (dd, J= 8.7, 6.5 Hz, 1H), 6.50 (t, J= 6.8 Hz, 1H), 2.33 (d, J =
2.8 Hz, 3H). 3C{1H} NMR (126 MHz, CD,CL,) § 169.6, 153.4, 152.1, 152.0, 142.8, 141.1, 135.9,
134.4,132.5, 131.8, 131.8, 130.7, 129.21, 129.16, 127.3, 126.8, 126.4, 125.7, 124.5, 123.3, 122.5,
120.7, 119.6, 119.3, 119.0, 118.4, 118.3, 117.7, 116.2, 111.9, 110.5, 108.1, 82.4, 9.6. HRMS-ESI-

TOF (m/z): [M+K]" calcd for C3sH21BrN203K 609.0808 found 609.0877

37,6 -bis(2-(3,5-bis(trifluoromethyl)phenyl)- 1 -methylindolizin-3-yl)-3H-spiro[2-benzofuran-1,9 -

xanthen]-3-one (5a)

Brown solid, 11% yield (10 mg). "H NMR (300 MHz, CD2Cl,) § 8.09 (d, J= 7.2 Hz, 2H), 8.02 (d,
J=17.5Hz, 1H),7.78 - 7.72 (m, 1H), 7.70 — 7.64 (m, 1H), 7.57 (d, J = 8.1 Hz, 4H), 7.42 (d, J =
9.0 Hz, 2H), 7.36 (d, J = 8.0 Hz, 4H), 7.29 (d, J = 7.6 Hz, 1H), 7.23 (d, J = 1.5 Hz, 2H), 6.96 (dd,
J=8.2,1.6 Hz, 2H), 6.82 (d, J= 8.2 Hz, 2H), 6.73 (dd, J = 8.9, 6.5 Hz, 2H), 6.52 — 6.45 (m, 2H),
2.32 (s, 6H). 3C{1H} NMR (126 MHz, CD,CL) § 169.5, 153.2, 152.1, 140.0, 135.9, 134.7, 131.6,
131.5, 130.7, 129.1, 128.8, 128.5, 127.6, 127.0, 126.4, 126.2, 125.7, 125.6, 125.5, 124.6, 124.0,
122.5, 120.6, 118.9, 118.3, 118.2, 117.6, 111.7, 108.2, 82.6, 9.5. HRMS-ESI-TOF (m/z): [M+H]"

caled for Cs2H32FeN2O3H 847.2389 found 847.2389

3’-(1-methyl-2-(4-(trifluoromethyl)phenyl) 108ppearance-3-yl)-3-oxo-3H-spiro[ 2-benzofuran-

1,9’-xanthen]-6 -yltrifluoromethan esulfonate (5b)

Brown solid, 6% yield (5 mg). '"H NMR (300 MHz, CD,Cl,) § 8.11 (d, J = 7.2 Hz, 1H), 8.04 (d, J
=7.3 Hz, 1H), 7.71 (dt, J=20.2, 7.2 Hz, 2H), 7.62 — 7.51 (m, 3H), 7.47 — 7.23 (m, 6H), 6.99 (d, J
=8.1 Hz, 1H), 6.93 (d, J=8.1 Hz, 1H), 6.85 (d, /= 8.2 Hz, 1H), 6.78 — 6.69 (m, 1H), 6.49 (t, J =
6.7 Hz, 1H), 2.33 (s, 3H). 3C{1H} NMR (126 MHz, CD>Cl,) § 169.6, 153.4, 152.11, 152.06,
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142.8, 140.0, 135.9, 134.7, 131.6, 131.5, 130.7, 129.2, 129.1, 128.5, 127.6, 126.9, 126.4, 125.7,
125.57, 125.55, 124.5, 123.2, 122.5, 120.6, 119.3, 119.0, 118.3, 118.2, 117.5, 116.2, 111.7, 108.2,

82.4,9.6. HRMS-ESI-TOF (m/z): [M+K]" calcd for C36H21BrF3sNOsK 690.0288 found 690.0284

3,6 -bis(2-(4-methoxyphenyl)- 1-methylindolizin-3-yl)-3H-spiro[2-benzofuran- 1,9 ’-xanthen/-3-

one (9a)

Pale Green solid, 20 % yield (17 mg). 'H NMR (500 MHz, CD>Cly) § 8.11 (d, J = 7.1 Hz, 2H),
8.01(d,J=7.6 Hz, 1H), 7.74 (t,J= 7.4 Hz, 1H), 7.66 (t, /= 7.3 Hz, 1H), 7.39 (d, /= 8.9 Hz, 2H),
7.31 —7.23 (m, 3H), 7.13 (t, J = 9.3 Hz, 4H), 6.96 (d, J = 8.2 Hz, 2H), 6.85 (d, /= 7.1 Hz, 4H),
6.78 (d, J = 8.1 Hz, 2H), 6.68 (dd, J = 15.7, 7.7 Hz, 2H), 6.44 (t, J = 6.7 Hz, 2H), 3.79 (s, 6H),
2.29 (s, 6H). °C NMR (126 MHz, CD,Cl») & 169.6, 158.9, 153.3, 152.0, 135.8, 135.3, 132.2,
131.5, 130.6, 128.9, 128.8, 127.9, 127.1, 126.3, 125.6, 124.6, 122.4, 120.3, 118.7, 118.0, 117.8,
117.1,114.1,111.1, 108.2, 82.8, 55.7, 9.5. HRMS-ESI-TOF (m/z): [M+K]" calcd for Cs:H3sN20sK

809.2412 found 809.2411

(Z)-3-(9-(2-(ethoxycarbonyl)phenyl)-6-(1-methyl-2-phenylindolizin-3-yl)-3 H-xanthen-3-ylidene)-

1-methyl-2-phenyl-3H-indolizin-4-ium (10)

Compound 2a (80 mg, 0.112 mmol) was transferred to a 150 mL two neck round bottom flask and
flushed with nitrogen thoroughly for 10 minutes. 1,2-Dichloroethane (4.8 mL) and POCI; (0.03
mL) were added to the flask and the reaction was refluxed for 4 h. The reaction mixture was
allowed to cool to room temperature and concentrated under reduced pressure to give a green solid,
which was used in the next step without further purification. The reaction mixture was thoroughly
flushed with nitrogen for 10 min, followed by the addition of dry ethanol (3.0 mL), and stirring at
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50 °C for 24 h. The reaction mixture was concentrated under reduced pressure and the solid was
dissolved in chloroform (20 mL). The organic layer was washed with water (8 x 10 mL), dried
over anhydrous sodium sulfate, filtered and concentrated under reduced pressure to give a green
solid. The solid was then washed with hot hexane (20 x 5 mL), and recrystallize from hexane: ethyl
acetate mixture to give 28 mg of a green solid in 34% yield. "H NMR (500 MHz, CD,Cl,) & 8.32
(s, IH), 8.11 (d, J=5.9 Hz, 1H), 8.01 (d, 1H), 7.79 (s, 2H), 7.73 (s, 1H), 7.66 (t, 1H), 7.57 (s, 1H),
7.41 (s, 4H), 7.27 (dd, J=29.1, 13.4 Hz, 10H), 6.93 (d, J=26.1 Hz, 2H), 6.83 (d, /= 6.4 Hz, 1H),
6.78 (d,J=7.4 Hz, 1H), 6.70 (t, 1H), 6.46 (t, 1H), 4.09 (q, 2H), 2.35 - 2.23 (m, 6H), 1.31 (t, 3H).
BC{1H} NMR (126 MHz, CDCl5) § 165.4,161.2, 157.1, 142.7, 137.5, 135.3, 134.7, 134.6, 134.4,
133.9, 133.3, 131.3, 131.2, 131.1, 130.9, 130.8, 130.7, 130.2, 129.3, 129.1, 129.0, 128.8, 128.5,
128.4, 127.8, 126.6, 126.0, 125.4, 124.9, 124.0, 122.2, 122.14, 122.09, 118.34, 118.30, 117.9,
117.4,116.9, 115.1, 114.3, 113.1, 111.0, 107.9, 61.9, 22.9, 14.3, 9.4. HRMS-ESI-TOF (m/z): [M]"

calcd for CsoH3oN>O3" 739.2955 found 739.2924
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CHAPTER 6

6.1 WATER SOLUBLE NIR ABSORBING AND EMITTING INDOLIZINE CYANINE AND

INDOLIZINE SQUARAINE DYES FOR BIOLOGICAL IMAGING

Adapted with the permission from William E. Meador, Shane A. Autry, Riley Bessetti,
Jacqueline Gayton, Alex Flynt, Nathan I. Hammer, and Jared H. Delcamp.; J. Org. Chem.

2020, 85, 4089-4095. Copyright (2020) American Chemical Society.
(See appendix for permission license.)

This project is a collaborative project between Dr. Delcamp’s group and Dr. Hammer’s
group at the University of Mississippi as well as Dr. Flynt’s lab at the University of Southern
Mississippi. William Meador contributed to the project by synthesizing the dyes and writing the
manuscript. Shane Autry contributed to the work by measuring the emission and quantum yield of
the organic dyes. Riley Bessetti contributed by performing all biological studies. Jacqueline

Gayton contributed by synthesizing the squaraine dye.
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ABSTRACT

Organic dyes that absorb and emit in the near-infrared (NIR) region are potentially
noninvasive, high-resolution, and rapid biological imaging materials. Indolizine donor-based
cyanine and squaraine dyes with water-solubilizing sulfonate groups were targeted in this study
due to strong absorptions and emissions in the NIR region. As previously observed for nonwater-
soluble derivatives, the indolizine group with water-solubilizing groups retains a substantial shift
toward longer wavelengths for both absorption and emission with squaraines and cyanines relative
to classically researched indoline donor analogues. Very high quantum yields (as much as 58%)
have been observed with absorption and emission >700 nm in fetal bovine serum. Photostability
studies, cell culture cytotoxicity, and cell uptake specificity profiles were all studied for these dyes,

demonstrating exceptional biological imaging suitability.
INTRODUCTION

Near-infrared (NIR) emissive materials are intensely researched due to a plentiful number of
practical applications, including biological imaging,'™® photodynamic therapy:!*'2
telecommunications,'*' secure displays, which can be coupled to night vision technologies, 68
and many other innovative areas of research.>!°2! NIR biological imaging agents use low-energy
photons in a spectral region where tissue is readily penetrated at a maximal depth optically.*102223
The desirable properties of biological imaging dyes include (1) absorbing and emitting light in the
“therapeutic window” ranging from 700 to 1400 nm, (2) a significant Stokes shift to enable high-
precision imaging, (3) efficient absorption and emission of photons through both a high molar

absorptivity and quantum yield, and (4) water solubility. While there are many exciting dye design
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prospects being pursued in the literature,? exceptional NIR emissive materials are still needed for
practical biological imaging since current dyes fall short of meeting all of the desired criteria
simultaneously. Among NIR emissive dyes, squaraines®?* and cyanines!®? are ubiquitous.®>%
Previous research has frequently investigated indoline donor-based cyanine and squaraine dyes
with indocyanine green (ICG) having been awarded FDA approval several decades ago.?”?® Both
of these classes of dyes need design strategies that allow access to longer wavelength NIR photons
in aqueous environments.? In fact, the indoline squaraine absorbs outside the therapeutic window,
which renders it impractical for use as a noninvasive biological imaging agent.?® To deepen the
NIR absorbing properties of these dye classes, designs capable of extending the n-System through
a conjugated donor (such as indolizine) are attractive.>’*> Recent photophysical studies using
proaromatic indolizine donors in place of indoline donors show redshifting of the absorption and
emission profiles of these dyes firmly into the therapeutic window in nonagqueous environments
(C5 and SQ compared to ICG and indoline squaraine, respectively; Figure 31).2°732 These studies
indicated that in the case of phenyl-indolizine derivatives, the phenyl group does not play a
significant role in tuning the absorption or emission energy values of the NIR indolizine dyes.?%%
This enables the use of the phenyl group to append water-soluble functionality without perturbing
the core chromophore properties of the dyes, permitting the probing of the photophysical
properties of the dyes in aqueous environments. Sulfonate-substituted dyes, SO3C5 and SO3SQ,
were targeted given the water-solubilizing properties of sulfonate groups and FDA approval for
human use by way of ICG (Figure 31). This work aims to compare the photophysical properties

of SO3C5, SO3SQ, and benchmark ICG in a biologically relevant medium
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Figure 31. Current work demonstrating water solubility of indolizine cyanine and indolizine

SYNTHESIS

The target dyes were synthesized in two steps from previously reported indolizine phenol 1
(Scheme 3).2° First, 1 was alkylated with butane sultone (2) in the presence of base to give
sulfonate indolizine 3. Interestingly, this reaction required a careful selection of solvent and base
to avoid significant side product formation as a carbon alkylated product (see appendix Table 52).
Intermediate 3 is common to both SOsC5 and SOsSQ target dyes. The target sulfonate indolizine
cyanine dye (SO3C5) is synthesized by reacting 3 with the methine bridge linker 4 in the presence
of perchloric acid and acetic anhydride at room temperature similar to previously reported
conditions in the literature.®® The target sulfonate indolizine squaraine (SO3SQ) is synthesized via
an electrophilic aromatic substitution/condensation reaction between sulfonate indolizine 3 and
squaric acid (5). Importantly, during optimization of the condensation reaction, it was found that

the addition of small amounts of water led to an increase in product formation. Ultimately, running
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the reaction in nondried laboratory-grade methanol gave the highest yields (see appendix Table
53). Both target dyes are formed in an approximately 50% overall yield in this route over two

steps.
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Scheme 3. Synthetic route towards target dyes, SO3C5 and SO3SQ.
RESULTS AND DISCUSSION

With SO3C5 and SO3SQ in hand, absorption and emission studies were undertaken for comparison
to ICG as a benchmark reference dye (Figure 32, appendix Figures 89&90 ; Table 13). Dimethyl
sulfoxide (DMSQ) and MeOH were also selected as solvents, which allows for the comparison of
SO3C5 and SO3SQ to the previously reported dyes C5 and SQ, respectively (see appendix Table
51 for solubility data).?®3° H,O and fetal bovine serum (FBS) were selected as well due to the

biological relevance and for a convenient analysis of how these dyes will behave with biological
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matrix elements in place, as has been previously reported in the literature.*333* The absorption
profiles of both dyes in DMSO and MeOH are not significantly changed relative to the previously
published dyes with no sulfonate groups.?>* The absorption curves in H,0 and FBS are similar to
the curves observed in DMSO and MeOH for SO3sSQ); however, the absorption curve of SO3C5
in water deviates shape significantly, which is likely due to aggregation in water (see appendix
Figure 91). Upon changing concentrations, no significant evidence of aggregate disruption could
be observed down to concentrations near the detection limit of the spectrometer (see appendix
Figure 92). Notably, the evidence of aggregation of SOsSQ (modest amounts) and ICG
(significant amounts) in H2O at concentrations of >10 M is apparent at higher-energy
wavelengths when the absorption curves are overlaid with curves at 107 M in H,O, which appear
to have disrupted aggregate features (see appendix Figures 93&94).% It should be noted that while
all three dyes were observed to form aggregates in H>O via dynamic light scattering analysis at 5
x 107% M (see appendix Figure 103), SO3C5 is the only dye that shows a significant impact of this
aggregative behavior from the absorption profile. Interestingly, upon dissolving SO3C5 in FBS,
the original curve shape observed in DMSO and MeOH is regained with a notable red shift of the
Amax Value by about 40 nm (Figure 32). FBS is commonly used in photophysical studies for NIR
dyes intended for biological use as the albumin proteins help to better separate dye molecules from
one another as is dramatically demonstrated here. The disruption of aggregation under biologically

relevant conditions is encouraging as it leads to the minimization of thermal relaxations resulting
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Figure 32. Vis-NIR region molar absorptivity and normalized fluorescence emission of

SO3C5 (top) and SO3SQ (bottom) in DMSO, MeOH, H20, and FBS.

in increased quantum yields. For comparison, the curve shape of ICG retains the same profile in
all four solvents (see appendix Figure 91). The molar absorptivities are similar for SO3C5 and

S03SQ in MeOH and DMSO at approximately 110,000—150,000 M~! cm™! (Figure 32 and Table
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13). In H20 and FBS, the SOsC5 molar absorptivities drop substantially to ~60,000 M~ cm™! or

less. For SO3SQ in H20 or FBS, the molar absorptivities remain significantly higher at

Table 13. Optical properties of SO3C5, SO3SQ, and ICG in water, fetal bovine serum (FBS),

methanol, and DMSO.

