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Summary

For organic electronic device applications materials are needed which display good
charge carrier mobility, good processability, and stability towards oxygen and moisture.
Alkynylated N-Heteroacenes fulfill many of these requirements. Substitution with
alkyne groups as well as the introduction of the pyrazine subunit both inhibits oxidative
degradation at sensitive position in the molecules. Additionally the trialkylsilylethynyl
group aides in directing the packing motif as well as vastly increases the solubility over

unsubstituted analogues.

A requisite precursor in the synthesis of alkynylated N-heteroacenes is alkynylated
acenothiadiazoles. These thiadiazoles display interesting photophysical properties and
can be functionalized to produce a wide range of properties in closely related materials.
The acenothiadiazoles themselves have potential applications as an N-type
semiconductor. Optical gaps and calculated HOMO-LUMO gaps show that these
molecules, when compared to known N-type materials, should be easily injected with
electrons. Additionally the crystal packing of these compounds shows favorable n-orbital

overlap which should provide excellent charge carrier mobilities.

We have also substituted benzothiadiazoles with dialkylaniline groups as well as
phenol group to yield benzothiadiazole trimers. These molecules are acid/base sensitive
and exhibit similar properties in their isoelectronic states. Utilizing their solvatochromic
behaviors, we are able to tease out the interplay of dipole, hydrogen bond accepting, and

hydrogen bond donating interactions of the chromophore with the solvent.

XXVii



Additionally, we have reacted the alkyne groups on the acenothiadiazoles with
triethylene glycol monomethyl ether azide to produce bis(1,2,3-triazole)benzothiadiazole
and bis(1,2,3-triazole)naphthothiadiazole. These molecules are both water-soluble and

exhibit strong selective binding of nickel and copper in aqueous solutions.

Chapters 3 and 4 are related and explore the photophysical interactions of hydroxy-
and dibutylamino-substituted fluorophores with the solvent environment.  These
compounds were expected to be acid/base sensitive and display similar properties among
their isoelectronic pairs. Kamlet-Taft analysis was utilized to separate the dipole, proton-
accepting, and proton-donating characteristics of the solvent-fluorophore interactions.
These results showed that the in the case of the protonated dibutylamino and phenol
compounds hydrogen-bond interactions play a small role. In the case of the phenolate,
there are strong hydrogen-bond interactions. The dibutyl compounds unexpectedly
showed little hydrogen-bond interactions which is a result of the decreased basicity of the

amine compared to the phenolate.

Chapter five demonstrated that dihydrodiazatetracenes are stable, antiaromatic
species. These compounds were characterized utilizing x-ray crystallography as well as
NICS Calculations which show that the antiaromatic destabilization of the
dihydropyrazine subunit was offset by the aromatic stabilization of the adjoining rings

resulting in a net aromatically stabilized material.

Finally we explored the concept of functionalizing N-heteroacenes for the purpose of
reducing the bandgap of these molecules. Tetrahalogenated species were able to take
advantage of an unsymmetrically distributed HOMO to furnish materials which possess

significantly and somewhat unexpectedly redshifted absorption and emission profiles.

XXviii



Chapter 1: Introduction

1.1 Electronic Devices: Applications and Design Requirements

Electronic architectures such as photovoltaics (PVs), light emitting diodes (LEDS)
and thin film transistors (TFTs) play an important role in modern electronic devices.
PV solar cells are able to harness sunlight to provide clean, renewable electricity.
LEDs are able to efficiently produce light and have become a popular alternative to
incandescent lighting due to their lower operating cost and increased product lifetime.
Recently TFTs have found use in flat panel displays, particularly for use in televisions

and computer displays.

These devices are not without problems, however. These devices have historically
been manufactured utilizing inorganic substrates as the semiconducting material.
Depending upon the type of device being constructed, inorganic semiconductors have
several manufacturing drawbacks. Oftentimes the inorganic material needs to be
crystalline and requires time and energy intensive processes to be produced. Another
option is vapor deposition which again requires energy to sublime the material. In
addition, the semiconductor must be stable to the high temperatures required to
deposit the material under vacuum. A final consideration when producing
semiconductors from inorganic material is the reliance on limited mineral resources.
These materials must be mined from the earth and could be inaccessible in the future
either due to low abundance once need surpasses supply or due to unpredictable

geopolitical conflicts.



Semiconductors which are rationally designed based on conjugated organic
materials have the ability to overcome many of the limitations of inorganic based
materials. Generally, the carbon building blocks are widely available and very low
cost. These materials have a range of properties, but can easily be functionalized to
imbue solubility.  Solubilization of these materials allows for solution phase
processing including drop casting and spin casting in addition to the tradition vapor
deposition. Vapor deposition still requires thermally stable molecules, but generally
this requirement can be met with many of the materials discussed below. The main
limitation that organic materials need to overcome is the low charge carrier mobility
which is a measure of how easily charge carriers (holes or electrons) move within a

given material.

1.2 Acene Materials for Device Applications

For applications in organic devices, particularly thin film transistors, pentacene
has shown great promise due to its processability and relatively high charge carrier
mobility reaching upwards of 5.5 cm?V™'s™.%? While pentacene has become the
standard among organic semiconductors due to it intrinsic properties and synthetic
simplicity, it is not without its inherent problems. The compound is prone towards
oxidation and degradation upon exposure to air and light, particularly UV light.?
Additionally, the low solubility of the unsubstituted acene precludes solution phase

processing, although vapor deposition has been successfully utilized in numerous

examples.’

A viable option that has been explored by Anthony et al. is substituting pentacene

2
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Figure 1.1. Stepwise development of nitrogen substituted TIPS azapentacenes.

with TIPS-alkynyl groups in oxidation prone positions. These bulky substituents
increase the pentacene’s stability while maintaining relatively high charge carrier
mobility.” At the same time, the alkylsilyl groups contribute to the physical
properties which show improved solubility in organic solvents and the ability to be

solution processed.

Peralkynylated pentacene derivatives would be very attractive targets. However,
these compounds remain unknown due to the steric crowding caused by the bulky
substituents.® It would, however, be possible to substitute the pentacene with
oxidation stable pyrazine units which would alleviate the steric crowding of the
peralkynylated pentacene while maintaining the stability of the compound (Figure
1.1). These compounds would be electron rich arenes with favorable properties for
use in electronic device applications such as thin-film transistors and organic light

emitting diodes.



1.3 N-Heteroacenes and Acenothiadiazoles

The synthesis of N-heteroacenes can be achieved by the simple acid catalyzed
condensation of an ortho-arylenediamine and a suitable ortho-dione. While in the
majority of the dione species that we utilize are commercially available, alkynylated
aryldiamines need to be efficiently synthesized in order to produce a wide range of
potential products. Generally, unsubstituted aryldiamines can be purchased (e.g.;
phenylene diamine) or can be synthesized by the Gabriel amine synthesis from the

corresponding dibromoaceno-p-quinones.

Coupling of the alkyne to the aryldiamine utilizes either Sonogashira coupling to
arylhalides or a more aggressive technique utilizing the coupling of a lithium
acetylide to a quinone followed by a reduction step utilizing potassium hypophosphite
and potassium iodide (Scheme 1.1). Both of these conditions require that the amino
functional groups first be protected. This is easily accomplished utilizing refluxing
thionyl chloride to produce a thiadiazole. Thiadiazoles are stable towards acid/base
and oxidizing conditions but can be easily removed with a suitably strong reducing

agent.

These acenothiadiazoles are interesting in their own right since they are an aromatic

T1PS TIPS TIPS
A o I I
NH:  soa ﬁ;:[)‘ n-Bulli /N\S KH,PO, E/:E::} LiAIH, (INHZ
NH, \h}s =-TIPS =N KI X X7 NH,
78 I I
P TIPS TIPS

Scheme 1.1. Synthesis of diethynyl-substituted aryldiamines utilizing the
benzothiadiazole group and the Bunz-Miao alkynylation procedure.



system which has exceedingly strong electron-withdrawing character. This gives rise to a
unique set of photophysical behaviors that could be applicable in electronic materials,
photophysical studies and sensory applications. Benzothiadiazoles have been utilized in
conjugated polymers’ as well as small molecules in order to take advantage of its electron
accepting abilities, its ability to form intramolecular charge transfer (ITC) species, and it

ability to produce molecules with large two photon cross-sections®.

We envisioned that diethynylacenothiadiazoles could be utilized as a jumping off
point for the synthesis of a wide array of molecules not limited to N-heteroacenes (Figure

1.2). While the larger linearly annulated acenes should provide materials with interesting

Figure 1.2. Synthetic Divergence of Acenothiadiazoles.



photophysical properties and excellent characteristics for device applications, the
thiadiazoles will be able to be functionalized providing molecules which can be useful as
either ratiometric sensors or model compound to probe the photophysical interactions of

chromophores with their environment.