Abs. Emis.
max. Max. Stokes shift g () MB
Dye Solvent [nm] [nm] [nmieViem?] [Micm?] [%] [ex ®]
SOsC5 | DMSO 801 821 2010.04 1304 109,000 2.0 2,180
MeOH 791 817 2610.051403 139,000 0.3 420
FBS 842 808 --- 61,000 0.1 60
Water 726 808 --- 40,000 0.05 20
SOsSQ | DMSO 720 734 1410.03 1265 145,000 8.6 12,500
MeOH 704 719 1510.04 1296 156,000 0.8 1,250
FBS 719 730 1110.031210 113,000 58.3 65,900
Water 698 716 1810.04 1360 93,000 0.3 280
ICG DMSO 794 825 3110.06 1473 211,000 11.0 23,200
MeOH 784 819 3510.07 1 545 230,000 4.3 9,900
FBS 798 827 2910.051439 174,000 9.3 16,200
Water 779 812 3310.06 1522 157,000 0.5 780
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113,000—93,000 M~! cm™!. The molar absorptivity values and order of Amax Values follow the same
trend for SO3SQ and ICG with each of the four solvents. SO3C5 deviates from this trend with
obvious aggregation in water-based solutions. Compared to ICG, the Amax 0f SO3C5 is shifted
toward lower energy values (~15 nm), and the Amax Of SO3SQ is shifted toward higher energy by
about 100 nm (0.21 eV, Table 13). Fluorescence spectroscopy was probed with each of the dyes
to understand the excited-state behavior. Prior reports on C5 and SQ in organic solvents such as
dichloromethane have shown Stokes shifts of 43 and 50 nm, respectively (taken as the difference
between the Amaxabs and Amaxemis).?* ! The Stokes shifts of both sulfonate dyes decreased to <26
nm (<400 cm!) in all solvents where single molecule behavior is likely occurring. As the
magnitude of the Stokes shift is directly related to the reorganization energy of the dye, the
decrease in the Stokes shift demonstrates that there is smaller reorganization energy of SO3SQ and
SOsC5 relative to the non-sulfonate substituted dyes. Stokes shifts for SO3C5 could not be
determined in FBS and H2O due to the presence of multiple species due to aggregation, leading to
apparent emission energies higher than the lowest energy features of the combined absorption
spectrum of all monomer and aggregate states. This suggests that in aqueous solvents, the higher
energy absorption feature of SO3C5 corresponds to the observed emission, while the lower-energy
absorption feature is either weakly emissive or has an emission beyond the InGaAs fluorimeter
detection limit. Quantum yields (®) for each dye were calculated as relative values with respect to
ICG in DMSO at 11.0% as the benchmarking system (Table 13).3 The quantum yields for ICG
in water, MeOH, and FBS were calculated with respect to ICG in DMSO. Previously reported
quantum yields for C5 in organic solvents ranged from 2 to 3.6%;3% however, SO3C5 shows @

values below 1% in all three protic solvents examined. In DMSO, a ®@ of 2% is observed, which is
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similar to the values observed for the parent C5 structure. The @ data for SO3SQ is exceptionally
intriguing. In water or methanol, the ® of SO3SQ is 9000 M~! cm™). SO3SQ shows an MB value
of >65,000 M! cm™! in FBS, which is dramatically larger than the substantial 23,000 M~' cm™!

value for ICG and is likely one of the largest values in this spectral region known in the literature.
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Figure 33. Photostability of SO3C5, SOsSQ, and ICG in water.

This indicates that significantly less dye (~3x less) would be needed with SO3SQ to generate the
same amount of signal as ICG. A key desirable property of biological imaging dyes is prolonged
photostability.3” To probe this, SOsC5, SO3SQ, and ICG were dissolved in water under an ambient
atmosphere at a concentration of 1 x 107° M and irradiated with a solar simulated light-emitting
diode (LED) spectrum from 400 to 1100 nm with white light irradiation (Figures 33 and appendix
Figures 95-97). Under these conditions, ICG has a half-life of approximately 35 min with
complete consumption by 80 min. Both SOsC5 and SOsSQ show a higher photostability than ICG
with half-lives of 50 and 100 min, respectively. The higher photostability of SOsSQ can be

attributed, in part, to the squaraine structure being devoid of double-substituted alkenes, which are
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known to undergo various degradation pathways with ICG.*® In MeOH, SO3SQ and ICG are
exceptionally stable with half-lives >24 h (see appendix Figures 99—102). SOsC5 is notably less
stable than ICG or SO3SQ in MeOH where the dye appears to be deaggregated, which suggests
that the aggregate states of SO3C5 in water could impart some photostability since this dye is more
stable than ICG in water. Overall, SO3SQ has a likely record quantum yield in this spectral region,
a high molar absorptivity, an exceptional molecular brightness, and the highest photostability
measured in this study in H2O. Finally, the cytotoxicity and cellular uptake of SO3C5 and SO3SQ
were examined with human (HEK293) and Drosophila (S2) tissue culture cells (Figure 34). HEK
cells are a human cell line grown at physiological conditions found in mammals. Performance and
cytotoxicity of the dyes in HEK cells inform in vivo biocompatibility for clinical and veterinary
settings for use in diagnostic or therapeutic technologies. In contrast, S2 cells grow at a lower
temperature under normal atmospheric conditions and are derived from invertebrates (fruit fly
embryos). Dye behavior in these cells is a proxy for understanding the environmental impact of
these compounds. Both SO3C5 and SO3SQ show < 25% HEK cell death at or below 2 mM
concentrations. At high dye loadings (10 mM), cell death is near 30%, which indicates that these
dyes are relatively benign toward a human cell line. A similar trend is observed with the
cytotoxicity studies of the S2 cell line, although >2 mM SOsC5 and 10 mM SOsSQ show >50%
cell death. S2 cells are more phagocytically active compared to HEK293 cells, which may explain
greater sensitivity to the dyes. This suggests that low-to-moderate concentrations of the dyes are
not toxic to animal cells. SO3C5 and SO3SQ cell uptake studies were undertaken with LysoTracker
by comparing the fluorescence overlap of each NIR dye with LysoTracker. With these studies, the

SO3C5 dye shows a Pearson’s correlation coefficient of 0.9, indicating that HEK cells largely
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uptake this dye into the cell lysosomes. A similarly high Pearson’s correlation coefficient is
observed for SO3SQ and S2 cells at 0.7. This shows that nonfavorable interactions of the dye with

cell organelles are minimized.
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Figure 34. Interaction of SO3C5 and SO3SQ dyes with human (HEK) and Drosophila (S2) cells.
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and lysotracker®. Left panels are merge of bright field, lysotracker (green), and dye (red). Dye
fluorescence alone is right (E’,F’). Overlap coefficient shows colocalization between dye and

lystotracker®.

122



CONCLUSION

The need for biological imaging dyes that absorb and emit strongly in the NIR region is of
paramount importance to society since this could enable noninvasive, nontoxic, and rapid imaging
of medical patients and biological specimens. Indolizine donor-based cyanine and squaraine dyes
with attached sulfonate groups were synthesized to provide a direct comparison in biological
medium to benchmark ICG. The increased donor strength of the indolizine compared to that of the
indoline allowed for these dyes to have a more red-shifted absorption and emission than their
indoline counterparts. SO3SQ demonstrated a remarkable quantum yield of 58.3% (MB of >
65,000) in FBS, which is notable in that this is representative of the optical properties inside of a
biological medium. SO3C5 shows significant concentration-independent aggregation effects in
water, while SO3SQ shows minimal aggregation in water. Prolonged irradiation studies
demonstrate that both of the indolizine dyes have a significantly higher photostability than ICG in
water. Cell culture studies exhibited high specificity for lysosomal uptake with overlap coefficients
of 0.9 and 0.7 for SO3C5 and SOsSQ, respectively, as well as low levels of cytotoxicity. The high
molecular brightness, simple synthesis, prolonged photostability, and low toxicity of SOsSQ show
that it is an attractive potential NIR biological imaging material with very high metrics

significantly surpassing the benchmark ICG over a range of tests.

EXPERIMENTAL SECTION

All commercially obtained reagents and solvents were used as received without further
purification. All heating was done in an oil bath. Thin layer chromatography (TLC) was conducted

with Merck KGaA TLC silica gel 60 RP-18 F254S glass-backed plates and visualized with UV.
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Flash column chromatography was performed using a CombiFlash Rf + system. RediSep
cartridges were charged with silica gel from RediSep Rf reversed-phase C18, 40—63 pum (230—400
mesh). *H and 3C NMR spectra were recorded on a Bruker Ascend-300 (300 MHz) spectrometer
and are reported in ppm using solvent as an internal standard (DMSO-de at 2.50 ppm and CD30D-
d4 at 3.31 ppm). Data are reported as s = singlet, d = doublet, t = triplet, g = quartet, p = pentet, m
= multiplet, b = broad, ap = apparent, dd = doublet of doublets, dt = doublet of triplets; coupling
constant(s) are in Hz; integration. UV—vis—NIR spectra were measured with a Cary 5000
UV-vis—NIR spectrometer. For photostability studies, samples were irradiated with a Class AAA
Rated G2V pico LED solar simulator providing a spectral range from 400 to 1100 nm at 100 mW
cm 2. High-resolution mass spectrometry (HRMS) spectra were obtained with a quadrupole time-
of-flight (QTOF) HRMS utilizing nanospray ionization. The mass analyzer was set to the
200—2000 Da range. Infrared spectra were recorded with an Agilent Cary 660 attenuated total
reflection-Fourier transform infrared (ATR-FTIR) spectrometer. All emission data was obtained
using a Horiba PTI fluorimeter. Excitation wavelengths were achieved by passing white light
through a dual-grating system. Photons were collected through a photomultiplier tube. The relative

quantum yields were obtained using this equation:

2
_ Esample Asample 7750mele
(psample = Dgtandard 'E .A )
standard standard standard

For the equation above, E is the sum of emission intensities and A is the maximum absorbance, 1
is the refractive index of the solvent used, and ® denotes the quantum yield. The standard used to
obtain the relative quantum yields was indocyanine green (ICG) with a quantum yield of 11% in

DMSO0.% HEK293 cells were grown in standard conditions (37°C, 5% CO,) in Dulbecco’s
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modified Eagle’s medium (DMEM) media supplemented with 10% FBS. S2 cell cultures were
maintained in S2 media with 10% FBS at 25°C. Dye cytotoxicity was determined with a
CyQUANT LDH Cytotoxicity Assay KitTM Invitrogen using a BioTek SynergyTM H1
microplate reader. Cells were imaged with a Zeiss LSM 510 META laser scanning confocal
microscope following a 24 h exposure to dyes. Lysosome was visualized with a LysoTracker

Green DND-26 (Invitrogen) following the manufacturer’s protocols.

Cesium 4-(4-(1-Methylindolizin-2-yl)phenoxy)butane-1-sulfonate (3). To a flame-dried round-
bottom flask equipped with a stir bar and reflux condenser that had been purged with N> for 10
min were added 4-(1-methylindolizin-2-yl)phenol (1) (1.00 g, 4.48 mmol),? Cs,CO3 (3.65 ¢, 11.20
mmol), and 1,4-butane sultone (2) (1.15 mL, 11.20 mmol). The reaction mixture was dissolved in
tetrahydrofuran (THF) (140 mL) and heated to 80 °C in an oil bath for 16 h. The reaction mixture
was cooled down to room temperature and yielded a light brown precipitate. Ethyl acetate was
added (100 mL) to further precipitate the product, which was subsequently filtered to yield the
crude material. The crude mixture was purified by recrystallization in water to yield a pure golden
brown metallic in appearance solid (1.87 g, 85%). *H NMR (300 MHz, DMSO-ds) & 8.13 (d, J =
6.9 Hz, 1H), 7.63 (s, 1H), 7.42 (d, J = 8.7 Hz, 2H) 7.37 (d, J = 9.1 Hz, 1H), 6.99 (d, J = 8.7 Hz,
2H), 6.60 (dd, J = 8.1, 7.2 Hz, 1H), 6.45 (dt, J = 7.1, 1.2 Hz, 1H), 3.98 (t, J = 5.8 Hz, 2H), 2.46 (t,
J=7.1 Hz, 2H), 2.34 (s, 3H), 1.85-1.65 (m, 4H). 13C NMR (300 MHz, DMSO-ds) § 157.3, 130.2,
129.1, 127.8, 127.8, 125.2, 117.0, 115.6, 114.6, 109.8, 109.7, 104.2, 67.3, 51.1, 28.1, 22.0, 9.7.
HRMS m/z calculated for C19H20NO4S [M—Cs]: 358.1119, found 358.1128. IR (neat, cm™2):

3413, 3310, 3064, 3048, 2931, 2860, 1675, 1611, 1535, 1515. Melting point (dec.): 226—232°C.
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Cesium-4-(4-(1-Methyl-3-((1E,3E)-5-((Z)-1-methyl-2-(4-(4-sulfonatobutoxy)phenyl)-3H-

indolizin-4-ium-3-ylidene)-penta-1,3-dien-1-yl)indolizin-2-yl)phenoxy)butane-1-sulfonate

(SOsC5). To a round-bottom flask equipped with a stir bar was added cesium 4-(4-(1-
methylindolizin-2-yl)phenoxy)butane-1-sulfonate (3) (0.50 g, 1.02 mmol) to acetic anhydride
(10.2 mL) followed by perchloric acid (0.088 mL, 1.02 mmol) and N-[5-(phenylamino)- 2,4-
pentadienylidene]aniline monohydrochloride (4) (0.15 g, 0.51 mmol). The mixture was then
sonicated and stirred until all of the starting material appeared to have been consumed in this first
phase of the reaction (about 10 min). When the starting material was no longer visible, the reaction
was allowed to stir for another 10 min before the addition of triethylamine (0.17 mL, 1.22 mmol).
The reaction mixture quickly turned green and was allowed to stir for 2 h before diethyl ether was
added to precipitate the crude product. The precipitate was filtered and rinsed once more with
diethyl ether, collecting the solids. The solids were purified via reversed-phase column
chromatography beginning with 100% H>O and gradually transitioning to 40:60 ethanol/H>O. The
water was removed by blowing air over the surface of the solution to avoid heating. The pure
product was yielded as a dark green solid (250 mg, 53%). *H NMR (300 MHz, CD30D-ds) & 8.89
(d, J = 6.8 Hz, 2H), 7.73 (d, J = 8.6 Hz, 2H), 7.66—7.54 (m, 4H), 7.42—7.22 (m, 7TH), 7.12 (d, ] =
8.5 Hz, 4H), 6.57 (t, J = 13.1 Hz, 2H), 4.16 (t, J = 5.9 Hz, 4H), 2.95 (t, J = 7.0 Hz, 4H), 2.20 (s,
6H), 2.14-1.94 (m, 8H). °C NMR (300 MHz, CDsOD-d4) 5 168.4, 160.9, 144.4, 140.1, 135.6,
132.6, 131.3, 129.7, 127.4, 126.2, 122.5, 121.2, 119.4, 118.0, 116.1, 68.9, 52.4, 29.5, 23.1, 9.3.
HRMS m/z calculated for CasHaaCsN20sS2 [M + H]* : 913.1588, found 913.1606. IR (neat, cm™2):

3375 (br), 3099, 3070, 3033, 2917, 2861, 1651, 1611, 1521, 1508. UV—vis—NIR (DMSO) Amax =
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801 nm; UV—vis—NIR (MeOH) Amax= 791 nm; UV—vis—NIR (H20) Amax = 726 nm; UV—-vis—NIR

(FBS) Amax = 842 nm. Melting point (dec.): 211-217°C.

Cesium-(2)-4-(4-(1-Methyl-3-(3-(1-methyl-2-(4-(4-sulfonatobutoxy)phenyl)-3H-indolizin-4-ium-
3-ylidene)-2-oxido-4-oxocyclobut-1-en-1-yl)indolizin-2-yl)phenoxy)-butane-1-sulfonate
(SOsSQ). To a pressure flask equipped with a stir bar were added cesium 4-(4-(1-methylindolizin-
2-yl)phenoxy)-butane-1-sulfonate (3) (0.100 g, 0.204 mmol) and 3,4-dihydroxy-1,2-
cyclobutanedione (5) (0.012 g, 0.102 mmol). The reagents were dissolved in 10 mL methanol and
degassed with N2 for 10 min. The reaction mixture was then heated to 100 °C in an oil bath for 6
h. The reaction mixture was then concentrated, and the solids were further purified via reversed-
phase column chromatography beginning with 100% H>O and gradually transitioning to 40:60
ethanol/H20. The water was removed by blowing air over the surface of the solution as the product
appeared to be sensitive to heat. The pure product was yielded following this step as a metallic red
solid in appearance (65 mg, 60%). *H NMR (300 MHz, CDs0OD-ds) § 9.76 (d, J = 6.9 Hz, 2H),
7.57 (d, T = 8.7 Hz, 2H), 7.37 (dd, J = 6.8, 1.0 Hz, 2H), 7.23 (d, J = 8.6 Hz, 4H), 7.04—6.95 (m,
6H), 4.13 (t, J = 6.0 Hz, 4H), 2.95 (t, ] = 7.0 Hz, 4H), 2.21 (s, 6H), 2.12—1.83 (m, 8H). 3C NMR
(300 MHz, CD30OD-d4) 6 177.8, 166.1, 160.1, 143.2, 138.6, 134.9, 132.9, 128.9, 127.7, 121.0,
1195, 118.4, 116.1, 114.8, 68.7, 52.5, 29.6, 23.1, 9.5. HRMS m/z calculated for C42H33N2010S>
[M—2Cs + 2H]: 795.2052, found 795.2050. IR (neat, cm™1): 3398 (br), 3068, 3038, 2919, 2864,
1733, 1600, 1570, 1523. UV—vis—NIR (DMSO) Amax = 720 nm; UV—vis—NIR (MeOH) Amax = 704
nm; UV—vis—NIR (H20) Amax = 699 nm; UV—vis—NIR (FBS) Amax = 719 nm. Melting point:

240-244°C.
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All photostability studies were conducted at a concentration of 1 x 10°® M to maintain consistency
and deter any aggregative effects throughout the photodecomposition process. The samples were
irradiated with a white LED lamp providing a spectral range from 400 to 1100 nm. The experiment
was allowed to take place under ambient conditions without any further precautions to remove
oxygen from the system. UV—vis—NIR was used to periodically measure the decline in absorption
with respect to the Amax. The photostability in methanol was conducted over a period of 24 h, while
the photostability in water was conducted over a period of just 6 h as the photodecomposition was

observed within a shorter time frame.
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CHAPTER 7

7.1 OVERALL CONCLUSION

In conclusion, the indolizine donor can greatly impact the properties of commonly used
NIR emissive material backbones. The indolizine-cyanine dyes show a red-shifted absorption
relative to benchmark ICG despite two fewer methines which shows the critical role the indolizine
groups can play in shifting absorption spectra as a conjugated donor group. The dyes were found
to emit in the NIR region with the sterically congested dye C1 showing the largest solvent effects
and reorganization energies. The 5 methine group bridge of C5 was found to lead to the largest
quantum yields and a high MB value for a dye emitting near 900 nm. In addition, counter anion
choice was also found to tune both the solution and solid state properties with a larger anion
generating the most single molecule-like solid state absorption. The indolizine-squaraine based
NIR fluorescent compounds, with emission maxima ranging from 730 to 770 nm, showed Stokes
shifts up to 50 nm and some of the highest fluorescence quantum yields known for emissive small
molecules in this NIR region with significant Stokes-shifts (©®>12%). DFT computational analysis
shows the origin of this Stokes-shift to come from the molecular engineering of large dihedral
angles within the n-system, which undergo significant changes when the excited-state geometry
reorganizes. The indolizine-xanthene based dye, while not a typical rhodamine structure with N-
xanthene bonds, was non-fluorescent in the closed spirocyclic structure; however, with the
formation of the opened ethyl ester derivative, the fluorophore possessed absorption and emission
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within the NIR Il region with high molar absorptivity and a quantum yield of ~0.03%. To the best
of our knowledge, this is the first xanthene-based emissive dye with photophysical properties in
the NIR Il region. The water soluble SO3SQ demonstrated a remarkable quantum yield of 58.3%
(MB of >65,000) in FBS which is notable in that this is representative of the dye’s performance
inside of a biological medium. Irradiation studies demonstrate that both of the indolizine dyes have

a significantly higher photostability than ICG in water.
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APPENDIX A: FIGURES AND TABLES

Table 14. Dielectric constant and dipole values for solvents used in photophysical studies.

Solvent Dielectric constant Dipole (D)
DMSO 46.7 3.96
MeCN 37.5 3.92
DMF 38 3.82
Acetone 21 2.88
Water 80 1.85
Ethyl Acetate 6.0 1.78
THF 75 1.75
Methanol 33 1.70
Ethanol 24.6 1.69
Dichloromethane 9.1 1.60
Chloroform 4.8 1.04
Toluene 2.4 0.36

Table 15. The solubility of each dye in the series and ICG in various solvents where (PS)

represents partial solubility and (IS) represents insolubility.

Solvent Solubility (mg/mL)

Dye MeCN 2:1 11 10:1 MeOH Acetone Toluene CHCI3 DMF EtOH EA THF DMSO DCM
MeCN:H,0 MeCN:H,0 MeCN:H,0
C1 0.58 179 5.00 0.95 1.86 2.38 0.07 0.54 7.00 125 0.95 0.90 6.50 2.10
C3 1.00 1.47 0.37 122 0.35 0.85 0.02 0.60 6.75 0.05 0.06 0.03 5.50 0.50
] S I GO B )
C5 1.89 0.86 0.43 217 0.32 245 0.04 1.87 8.00 0.18 0.04 0.03 4.00 2.80
®9) PS) (s
PhOMelndz- 278 1.30 0.43 4.00 0.29 1.25 (1S) 3.43 10.5 0.05 0.05 0.11 10.5 2.50
C5 (PS) (PS)
PhCNIndz-C5 0.48 0.18 0.15 0.70 0.15 0.22 0.04 0.28 7.25 0.04 0.04 0.04 8.00 0.30
(PS) (PS) (PS) (PS)
PhIndzOMe- 250 0.55 0.20 2.75 0.13 0.22 0.02 0.50 5.50 0.03 0.03 0.03 5.50 1.20
C5 (PS) (PS) (PS) (PS)
ICG 0.04 8.50 9.50 1.80 10.0 (IS) (IS) (IS) 1.40 0.05 (1) (1) 18.0 ®)
(PS) (PS)
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Figure 35. UV-Vis-NIR molar absorptivity of C1, C3, and C5 in various solvents with window

expanded from 300-1000 nm.
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Figure 36. C1 UV-Vis-NIR molar absorptivity (solid lines) and normalized emission spectrum

(dotted lines) in 4 solvents
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Figure 37. C3 UV-Vis-NIR molar absorptivity (solid lines) and normalized emission spectrum

(dotted lines) in 4 solvents.
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Figure 38. C5 UV-Vis-NIR molar absorptivity (solid lines) and normalized emission spectrum

(dotted lines) in 4 solvents.
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Figure 39. PhOMe-C5 UV-Vis-NIR molar absorptivity (solid lines) and normalized emission

spectrum (dotted lines) in 4 solvents.
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Figure 40. PhCN-C5 UV-Vis-NIR molar absorptivity (solid lines) and normalized emission

spectrum (dotted lines) in 4 solvents.
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Figure 41. IndzOMe-C5 UV-Vis-NIR molar absorptivity (solid lines) and normalized emission

spectrum (dotted lines) in 4 solvents.
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Figure 42. ICG UV-Vis-NIR absorbance in several solvents.
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Table 16. Select computed bond angles. See below Table 17 for an illustration of the angles.

dye angle 1 (°) angle 2 (°) angle 3 (°) angle 4
GS|ES GS|ES GS|ES )

GS | ES
Clcis | 128123 | 134125 N/A - N/A
C3 cis-7 129 | 127 133129 118121 N/A
C3 trans-7, 6 128, 123|127, 131, 126 | 129, 120|123 N/A

122 123

C5 cis-7 128 | 127 132|129 119|122 125 |
122
C5 cis-6 122|122 127|126 122|124 123 |
121
C5 trans-7, 6 128, 122 | 127, 133, 128 | 130, 120, 121|122, 125 |
122 126 123 123

Cis and trans refer to the relative orientation of the two indolizine groups.

148



Table 17. Select computed dihedral angles and atom-atom distances.

dye dihedral (°) indz-cy  dihedral (°) indz-indz H-H bond distance
GS|ES GS|ES (A) GS | ES
Clcis 15|27 35|50 2.7]3.6
C3 cis-7 3|21 8|2 1.8]2.0
C3trans-7, 6 2,10]11, 22 15|32 18,21]1.9,21
C5 cis-7 2|20 100 1.9]2.0
C5 cis-6 7|11 22|33 2.1|2.0
C5 trans-7, 6 3,7]12,15 12|35 1.9,2.0]2.0,2.0

Cis and trans refer to the relative orientation of the two indolizine groups.

cis-6 conformer cis-7 conformer
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Figure 44. HOMO-LUMO diagrams of C1, C3, C5, PhOMe-C5, PhCN-C5, and IndzOMe-C5.
The left two columns of HOMO-LUMO orbitals are shown as the cis-7 conformers, and the right

column is shown as the trans conformer. Isovalues of 0.02 are shown above.
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Figure 45. Electron density difference maps for C1, C3, C5, PhCN-C5, PhOMe-C5, and
IndzOMe-C5. Red is where electrons originate from, blue is where they travel to upon
photoexcitation, and green is neutral. Top dyes are in the cis-7 conformation as illustrated under

Table 17, and the bottom row dyes are in the trans conformation.
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Table 18. TD-DFT values for the ground- and excited-state optimized geometries for variable

conformations.

dye vertical trans. oscillator  dye* vertical osc. str. Stokes shift
(eV, nm) strength  trans. (€V, nm)  dye* (eV, nm)

Clcis  2.20,561 0.79 1.78, 697 0.47 0.42, 136
C3cis-7  1.91, 648 1.49 1.74, 712 1.27 0.17, 64
C3trans  2.33,533 1.11 2.18, 569 0.97 0.15, 36
C5cis-7  1.65, 752 2.06 1.51, 822 1.84 0.14,70
C5cis-6  2.08,596 1.52 2.03, 611 1.75 0.05, 15
CStrans  2.15,576 1.78 2.04, 606 1.64 0.11, 30

Table 19. Table of total energies and relative energies of ground state conformers.

dye relative energy energy (Hartree)
(kcal/mol)

Clcis 2.00 -1305.4230007
Cl trans 0.00 -1305.4261922
C3 cis-7 0.00 -1382.8119535

C3trans-7, 6 4.44 -1382.8190310
C5 cis-7 1.98 -1460.2026484
C5 cis-6 0.00 -1460.2058166

C5 trans-7, 6 0.94 -1460.2043175
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Table 20. Table of cartesian coordinates X,Y,Z of C1 cis ground state. All energies are given in

Hartrees.

C1 cis Ground State XYZ

Energy =-1305.5110025

No Imaginary Frequencies

X

Y

4

-2.89302400

-1.86501300

-0.66078200

-3.42069900

-2.56830900

-3.07221900

-4.02451200

-1.12208200

-1.63818800

-1.19025000

-0.68732300

-3.75937300

-2.57501600

-1.73163300

-1.26489200

-1.24217000

-2.52063500

-3.51878800

-4.49096300

-2.96031300

-0.51181100

0.34918300

-1.52783500

-2.69104800

-3.46639100

-2.09572900

-0.37781900

0.24683800

-0.67038500

-3.22740500

-4.96673600

-4.47110100

-2.28973100

-1.66843000

1.64038800

1.92752100

2.69283000

-0.20570600

0.03831500

-0.18644600

-1.07700100

-1.99964500

-2.18117100

-1.36974300

-0.69074200

0.49245100

1.61982700

-0.21309800

O O O O =2 IT I I I O O O O O O O O

-3.63618300

3.24300500

2.03856600
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-3.92500700

1.11542000

2.17344400

-2.26644300

-1.51005700

-3.03531900

-4.23525900

4.00616900

2.48025200

4.28366500

3.45437900

0.20858400

-1.10192300

1.33611400

2.91660700

-1.80200900

4.81297300

-0.34645400

-3.16700000

5.30797600

1.66473500

-4.99739700

-0.51366700

-0.04282500

-5.35937700

-5.27141400

-1.00244900

0.54028400

0.86618400

0.00615100

-5.51495300

2.98743800

0.79921300

1.34746200

-0.96697200

-1.79392800

-2.63414900

-3.80704400

-0.89134300

0.67156900

1.19329800

1.62727500

2.74291200

3.55803800

3.56125000

2.51410000

1.27621100

-0.25058200

0.69413800

-4.00718200

-2.99845100

-0.56937300

0.30262800

-0.38127000

-2.40085500

-4.56479300

1.55855000

1.10414900

0.24382500

0.00204600

0.22113200

1.29193800

2.03750800

Ir T T T O O O O O O o o I T T O T T T O I O =T

3.16902100

4.63603400

-4.94283600

-3.09771700
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5.03042600

-0.34569900

0.07836400

5.50845600

5.51249000

5.22107800

1.60701600

-0.10753900

-1.24150200

0.48066300

-1.66533100

1.03301000

-0.31916700

-0.60767900

0.66296700

2.61647700

1.69559900

-0.46780100

3.50968200

2.57550900

0.15556400

1.83635100

3.61156300

2.16361500

3.89483800

-1.53293000

-0.26955700

r o, T T T O I O I O O O O Z T T T O

4.11025100

1.93998000

1.16303300

2.82549700

4.30199200

1.33315100

2.90547300

-0.00101700

-0.01506300

2.22512800

3.48488000

1.48530800

4.35367100

4.56708400

3.83247900

5.38291100

0.16477000

1.24614500

0.98780800

-1.95485800

-2.04566100

-1.32361100

0.22637800

-2.78295100

-1.65343900

0.06073000

0.16463100

Table 21. Table of cartesian coordinates X,Y,Z of C1 cis excited state. Energy is given in

Hartrees.