This ability to be utilized for so many varying applications is due to the many
different functional handles present on the molecules. In particular the molecule can be
coupled with any number of aryl halides to extend the conjugated framework utilizing
Sonogashira coupling.® With the appropriate substitution of donor and acceptor
substituents, these molecules should absorb and emit light redshifted relative to similar

molecules which don’t contain the thiadiazole group.

The alkynes, once deprotected, could also be substituted with any azide utilizing the
copper catalyzed Huisgen-Szeimies cycloadditions.®®  These molecules should
photophysically behave differently than the parent thiadiazole due to the extended
conjugation. Sensory responses are expected as the triazole functional group will provide

a binding site.

Lastly, the diethynylacenothiadiazoles can be used as originally envisioned by
deprotecting the ortho-diamine and coupling with a variety of ortho-diones to furnish a
large library of N-heteroacenes. These diazaacenes have very interesting properties
including antiaromatic character as well as the ability for their absorption and emission

profiles to be easily tuned.
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Chapter 2: Alkynylated Aceno[2,1,3]thiadiazoles

2.1 Introduction

As an initial step in the process of constructing N-heteroacenes, a series of
acenothiadiazoles needed to be synthesized. These materials are interesting in their own
right as they display attractive absorption and emission modulation, crystal packing
which can be tuned for various electronic applications and could potentially have the
ability to easily inject electron for use in electronic devices. Organic electronics® often
utilize sophisticated organic synthesis, combined with processing technology, thin-film
and surface science, and electrical engineering to deliver cheap, effective, and easily
processable, flexible devices. While many significant advances have been made in the
development of materials for organic electronics there is still a need for stable
processable organic materials with high charge-carrier mobilities, in particular for

electron transport materials.

For organic electronic-based devices, such as organic light-emitting diodes, thin-film
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Scheme 2.1. Structures of compounds 2.1-2.5.
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Scheme 2.2. Synthesis of 2.3a-c.

transistors or photovoltaic cells, materials must have both the correct molecular and
solid-state properties to be effective.?** The larger acenes have had and have a
significant impact in organic electronics with the hole-transporting pentacenes and
rubrene (tetraphenyltetracene) being most popular. Anthony et al. have exploited
alkynylated pentacene and thiophene-fused pentacene derivatives as easily processable

materials with utility in p-channel field-effect transistors.”

2.2 Results and Discussion

Here, we introduce thiadiazole-based acene® materials’®%°

with size-dependant
optical properties and with electrochemical and solid-state packing properties suggesting
the potential for facile electron injection and transport. The synthesis of 2.1a-c is
achieved by Sonogashira alkynylation of 2.4,** while 2.2a-c are obtained from 2.5 in

yields ranging from 11-87% in a procedure adapted from ref.*? As derivatives of 2.3 are

unknown, we started from 2.6, which was synthesized according to a modification of the



Table 2.1. Comparison of Calculated and Measured HOMO-LUMO Gaps
HOMO®*  LUMO  Gap (10° cm®) Gap (10°cm?)

Compound o\ (eV) calculated experimental®
2.1a -5.90 -2.67 26.1 24.4°

2.2a -5.38 -2.98 194 18.7

2.3a -5.03 -3.16 15.1 15.2

& Obtained by SPARTAN 08/windows using the B3LYP method with the 6-31G**//
6-31G** basis set. ” Gap obtained from the Amax Of absorption © Gap obtained from
the average of Amax absorption and Amax €mission.

procedure of Bedworth et al.® Reaction of 2.6 with potassium phthalimide (2.7),

followed by treatment with hydrazine, afforded the diaminoquinone 2.8 in 40% yield

(Scheme 2.1). Dissolution of 2.8 in refluxing thionyl chloride forms the thiadiazole ring
to give 2.9 (91%), that is then treated with suitable alkynyllithiums. After hydrolysis, the
corresponding diols are directly reduced by sodium hypophosphite and potassium iodide
in acetic acid to afford 2.3a-c as blue-black crystalline materials, displaying a metallic
luster in  9-92% yield after column chromatography over silica gel
(hexane/dichloromethane 10:1 — 3:1). The UV-vis and emission spectra (Figure 2.1) of
2.1b-2.3b in hexane solution provide insight into the electronic structure of the

molecules.

Compound 2.1b has a broad absorption with a maximum at 382 nm with a
comparably broad emission peaking at 439 nm. In the case of 2.2b an absorption
spectrum with significant vibronic structure (Amax = 530 nm) and an emission peaking at
538 nm is observed.'* In the case of 2.3b, the absorption is also structured with the peak
absorbance at 655 nm, while the emission is centered at 659 nm and strongly 0-0 peaked.
As expected, the Stokes shifts for 2.2 and 2.3 are small, due to the rigidity of the
molecules; however, the small spectral band width and the occurrence of some vibronic
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Figure 2.1. Normalized absorption (top) and emission spectra (bottom) of 2.1b-2.3b in
hexanes.

structure in the emission spectra are unusual when compared to the spectra of
diethynylacenes of analogous structure. The experimental transition energies closely
follow the trends observed in the values of the HOMO-LUMO gap obtained from
quantum-chemical DFT calculations (Table 2.1); the calculations also show via the
convergence of the frontier molecular orbital (FMO) positions that both the HOMO and
the LUMO energy levels are shifted upon increasing the size of the acenothiadiazoles.
Figure 2.2 shows the dependence of the absorption maxima, Amax, Of 2.1-2.3 on the
number of rings in comparison to the dependences seen for Anthony’s dialkynylacenes™’
and dialkynylacenodithiophenes.** Naphthothiadiazole 2.2, which contains a total of three
rings, displays similar optical properties to the four-ring tetracenes and the five-ring
acenodithiophenes, while 2.3 has a similar absorption maximum as a dialkynylated

pentacene and the 6-ring based acenodithiophenes.
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Figure 2.2. Plot of the absorption maxima versus 1/n, with n being the number of rings
in a specific class of compounds. BTD: acenothiadiazoles 2.1-2.3. Acenes: 9,10-
bis(trimethylsilylethynyl)-anthracene, bis(trialkylsilylethynyl)tetracene, -pentacene,
-hexacene, and -heptacene.>” ADTP: bis(trialkylsilylethynyl)acenodithiophenes.*®

The reason for the increased auxochromic effect of the annulated thiadiazole ring in
comparison to a benzene or thiophene is the enforced quinoidal character of 2.3, resulting
in an absence of resonance structures that one can draw for 2.3 that contains an aromatic
sextet. A similar observation has been made by Wudl et al. in the case of the

isoquinolones.*

— 3a Film
— 3b Film
3c Film
3b Solution

Figure 2.3. Normalized absorption spectra of 2.3b in hexanes and of 2.3a-c in thin
films.
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The ease of oxidation and reduction of 2.3 was investigated using cyclic voltammetry
of 2.3c in dichloromethane / 0.1 M "BusNPFg; one reversible oxidation (+0.74 V vs.
ferrocene) and two reversible reductions (-1.18 V, -1.78 V) were observed. The
electrochemical “band gap” of 1.92 eV (= 646 nm) is in surprisingly good agreement
with the UV-vis data absorption maximum and with the HOMO-LUMO gap obtained
from quantum chemical calculations. The reduction potential of 2.3c is similar to that for
a four-ring dialkynyldiazatetracenes (-1.2 V)™ and close to those for perylene diimides
(ca. -1.0 V), which are a well-established class of materials for n-channel field-effect
transistors, indicating the possibility of facile electron injection into 2.3. On the other
hand, a large barrier to hole injection from typical electrode materials is anticipated. The
thin-film UV-vis spectra of 2.3a-c are shown in Figure 2.3. Films of 2.3c are amorphous
and show spectra somewhat broadened and with the absorption maximum shifting ca. 10
nm relative to its solution spectrum, but retaining a similar vibronic envelope, suggesting
relatively minor intermolecular interactions in the solid state. On the other hand, films of
2.3a and 2.3b, which are microcrystalline, exhibit very different spectra from those seen
in solution, being much broader with the strongest feature blue-shifted relative to the
solution maximum and with a weaker low-energy feature. In both cases the spectra
suggest significant intramolecular interaction of the w-systems in the solid state. Single
crystal X-ray analyses of 2.3a and 2.3b (Figures 2.4, 2.5) reveal n-stacking columns with
intrastack intermolecular distances of 3.4 A; this type of intermolecular interaction is
similar to that of H aggregates and is consistent with blue-shifts of the most intense

features in the UV-vis spectra. In the case of 2.3a the n-systems of adjacent columns are
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isolated, while in 2.3b adjacent columns interact via S---N interactions. Noticeable is the

absence of intercolumn n—, a hallmark of the diethynylacenes** and heteroacenes.*?