C1 cis Excited State XYZ

Energy=-1305.436231
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No imaginary Frequency

X

-2.54474900

Y

-1.69325500

Z

-1.17019600

-2.81686600

-2.93897000

-1.72913100

-1.77201000

-3.70700100

-2.21257200

-0.45488300

-0.19815700

-1.18064600

-2.53876800

-3.37239000

-3.84367600

-1.96888400

0.36182700

-3.20127000

-1.97702400

-0.02515600

0.38174600

-0.64941700

-3.27878400

-4.67942100

-3.75627300

-2.19363000
-1.64055600
-0.42685900
-0.24648100
-0.66395400
-1.78375100
-2.64605700

-2.63453200

O I O I O O O O Z2 I I I I O O O O O O O O

0.77618600

-1.22277200

-2.94673000

-3.89377800

-2.39929600

-4.28193800

-4.31322000

-2.78908600

-1.68128700

-3.73046200

-1.50807100

-1.28031900

1.65038500

1.65879600

2.86561000

2.85632000

0.72121600

4.06156000

2.87352400

4.06004300

156

-1.65341500
-1.06128200
0.38066200
1.41126900
-0.04739400
2.00143800
1.75937500
0.54481100
-0.86082300

1.57063100



-5.01217500

2.84850500

2.80235700

-2.36138300

-4.03338900

-4.86159100

-5.20919300

4.99589100
4.99276000
-0.71554600

-1.23028200

0.20029300

2.03197000

-0.62256300

0.27889900

-5.29388800

0.28589800

-0.62446800

-5.24515800

-1.26487700

-1.48491100

2.43861700

-1.88460600

1.14371700

0.07011000

0.25839900

-2.08358400

-3.32907200

1.52355900

2.05936500

1.55106100

2.64196600

3.32546700

2.54512100

-3.88905600
-3.15324100
-0.86492700

0.20162100

2.10846800

1.67778900

0.68884800

0.25096400

1.17193700

-0.88427200

-0.59472100

1.69437500

3.65250100

4.80957500

5.24165000

-0.14651700
-1.57580900
-3.85799500
-4.87798200
-3.53317100
-0.99916300

-0.68138100

0.38914700

1.51626000

2.46167600

2.52522100

1.76222200

0.67295400

1.62747700

Ir ©* T O T T IT I O O O O O O O o T T T O I T =T

5.09993300

5.24771300

-2.03845000

-0.38135900

157

0.50790600

-0.11247600



1.13930800

-1.41873600

0.99363800

3.02780600

4.07968700

2.46128600

4.55224800

1.46062000

2.16008100

1.96920000

3.34253000

-0.34347500

0.25949700

-1.51908700

-0.29869900

4.51616600

1.78214400

1.17743600

2.93636300

3.15182900

-2.07432800

1.66019800

3.98157500

1.42618900

3.84215900

-2.00840100

-1.46590900

I O T T T O I O I O O O O Z2

5.36404800

2.49342900

4.35022700

0.01451500

0.06094200

3.87601200

3.53106000

4.76394300

0.56432400

1.64600200

0.18189100

-2.98794100

-1.90056500

0.01492400

0.07861600

Table 22. Table of cartesian coordinates X,Y,Z of C1 trans ground state. Energy is given in

Hartrees.

C1 Trans Ground State XYZ

Energy: -1305.426192
No Imaginary Frequencies
X Y Z
C -1.96144690 -2.20699452 -0.74579396

158



-1.95786366

-3.56751107

-1.06424159

-0.81769138

0.31182799

0.29218414

-1.05683390

-4.12809029

-3.32650737

-2.00052874

-0.14031655

-1.59443526

-1.84853567

-1.51910927

-0.54324576

-2.45886982

-0.07833160

-0.19762023

-2.99499556

-1.33888886

-0.27111422

-2.85391446

-4.14928573

-0.89332918

-0.79443324

1.20145233

-5.18170413

-3.74121051

-1.84185113

-2.30050738

1.11013113

-0.81479582

-3.15487748

-3.79800270

-1.32167286

-1.47011525

1.15864754

1.24436767

-1.70743072

-0.93567861

0.20247671

1.43888606

-3.19154338

-4.46121625

-3.76631437

-3.85801888

-2.72422598

-4.49084499

-4.95485880

2.25430149

2.41010487

0.39833695

3.41681673

2.17660525

3.49689821

2.46967090

-0.66660089

1.80360345

2.11644153

-0.30026716

-1.64314443

0.93647406

2.76568388

IrI T T O I O I O O O 0O Z2 T IT I IT O O O o O O O

-3.89611827

-5.01199653

4.25548101

4.40263684

159

-0.98466958

1.22070850



-4.39422448

-1.78354728

0.00705311

-4.44393091

-5.04629615

-4.78707396

3.21320853

-2.40316608

-0.92270258

-2.37221255

2.06161486

0.90638046
0.15064974
-0.82537701

-0.02307390

1.37841280

3.35927345

-0.85196086

2.17719238

4.45942877

-0.93246207

3.53909359

4.05320704

4.37579947

3.18469787

-0.55755699

-0.11785560

3.44937099

2.25100826

1.24464757

0.34677771

1.75950594

4.17261854

5.09549212

4.75309678

5.44603247

5.23517425

4.60074474

1.88440721

0.72999089

0.04246090

0.94016286

3.35769137

5.38397533

5.24934351

3.08031339

0.24829453

-0.04631673

1.03182225

-0.61326002

2.18437407

0.39486856
0.27768444
-0.21177484
-1.17159046
-1.30501187
-0.63839136
0.15298321
0.94913997
0.15606081
1.53661347
1.59944255

-0.36979205

o 60 2z I T I O I I I I O O O O o o o o T T T O

2.03656168

2.93246544

-1.34618068

-2.34840609

160

0.72297827

0.33353306



Table 23. Table of cartesian coordinates X,Y,Z of C3 cis-7 ground state. Energy is given in

Hartrees.

0.94967364

-1.68539467

1.53508690

2.72958432

3.77754898

0.74452314

0.26804678

-3.66641232

-2.09193710

-3.00500173

-0.91064823

0.72243155

-0.29616541

1.91605269

1.86976101

1.62847284

-3.99929174

1.50452787

3.42995117

-4.43313784

0.41401965

-0.09824201

-3.25698173

2.54845865

1.46881470

-0.14930861

-5.02650751

0.87756284

1.80876862

-0.34760207

r O T T I O I O I O O

-0.65492497

1.83093842

C3 cis-7 Ground State XYZ

-0.20948702

Energy =-1382.9024343

No Imaginary Frequency

X

-4.47012500

-5.26229700

-4.65955800

-3.25695800

Y

-1.74666900

-2.90032100

-4.12184200

-4.19746100

Z

-0.09735400

-0.15960000

-0.33489300

-0.45936400

O O 0O 0O O

-2.49873200

-3.06361500

-0.39797600

161



-2.53345500

-0.56531500

-0.10579000

-3.64363600

-4.81970400

-6.33584400

-5.25510900

0.34007600

-0.37638000

-2.79872800

-5.02468700

0.03728000

0.05636400

-0.06484100

-0.38327900

-2.76002900

-5.14548200

-0.61218100

-1.42961100

-3.08105200

-0.51314500

-3.09698200

-1.85184600

-0.20812700

-3.52436500

-4.15659300

1.80699500

2.48461000

0.14503700

1.19315200

-2.80634100

-4.06558900

-4.70930500

-2.71821300

2.54291500

3.86841100

1.92013700

3.92681500

-0.80503900

1.29324500

1.93635800

-0.70305000

-2.33041200

-3.34566800

-4.55516700

-2.16286000

-3.27574600

-6.22660000

-6.62068800

2.02888700

4.59224700

4.38106000

4.48546700

5.67090100

0.11501300

-0.04388000

-1.63306800

0.34655700

2.11302400

-1.44752500

0.42531100

0.17358000

1.18158300

Ir T T O I IT T O I O I O O O O Z2 T T T T O O O

-6.28292200

-6.87922300

1.18144400

-0.41522600

162

-0.04633200

-0.52390100



4.44408100

-1.79366800

0.14887200

2.44199400

3.18245500

4.59192900

5.21787600

-3.09151200

-4.23307300

-4.17368100

-2.95832100

0.30902700

0.41400400

0.37248500

0.24902600

4.81587600

-0.42689400

0.04219500

3.64629100

0.30210000

-0.01107800

2.52342100

1.36740800

-0.59196300

-3.09510500

0.05049600

0.36348200

2.66703600

5.17262500

6.29647700

6.23127700

6.69897200

6.82566800

6.27918200

3.06454700

3.55115000

4.25885700

2.78487900

4.19280800

-5.17575800

-5.08397200

-2.86663700

0.04869200

0.06045100

-0.60867000

1.05910000

-1.88601100

1.76858700

2.59454300

2.35543600

3.97769300

0.53532200

0.45184100

0.23637600

-0.03056000

0.95829800

-0.66938100

-0.43781900

0.15215300

-0.14571500

0.73461100

-1.15952500

0.61010400

O I o 6o O 6 z I T T O I I I T O O O O O O O O

4.85157200

2.72159400

2.14678400

3.73920800

163

1.52494300

-1.28226800



Table 24. Table of cartesian coordinates X,Y,Z of C3 cis-7 excited state. Energy is given in

Hartrees.

2.25306800

1.72470900

-1.86350800

3.42288900

4.74113700

2.12821700

3.37242700

4.55316100
4.60620800
4.18102500

5.63141300

-0.39716100

1.30214500

-2.07436400

-0.49407000

1.18845900

-0.20653600

0.03602200

1.07114600

0.87246800

0.10066000

-0.00225900

-0.92208300

-0.07331600

0.00431200

-1.19745200

-1.98446200

-0.20208200

-0.23156700

-0.02663300

r O T O T O I IT I O I

-1.07503800

0.86807700

C3 cis-7 Excited State XYZ

0.12106000

Energy = -1382.835669

No Imaginary Frequency

X

-4.28940836

-4.91663130

-4.17948408

-2.81155249

Y

-1.85603519

-3.09095023

-4.24955308

-4.17136437

Z

-0.19128327

-0.34628376

-0.20431698

0.13155838

O O 0O 0O O

-2.20594352

-2.95397365

0.27283387

164



-2.51841505

-0.46830829

0.16468559

-3.70481551

-4.78283378

-5.97771606

-4.65336879

0.31907604

-0.52158789

-3.11443902

-5.21589709

0.01231016
-0.21803410
-0.56140590

-0.32185829

-2.22598162

-5.06488276

0.29948048

-1.17811535

-2.84673472

0.58067446

-2.92196582

-1.81024258

0.05947153

-3.74580341

-4.70532540

1.79307513

2.44636831

0.04479989

0.82712397

-2.85729326

-4.77063512

-5.39255848

-2.92462517

2.56180878

3.83511212

1.86005932

3.95020356

-0.71738026
0.85183143
1.42746651

-0.69044442

-2.12421796

-3.87957615

-5.51583503

-2.23367486

-3.93027728

-6.20684600

-6.80450519

2.06852401

4.59067380

4.32688043

453237838

5.67309677

-0.16505835

-0.21353475

-1.34611280
0.09487832
1.46630757

-1.28920531
0.11479284

-0.48473248

0.43109138

Ir T T O I IT T O I O I O O O O Z2 T T T T O O O

-6.28586757

-6.64849226

0.84798887

-0.85785720

165

-0.88163996

-1.20397921



4.28950544

-1.85852760

-0.12958043

2.21195066

2.81774570

4.18226939

4.91684843

-2.94075641

-4.16196318

-4.25088841

-3.09748827

0.39401238

0.29143393

-0.05579263

-0.24628652

4.78158639

-0.52533841

-0.20305037

3.70465221

0.32217622

0.00783952

2.51993781

1.18828139

-0.46067602

-2.82120643

0.19092966

0.71314255

2.23581159

4.65624855

5.97633814

6.20346768

6.80838332

6.63843921

6.28019727

2.92406476

3.74418696

471327174

2.84488324

4.77759606

-5.04928027

-5.22041766

-3.12769807

-0.17842159

-0.19898597

-0.89410293

0.82161990

-1.80519554

1.79640612

2.47592740

2.53908120

3.86473146

0.50003610

-0.14239082

-0.46841273

-0.49180003

0.42031760

-1.19250348

-0.92078127

0.12910417

-0.00917401

0.73841689

-0.78455751

0.71607858

O I o 6o O 6 z I T T O I I I T O O O O O O O O

5.40900875

2.91125587

1.91015082

3.92762531

166

1.34858926

-0.80453981



Table 25. Table of cartesian coordinates X,Y,Z of C3 trans ground state. Energy is given in

Hartrees.

C3 trans Ground State XYZ

H 2.10409750 2.02513448 -1.38706667
C 3.87593254 4.59433920 -0.05368296
H 5.53052493 4.37704276 1.30376705
H 2.21177407 4.48918537 -1.41301640
H 3.92587519 5.67685456 -0.07033810
C 1.21780248 0.01939729 0.39367259
H 1.16767120 1.06011415 0.70098881
C 0.00285132 -0.62732282 0.15045335
H 0.01138587 -1.59148262 -0.34110043
C -1.21872224 0.01031801 0.38287805
H -1.17511764 1.04691930 0.70434480

Energy =-1382.819031

No Imaginary Frequencies

O O O O O

X

-3.73634928

-4.13883332

-3.21036827

-1.87150763

-1.49237464

Y

-1.80807194

-3.13278521

-4.14149775

-3.83582805

-2.54064263

167

z

0.33972777

0.55261375

0.47599176

0.15513976

-0.04999149



-2.26033958

-0.14278894

-0.08638625

-3.58214906

-4.47605088

-5.17953872

-3.50488486

0.41351062

-0.59300698

-3.33077709

-5.16962665

0.02537401

0.31060524

0.77308181

0.64210620

-1.12665885

-4.61203916

0.05128882

-0.49228841

-2.28071854

-0.35707228

-2.40719517

-1.53480718

0.07680856

-3.89425282

-4.58440851

1.84602213

2.52494360

-0.12405105

0.88375014

-3.52474460

-4.89416616

-4.86377338

-3.83937341

2.53583202

3.87118240

1.99501371

3.88117137

-1.28334745

0.73687047

1.78757158

-1.42873580

-3.01620346

-4.52236126

-5.42591416

-3.56227150

-4.76980401

-5.95510162

-6.22469081

2.00487856

4.55083383

4.39018089

4.40408019

5.59889146

-0.50819788

-0.64765532

-2.08092574

-0.41851941

1.52480308

-2.33593225

-0.53393565

0.51172118

1.56215767

Ir T T O I IT T O I O I O O O O Z2 T T T T O O O

-6.32732225

-6.47169832

0.46502603

-1.27506465

168

0.19311512

-0.06997079



4.84717232

1.27406231

0.23513557

3.44349039

4.53302445

5.82577324

5.97874780

3.21095599
4.01726717
3.45224857

2.09044327

0.19706210

0.33736461

0.43159219

0.38445375

4.69629326

-0.13685787

0.15358176

3.34945723

-0.39173307

0.00706559

2.63134823

2.43589032

0.84511366

3.59334144

0.00163298

0.13505619

4.38999221

6.68701451

6.95100479

5.82961592

6.56938703

6.33769974

5.46706711

3.60122500

2.75541889

2.29012274

2.67509547

1.76114241

5.08765379
4.09710508
1.62168896
-1.11064436
-0.87311255
-1.09891828
-2.12240495
1.85662288
-1.73169742
-2.08954669
-2.65342553

-3.35569373

0.38047644

0.54709630

0.46292470

0.18051127

-0.58779112

1.14826545

0.00056106

0.13320433

-0.20746594

-1.47642535

0.83712493

-1.69776408

O I o 6o O 6 z I T T O I I I T O O O O O O O O

2.35649055

2.13886467

-1.37378264

-3.91936047

169

-2.28828503
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Table 26. Table of cartesian coordinates X,Y,Z of C3 trans excited state. Energy is given in

Hartrees.

C3 trans Excited State XYZ

H 3.03427559 -2.37581098 1.82170396
C 1.68830741 -4.27394069 -0.65195727
H 1.42097088 -3.63173276 -2.68865833
H 2.08906884 -4.63157781 1.43015298
H 1.29922377 -5.26945502 -0.83175204
C 1.26928151 1.11800860 -0.08710339
H 0.97077168 2.15666650 -0.20677187
C 0.24527181 0.18426013 -0.02588498
H 0.50920524 -0.83885757 0.17794034
C -1.08491569 0.58515769 -0.14561638
H -1.25800847 1.65253259 -0.26420043

Energy: -1382.735727 Hartrees

No Imaginary Frequency

O O O O O

X

3.53690970

3.79492158

2.78746234

1.51994595

1.27352236

Y

-1.88084210

-3.20642585

-4.14813691

-3.76706737

-2.46232328

170

y4

-0.61527575

-0.96976899

-0.87870005

-0.38984283

-0.05196420



2.23739827

-0.14280045

0.07096548

3.58664467
4.37230487
4.79134462

2.97644383

0.31719610

-0.73207089

-3.47347314

-5.17989084

-0.07703639

-0.53096289

-1.30444828

-1.15315603

0.72561552

-4.49109347

-0.25374292

0.34221616

-2.14646592

0.40005944

2.25280540

-1.52180783

-0.21565851

4.02745567

4.75957652

1.70051387

2.39505498

0.17052372

-0.80023090

3.74143602

5.19244241

4.97231430

4.17503695

2.33257877

3.69482838

1.91588515

3.63229659

1.38816008

-0.55974488

-1.75189938

1.62616612

3.20115051
4.90032218
5.75578378
3.95749633
5.24125915
5.83245077

6.01169369

1.78789279

4.31602328

4.22457425

410777355

5.32904043

-0.73022073

-0.68423257

2.15840078

0.65245968

-1.32113201

2.57723566

0.83995470

-0.84676405

-1.92734204

Ir T T O I IT T O I O I O O O O Z2 T T T T O O O

6.32185231

6.31638765

0.13254098

-1.63714956
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-0.38939206
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-4.83323862

1.30390930

-0.37393266

-3.45096454

-4.53630119

-5.80958582

-5.95126281

3.27315177

4.06019314

3.46980273

2.10022296

-0.28380720
-0.55090095
-0.73065492

-0.64995901

-4.65426728

-0.09779580

-0.22998673

-3.31143351

-0.31513742

0.06259481

-2.63149832

-2.44978254

0.94142427

3.66360784

0.07932685

-0.15568149

-4.40259769

-6.66885177

-6.91159093

-5.75430727

-6.66980662

-5.99261722

-5.46966214

-3.60523602

-2.71202373

-2.06668388

-2.81858553

-1.55633464

5.13207658

4.09626063

1.62032832

-1.10451043

-0.73118700

-1.34720617

-2.03264685

1.92034260

-1.61526019

-1.77602198

-2.71543306

-3.01499269

-0.62898770
-0.94229810
-0.80350437
-0.32228254
0.14665062
-1.36451015
0.17925755
-0.17504066
0.42082520
1.65748906
-0.43716910

2.03096870

O I o 6o O 6 z I T T O I I I T O O O O O O O O

-1.98858161

-2.29932696

-0.92645391

-3.95400318
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2.33020530

-0.06493755



Table 27. Table of cartesian coordinates X,Y,Z of C5 cis-6 ground state. Energy is given in

Hartrees.

-3.30729867

-2.59475997

-1.40001638

-1.67499031
-1.07872860
-2.39483347

-1.29193626

-4.10871161
-3.13227720
-4.80079150

-5.07949578

1.17116401

2.99871958

-0.73749909

1.47143705

-1.27125171

1.25876793

0.25864924

-1.00312419

2.27636325

0.53543868

-0.23790753

0.34056548

0.06715530

-0.50972445

1.10778496

-0.62107076

0.65594614

-0.34977217

0.28626411

r O T O T O I IT I O I

1.33868312

1.67777697

C5 cis-6 Ground State XYZ

0.57913326

Energy: -1460.205817

No Imaginary Frequency

O O O O O

X
5.97605200
4.97826500
6.20857000
7.36881500

7.25006000

Y
-0.99258300
-3.16205800
-3.73274600
-2.92426100

-1.56474000

173

z

-0.10009000

-0.23548200

-0.36793400

-0.36895500

-0.23764100



5.55125100

0.35343500

0.05635100

4.17604400

3.71036800

4.06505000

6.27902600

0.33599500

-1.01215000

-3.73735100

-4.80608300

0.15325000

0.04614300

-0.23302900

-0.47278000

8.34329700

-3.38227200

-0.47622000

8.11410300

-0.91310600

-0.23927400

6.47206600

1.52783600

0.13497200

7.22879000

6.99167100

1.38212500

1.68812800

0.90969600

-0.81337500

5.91316000

4.86333900

3.31741900

2.68415600

2.43264900

1.80913200

1.51826000

1.69121500

0.37245600

-0.09669600

0.38381700

1.61708800

3.13531000

1.86722300

2.83216800

2.31475300

3.62956100

1.67856300

1.38211600

2.46807900

2.79291800

0.95461200

3.56993500

2.33378100

3.73141500

2.92278400

-0.62163300

1.83476900

2.39912000

-0.40171500

-1.57731800

0.82392600

2.79447000

Ir T T O T O I O O o 0O Zz I T T O I T I T O O O

2.17730900

1.04438800

4.30306500

4.59244600

174

-1.18745700

0.99725300



2.42606600

-1.55001100

0.02023000

2.34558800

1.22430400

1.21646800

0.00007900

-2.63371200

-0.85654400

0.22613900

-1.51838000

-0.01368800

0.01341800

0.00515200

0.00002900

0.00009400

-2.60811900

-0.00013900

-1.22416700

-0.85657600

-0.01316400

-1.21637700

-2.42590800

0.22610700

-1.55007500

-0.00457500

-0.02019200

-2.34540300

-4.17596000

-5.55118200

-5.97591500

-3.31745000

-3.13589400

-2.68385800

-2.31561100

-3.63038300

-1.86718800

-2.83143000

-1.67912400

-2.63378100

0.33588800

0.35324200

-0.99279700

1.51823500

2.46838000

1.69103200

3.57042700

2.33420400

2.79291100

0.95417200

3.73176200

0.01349200

-0.15316500

-0.05636100

0.10003900

-0.38373400

0.62150800

-1.61686300

0.40152000

1.57708800

-1.83461100

-2.39873800

-0.82398400

I T O I O I O O O O o o o T o T O IT O I O IT O

-2.17862200

-1.38183400

4.30381800

2.92264900
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1.18709600

-2.79420400



-1.04519600

4.59296200

-0.99738300

-4.97802000

-7.24990300

-7.36859700

-8.34306300

-3.16221400

-1.56501800

-2.92454400

-3.38260600

0.23554700

0.23749400

0.36880900

0.47600400

-6.20830700

-3.73296500

0.36789800

-6.27871200

-4.80630100

0.47278300

-8.11397700

-0.91342300

0.23906700

-4.06477400

-3.71022200

-3.73745600

-1.01223900

0.23322800

-0.04605500

-4.86315800

-6.47212100

-5.91324100

-7.22842300

-1.80928500

1.52753600

2.43250000

1.38191000

0.09671300

-0.13513600

-0.37209400

-0.91029200

I T T O Z2 O I T IT O I O O O T

-6.99224500

1.68748300

0.81298400

Table 28. Table of cartesian coordinates X,Y,Z of C5 cis-6 excited state. Energy is given in

Hartrees.

C5 cis-6 Excited State XYZ

Energy: -1460.126655 Hartrees
No Imaginary Frequency
X Y Z
C -5.97459600 0.87348800 -0.10168000
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-5.09258800

3.09908200

-0.28914600

-6.35409800

-7.46694700

-7.27248300

-5.46596100

3.59695200

2.72321600

1.37024100

-0.43683900

-0.45775300

-0.44893600

-0.27532500

0.10070100

-4.08840300

-0.33228500

0.22723800

-3.70881400

1.04158800

0.08239700

-4.20929000

3.72318000

-0.29563500

-6.48289100

-8.46665000

4.66281700

3.12041900

-0.60042200

-0.58455400

-8.10275100

-6.31212200

-7.19063100

-6.67029800

0.67249200

-1.66478900

-1.48865100

-1.98681300

-0.27456900

0.19878300

0.82773600

-0.78585100

-5.74201800

-4.90696100

-3.17449800

-2.38691900

-3.10132700

-1.52882600

-2.44941300

-2.48898900

1.75868500

-1.45825100

-1.46893500

-2.54059600

-2.53188500

-0.63425700

0.63332500

-0.10270000

0.50702400

1.66607600

-0.37630900

1.92310800

2.35930600

I O I O O O O Z2 I IT I O I I I I O O O O O O O

-2.24322000

-3.71031600

-3.60573800

-2.53474000

177

-0.11566400

-1.27623200



-1.45359900

-3.60111900

1.03107900

-0.92335500

-2.19318800

-0.78418300

-2.45948800

-2.53067800

-4.43894300

-4.43130400

1.67957900

2.82392300
-0.80997600
1.23452700

0.04969300

-2.44702300

2.76709800

0.03414200

-1.21946600

1.04382100

0.01255200

-1.17895300

-0.00001000

-0.04016500

1.72775500

-0.02648000

-0.00000800

-0.00000900

1.21944100

1.17892500

2.45946700

2.44699800

4.08839900

5.46595500

5.97457700

3.17451500

3.10133700

2.38697000

2.24325500

2.81805900

1.04381900

-0.04017000

1.67957800

2.76709600

-0.33227700

-0.43681800

0.87351500

-1.45826000

-2.54059000

-1.46897900

-3.60575000

0.00002900
-0.01260800
0.02635400
-0.04969900
-0.03408100
-0.22723500
-0.10067300
0.10170300
-0.50702400
0.37632600
-1.66609900

0.11567800

O I o o o o o o o I o I 6O T O T O T O IT T T O

3.71030200

1.52890100

-2.53470800

-2.53194800
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1.27626600

-1.92313400



2.44947100

-0.63431500

-2.35934400

1.45366500

2.19321700

0.92345600

0.78426600

-3.60116500
-4.43894400
-2.53076800

-4.43136400

-1.03108600

0.81000400

-2.82396700

-1.23453700

5.09255300

3.09910700

0.28910400

7.27245800

1.37027800

0.27536500

7.46691100

2.72325700

0.44895400

8.46660900

6.35405700

3.12046900

3.59698800

0.58458500

0.45772800

6.48284200

8.10273000

4.20925400

3.70879500

4.66285700
0.67253400
3.72320400

1.04159600

0.60037000

0.27463600

0.29554800

-0.08241500

IrI ©* T O Z2 O I T T O I O O O T T T O =T

4.90693700

6.31212600

5.74205700

7.19068300

6.67022800

1.75870500
-1.66476400
-2.48895500
-1.48860900

-1.98681300
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0.10269100

-0.19872300

-0.63332700

-0.82760500

0.78593000



Table 29. Table of cartesian coordinates X,Y,Z of C5 cis-7 ground state. Energy is given in

Hartrees.

C5 cis-7 Ground State XYZ

Energy= -1460.2927992

No Imaginary Frequencies

X

Y

Z

-5.68650400

-1.71683000

-0.08396200

-6.47977000

-5.89131700

-2.87127200

-4.08051800

-0.13331700

-0.41123200

-4.50515500

-3.74558300

-4.14239900

-3.00942300

-0.66745100

-0.61532100

-3.75310300

-4.84842600

-6.02165100

-7.54281900

-6.48773000

-4.02538600

-2.69574200

-4.32504800

-4.72120100

-5.29142100

-4.05903800

-0.53432600

0.36652500

-0.35287000

-2.77964900

-4.98327600

-5.07750600

-3.00422300

-1.81497500

1.82908200

2.47433300

2.59391900

-0.18953000

0.04992300

0.13650700

0.04947500

-0.45016800

-0.92138900

-0.85137800

-0.29786300

0.19713600

1.29992500

-0.77018200

O O O O =2 IT I I I O O O O O O O O

-5.19529000

3.85477900

1.43537000
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-5.79967500

1.88751000

2.05735400

-3.96606900

-3.63073200

-4.53238500

-5.63674200

3.97447000

2.10444100

4.60769800

4.34202000

-0.63310400

-1.63827400

0.46991900

2.29695100

-3.45544000

4.55599600

-1.39185100

-4.45902000

5.68379900

0.57587200

-7.41549500

0.13414300

0.37155500

-7.72739200

-7.49201600

-0.03318500

1.20205800

1.40661700

0.16499000

-8.12064200

5.69691900

3.72584600

4.49425900

-0.39286500

-1.71409400

-3.06417100

-4.18080100

-0.27543900

0.23412300

0.37486500

0.52802200

5.90343100

6.49858400

6.03353900

4.84380200

3.74654100

2.65081000

4.00133400

-4.08372700

-2.85575500

-0.34411200

0.35029100

-0.57028100

-3.09892300

-5.13469000

0.52458500

0.38462200

0.09288900

0.01331900

0.05529600

0.39166100

0.65568900

Ir T T T O O O O O O o o I T T O T T T O I O =T

6.50584600

7.57440400

-4.97548700

-2.73499100
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7.43589700

0.17225300

0.04028400

7.87286600

8.06983400

7.46587400

4.31864000

0.24499700
-0.49376600
1.16402300

-1.84339900

1.04055900

-0.54965800

-0.41231800

0.20890200

4.71614700

1.80901000

-0.19842500

5.38049500

2.68112000

0.67131900

3.96554500

5.28750900

2.34326900

4.05736200

-1.25219100

0.49696000

5.96154100

3.87578100

3.46727200

4.53416800

5.80202300

3.29568400

4.46319300

2.39693900

2.25007000

1.22841800

1.21891000

-0.00583400

2.27459100
3.72020600
1.67618300
458011200
4.72185600
4.12079800
5.65294700
-0.22180500
0.85586000
-0.96723500
-2.04516800

-0.31285200

1.49207100

-1.42540500

-1.94721900

-0.55080000

1.18135600

-2.24861500

-0.68720400

0.01320600

0.02314200

-0.05559300

-0.13274200

-0.07191600

6o I 6o r 60, r 6 T T T O I O I O O O O Z2 T IT I O

-0.00203700

-1.23757800

0.77458200

-0.95379200

182
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H -1.23427900 -2.03422800 -0.20143100

C -2.40691700 -0.19573500 -0.14438900

H -2.25167800 0.87547600 -0.03951500

Table 30. Table of cartesian coordinates X,Y,Z of C5 cis-7 excited state. Energy is given in

Hartrees.