The n-stacking seen in the structures of 2.3a and 2.3b may also be promising for high
intrastack electron and/or hole mobility; if films of the materials can be grown with
appropriately aligned stacks, these materials may, therefore, be useful in thin-film

transistors or photovoltaic cells.
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Figure 2.4. Packing of 2.3b. The molecules pack in stacks that are connected by
supramolecular S-N interactions, and in which the intrastack n-stacking distance in a
single column is 3.4 A.

2.3 Conclusion

In conclusion, we have prepared a series of acenothiadiazoles, of which the three
largest members 2.3a-c were hitherto unknown. In relation to their size, 2.1-2.3 display
small band gaps. Films of 2.3 have absorptions that could be interesting for use in
photovoltaic systems. The solid-state packing of 2.3 can be manipulated by different

alkyne-substituents; the m-stacking seen in the structures of 2.3b-c combined with
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electrochemical data suggest that these materials may serve as electron-transport

counterparts of alkynylated pentacene derivatives.

This work has been published in Organic Letters:

Appleton, Anthony Lucas; Miao, Shaobin; Brombosz, Scott M.; Berger, Nancy J.;
Barlow, Stephen; Marder, Seth R.; Hardcastle, Kenneth I.; Bunz, Uwe H. F. Organic
Letters, 2009, 11, 5222-5225.
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2.4 Experimental and Supplementary Information

2.4.1 4,7-Bis((trimethylsilylethynyl)benzo[c][1,2,5]thiadiazole, 2.1a.

To an oven-dried Schlenk flask was added dry THF (20 mL) and triethylamine (20 mL),
which was then vacuum degassed three times. 4,7-dibromobenzo|[c][1,2,5]thiadiazole 2.4
(1.43 g, 4.86 mmol), trimethylsilylacetylene (2.13 mL, 15.0 mmol), copper(l) iodide
(9.26 mg, 0.05 mmol), and bis(triphenylphosphine)palladium(ll) chloride (35.10 mg, 0.05
mmol) were all added at room temperature. The Schlenk flask was sealed and heated to
80°C, whereupon the solution was stirred for 12 h. After the reaction was cooled to room
temperature, water (200 mL) was added to the mixture and the agqueous solution was
extracted with dichloromethane (2 x 100mL). The combined organic layers were washed
with water (3 x 200mL), dried with magnesium sulfate, filtered, and dried in vacuo. The
residue was purified by column chromatography on silica gel using pure hexane.
Compound 2.1a (0.70 g, 45% yield) was isolated as yellow crystals. m.p. = 104°C. 2.1a:
IR (ATR, Cm'l) 3050, 2955, 2898, 2370, 2331, 2151, 1876, 1487, 1356, 1337, 1252,
1165. 'H-NMR (5 in CDCls): 7.692 (s, 2H), 0.323 (s, 18H). *C-NMR (8 in CDCls):
154.201, 133.124, 117.245, 103.618, 99.974, -0.136. Accurate mass for C1sH20N2SSiy:

m/e = 328.09065 [M], calc. m/e = 328.09008.
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Figure 2.5. *H (top) and **C (bottom) NMR of 2.1a with structure inset

2.4.2 4.7-Bis((triethylsilylethynylbenzo[c][1,2 5]thiadiazole, 2.1b.

In a procedure identical to that of 2.1a, 2.1b was synthesized in 33% yield and isolated as
yellow crystals. m.p. = 35-37 °C. 2.1b: IR (ATR, cm™) 3054, 2972, 2954, 2922, 2899,
2796, 2730, 2681, 2635, 2586, 2197, 2147, 1866, 1231, 1169. *H-NMR (8 in CDCls):
7.693 (s, 2H), 1.100 (t, 18H), 0.754 (g, 12H). **C-NMR (& in CDCls): 154.403, 132.942,
117.339, 101.354, 101.269, 7.471, 4.331. Accurate mass for C,,H3N»SSi,: m/e =

412.18351 [M"], calc. m/e = 412.18398.
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Figure 2.6. *H (top) and **C (bottom) NMR of 2.1b with structure inset

2.4.3 4, 7-Bis((triisopropylsilyDethynylbenzo[c][1,2,5]thiadiazole, 2.1c.

In a procedure identical to 2.1a, 2.1c was synthesized in 47% yield and isolated as yellow
crystals. m.p. = 135°C. 2.1c: IR (ATR, cm™) 3048, 2971, 2950, 2890, 2759, 2718, 2619,
2149, 1880, 1694, 1261, 1168. *H-NMR (& in CDCl3) 7.677 (s, 2H), 1.196 (m, 42H).
3C-NMR (5 in CDCls) 154.621, 132.647, 117.446, 102.252, 100.205, 18.692, 11.325.

Accurate mass for CogHasN,SSi»: m/e = 496.27511 [M™], calc. m/e = 496.27554.
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Figure 2.7. *H (top) and **C (bottom) NMR of 2.1c with structure inset

2.4.4 4 9-Bis(trimethylsilylethynyl)naphtho[2,3-c][1,2,5]thiadiazole, 2.2a.

To an oven-dried Schlenk flask was added trimethylsilylacetylene (1.65 mL, 11.6 mmol)
and dry THF (10 mL), followed by 1.6 M n-butyllithium in hexane (5.70 mL, 9.12 mmol)
at 0 °C. The solution was stirred at room temperature for 1 h, and then compound
naphtho[2,3-c][1,2,5]thiadiazole-4,9-dione (0.500 g, 2.31 mmol) was added to the
solution. The mixture was stirred at ambient temperature for 12 h and then quenched with

wet diethyl ether. After evaporation of the solvent, the residue was filtered over silica gel
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using hexane/ethyl acetate (v/v, 5:1) to yield the corresponding diol. After the solvent
was evaporated, the crude diol was, without further characterization, suspended in acetic
acid (20 mL) and potassium iodide (3.80 g, 22.9 mmol) and NaH,PO, (2.00 g, 22.8
mmol) were added. The mixture was heated to reflux for 1 h. After cooling to room
temperature, water (100 mL) was added to the mixture and the aqueous solution was
extracted with hexanes (3 x 100 mL). The combined organic layers were dried in vacuo.
The solids were further purified by chromatography on silica gel using a hexane/CH,Cl,
(v/v, 6:1) solvent mixture. Compound 2.2a (0.10 g, 11% vyield, two steps) was isolated as
a red crystalline solid. m.p. = 214-223 °C (Decompose). 2.2a: IR (ATR, cm™) 3073,
3037, 2956, 2917, 2914, 2898, 2846, 2785, 2652, 2536, 2475, 2186, 2136, 2009, 1937,
1816, 1538, 1385, 13281279, 1251, 1163, 1142. *H-NMR (& in CDCls) 8.498 (dd, 2H),
7.577 (dd, 2H), 0.420 (s, 18H). *C-NMR (5 in CDCls) 152.626, 135.244, 128.101,
127.556, 112.668 110.662, 99.558, 0.073. Accurate mass for CyoH22N,SSiy: m/e =

378.10601 [M™], calc. m/e = 378.10573.
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Figure 2.8. *H (top) and **C (bottom) NMR of 2.2a with structure inset

2.4.5 4,9-Bis(triethylsilylethynyl)naphtho[2,3-c][1,2,5]thiadiazole, 2.2b.

In a procedure identical to 2.2a, 2.2b was synthesized in 61 % yield and isolated as a red
crystalline solid. m.p. = 113 °C (decompose). 2.2b: IR (KBr, cm™) 2954, 2873, 2132,
1534, 1457, 1383, 1237, 1041, 973, 924, 742, 726. "H-NMR (5 in CDCl3) 8.55-8.52 (q,
2H), 7.58-7.55(q, 2H), 1.20-1.16 (t, 18H), 0.88-0.82 (g, 12H). *C-NMR (5 in CDCls)
152.86, 135.12, 127.93, 127.54, 112.76, 108.35, 100.78, 7.67, 4.48. Accurate mass for

C26H34N2SSio: m/e = 462.19902 [M'], calc. m/e = 462.19813.

2.4.6 4.,9-bis(triisopropylsilylethynyl)naphtho[2,3-c1[1,2,5]thiadiazole, 2.2c.
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In a procedure identical to 2.2a, 2.2c was synthesized in 87% vyield and isolated as red
crystals. m.p. = 181 °C. 2.2c: IR (KBr, cm™) 2943, 2863, 2136, 1533, 1458, 1387, 1241,
1041, 925, 882, 767, 734. *H-NMR (5 in CDCl;) 8.58-8.56 (q, 2H), 7.57-7.55(q, 2H),
1.28-1.27 (m, 42H). B3C-NMR (6 in CDCI3) 153.20, 135.05, 127.81, 127.56, 112.89,
107.36, 101.64, 18.82, 11.44. Accurate mass for CzyHssN2SSiz: m/e = 546.28598 [M'],

calc. m/e =546.29203.