C5 cis-7 Excited State XYZ

Energy = -1460.234632
No Imaginary frequencies

X

5.52333230

6.15612029

5.41992223

Y

-1.83903333

-3.07716881

-4.23233877

Z

0.16045641

0.28032167

0.12557871

Z I I I I O O O O O O O O

4.04620247

3.43602639

3.74761124

4.93809857

6.01821405

7.22049735

5.89657785

3.46000607

2.40387173

415325924

-4.14965811

-2.93185654

-0.44769277

0.33686137

-0.50674895

-3.10175631

-5.20027382

-5.04075713

-2.81971005

-1.79032638

183

-0.18788446
-0.29282759
-0.14175397
0.00711220
0.20611909
0.47819784
0.21564546
-0.36598270
-0.58226635

-0.06722118



4.98202967

1.81117607

-0.00194551

5.92783100

4.11249328

5.99805896

6.60029035

2.47376882
2.57047577
3.86238109

1.89442871

-0.79326360

0.79088497

-0.79705872

-1.41667982

4.18524752

3.95896237

0.78541114

3.39057019

2.06964244

1.42643856

5.12610206

4.60866243

-0.00911605

6.73220407

3.50965004

4.36136872

4.53394789

-1.41898967

1.40808984

5.18086672

7.44729997

8.03707251

7.53488775

5.69107689

-0.15738756

-0.20633862

0.85377684

-0.01228259

0.45973329

-0.46097968

0.85944866

7.89197444

-5.52333860

-3.43601317

-4.04620872

-5.41995203

-6.15614844

-6.01823067

-0.85377131
-1.83901343
-2.93187279
-4.14966152
-4.23232315
-3.07713673

-0.50673463

1.17381499

0.16055010

-0.29251049

-0.18754041

0.12583088

0.28045407

0.20609854

o o o o o o o o rr r I 6O T T T O I O I O O O O

-4.93810332

-3.74760150

0.33686896

-0.44768753

184

0.00712719

-0.14162427



-2.40383252

-2.81977183

-0.58186483

-3.45999912
-5.89661791
-7.22054128

-71.44734114

-5.04076977

-5.20025054

-3.10169984

-0.15738151

-0.36555192

0.21592485

0.47824780

0.45959478

-8.03711797

-0.20675102

-0.46109370

-7.89194978

-0.85352490

1.17395468

-7.53500284

-4.15324986

0.85392857

-1.79031827

0.85891657

-0.06703506

-4.98202842
-5.92776184
-4.11254089
-5.99798832
-6.60017435
-4.18528751
-3.39066036
-5.12608693
-6.73209326
-3.50972394
-5.18084365

0.00000180

1.81117803

2.47373012

2.57052627

3.86234411

1.89435504

3.95900902

2.06972912

4.60867000

4.36129512

4.53403007

5.69108435

0.02113764

-0.00202465

-0.79345235

0.79081909

-0.79733529

-1.41688858

0.78525460

1.42645090

-0.00937642

-1.41934302

1.40793777

-0.01261059

-0.36538279

6o I 6o rr T I O I O I O O O 6o Zz I T I O I IT I T

-0.00001517

1.22453143

1.02630246

-0.60170477

185
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Table 31. Table of cartesian coordinates X,Y,Z of C5 trans ground state. Energy is given in

Hartrees.

1.18734209

-1.59470805

0.32580749

2.44660583

2.40108277

-1.22451126

-2.44659340

0.03563823
1.08247057
-0.60172138

0.03563361

-0.32569717

-0.61316174

-0.10958686

-0.32556058

-1.18728110

-1.59471563

0.32589314

I T O O I O =T

-2.40106416

1.08246489

-0.61302933

C5 trans Ground State XYZ

Energy: -1460.204318

No Imaginary Frequencies

X

-5.26001277

-5.85099272

-5.08032319

-3.70716601

-3.14403299

-3.54908453

-4.77056588

Y
-1.71416719
-2.98582759
-4.08352528
-3.91967854
-2.67827544
-0.23593763

0.47763092

z

-0.12168560

-0.15235665

-0.44015974

-0.72763600

-0.69023579

-0.27309264

-0.02942818

O O O O O O O O

-5.80868891

-0.42252423

0.08941718
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-6.91053395

-3.07063715

0.05044580

-5.52192543
-3.09016790
-2.11680467

-3.90233924

-5.07116301

-4.76560830

-2.49503907

-1.59249535

-0.46621943

-0.99534056

-0.95393713

-0.35833647

-4.87045987

1.94340560

0.09035235

-5.44986525

2.51903187

1.22423927

-4.41089300

-5.56150779

2.77327624

3.89961914

-0.93734680

1.33103071

-5.79957950
-4.52695875
-3.98830591
-5.10029456
-6.00848174
-4.18052331
-5.19308477
-7.25890287
-7.54893312
-7.48007790
-7.88407007

6.08142872

1.87839803

4.15347765

2.32937701

4.71847541

4.33659838

4.78779365

5.79440256

-0.15556137

-0.43388173

0.90265031

-0.72381182

1.18694934

2.02615666

-0.82911960

-1.83232988

0.30547318

2.21549426

-1.63590685

0.38774185

0.33835945

1.35520506

0.20173077

-0.35413089

-0.08927833

6o o o r r r 6 I T T O I O I O O O O Z2 I IT I =T

4.67542357

5.77000537

3.11671449

3.92363135
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7.06753311

3.36219519

-0.28653738

7.21902883

5.93024331

457747759

3.85437764

2.00353260

-0.22017781

-0.47922511

0.75105980

-0.18197403

0.03311216

0.09293577

-0.00471564

3.66650517

3.49980921

-0.22353378

5.62736781

4.99168700

-0.38574901

7.93356984

4.00691158

-0.35896614

8.19534964

7.06635596

1.53680751

-1.18730393

-0.17125739

0.11887100

7.62210616

7.76642571

6.69732743

4.82926875

-1.23050304

-0.90051503

-2.18833820

1.76532448

-0.82154859

0.90731493

0.34053817

-0.10247291

3.97324489

4.05501672

3.33606682

3.49393587

4.55285664

2.77949411

3.28139869

-1.81566638

-2.77534723

-2.13382122

-4.03483478

-2.52790183

-3.39299340

-1.38952157

0.28033064

-0.72906611

1.48240627

-0.54393754

-1.66000739

1.66592212

2.26931565

Ir O I O I O O O O Z I T T O I T T T O O O O O

2.85504146

3.56185677

-4.34408888

-4.77508556
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H 2.29543458 -3.63611998 2.60400581
H 2.42664074 -5.32807945 0.79866474
C 2.49239416 1.02840125 -0.06496064
H 2.20899955 2.07750637 -0.09426943
C 1.43673213 0.12742523 -0.11407567
H 1.62408915 -0.93901829 -0.12536659
C 0.12194303 0.58000039 -0.16530946
H -0.04549357 1.65649643 -0.15605106
C -1.00158746 -0.24138317 -0.22815536
H -0.83180426 -1.30928444 -0.21562739
C -2.27502592 0.31778749 -0.24226182
H -2.30493374 1.40261781 -0.16994240

Table 32. Table of cartesian coordinates X,Y,Z of C5 trans excited state. Energy is given in

Hartrees.

C5 trans Excited State XYZ

Energy: -1459.782024

No Imaginary Frequency

X Y Z
C -5.00323400 -1.80830100 -0.46362900
C -5.42721000 -3.12704500 -0.66445900
C -4.54979100 -4.05672700 -1.18092500

189



-3.24045800

-3.66036400

-1.53868600

-2.83449200

-3.49222300

-4.77063900

-5.68399400

-2.37122500

-0.10889500

0.40540700

-0.63779300

-1.33129000

-0.46770200

-0.07299900

-0.03442900

-6.44931300

-3.38978800

-0.41461800

-4.86757400

-5.08118600

-1.33939100

-2.55232800

-4.35844200

-1.99958300

-1.87282800

-3.68478000

-1.99664800

-1.47143800

-1.64970200

-0.75041300

-5.03289600

-5.66212700

-4.68044200

-5.92771000

1.81210400

2.13636100

2.84328400

3.46309700

0.27587100

1.48401300

-0.60526300

1.80621200

-5.92578200

-4.94713200

-4.22150300

-5.56988500

-6.41170800

-4.67951400

-5.78007100

1.34240700

4.16902800

2.59646000

4.48150900

3.70239500

4.95847100

5.51609400

2.17729700

-0.28102800

-1.55932100

0.92566000

2.74760300

-0.97613000

1.17692200

Ir o I T T O I O I O O O O Z2 I T IT T O O O O O

-7.13248400

-7.30535600

-0.59331700

-0.96996800
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-7.50663100

0.43197200

0.28817200

-7.73003100

6.18392900

4.97067000

6.14362800

-1.20356400 -0.35213700

0.98576300

3.00322800

3.67298100

-0.21147700

-0.69073100

-0.89848400

7.37852500

2.99614200

-0.76043700

7.39307700

1.65983000

-0.42463600

5.87924000

4.49767000

-0.35542900

-0.45683200

0.14190800

0.23287700

3.91552800

4.00020000

6.10892300

8.30783500

8.32235300

6.90407300

7.30503100

7.74643400

6.46903000

4.99227800

3.76126200

3.94055700

0.81280400

3.46885400

4.71976000

3.52905000

1.10945800

-1.40892600

-1.83130600

-1.00110600

-2.22750400

1.68428600

-1.66030300

-2.87684300

-0.08364500

-0.79741900

-1.17419300

-0.92769200

-0.32645000

0.41326100

-0.51542600

0.98066700

0.99136600

-0.33587000

0.66476700

-0.00287300

o o o 60 2z I T T O I IT I T O O O O O O O O IT =T

2.90379400

3.26749500

-1.61060600

-4.01964200
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H 4.60142300 -2.91857500 -0.86445500
C 2.23295300 -2.75239100 2.19431200
H 2.77202300 -0.67047700 2.30189000
C 2.41198700 -3.95927700 1.51821800
H 3.41315200 -4.95721700 -0.10577700
H 1.57827900 -2.70438900 3.05880300
H 1.89198000 -4.85160500 1.85203400
C 2.58355700 1.23825800 -0.20054400
H 2.39894100 2.30792600 -0.27352300
C 1.46294200 0.40957100 -0.25821300
H 1.60101600 -0.66766700 -0.26540700
C 0.15718100 0.90242900 -0.32988000
H 0.00246200 1.98141000 -0.32555400
C -0.96671800 0.07091200 -0.39836400
H -0.78227000 -0.99930800 -0.36809500
C -2.26853700 0.57237200 -0.41642600
H -2.37523500 1.64756000 -0.28816600



Table 33. Crystal data and structure refinement for C1.

Identification code m18097
Empirical formula C33 H28 CI N3 O4
Formula weight 566.03
Temperature 90.0(2) K
Wavelength 0.71073 A
Crystal system, space group Monoclinic, P2(1)/n
Unit cell dimensions a=13.2027(4) A alpha =90 deg.

b =8.2361(2) A beta = 90.564(1) deg.
c=24.8945(6) A  gamma = 90 deg.

Volume 2706.87(12) A3

Z, Calculated density 4, 1.389 Mg/m3

Absorption coefficient 0.187 mm*!

F(000) 1184

Crystal size 0.320 x 0.160 x 0.040 mm

Theta range for data collection 2.887 to 27.497 deg.

Limiting indices -17<=h<=16, -10<=k<=10, -32<=I<=30

Reflections collected / unique 30828 / 6215 [R(int) = 0.0666]
Completeness to theta = 25.242 99.8 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.958 and 0.673
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 6215/0/ 374
Goodness-of-fit on F? 1.047

Final R indices [1>2sigma(l)] R1 =0.0403, wR2 = 0.0948
R indices (all data) R1 =0.0539, wR2 = 0.1035
Extinction coefficient 0.0021(6)

Largest diff. peak and hole 0.389 and -0.507 e.A"®

Table 34. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A?x 10°)

for C1. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
N1 5608(1)  8302(2) 8320(1)  12(1)
N2 4249(1)  5004(2)  8702(1)  12(1)
Cc1 5183(1)  7524(2)  7873(1)  12(1)
C2 5838(1)  7833(2)  7433(1)  12(1)
C3 6665(1) 8729(2)  7620(1)  13(1)
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c4 7030(1) 9999(2) 8549(1)  16(1)
C5 6644(1) 10202(2)  9053(1)  18(1)
C6 5707(1)  9483(2)  9182(1)  17(1)
C7 5195(1)  8557(2)  8818(1)  14(1)
C8 6503(1) 9061(2) 8168(1)  13(1)
C9 7603(1)  9228(2) 7327(1)  18(1)
C10  4256(1) 6676(2)  7866(1)  12(1)
C1l  3794(1) 5700(2) 8237(1) 12(1)
C12 2760(1)  5137(2) 8231(1)  12(1)
C13 2506(1)  4203(2) 8675(1)  14(1)
Cl4  3804(1) 3247(2) 9430(1)  18(1)
C15  4796(1) 3289(2) 9606(1)  19(1)
C16 5524(1)  4144(2)  9312(1)  18(1)
C17 5244(1)  4990(2)  8861(1)  15(1)
C18 3528(1)  4102(2)  8969(1)  14(1)
C19 1653(1)  3349(2) 8842(1)  21(1)
C20 5682(1)  7191(2)  6886(1)  12(1)
c21 6002(1)  8094(2)  6442(1)  15(1)
C22 5897(1)  7479(2)  5925(1)  17(1)
c23 5452(1)  5977(2) 5839(1)  18(1)
C24  5114(1) 5076(2) 6273(1)  17(1)
C25 5238(1) 5670(2) 6793(1)  14(1)
C26 1991(1) 5596(2) 7823(1)  14(1)
C27 2153(1)  5372(2) 7273(1)  16(1)
C28 1419(1)  5846(2) 6900(1)  20(1)
C29 516(1) 6520(2) 7071(1)  21(1)
C30 334(1) 6700(2) 7616(1)  20(1)
c3l 1072(1)  6260(2) 7989(1) 17(1)
Cl1 2701(1)  3230(1) 5519(1)  18(1)
o1 2562(1)  3480(2) 6082(1)  36(1)
02 2051(1)  4725(2) 5262(1)  36(1)
03 1787(1)  2605(2) 5294(1)  54(1)
04 3518(1) 2108(2) 5450(1)  46(1)
N1S 7561(1)  6295(2) 8976(1)  32(1)
C1S 8163(1)  6543(2) 9297(1)  22(1)
C2S  8930(2) 6819(2) 9710(1)  31(1)

194



03

Figure 46. C1 thermal ellipsoid plot at 50% probability for a single C1 molecule with added

hydrogens.

03 02

Figure 47. C1 thermal ellipsoid plot at 50% probability for a single C1 molecule.
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Figure 48. Crystal packing structure for C1 from three different perspectives.
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Table 35. Crystal data and structure refinement for C3.

Identification code m18106s
Empirical formula C33.50 H29 CI N2 04.50
Formula weight 567.04
Temperature 90.0(2) K
Wavelength 0.71073 A

Crystal system, space group
Unit cell dimensions

Monoclinic, P2(1)
a=11.2142(6) A alpha =90 deg.

b=253615(11) A beta = 108.702(2) deg.

c=11.4422(7) A gamma = 90 deg.

Volume 3082.4(3) A3

Z, Calculated density 4, 1.222 Mg/m?
Absorption coefficient 0.164 mm*

F(000) 1188

Crystal size 0.300 x 0.200 x 0.150 mm
Theta range for data collection 2.501 to 27.476 deg.