2.4.7 2 3-Diaminoanthracene-1,4-dione, 2.8.

A mixture of 2,3-dibromo-1,4-anthraquinone 2.6 (14.0 g, 0.0382 mol) and potassium
phthalimide 2.7 (14.9 g, 0.0804 mol) in DMF (50 mL) was heated at 120 °C for 18 h.
Upon completion of the reaction water (500 mL) was added to the reaction vessel. The
mixture was filtered. The precipitates were washed with water until no color was
apparent in the filtrate. The yellowish solid was collected and dried in vacuo. The
yellowish solid and NH,;NH; (15.0 mL) were suspended in water (50 mL) and stirred at
80 °C for 24 h. The mixture was filtered and the precipitates were washed with water (3 x
100 mL), and dried in vacuo. 2,3-Diaminoanthracene-1,4-dione 2.8 was obtained as a
dark-brown solid (2.80 g, 31% vyield, two steps). *H-NMR (& in DMSO-dg): 8.317 (s,
2H), 8.104 (dd, 2H), 7.630 (dd, 2H), 5.700 (s, 4H). Due to a lack of solubility, only the

proton NMR was attainable.

2.4.8 Anthra[2,3-c][1,2,5]thiadiazole-4,11-dione, 2.9.

A mixture of 2,3-diamino-anthracene-1,4-dione 2.8 (2.40 g, 0.0101 mol) in SOCI, (15
mL) was refluxed for 12 h. The solvent was removed in vacuo. The residue was separated

by a column on silica gel using CH,Cl, as the solvent.  The anthra[2,3-
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c][1,2,5]thiadiazole-4,11-dione 2.9 was yielded as the yellow solid (2.10 g, 78%). m.p. =
296-298 °C. IR (KBr, cm™) 3633.64, 3355.91, 3062.75, 3020.32, 2688.58, 2538.15,
2410.85, 2183.27, 1974.97, 1874.68, 1685.67, 1616.24, 1585.38, 1411.80, 1234.36,
975.91, 833.19, 775.33, 524.6. *H-NMR (3 in CDClg): 9.178 (s, 2H), 8.339 (dd, 2H),
7.979 (dd, 2H). BC-NMR (6 in CDCl3): 176.35, 157.27, 135.39, 131.77, 130.69, 130.49,

129.66. Accurate mass for C14HsN,0,S: m/e = 266.01434 [M'], calc. m/e = 266.01500.

2.4.9 4.11-Bis(trimethylsilylethynyDanthra][2,3-c][1,2,5]thiadiazole, 2.3a.

To an oven-dried Schlenk flask was added trimethylsilylacetylene (1.33 mL, 9.39 mmol)
and dry THF (10 mL), followed by 1.6 M n-butyllithium in hexane (4.69 mL, 7.49 mmol)
at 0 °C. The solution was stirred at room temperature for 1 h, and then compound 2.9
(0.500 g, 1.89 mmol) was added to the solution. The mixture was stirred at ambient
temperature for 12 h and then quenched with wet diethyl ether. After evaporation of the
solvent, the residue was filtered over silica gel using hexane/ethyl acetate (v/v, 5:1) to
yield the corresponding diol. After the solvent was evaporated, the crude diol 2.9a was,
without further characterization, suspended in acetic acid (20 mL) with KI (1.30 g, 7.83
mmol) and NaH,PO, (0.690 g, 7.84 mmol). The mixture was heated to reflux for 30 min.
After cooling to room temperature, H,O (100 mL) was added to the mixture and the
aqueous solution was extracted with hexanes (3 x 100 mL). The combined organic layers
were dried in vacuo. The solids were further purified by chromatography on silica gel
using a hexane/CH,CI; (v/v, 10:1) solvent mixture. Compound 2.3a (0.066 g, 9% vyield,
two steps) was isolated as dark-blue crystals. 2.3a: m.p. = 175-180 °C. IR (KBr Plate, cm’
1) 3440, 2959, 2924, 2854, 2357, 2125, 1678, 1647, 1454, 1369, 1246, 1092, 1014, 841,

802, 760, 741, 698. *H-NMR (5 in CDCls) 9.115 (s, 2H), 7.971 (dd, 2H), 7.438 (dd, 2H),
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0.495 (s, 18H). **C-NMR (5 in CDCls) 152.408, 133.126, 132.552, 128.558, 126.954,
126.669, 112.137, 112.109, 100.544, 0.119. Accurate mass for C,4H»4N»SSi,: m/e =

428.11978 [M], calc. m/e = 428.11981.
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Figure 2.9. *H (top) and **C (bottom) NMR of 2.3a with structure inset

2.4.10 4,11-Bis(triethylsilylethynyl)anthra[2,3-c][1,2,5]thiadiazole, 2.3b.

In a procedure identical to 2.3a, 2.3b was synthesized in 18% yield and isolated as dark-
blue crystals. m.p. = 139 °C (decompose). 2.3b: IR (ATR, cm™) 3048, 2954, 2878, 2807,
2729, 2691, 2639, 2155, 2117, 1923, 1891, 1787, 1374, 1299, 1267, 1228, 1184, 1148,

1136. *H-NMR (5 in CDCls): 9.174 (s, 2H), 7.93 (dd, 2H), 7.413 (dd, 2H), 1.248 (t,
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18H), 0.918 (g, 12H). ®*C-NMR (8 in CDCls): 152.646, 133.069, 132.563, 128.520,
126.850, 126.702, 112.241, 109.858, 101.812, 7.741, 4.588. Accurate mass for

C3oH3sN2SSi,: m/e = 512.20859 [M?], calc. m/e = 512.20795.
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Figure 2.10. *H (top) and *C (bottom) NMR of 2.3b with structure inset

2.4.11 4,11-Bis(triisopropylsilylethynyDanthra[2,3-c][1,2,5]thiadiazole, 2.3c.

In a procedure identical to 2.3a, 2.3c was synthesized in 92% yield and isolated as dark-
blue crystals. m.p. = 172-174 °C (decompose). 2.3c: IR (KBr, cm™) 2941, 2863, 2122,

1526, 1462, 1373, 1069, 1013, 993, 879, 734, 672. *H-NMR (5 in CDCls) 9.23 (s, 2H),
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7.94-7.91 (q, 2H), 7.44-7.41 (q, 2H), 1.32-1.31 (m, 42H). *C-NMR (8 in CDCls) 152.93,
133.02, 132.63, 128.54, 126.80, 126.78, 112.34, 108.87, 102.61, 18.90, 11.53. Accurate

mass for CzsHgN,SSi,: m/e = 596.30700 [M™], calc. m/e = 596.30768.
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Figure 2.11. *H (top) and **C (bottom) NMR of 2.3c with structure inset
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2.4.12 Spectroscopic Characterization Data of 2.1a-2.3c.
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Figure 2.13. Emission spectra of compounds 2.1a-2.3c
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Chapter 3: Acidochromicity of Bisarylethynylbenzenes:

Hydroxy versus Dialkylamino Substituents

3.1 Introduction

It can easily be seen that the free ethynyl groups in the acenothiadiazoles discussed in
the previous section could be used as a handle for functionalization to produce
responsive fluorophores. In the subsequent section, we will discuss the synthesis and
characterization of dibutylamino and hydroxy substituted
bis(arylethynyl)benzothiadiazoles. However, it is prudent to first examine the more
simple example of substituted bis(arylethynyl)benzenes in order to fully understand

the effects seen in these systems before exploring the more complicated systems.

Reactive chromophores or fluorophores change color, emission wavelength,
and/or emission intensity upon exposure to analytes and are potentially useful as
sensors.  They contain a chromophoric m-conjugated core with embedded
functionality possessing free electron pairs before or after addition of an analyte.®
The interaction of the free electron pairs of functional fluorophores with suitable

analytes or stimuli influences the position of the HOMO, LUMO, or both and elicits

changes in absorption and emission.

The concept of isolobality of molecules was set forth by Hoffmann? and contends
that molecules of similar Frontier Molecular Orbital (FMO) structure and geometry
display similar reactivity and properties. One should be able to use the isolobal

principle to predict — at least qualitatively — the expected responses of classes of
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Scheme 3.1. Synthesis of compounds 3.3a and 3.4a via Sonogashira coupling of
substituted p-iodobenzenes 3.2a-b

consanguine fluorophores towards change of pH or metal coordination. Superficially,
one might expect hydroxy substituents should be isolobal to amino groups. However,
a simple application of the isolobal principle will not always suffice in such organic
systems, as the relative orbital ordering results in systems where (in a formal sense)
free electron pairs interact predominately with either the 6- or the n-system. If the
free electron pairs are energetically low lying, we expect them to interact
predominately with the o-system, while energetically higher lying electron pairs

should have a larger interaction with the m-System.