Limiting indices

-14<=h<=14, -32<=k<=32, -14<=I<=14

Reflections collected / unique

84864 / 14089 [R(int) = 0.0495]

Completeness to theta = 25.242 99.8 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.942 and 0.893
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 14089 /87 /784
Goodness-of-fit on F? 1.057

Final R indices [I>2sigma(l)]

R1 =0.0509, wR2 = 0.1365

R indices (all data)

R1=0.0610, wR2 = 0.1436

Absolute structure parameter

0.092(14)

Extinction coefficient

n/a

Largest diff. peak and hole

0.277 and -0.404 e. A3
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Table 36. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A% x 10°)

for C3. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
NIA  5240(3) 5638(1) 2076(3)  20(1)
N2A 1518(3) 5803(1) 5881(3)  25(1)
CIA  4856(4) 5216(2) 2679(3)  23(1)
C2A 5381(3)  4751(1) 2310(3)  21(1)
C3A  6024(3) 4885(1) 1521(3)  22(1)
C4A  6500(4) 5795(2)  759(3)  24(1)
C5A  6318(4) 6328(2)  845(4) 27(1)
C6A  5586(4) 6515(2) 1547(4)  26(1)
C7A  5057(4) 6176(2) 2152(4)  25(1)
C8A  5966(3) 5450(2) 1394(3)  22(1)
C9A  6714(4) 4535(2)  890(4)  23(1)
CI10A  4120(4) 5232(2) 3448(3)  24(1)
C11A  3510(4) 5648(2) 3813(3) 24(1)
CI12A  2872(4) 5565(2)  4660(3)  24(1)
CI13A  2262(3) 5942(2) 5135(3) 24(1)
C14A  2190(3) 6506(2) 5038(3)  24(1)
CI5A  1426(4) 6695(2) 5679(4)  26(1)
CI16A  256(4) 6209(2) 6966(4)  31(1)
CI17A 6(4) 5719(2) 7335(4)  32(1)
C18A 501(4) 5263(2) 6959(4)  30(1)
CI19A  1261(4) 5308(2) 6237(4) 26(1)
C20A  1012(3) 6252(2) 6216(4)  25(1)
C21A  1111(4) 7256(2) 5878(4)  33(1)
C22A  5237(4)  4210(2) 2711(4)  26(1)
C23A  4797(4) 3812(2) 1834(4)  30(1)
C24A  4700(6) 3294(2) 2214(5) 48(1)
C25A  4999(6) 3175(2) 3416(6) 55(2)
C26A  5441(6) 3560(2) 4307(5)  49(1)
C27TA  5565(4) 4082(2) 3957(4)  31(1)
C28A  2898(4) 6847(2)  4430(4)  26(1)
C29A  4223(4) 6832(2) 4820(4)  28(1)
C30A  4889(4) 7159(2)  4290(4)  33(1)
C31A  4244(4) 7511(2) 3338(4)  34(1)
C32A  2936(5) 7529(2) 2956(4)  35(1)
C33A  2271(4) 7204(2) 3503(4)  29(1)
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N1B 2813(3)  5923(1)  -470(3)  20(1)
N2B -995(3)  5924(1)  3274(3)  25(1)
C1B 2285(3)  6372(1)  -82(3)  22(1)
C2B 2731(3)  6817(1) -585(3)  22(1)
C3B 3490(3)  6650(2) -1256(3)  22(1)
C4B 4109(4)  5717(2) -1727(4)  25(1)
C5B 3996(4) 5184(2) -1493(4)  26(1)
C6B 3282(4) 5035(2) -761(4)  25(1)
C7B 2685(4)  5396(2) -261(3)  23(1)
CsB 3533(3) 6090(2) -1195(3)  21(1)
C9B 4174(4)  6976(2) -1923(4)  27(1)
CI10B  1523(3) 6382(2) 673(3) 22(1)
C11B  1051(4) 5987(2) 1234(3)  24(1)
C12B 245(4)  6105(2) 1908(3)  25(1)
C13B  -279(3) 5748(2) 2529(3)  23(1)
C14B  -224(3) 5181(2) 2650(3)  26(1)
C15B  -857(4) 5031(2) 3447(3)  28(1)
C16B  -2109(4) 5570(2) 4570(4)  32(1)
C17B  -2450(4) 6085(2)  4769(4)  34(1)
C18B  -2021(4) 6507(2)  4234(4)  34(1)
C19B  -1316(4) 6432(2) 3485(4)  29(1)
C20B  -1356(4) 5499(2) 3826(3)  25(1)
C21B  -1063(4) 4490(2)  3846(4)  34(1)
C22B  2462(4) 7370(2) -360(4) 27(1)
C23B  3443(4) 7730(2)  78(4)  32(1)
C24B  3206(5) 8246(2)  324(5)  40(1)
C25B  1989(6)  8421(2)  135(5)  47(1)
C26B 989(5) 8068(2) -338(5)  46(1)
C27B  1225(4) 7550(2) -579(4)  34(1)
C28B 353(4) 4813(2) 1988(4)  29(1)
C29B -60(4)  4797(2)  692(4)  35(1)
C30B 471(5)  4443(2)  82(5)  45(1)
C31B  1423(6) 4106(2)  734(6)  49(2)
C32B  1835(5) 4118(2) 2014(5)  43(1)
C33B  1298(4) 4470(2) 2640(4)  33(1)
CIIC  6822(1) 4945(1)  7311(1)  38(1)
o1C 5014(4)  5236(3) 6389(4)  82(2)
02C 7347(4)  5263(2) 8383(3)  62(1)
03C 7787(4)  4786(2) 6841(4)  57(1)
04C 6209(5) 4491(2) 7620(5)  77(1)
CIID  2284(8) 2745(3) 8529(6)  40(1)
01D 1089(9) 2512(6)  8261(17) 108(5)
02D 3179(11) 2544(4)  9627(8)  64(3)
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03D 2150(12) 3303(3)  8678(10) 56(3)
04D 2733(14) 2651(3)  7530(8)  75(3)
CILE  2000(11) 2693(5) 8492(10) 40(1)
O1E 1282(11) 2312(5)  8856(12) 46(3)
O2E 3310(11) 2621(7)  9120(20)  75(6)
O3E 1605(18) 3199(5)  8797(16) 58(4)
O4E 1720(20) 2647(5)  7205(10)  76(5)
CiM -813(7)  3631(3) 6594(8)  78(2)

O1M 341(4) 3916(2) 6923(4)  62(1)

Figure 49. C3 molecule A thermal ellipsoid plot at 50% probability for a single C3 molecule A.
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Figure 50. C3 molecule B thermal ellipsoid plot at 50% probability for a single C3 molecule B.
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Figure 51. C3 thermal ellipsoid plot at 50% probability for a molecule A and B of C3.
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Figure 52. C3 thermal ellipsoid plot at 50% probability for a molecule A and B of C3 with a

reduced atom label count.
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Figure 53. Crystal packing structure for C3 from three different perspectives.
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Table 37. Crystal data and structure refinement for C5.

Identification code m18112

Empirical formula C37H32 CIN3 O4
Formula weight 618.10
Temperature 90.0(2) K
Wavelength 0.71073 A

Crystal system, space group
Unit cell dimensions

Monoclinic, P2(1)/n
a = 8.4563(2) A alpha = 90 deg.

b=235963(5)A  beta=99.308(1) deg.

c=16.0089(4) A  gamma = 90 deg.

Volume 3152.31(13) A3

Z, Calculated density 4, 1.302 Mg/m3
Absorption coefficient 0.167 mm-*

F(000) 1296

Crystal size 0.260 x 0.220 x 0.180 mm
Theta range for data collection 2.569 to 27.498 deg.

Limiting indices
Reflections collected / unique

-10<=h<=10, -30<=k<=30, -20<=I<=20
60046 / 7220 [R(int) = 0.0283]

Completeness to theta = 25.242
Absorption correction

99.8 %
Semi-empirical from equivalents

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

0.942 and 0.879
Full-matrix least-squares on F?
7220/0/410
1.032
R1 =0.0365, wR2 = 0.0954
R1=0.0413, wR2 = 0.0994
0.0026(6)
0.297 and -0.412 e.A3

Table 38. Atomic coordinates ( x 10*) and equivalent isotropic displacement parameters (A2 x

10°) for C5. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
N1 9856(1) 5071(1) 1250(1)  17(1)
N2 71(1) 5210(1) 3757(1)  20(1)
Cc1 8602(1)  5405(1)  1485(1)  17(1)
C2 9002(1)  5981(1) 1317(1)  18(1)

C3  10409(2) 5994(1)  997(1)  20(1)
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c4 12280(1)  5186(1)  669(1)  21(1)

C5 12513(2)  4610(1)  724(1)  22(1)

C6 11396(2)  4266(1) 1051(1)  22(1)
c7 10074(2)  4498(1)  1306(1)  20(1)
C8 10944(1)  5422(1)  950(1)  18(1)

C9 11295(2)  6497(1)  747(1)  28(1)

C10 7326(1)  5168(1)  1801(1)  18(1)
c11 6084(1)  5465(1) 2091(1)  20(1)
C12 4877(1)  5199(1)  2424(1)  20(1)
C13 3696(2)  5502(1)  2765(1)  21(1)
Cl14 2518(1)  5241(1)  3122(1)  20(1)
C15 1396(1) 5507(1) 3558(1)  19(1)
C16 1330(1)  6054(1)  3924(1)  20(1)
C17 10(2)  6081(1)  4341(1)  23(1)

C18  -2174(2) 5341(1) 4492(1)  26(1)
C19  -2681(2) 4804(1) 4269(1)  28(1)
C20  -1794(2)  4466(1) 3782(1)  28(1)
c21 -437(2)  4670(1)  3535(1)  24(1)

C22 -785(1)  5557(1)  4228(1)  22(1)

c23 -428(2)  6558(1)  4876(1)  32(1)

C24 7995(1)  6477(1)  1455(1)  18(1)
C25 6851(2) 6684(1)  806(1)  26(1)

C26 5841(2)  7122(1)  959(1)  32(1)

c27 5089(2)  7365(1)  1755(1)  31(1)
C28 7142(2)  7168(1)  2400(1)  27(1)
C29 8131(2)  6724(1) 2255(1)  23(1)
C30 2499(2)  6521(1)  3934(1)  23(1)
C31 4124(2)  6441(1)  4236(1)  31(1)
C32 5187(2)  6888(1)  4263(1)  40(1)
C33 4669(2)  7422(1)  3992(1)  40(1)
C34 3062(2)  7510(1)  3713(1)  46(1)
C35 1984(2)  7064(1) 3690(1)  37(1)
Cll  16221(1) 3539(1) 1313(1)  20(1)
o1 16251(1)  3983(1)  699(1)  26(1)

02 16436(2)  3002(1)  931(1)  44(1)

03 17495(1)  3625(1) 2015(1)  34(1)
04 14716(1)  3548(1)  1609(1)  52(1)
N1S  13194(3) 3832(1) 3628(1)  69(1)
C1S  14064(2)  3478(1) 3561(1)  41(1)
C2S  15206(2) 3029(1)  3492(1)  47(1)
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Figure 54. C5 thermal ellipsoid plot at 50% probability for a single C5 molecule with added

hydrogens.
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Figure 55. C5 thermal ellipsoid plot at 50% probability for a single C5 molecule.
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Figure 56. Crystal packing structure for C5 from three different perspectives.
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Table 39. Mulliken charges on NOz™ atoms.

Atom Atom Charge 20
Number ”
1 N -0.052098 1 N+
2 0 -0.315967 N
3 0 -0.315967 g 2
4 o) -0.315967

Table 40. Mulliken charges on ClO4™ atoms.

Atom Atom Charge 20
Number 1 | |
1 Cl 1.351688
2 0 -0.587922 g—C'—g
3 o) -0.587922 |
4 o) -0.587922 50
5 o) -0.587922

Table 41. Mulliken charges on PFs™ atoms.

Atom Atom Charge 2 _l -
Number
1 P 3.403124 7 F\1 | - F3
2 F -0.733854 N
3 | F 0733854 g~ | SF4
4 F -0.733854 SF
5  F -0.733854
6 F -0.733854
7 F -0.733854

Table 42. Mulliken charges on TFSI atoms.

Atom Atom Charge
Number
1 S 1.176786
2 C 0.742771
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3 F -0.309487
4 F -0.294206
5 F -0.266768
6 N -0.878432
7 S 1.117281
8 C 0.828531
9 F -0.315792
10 F -0.282991
11 F -0.274752
12 @) -0.556669
13 @) -0.568497
14 @) -0.551996
15 @) -0.565780

Table 43. Mulliken charges

on TPB atoms.

Atom Atom Charge
Number
1 B -0.158270
2 C 1.128749
3 C -0.481455
4 C -0.418219
5 C -0.330027
6 C -0.418219
7 C -0.481455
8 H 0.178060
9 H 0.145291
10 H 0.143492
11 H 0.145291
12 H 0.178060
13 C 1.128749

>(\\//
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14 C -0.481455
15 C -0.418219
16 C -0.330027
17 C -0.418219
18 C -0.481455
19 H 0.178060
20 H 0.145291
21 H 0.143492
22 H 0.145291
23 H 0.178060
24 C 1.128749
25 C -0.481455
26 C -0.418219
27 C -0.330027
28 C -0.418219
29 C -0.481455
30 H 0.178060
31 H 0.145291
32 H 0.143492
33 H 0.145291
34 H 0.178060
35 C 1.128749
36 C -0.481455
37 C -0.418219
38 C -0.330027
39 C -0.418219
40 C -0.481455
41 H 0.178060
42 H 0.145291
43 H 0.143492
44 H 0.145291
45 H 0.178060
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Table 44. Mulliken charges on BARF atoms.

Atom Atom Charge
Number

1 B 0.246940
2 C -0.467115
3 C 0.030678
4 C -1.081474
5 C -0.353031
6 C -0.525904
7 C -0.424496
8 H 0.215602
9 C 1.885359
10 F -0.322164
11 F -0.302350
12 F -0.273043
13 H 0.220926
14 C 1.771129
15 F -0.296042
16 F -0.274135
17 F -0.332978
18 H 0.220021
19 C -0.337231
20 C 0.010444
21 C -1.091433
22 C -0.315577
23 C -0.594870
24 C -0.373494
25 H 0.215116
26 C 1.752906
27 F -0.304481
28 F -0.268874
29 F -0.327559
30 H 0.220899
31 C 1.838879
32 F -0.272759
33 F -0.301823
34 F -0.329219
35 H 0.221551
36 C -0.409728
37 C -0.022202
38 C -1.101163
39 C -0.314471
40 C -0.573120

211

Atom Atom Charge
Number

41 C -0.341871
42 H 0.215555
43 C 1.737881
44 F -0.269514
45 F -0.304927
46 F -0.328041
47 H 0.221053
48 C 1.828482
49 F -0.271783
50 F -0.300031
51 F -0.329847
52 H 0.220930
53 C -0.391629
54 C -0.316589
55 C -0.740104
56 C -0.283551
57 C -1.233593
58 C 0.015076
59 H 0.219623
60 C 1.870671
61 F -0.332687
62 F -0.271987
63 F -0.297009
64 H 0.220620
65 C 1.887648
66 F -0.265933
67 F -0.303000
68 F -0.330092
69 H 0.214931

FsC CF

3 3 —| -

FsC 14CF,
FsC
F4C CF,
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Figure 57. Full spectrum (300-1000 nm) of molar absorptivity and emission plot in MeCN.
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Figure 58. Full spectrum (300-1000 nm) of molar absorptivity and emission plot in DCM.
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Figure 59. Concentration versus absorbance plot for C5-Cl in DCM.
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Figure 60. Concentration versus absorbance plot for C5-NOs in DCM.
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Figure 61. Concentration versus absorbance plot for C5-PFs in DCM.
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Figure 62. Concentration versus absorbance plot for C5-TFSI in DCM.
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Figure 63. Concentration versus absorbance plot for C5-TPB in DCM.
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Figure 64. Concentration versus absorbance plot for C5-BARF in DCM.
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Figure 65. Concentration versus absorbance plot for C5-Cl in MeCN. A positive deviation from
the Beer-Lambert Law is observed.
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Figure 66. Concentration versus absorbance plot for C5-NOs in MeCN. A positive deviation

from the Beer-Lambert Law is observed.
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Figure 67. Concentration versus absorbance plot for C5-PFs in MeCN. A positive deviation
from the Beer-Lambert Law is observed.
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Figure 68. Concentration versus absorbance plot for C5-TFSI in MeCN. A positive deviation
from the Beer-Lambert Law is observed.
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Figure 69. Concentration versus absorbance plot for C5-TPB in MeCN. A positive deviation

from the Beer-Lambert Law is observed.
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Figure 70. Concentration versus absorbance plot for C5-BARF in MeCN. A positive deviation
from the Beer-Lambert Law is observed.
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Figure 71. Absorption spectrum of varying concentrations of C5-Cl in MeCN showing a change
in features as concentration changes.
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Figure 72. Raw film absorption spectrum not normalized. The blank glass absorption spectrum

with no dye is shown for comparison.
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Figure 73. Film absorption with C5-Cl on glass prepared with varying concentrations of the dye.
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Figure 74. Film absorption with C5-TPB on glass prepared with varying concentrations of the
dye.
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Figure 75. Film absorption with C5-TPB and C5-ClI on fluorine doped tin oxide (FTO).
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Figure 76. ATR-IR of PyIn.SQ (cis) and PyIn,SQ (trans) compared to computed vibrational

spectrum.
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Figure 77. Comparison of NIR absorption spectra (solid black lines) and emission spectra (dashed

red lines) for PhIn2SQ, Naphln2SQ and PyIn2SQ in toluene.
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Figure 78. Comparison of NIR absorption spectra (solid lines) and emission spectra (dashed lines)

for PhIn2SQ, MesIn2SQ, bis-CF3In2SQ and bis-tBuPhIn2SQ in toluene.
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Figure 79. Comparison of NIR absorption spectra (solid black lines) and emission spectra (dashed
red lines) for Phin.SQ, MeOPhIn,SQ, CF3PhIn2SQ, CNPhIn2SQ and NO2PhIn2SQ in toluene.