A simple test bed for this hypothesis would be compounds 3.3a and 3.4a,
bis(arylethynyl)benzenes functionalized with dibutylamino and hydroxy groups
respectively. Though synthetically simple, their sensory responses have not been
examined. Comparison of 3.3a and 3.4a with their analogous distyrylbenzenes 3.5a
and 3.6a permit the expansion of this study to investigate differences that arise when
alkenyl groups are exchanged for alkynyl groups. Probing the acidochromicity and
photophysical properties of 3.3a-3.6a should offer insight into the application of the
isolobal principle and provide an understanding of fundamental physical-organic

issues in these systems.
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3.2 Results and Discussion

Distyrylbenzene compounds 3.5a and 3.6a were synthesized according to
literature procedures.®* Surprisingly, 3.4a> has been reported only once and 3.3a is
unreported, although the dimethyl® and dihexyl’ substituted compounds are known.
Heck-Cassar-Sonogashira-Hagihara (HCSH) coupling of 3.2a to 3.1 furnishes 3.3a.
Similarly, 3.4a was synthesized from the HCSH coupling of 3.2b with 3.1 (Scheme
1). Upon protonation with trifluoroacetic acid or deprotonation with

tetrabutylammonium hydroxide, compounds 3.3b, 3.4b, 3.5b and 3.6b are obtained.

For ease of discussion, isolobal pairs have been placed into sets (A-D, Figures 3.1,
3.2).  These compounds were examined through UV-vis and fluorescence
spectroscopy (dilute solutions in diethyl ether, 1,4-dioxane, chloroform,
dichloromethane, methanol, ethanol, isopropanol, tert-butyl alcohol, acetonitrile,

dimethylformamide, and dimethylsulfoxide; see Section 3.4.2 and Figure 3.2).

Base
3.3a 3.3b

BuN{ )= )= )NBu, —299 . BquggHBuz
HAO=-0=0on "=22e—"  oo()=-=XD00

3.4a 3.4b

BuzN-.—\ \ . Acid j @ NHBu,
HO\ \(YoH Base O@
6b

26a =~ Acd 0O« )

Figure 3.1. Acid/Base equilibrium relationships of 3.3a-3.6b are shown. Diagonal
isoelectronic relationships are indicated.
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Figure 3.2. Absorption (left) and emission (right) spectra of 3.3a-3.6b in diethyl ether
(blue), methanol (green), acetonitrile (orange) and dimethylsulfoxide (grey).
Compounds are grouped by electronic structure into isolobal sets A-D (far right).

Figure 3.2 displays the absorption and emission of sets A-D in four representative
solvents to permit a qualitative examination of solvent effects upon each compound.
Diethyl ether, methanol, acetonitrile and dimethylsulfoxide were chosen because they
represent non-polar, polar protic, and polar aprotic solvents. In the case of sets C and
D, with the exception of 3.4a in the very polar solvent DMSOQO, the absorption spectra
for both compounds are nearly each superimposable in a range of solvents. The

absorption spectra of 3.3b and 3.4a are only ~10 nm apart and display similar
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vibronic features. Similarities are also observed in the emission spectra of set D; 3.3b
displays nearly overlapped, highly structured emissions in a range of solvents. 3.4a
exhibits a similarly featured emission in diethyl ether; however, as solvent polarity
increases, the vibronic features give way to a broadened, smooth lineshape. Once
again, the emission Amax Of 3.4a is similar to that of 3.3b. Set C behaves in a nearly
identical fashion to D; however, the absorption and emission spectra are red-shifted
approximately by 30 and 40 nm, respectively. In sets C and D, the chromophores
lack available lone pairs; as a result, we would expect little solvent dependence in
their absorption or emission Amax. Furthermore, the isolobal principle suggests all
four chromophores should exhibit similar photophysical properties. Indeed, this is

what is observed.

Surprising differences were observed in sets A and B, where the chromophores
possess available lone pairs. The isolobal principle predicts that pairs 3.5a and 3.6b
and 3.3a and 3.4b should exhibit similar photophysical properties; furthermore, we
expect sets A and B to behave in a similar fashion. While sets A and B are similar,
differences appear in the pairs 3.5a and 3.6b and 3.3a and 3.4b. In the case of
dibutylamino-functionalized 3.5a and 3.3a, the absorption spectra in variety of
solvents are similarly featured and exhibit a minimal (~25 nm) solvent dependence.
Greater solvent dependence is observed in the emission spectra. The emission of 3.5a
and 3.3a in ether is highly featured; as solvent polarity increases, the emission is

redshifted (~60 nm) and vibronic definition disappears.

In 3.6b and 3.4b, methanol exhibits the highest energy absorption, and dramatic

solvent dependence (~80 nm) is observed in the absorption maxima. Divergence is
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also observed in the emission spectra. The emission of 3.6b and 3.4b in diethyl ether
is considerably redshifted relative to their alkylamino counterparts (~80-100 nm).
Little solvent dependence is observed in the emission of 3.6b (~20 nm), while in the
case of 3.4b, a large solvent effect is seen. Here, the emission of 3.4b varies by more

than 150 nm, ranging from MeOH at lowest energy to ether at highest energy.

The compounds in sets C and D behave as isolobal pairs; however, the surprising
lack of ‘isolobality’ in the case of A and B requires an explanation. Previously, we
have analyzed solvent dependent absorption and emission spectra of similar
compounds utilizing the Lippert-Mataga equation:** A solvent’s dielectric constant
and refractive index are used to calculate an orientation polarizability value (Af) for a
given solvent; Af is then plotted against the energy of the Stokes shift for each
measured solvent.” Generally, a linear plot is obtained with the magnitude of the

slope reflecting the change in a fluorophore’s dipole moment upon excitation.

A Lippert-Mataga analysis of 3.3a-3.6b proved difficult; whereas the
dibutylamino compounds (3.3a, 3.3b, 3.5a, and 3.5b) were well correlated, the
phenolic compounds (3.4a, 3.4b, 3.6a, and 3.6b) showed no meaningful relationship.
The Lippert-Mataga equation only considers non-specific effects related to solvent
reorganization. Solvent-fluorophore interactions may, however, play a critical role in

understanding the behavior of the phenolates.

We subjected 3.3a-3.6b to a Kamlet-Taft (KT) solvent analysis accounting for
solvent-specific interactions due to hydrogen bonding or acid/base reactions.’® KT
relies on a multivariate linear regression analysis of the absorption Amax Of a

chromophore in a variety of solvents (Eq. 3.1).
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Eq 3.1. Kamlet-Taft multivariate approach:
v(1000/cm) = vo+s-n*+a-a+b-p

The KT approach correlates the solvent-dependent spectral shifts observed (v) for a
chromophore with three solvent-dependent parameters (o, B, and w*). Here, vo
corresponds to the absorption or emission energy of the chromophore in a vacuum
while s, a, and b are fitted coefficients obtained from the linear regression analysis.
The index m* expresses the ability of the solvent to stabilize the chromophore’s
charge and/or dipole via nonspecific dielectric interactions. o and B incorporate
solvent-solute interactions; B describes the proton accepting character of the solvent
while a corresponds to the hydrogen donating character of the solvent. By analyzing
the coefficients, it is possible to determine the degree to which each mode of

interaction (o, B, and *) affect the absorption Amax Of @ chromophore.

Table 3.1 shows the results of the Kamlet-Taft analysis. The calculated vo values

range from 25.1 to 31.2 x 10° cm™; the compounds within isolobal set A have similar

Table 3.1. Coefficient Values Obtained from Kamlet-Taft Analysis

A B C D
Compound 3ba 36b 33a 34b 35b 36a 3.3b 3.4a
vo© 25.1 254 27.4 26.8 28.8 27.9 31.2 30.7
S -1.2 -1.4 -1.5 -2.5 -0.76  -0.76 -0.26 -0.52
a 0.29 2.7 0.17 2.9 0.60 0.52 -0.07 0.32
b 016 -27 014 -15 -063 -031 0.30 -0.55
R 095 090 095 080 083 077 058 0.80

2 Units of v are in 10°cm™. P R is the correlation coefficient.
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vo values as do those in sets B, C and D. As one would expect, the values of v for
the styryl isolobal set A are slightly lower, indicating a redshift in the gas phase
absorption relative to their arylethynyl congeners in set B. The same relationship
holds true for the styryl compounds in C relative to their arylethynyl analogues in D.
The s coefficient of the n* term reflects the contribution of nonspecific dielectric
interactions of the solvent with the fluorophore and is somewhat analogous to the
slope obtained from a Lippert-Mataga analysis; it is related to the fluorophore’s
dipole. In all cases, this term is negative, inducing a spectral redshift. Isolobal pairs
behave similarly and as we would expect. In sets C and D, electron pairs are involved
in proton bonding. As a consequence, s is less significant, suggesting a smaller
dipole. In sets A and B, where free electron pairs are more available, s is larger,

suggesting a greater dipole.

The a and b coefficients for the isolobal sets C and D are modest. The lack of
available free electron pairs results in minimal solvent-specific interaction. Similarly,
in the case of dibutylamino compounds 3.3a and 3.5a, the a and b values are also
relatively small. The s term is the predominant influence on the observed absorption.
However, in the case of the deprotonated phenols 3.4b and 3.6b, a and b become
significant, with a inducing a hypsochromic shift and b resulting in a bathochromic
shift. This results in the divergent photophysical behavior observed in 3.4b and 3.6b

relative to their isolobal counterparts.

Why is this pronounced solvent effect observed exclusively in 3.4b and 3.6b and
not in their isolobal counterparts 3.3a and 3.5a? One might attribute this differential

behavior to the increased basicity of a phenolate (pK, ~ 10) as compared to a
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Table 3.2. Selected Photophysical Data of Compounds 3a-6b in CH3CN
A B C D
Compound 3.5a 3.6b 33a 34b  35b 3.6a 3.3b 3.4a

Amax ADSOTDHON 490 437 378 408 353 364 321 328

(nm)
Amax ElTni)SSiO” 494 542 466 496 414 426 351 380
eMtem™) 7774 17515 6799 9632 4712 24191 6089 10230
® 0.60° 013 051 <00l 073 043 054 043

& Previously reported in reference 4a.

dialkylamino group (pKa ~ 6.6).> A look into the Hammett o-values®® is instructive,

as here the c-values of -O", -N(C3H5),, -OH and -NMe,H" are 6 =-0.81, 6 =-0.93, ¢
= -0.37, and o = 0.70.** The Hammett values testify to the apparent electronic
similarity of the phenolate to the dialkylamino groups but of course do not take into
account the hydrogen bonding contributions that will undoubtedly be much stronger
in the case of a phenolate than in a neutral amine. More surprising is the similarity of
the spectroscopic properties of the phenols and the ammonium salts (where hydrogen
bonding apparently does not play a significant role), given the larger differences in
their respective Hammett parameters. While the correlation with Hammet op-
parameters is appealing and grossly correct, they clearly cannot explain the subtleties

in this interesting system.

An important additional point is the quantum yields of these eight compounds,
which we determined in acetonitrile. Generally, in the pairs A and B, the aniline
always has a significantly higher quantum yield than the phenolate. In the case of

3.4b, the quantum yield is below 0.01. For the pairs C and D, the differences are
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much smaller and the quantum yields are generally quite substantial. In both cases,
the ammonium species display a higher quantum yield than the phenols. The
differences in the quantum yields are somewhat intransparent, as it is often observed,
the only rough trend is that the higher the emission wavelength, the lower the
emission quantum vyield is; a notable exception is 3.4b with its vanishing emission.
Generally, the amines do better with respect to emission quantum vyield than the

phenols and phenolates, for subtle reasons that are not easily divined.

3.3 Conclusions

We examined the photophysical properties and acidochromicity of hydroxy- and
dibutylamino-functionalized distyrylbenzenes and arylethynylbenzenes. While sets C
and D exhibit similar photophysical behavior as expected, and do not possess effective
lone pairs, sets A and B — possessing lone pairs that interact effectively with the r-system
of the fluorophore— show different behavior in absorption and emission. These
differences stem from fluorophore-solvent interactions which disproportionally affect the

phenolate-substituted dyes.

The true electronic similarity of 3.3a-3.6b can be appreciated when viewing their
absorption and emission in acetonitrile — a solvent possessing small and similar a and f3
parameters (Figure 3.3, Table 3.2). The contribution of solute-specific effects is
minimized; the isolobal similarity of A and B as well as C and D becomes readily
apparent. This highlights the fact that although the phenolate and dibutylamino groups

are isolobal, the difference in their pKss and the presence of the ionic phenolate results in
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Figure 3.3. Absorption (left) and emission (right) spectra of 3.3a-3.6b in acetonitrile.
Top: 3.3a (blue), 3.4b (green), 3.5a (orange), 3.6b (grey). Bottom: 3.3b (blue), 3.4a
(green), 3.5b (orange), 3.6a (grey).

dyes that are electronically isolobal but which behave very differently in practice

particularly in hydrogen bonding solvents.

An interesting and somewhat unexpected is the finding that free electron pairs in the
hydroxy compounds 3.4a and 3.6a are not available for conjugation with the m-system.
Apparently, these electrons are too low in energy to permit efficient interaction. The
other, somewhat expected trend is that dyes containing alkene bridges display redshifted
spectral features when compared to analogous fluorophores featuring alkyne groups.
While the gas phase absorption is redshifted in all of the alkene compounds relative to the
corresponding alkyne compounds, the degree to which a solvent effects the absorption of
a molecule is nearly identical among an alkene-alkyne pair as can be seen through similar

values of s, a, and b.
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3.4 Experimental and Supplementary Information

3.4.1 4.4'-(1,4-Phenylenebis(ethyne-2,1-diy))bis(N,N-dibutylaniline), 3.3a.

To a stirring solution of 0.150 g of 1,4-diethynylbenzene (3.1) (1.19 mmol, 1 eq.) in 10
mL of degassed THF/Piperidine (3:1 v/v) under nitrogen was added 0.867 g of 3.2a (2.62
mmol, 2.2 eq.), 8.3 mg of PdCI,(PPhs), (0.012 mmol, 0.01 eq.) and 2.3 mg of Cul (0.012
mmol, 0.01 eq.). The vessel was sealed and allowed to stir for 24 hours. The solution
was then poured into dichloromethane, followed by extraction with brine (x2) and water
(x2). The organic layer was dried with magnesium sulfate, filtered and concentrated
under reduced pressure.  The crude compound was then purified by column
chromatography utilizing DCM:Hexane (2:3) furnishing 3.3a in 48% vyield as a yellow
solid. (0.342 g, 0.643 mmol). *H-NMR (500 MHz, CDCl3) d 0.96 (t, 12H J=9 Hz), 1.36
(m, 8H), 1.57 (m, 8H), 3.28 (t, 8H J=12 Hz), 6.57 (d, 4H J=9 Hz), 7.35 (d, 4H J=9 Hz),
7.42 (s, 4H); *C-NMR (125 MHz, CDCls) 114.41, 20.74, 51.10, 87.61, 92.87, 108.99,
111.60, 123.53, 131.43, 133.29, 148.41; IR (KBr) v 3798 (w), 3333 (W), 3196 (w), 3092
(w), 3043 (w), 2953 (s), 2868 (s), 2727 (w), 2561 (w), 2207 (s), 2160 (m), 1902 (w),
1884 (w), 1688 (w), 1609 (s), 1523 (s), 1468 (m), 1400 (m), 1371 (m), 1285 (m), 1198

(m), 1144 (s), 1109 (m), 926 (m), 833 (s), 814 (s), 525 (M).
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3.4.2 Spectroscopic Data of Compounds 3.3a-3.6b.
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Figure 3.5. Absorption (left) and emission (right) spectra of 3.3a in a variety of

solvents.
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solvents.
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Figure 3.11. Absorption (left) and emission (right) spectra of 3.6a in a variety of
solvents.
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Figure 3.12. Absorption (left) and emission (right) spectra of 3.6b in a variety of
solvents.
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3.4.3. Kamlet-Taft Analysis Data
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Figure 3.13. Kamlet-Taft multivariate linear regression analysis plots of 3.3a (top
left), 3.3b (top right), 3.5a (bottom left), and 3.5b (bottom right).
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Figure 3.14. Kamlet-Taft multivariate linear regression analysis plots of 3.4a (top
left), 3.4b (top right), 3.6a (bottom left), and 3.6b (bottom right).
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Chapter 4: Bis(arylethynyl)benzothiadiazoles: Enhancing the
Dynamic Range of Simple Senory Materials Through
Enforcement of FMO Separation

4.1 Introduction

Responsive chromophores exhibiting changes in color, emission wavelength, and/or
emission intensity invesitgated for applications in sensory schemes. Important are
efforts to improve the selectivity, sensitivity, or dynamic range of responsive dyes.*
Bis(arylethynyl)benzenes and distyrylbenzenes bearing either para-hydroxy or -
dibutylamino substituents behave as simple functional fluorophores; protonation of

the alkylamino nitrogen or deprotonation of the phenol elicit observable spectroscopic

shifts.?