*HOPhIN,SQ spectra taken in DMSO.
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Figure 80. UV-Vis-NIR absorption spectra in dichloromethane (400-1000 nm).
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Figure 81. UV-Vis-NIR absorption spectra in toluene (400-1000 nm).
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Table 45. UV-Vis-NIR absorption and emission data in DCM.

Dye Absorption  Emission Stokes () T
Max. Max. Shift (%) (ns)
(nm) (nm) (nm, eV)
Meln2SQ 704 744 40, 0.082 1.6 0.17
PhIn2SQ 716 766 50, 0.113 2.1 0.22
NaphlIn2SQ 719 767 48, 0.108 4.1 0.25
PyIn2SQ 722 750 28, 0.064 4.8 0.70
PyIn2SQ (trans) 724 749 25, 0.057 4.4 0.57
PyIn2SQ (cis) 723 749 26, 0.060 6.3 0.88
MesIn2SQ 717 731 14, 0.033 0.7 0.22
Bis-tBuPhIn,SQ 716 736 20, 0.047 9.5 0.37
Bis-CFsPhlin- 720 749 29, 0.067 54 0.25
2SQ
CF3PhIn.SQ 720 751 31,0.071 2.5 0.20
CNPhIn2SQ 723 762 38, 0.085 3.6 0.23
NO2PhIn.SQ 726 764 38, 0.085 3.4 0.25
MeOPhINn2SQ 716 742 26, 0.061 3.0 0.27
HOPhIN,SQ N/A N/A N/A N/A N/A
1 639 657 18, 0.045 12.0 2.00
R

Kubelka-Munk Units (norm.)

Figure 82.
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Figure 83. Emission of solid samples.
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Figure 84. Absorption and Emission of Meln,SQ in water. Note: The dye was first dissolved in
minimal DMSO then water was added to dilute the sample. Directly dissolving the dye in water

led to very slow dye dissolving rates.
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Table 46. Electrochemical properties in DCM.

Dye Egort Es+s) (V) Ess) (V) E(s+/s%)
(eV) [E(s2+/15+)] [E(s2-/5-)] (V)
Meln2SQ 1.68 0.62 -1.38 -1.06
PhIn2SQ 1.65 0.71 -1.54 -0.94
MesIn,SQ 1.66 0.64 -1.55 -1.02
NaphInzSQ 1.64 0.62 -1.50 -1.02
PyIn,SQ 1.65 0.56 [1.22] <-2.00 -1.09
MeOPhIn,SQ 1.65 0.54 -1.51 -1.11
HOPhIN,SQ 1.64 0.42 -1.37 -1.22
Bis-tBuPhlIn- 1.68 0.58 -1.53 -1.10
25Q
CF3PhInz2SQ 1.65 0.63 -1.42 -1.02
Bis-CF3Phin- 1.66 0.78 -1.33 -0.88
25Q
CNPhInz2SQ 1.65 0.67 -1.49 -0.98
NO2PhIn,SQ 1.64 050[1.21] = -1.47[-1.79] -1.14

E°" values were taken at the intercept of a tangent line on the low energy side of the max
absorption curve and the baseline. Es+s) and E(s.;sy measurements were made in dichloromethane
solution using a 0.1 M BusNPFg electrolyte and ferrocene as an internal standard. All values are
reported vs. ferrocene. Es+s+ values were calculated according to the equation E(s+s+ = E(s+s) —
Eg()pt.

Table 47. Dihedral angles, orbital contributions to vertical transitions, vertical transition energies

and oscillator strengths computed with DFT and TD-DFT analysis at the B3LYP/6-311g(d,p)

level.
dye angle angle transiti contri vert. oscillato energy
1) 20 on b. trans. r (Hartrees)
(%) (nm | strengt
eV) h
Ground-State, Trans Geometry
Meln2SQ 9 - H>L 98% 569(2.18  1.0118  -1186.8206365
PhIn2SQ 10 62 H>L 90% 607]2.04 0.7524  -1570.3700726
Hi>L 8%
PyIn2SQ 8 72 H>L 58% 628|197 0.4171  -2337.5716244
Hi->L 36%
| H3®>L 5%

Excited-State, Trans Geometry
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MelnSQ* 25 - H>L 8% 676/1.83 05317 -1186.8126123
| H!>L 14%
PhIn,SQ* 21 51 H>L 78%  733|1.69 0.3689  -1570.362595
| H'>L 19%
PyIn,SQ* 13 66 H>L 36%  757|1.64 0.0913  -2337.5644349
| H'> L 58%
H®>L 5%
Ground-State, Cis Geometry
Meln;SQ 0 - H>L 98% 572|217 0.9353  -1186.8202437
PhIn,SQ 13 61 H>L 98%  593|2.09 0.8464  -1570.369323
PyIn,SQ 2 87 H>L 20%  653|1.90 0.1168  -2337.5697768
| H1S> L 72%
H®>L 6%
Excited-State, Cis Geometry
Meln,SQ* 26 - H>L 83% 676/1.83 0.5061 | -1186.8128164
| H1> L 14%
PhIn,SQ* 25 54 H>L 74%  742|1.67 0.3280  -1570.3617374
| H1> L 23%
PyIn,SQ* 6 79 H>L 78%  869|1.43 0.0136  -2337.5598033
| H1> L 18%
H®>L 3%

*Indicates excited-state (S1) optimized geometry. 2A slight variation in angle on each side of

molecule was observed. The number reported is an average of the two angles.
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PhInzSQ (trans, So, geometry optimized at B3LYP/6-311g(d,p) level).

Long Edge Short Edge n-Face

awal- 22

PhInzSQ (trans, S1, geometry optimized at B3LYP/6-311g(d,p) level).

Long Edge Short Edge n-Face

Figure 85. Geometry change perspectives upon photoexcitation.
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Table 48. Further optimization of 2a from xanthene ditriflate

o]
= N
It -0 _
O O base, catalyst, ligand, o
Tro o =11 B

1

Entry Cata_lyst Liga_nd Base_ Addi_tive Solvent . Temp Time _(%)
(equiv) (equiv) (equiv) (equiv) (°C) (h) 2a:2b
1 ?g%‘dppm)z None (C?fg?m None NMP 80 18 <5
2 ?g%’z(PPm)z None é%tf“ None NMP 80 18 0
3 (P(;i f)l 2(PPhs)2 None gégBu None NMP 80 18 0
4 Pd(OAC)2 (0.1) (IBFngP)MEHBF“ éﬁw E&Ys?H DMA 100 20 0
5 Pd(OAC)2 (0.1) XPhos (0.2) éfg)os (Poifgc)’H DMA 100 20 0
6 PA(OACR (0.05) (g (E)‘?”S\')AP (C;g?os None Toluene 100 20 trace
7 Pd(OAC)2 (0.05) o. E;EI)AP (%Sgc):og (P(;\g?H Toluene 100 20 trace
8 Pd(OAC)2 (0.05) (Olg;;AP %56?03 None THF 100 20 trace
9 Pd(OAC)2 (0.05) (0.(?7ISAP (C;ESOQ' None Dioxane 100 20 trace
jo  Pd(dba)s CHOl oo Cs:COs  PivOH HE 100 ot .

adduct (0.1) (3.0) (0.3)

Unless otherwise specified, the reaction was carried out in a sealed tube under nitrogen
atmosphere in the presence of 1 (0.083 mmol) and 1-methyl-2-phenylindolizine (0.167 mmol),
solvent (0.34 — 2.0 mL), catalyst (5 — 10 mol %), base, and additives (pivalic acid) for 12 — 24 h
at 80 — 150 °C. Isolated yields (%) were reported for 2a and 2b
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Table 49. Further optimization of 2a from dibromo xanthene.

o = N
Q¢ L5
o]
base, catalyst, ligand
solvent
Br (o] Br
3

Entry Catalyst Ligand Base Additive Solvent Temp Time Yield
(equiv) (equiv) (equiv) (equiv) (°C) (h) (%)

1 PdCl2(PPhs)2 None NaO'Bu None NMP 80 18 0
(0.1) (5.2)

2 Pd(OAC): (‘Bu)2PMeHBF4 K2COs3 PivOH DMA 100 18 0
(0.05) (0.1) (1.5) (0.3)

3 Pd(OAc): XPhos KOAc None DMF 100 18 trace
(0.1) (0.2) (3.0

Unless otherwise specified, the reaction was carried out in a sealed tube under nitrogen
atmosphere in the presence of 3 (0.11 mmol) and 1-methyl-2-phenylindolizine (0.24 mmol),
solvent (0.34 — 2 mL), catalyst (5 — 10 mol %), base, and additives (PivOH) for 18 — 24 h at 80 —
150 °C. Isolated yields (%) were reported for 2a.

Absorbance (a. u.)
o o o o = = = -
o N F O ® b N B O 0 N

300 500 700 900 1100
Wavelength (nm)

Figure 86. UV absorption of Rhodoindolizine Lactone (2a)
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Figure 87. Absorption (A) and Emission (B) spectra for the solvatochromic effects of Rhindz

ethyl ester.

Table 50. Solvent effects on the photophysical properties of Rhindz ethyl ester (10)

Solvent Dielectric  Dipole (D) AbsMax  AbsMax Emission  Emission
Constant (nm) (eV) Max (nm) Max (eV)
Acetone 21 2.88 893 1.388 Hxx o
Chloroform 4.8 1.04 925 1.340 1051 1.179
DCM 9.1 1.60 921 1.346 1086 1.142
DMF 38 3.82 912 1.359 1041 1.191
DMSO 46.7 3.96 901 1.376 1075 1.153
Ethyl 6.0 1.78 896 1.384 faleied falaied
Acetate
Ethanol 24.6 1.69 908 1.365 1071 1.158
Methanol 33 1.70 900 1.378 1073 1.155
THF 7.5 1.75 903 1.373 1014 1.223
Toluene 2.4 0.36 917 1.352 1057 1.173

*** no appreciable emission in these solvents
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Figure 88. Spectra showing the artifact in the emission spectrum with different light sources.
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Figure 89. Vis-NIR region molar absorptivity of SO3SQ and SOsC5 in DMSO, MeOH, H>0, and
FBS.
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Table 51. Solubility of each dye in water, MeOH, and DMSO in mg/mL.

Dye Water MeOH DMSO
SOsC5 11.0 7.0 21.0
SOsSQ 11.0 5.8 29.0
ICG 7.8 10.0 18.0
250x10°
— DMSOps
— == DIIUISOEn'lis a
i E 200_ — MEOHADS 2..
_O --- MeOHg,,;s &
IE i FBSAbS ?
; 1504 - FBSEmis Q
S — HoOhps &
a - HyOgms &
o 1004 =
2 8
© 5
o @
e %7 2
= g
O_ | ] I I
500 600 700 800 900 1000

wavelength (nm)

Figure 90. Vis-NIR region molar absorptivity and normalized fluorescence of ICG in DMSO,

MeOH, H»0, and FBS.
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Figure 91. Vis-NIR region molar absorptivity graph of SO3C5 in water and DMSO demonstrating
the significant aggregate absorption of SOsC5 in water. Two different y-axis scales are used due

to large different in molar absorptivities with the two solvents.
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Figure 92. Vis-NIR region molar absorptivity graph of SOsC5 in water demonstrating no
noticeable concentration dependent aggregation over a ~1 order of magnitude change in

concentration.
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Figure 93. Vis-NIR region molar absorptivity graph of SO3SQ in water demonstrating modest

concentration dependent aggregation over a 1 order of magnitude change in concentration.
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Figure 94. Vis-NIR region molar absorptivity graph of ICG in water demonstrating apparent

concentration dependent aggregation in over a 1 order of magnitude change in concentration.
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Figure 95. Photostability study with SOsC5 in water with continuous white light LED irradiation.
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Figure 96. Photostability study with SO3SQ in water with continuous white light LED irradiation.
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Figure 97. Photostability study with ICG in water with continuous white light LED irradiation.
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Figure 98. Photostability comparison of SO3C5, SO3SQ, and ICG in MeOH with continuous
white light LED irradiation.

238



absorbance (a.u.)

1 Ll 1
500 600 700 800 900 1000
wavelength (nm)

Figure 99. Photostability study with SOsC5 in MeOH with continuous white light LED

irradiation.
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Figure 100. Photostability study with SO3SQ in MeOH with continuous white light LED

irradiation.
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Figure 101. Photostability study of ICG in MeOH with continuous white light LED irradiation.

Table 52. O-alkylation condition optimization.

Entry Base Solvent Temperature Time Result
(equiv.) (SM:SP:P)
1 Na2,CO3 isopropanol Reflux (~83 °C) 16 h 1.9:1.0:0.0
(1.0)
2 Na2.COs3 DMF Reflux (~153 °C) 2h 1.8:1.0:0.0
(1.0
3 Na2COs isopropanol Reflux (~83 °C) 16 h 3.2:1.0:2.9
(2.0)
4P CS.CO3 THF Reflux (~66 °C) 16h  0.0:<1.0:10.0
(2.5) 85% product
yield

SP: This product was observed by 1H NMR and is consistent with C-alkyation at the C1 position

as evidenced by a loss of the singlet from signal C1 with a significant shift in the signals at C7 and
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for the aryl ring doublet from the hydrogens closest to the indolizine.? 2.0 equivalents of 1,4-

butanesultone was used.” 2.5 equivalents of 1,4-butanesultone was used.

Table 53. Optimization conditions for SO3SQ.

Entry Solvent Temperature Condition Time Result
1 n-BuOH:Tol reflux N2 6 h SM consumed,
(1:1) (~110 °C) intractable brown
precipitate formation
2 n-BuOH:Tol reflux 02 6 h SM consumed,
(1:1) (~110 °C) intractable brown
precipitate formation
3 n-BuOH:Tol pressure flask N2 6h SM consumed,
(1:1) 130 °C intractable brown
precipitate formation
4 n-BuOH:Tol reflux N2, 2-3 6h trace product
(1:1) (~110°C)  drops H20 formation, SM
consumed, intractable
brown precipitate
formation
5 n- slow heating N2 6h trace product
BuOH:Tol:water  to 100 °C formation, SM
(1:1:1) consumed, intractable
brown precipitate
formation
6 n- reflux N2 2h trace product
BuOH:Tol:water  (~110 °C) formation, SM
(6:6:1) consumed, intractable

241



brown precipitate
formation
7 n- reflux N2 2h SM consumed,
BuOH:Tol:water  (~110 °C) intractable brown
(120:120:1) precipitate formation,
8% product yield
8 MeOH pressure flask N2 6h SM consumed, 60%
(100 °C) yield
25
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RX 154
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Figure 102. DLS data demonstrating aggregate size distributions for SO3SQ, SOsC5, and ICG

in water at 5 x 10°% M. DLS studies were also done for all three dyes in DMSO and demonstrated

no aggregate formation.
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