An investigation of the neutral and protonated/deprotonated states reveals both the

= = o =N N =
HO\ )= )=\ /O " @O\/—\\//—€/>—oe
4.1a 4.1b
— - /:\ _ — H* @ — _ — _ —
BUZN \ / — \\ /( — \ / NBU2 ‘T BUZHN \ / — \\ // —_— \ / gHBUZ
4.2a 4.2b
NE N
— — OH" — _ —
HON/— N\ /7 — /" =0 =  °ON\s/s/=A\sr=Asce
4.3a 4.3b
N)\S/(N >< N)\SI(N
— — H+ @ — _ —
BUZN \ / p— \\ // p— \ / NBU2 ‘TT‘ BUZHN \ / p— \\ /( p— \ / gHBUQ
4.4a 4.4b

Scheme 4.1. Acid/base equilibrium relationships of 4.1a-4.4b. The underlying
electronic similarity of functional groups are indicated by diagonal lines as well as
paired colors.
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underlying electronic simililarity of phenolate/alkylamino- and
phenol/alkylammonium- groups and the interplay of these electronic structures with
solvents. A superficial examination of the Lewis structures of 4.1a-4.2b (Scheme
4.1) suggests the similar electronic structure of the phenol and protonated
dibutylammonium compounds (4.1a and 4.2b, A) as well as the phenolate and neutral
dibutylamino compounds (4.1b and 4.2a, B). The spectroscopic properties of 4.1a
and 4.2b in a range of solvents are nearly identical, owing to their electronic
similarity. However, varied spectroscopic properties were observed in 4.1b and 4.2a;
Kamlet-Taft® solvent analysis suggests this results from different interaction of 4.1b

and 4.2a with proton donating and accepting solvents.

Owing to their relatively small =-systems, 4.1a and 4.2a exhibit absorption
maxima ranging from 300-450 nm and are blue to blue-green emissive depending
upon the solvent utilized. While these fluorophores are responsive, the spectral range
upon exposure to acid, base, or metal cations was small; shifts of only 50 nm in

absorption and 100 nm in emission were observed. (See Chapter 3)

4.2 Results and Discussion

In an effort to enhance the spectral range of bis(arylethynyl)benzenes upon
exposure to analytes, we prepared 4.3a and 4.4a. Benzothiadiazoles are strong
electron acceptors; we explored the introduction of a w-acceptor core would result in
strong intramolecular charge transfer, enhancing their photophysical properties.
Related beznothiadiazole-based molecules have been examine for senory”* and solid

phase luminescence® studies. However, the interaction of solvents and the pH
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Scheme 4.2. Synthesis of 4.3a and 4.4a.
dependent response has been neglected.
Pd-catalyzed Sonogashira coupling® of the ethynylphenol 4.6 to 4.5 results in the
THP protected benzothiadiazole. Deprotection (trifluoroacetic acid) furnishes bis(p-
hydroxyphenyl-ethynyl)benzothiadiazole (4.3a, 58%). Sonogashira coupling of 4.7

with known 4.8 yielded bis(p-dibutylanilinoethynyl)benzo-thiadiazole (4.4a, 85%).

We explored their photophysical behavior of 4.3a and 4.4a in a variety of solvents
(tetrahydrofuran, 1,4-dioxane, ether, dichloromethane, chloroform, acetonitrile,
methanol,  ethanol, isopropanol, tert-butanol,  dimethylformamide, and
dimethylsulfoxide). The selection of the solvent plays a significant role in the
chromic and fluorescent appearance of 4.3a, 4.3b, 4.4a, and 4.4b in solution. (Figure

4.1)

The spectroscopic properties of 4.1a-4.4b in CH3CN are tabulated in Table 4.1.
Significant bathochromic shifts in absorption profiles are observed in compounds

4.3a-4.4b relative to the corresponding bisarylethynylbenzenes 4.1a-4.2b. Large
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Figure 4.1. Absorption (top) and emission (bottom) of 4.1a-4.4b in a variety of
solvents. All photographs were taken using a Canon EOS Digital Camera
equipped with an EFS 18-55mm lens. Emission photos were taken under a
blacklight (ex = 365 nm).

55



Table 4.1. Tabulated spectroscopic data of compounds 4.1a-4.4b in acetonitrile.
Compound 41a 42b 42a 4.1b 4.3a 4.4b 4.4a 4.3b
Amax AbS 328 321 378 408 427 396 502 553

(nm)
Amax EM 380 351 466 496 539 479 634 -
(nm)
e (M™ecm™) 10230 6089 6799 9632 24015 29437 32230 28335
@ 043 054 051 <0.01 041 0.78 <0.01 -
7 (ns)? 091 048 181 149 665 319 256 -

“Monoexponential decay. "Emission too faint to be measured.

extinction coefficients, hallmarks of ICT’ were measured (~2.4-3.2 x 10* M*cm™).

These values are approximately 2-5 times larger in magnitude than ¢ for 4.1a-4.2b.

Similarly, the emission Amax Of 4.3a-4.4b were redshifted realtive to compounds
4.1a-4.2b except in the case of 4.3b which was quenched in acetonitrile. The
quantum vyield (QY) of 4.4a was less than 1% while 4.3b was completely quenched.
Upon protonation of 4.3b and 4.4a, both blueshift and increase their emission
intensity. QYs of 4.3a and 4.4b were high (41%, 78%). The introduction of the
thiadiazole core in 4.3a, 4.4a, and 4.4b provides fluorescent materials which exhibit
long fluorescent lifetimes. We have shown previously that these long lifetimes are

typical of systems containing arylthiadiazoles (See chapter 5).%

FMOs were calculated for compounds 4.1-4.4 (Figure 4.2). If we compare
compounds 4.1 and 4.3, we observe that the HOMO and LUMO of 4.1a are
distributed across the molecule and are nearly overlapped whereas the in the case of
4.3a, the LUMO s localized on the benzothiadiazole ring. Upon deprotonation of

4.1, the HOMO and LUMO are destabilized to a similar degree (slightly moreso for
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Figure 4.2. HOMO (Red and Yellow) and LUMO (Green and Blue) of 4.1a-4.4a.
FMOs were calculated with B3LYP 6-31G**//6-31G** using Spartan.

the HOMO) resulting in only a slight redshift in absorption onset. In the case of 4.3,
however, the HOMO and LUMO are disproportanatly affected. The HOMO s
destabilized to a greater extent than the LUMO. This results in a large redshift in the

absorption onset.

In the case of the dibutyl compound 4.4, a similar but opposite effect is observed.
Compound 4.4a is more similar to 4.3a with the LUMO localized again on the
benzothiadiazole ring. Upon protonation, the FMOs of 4.2 are equally stabilized (the
HOMO slightly moreso) resulting in a slight blueshift in absorption onset. As for

4.4a, the HOMO is much more stabilized than the LUMO resulting in a compound
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Table 4.2 Coefficient values obtained from KT analysis.

A B C D
Compound 41a 42b 42a 41b 43a 44 44a  4.3b
v 307 312 274 268 233 247 206 215
S -0.52 -0.26 -15 -25 -0.02 0.31 -1.1 -3.0
a 0.32 -0.07 0.17 29 -0.07 -0.34 -0.24 2.1
b -055 030 014 -15 -0.71 1.4 0.02 -3.1
R® 0.80 058 095 080 0.72 1.0 0.82 0.78

aUnits of vo are in 10° cm™. PR is the correlation coefficient.

that has a significantly hypsochomically shifted absorption profile.
Kamlet-Taft (KT) solvent analysis correlates the solvent-dependent spectral shifts

(v) observed for a chromophore with solvent parameters — a, B, and n* (eq. 4.1). By
performing a multivariate linear regression analysis of the Amax absorption of a
chromophore in a variety of solvents the KT provides s, a, b, and vo, the projected
absorption of a chromophore in a vacuum (Table 4.2). KT describes the impact of
non-specific dielectric (n*), hydrogen-bond donating (a), and hydrogen-bond

accepting () modes of interaction between a solvent and a chromophore:
v (1000/cm) = vo+s-nt"+a-a+b-f (4.1)

4.4a was unable to be protonated in several solvents; The introduction of the
stongly electron-withdrawing thiadiazole group lowers the pK, of the dialkylaniline
sufficently that only solvent protonation was observed. Given this limitation, KT
analysis of 4.4b was accomplished using data obtained in dichloromethane,

chloroform, acetonitrile and methanol.
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The s coefficient of the * term quantifies the importance of dielectric interactions
of the solvent with the chromophore; as such, it is correlated with the chromophore's
dipole. Once again, we observe similar behavior in the case of electronically
analogous pairs. In the case of A and C, we observe small values of s, suggesting
these four chromophores possess relatively small dipoles. However, B and D possess
much larger, negative s values, indicating the presence of a significant dipole. This
can be rationalized as B and D possess available electron pairs on the alkylamino
nitrogens and phenolates; protonation of these positions in the case of A and C

decreases potential dipole contribution.

The a and b coefficients quantify solvent specific interactions with the
chromophore via proton donation or proton acceptance. In Chapter 3 we detailed the
surprising differential influence of these interactions on 4.1a-4.2b. As expected, in
the case of set A, we observe similar small values for a and b. However, in spite of
their apparent electronic similarity, 4.1b displays large values for a and b while 4.2a
exhibits very small values for these coefficients. We attributed this unexpected
divergence to the increased bascitiy of the phenolate as compared the dialkylamino
group. This previous finding for B is mirrored in the benzothiadiazole analogues D.
The values obtained for a and b are small in the case of 4.4a; however, they are large

for phenolate 4.3b.

Surprisingly, sets A and C show some unexpected differences. In the case of
4.4b, we now observe a substantial value for b, suggesting that the absorption of this
chromophore is heavily influenced by solvent basicity. Presumably, the introduction

of the electron-accepting benzothiadiazole increases the acidity of 4.3a and 4.4b. As
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Figure 4.3. Fluorescence response of 4.2a and 4.4a towards a variety of metal
cations and protons in CH,Cl,. All photos were taken under a blacklight (ex = 365
nm) using a Canon EOS Digital Camera equipped with an EFS 18-55mm lens.

a result, this compound is now sensitive to solvent basicity.

We exposed 4.4a (in DCM) towards protons and metal triflate salts (Na*, Ag",
Ca*, Mg, zn?*, Hg*", Sn**, and In*"). While in the presence of sodium, calcium and
magnesium there was no response, there was a blueshift of about 110 nm in the
absorption onset and 160 nm in the emission Amax upon binding to silver, zinc,
mercury, tin and indium (See Figures 4.3,4.8). These responses were identical to
those observed upon protonation. Similar selectivity was observed in 4.2a, but only
quenching was observed rather than the dramatic red—blue emission shift seen in 4.4.
This is indicative that the introduction of the thiadiazole core does not affect the

nature of the binding ability of the dibutylamino group.

4.3 Conclusions

Phenol- and alkylamino-substituted bis(phenylethynyl)-benzothiadiazoles, while
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synthetically simple to prepare, hold promise as robust sensory chromophoric and
fluorophoric materials. Compounds 4.3 and 4.4 possess well understood
solvatochromic properties very similar to fluorophores 4.1 and 4.2 as noted in the in
the general trends of the coefficent values from the KT analysis. Simple
functionalization with a thiadiazole group imbues these compounds with dramatic
turn-on and turn-off emissive properties, as well as large € values and absorptions in
the visible region of the spectrum, leading to intense coloration. In particular,
compound 4.4 is ripe to be utilized in cation sensing applications due to it excellent
sensory dynamic range. The general design of these materials allows for modular
construction of a library of fluorophores with various recognition units. We are
currently persuing the construction of benzothiadiazole based fluorophores with

selective binding sites for analyte specific sensory materials.
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4.4 Experimental and Supplementary Information

4.4.1 4.4'-(benzofcl[1,2,5]thiadiazole-4,7-diylbis(ethyne-2,1-diyl))diphenol, 4.3a.

To a vacuum degassed solution of THF (10 mL) and triethylamine (10 mL) was added
PdClI,(PPhs), (0.02 g, 0.03 mmol, 0.003 eq.), Cul (0.01 g, 0.05 mmol, 0.05 eq.) and
PPh3 (0.015 g, 0.06 mmol, 0.06 eq.) followed by 4.5 (0.30 g, 0.001 mol, 1 eq.) and 4.6
(0.40 g, .002 mol, 2 eq.). The flask was sealed and heated to 80 °C under N for 24 h.
The mixture was then dissolved into DCM and filtered. The solvent was removed
under vacuum and the residue was separated on silca (DCM). The protected product
was immediately dissolved in DCM and cooled in a dryice/acetone bath. 2 mL of
TFA was added. The solution was allowed to stir for 2 h. The organic layer was then
washed it water (x3) and dried over magnesium sulfate. The residue was
recrystallized to yield a red powder (0.21g, 58%). ‘H-NMR (500 MHz, DMSO-d6)
6.85 (d, 4H, J=8.6 Hz), 7.47 (d, 4H, J=8.6 Hz), 7.85 (S, 2H), 10.08 (S, 2H); **C-NMR
(125 MHz, DMSO-d6) 84.14, 97.72, 111.90, 115.98, 116.17, 132.16, 133.40, 153.75,

158.75;

4.4.2 4 4'-(benzo[c][1,2,5]thiadiazole-4,7-diylbis(ethyne-2,1-diy))bis(N,N-

dibutylaniline), 4.4a.

To a vacuum degassed solution of THF (10 mL) and triethylamine (10 mL) was added
PdCI,(PPhs), (0.02 g, 0.03 mmol, 0.01 eqg.) and Cul (0.006 g, 0.03 mmol, 0.01 eq.)
followed by 4.7 (0.56 g, 0.003 mol, 1 eq.) and 4.7 (2.22 g, .0067 mol, 2.2 eq.). The

flask was sealed and heated to 80 °C under N, for 24 h. The mixture was then
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dissolved in DCM and washed with water (x3), dried with magnesium sulfate and
concentrated under reduced pressure. The crude mixture was separated on silica
(gradient hexane to 1:1 hexane:DCM to DCM). The fractions containing product
were concentrated under vacuum and suspended in methanol. The solution was
brought to reflux for 3 h and then cooled. Filtration of the precipitate furnished
compound 4.4b (1.53 g, 85%) as a red powder. *H-NMR (500 MHz, CDCls) 0.971 (t,
12H), 1.37 (m, 8H), 1.59 (m, 8H), 3.30 (t, 8H), 6.60 (d, 4H), 7.49 (d, 4H), 7.68, (s,
2H); *C-NMR (125 MHz, CDCls) 13.84, 20.24, 29.29, 50.60, 84.04, 99.38, 107.91,

111.06, 116.87, 131.44, 133.33, 148.34, 154.41,
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Figure 4.4. Absorption (left) and emission (right) spectra of 4.3a in a variety of
solvents.
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Figure 4.5. Absorption (left) and emission (right) spectra of 4.4a in a variety of
solvents.
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Figure 4.6. Absorption (left) and emission (right) spectra of 4.3b in a variety of
solvents.
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Figure 4.7. Absorption (left) and emission (right) spectra of 4.4b in a variety of
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Figure 4.8. Absorption (left) and emission (right) spectra of 4.3a in the presence of
metal triflate salt in DCM.
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Figure 4.10. Kamlet-Taft plots of 4.4a (left) and 4.4b (right).
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Figure 4.11. HOMO (Red and Yellow) and LUMO (Green and Blue) of 4.1b-4.4b.
FMOs were calculated with B3LYP 6-31G**//6-31G** using Spartan.
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Chapter 5: Water Soluble Benzo- and Naphtho-thiadiazole Bistriazoles

And Their Metal-Binding Properties

5.1 Introduction

In addition to the Sonogashira coupling of the terminal alkyne of the
acenothiadiazoles, it is possible to react these free ethynyl groups utilizing click
chemistry. As discussed below, this one reaction efficiently provides water-soluble,

relatively redshifted, and metal-binding fluorophores.

The 1,3-dipolar cycloaddition of alkynes to azides was first investigated by
Szeimies and Huisgen,' and was later retooled as a copper catalyzed process for the
easy access towards 1,4-disubstituted triazoles.> While intended by Sharpless® for the
construction of biologically active molecules, the “click” reaction is now popular for

the construction of polymers and materials.*

A generally attractive but less explored aspect of the triazole formation is their
incorporation, as functional modules, into fluorophores and/or chromophores; the
triazole group could either work as an auxochromic group or a conjugative bridge
between two chromophores or n-systems.® Herein we report that triazoles are quite
powerful auxochromes, i.e., functional groups that red-shift the absorption and

emission of acenothiadiazole-types.

We®" and others® are interested in metallo-responsive fluorophore systems, and
we have recently disclosed that a dipolar 1,3-cycloadduct containing a 2-pyridyl

residue leads to turn-on fluorescence when exposed towards metal cations. In this
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Scheme 5.1. Synthesis of compounds 5.4 and 5.5.

communication we present attractive, novel water-soluble and fluorescent bis-

cycloadducts 5.4 and 5.5 that display binding pockets for metal cations.

5.2 Results and Discussion

Table 5.1. Photophysical Properties of Compounds 5.1, 5.2, 5.4, and 5.5 in
Dichloromethane and Water
Fluor- Ga FMO
Emission escence |Stokes Shift P positions
Cpd | ADS. hmax P* Lifetime Calcd eV
Amax (cm™) (m)’° Calculated
(ns, ) (ev)°
DCM| H,0 | DCM| H,0 |[DCM| H,0 [DCM| H,0 |DCM| H,0 HOMO| LUMO
1.5°| 386| NA | 443 | NA [ 085 | NA | 7.9 | NA |3334| NA | 3.41(364) | -6.15 | -2.74
45 | 406|385 | 508 | 519 | 0.72 |0.13 | 14.0 | 7.0 |4946|6706] 3.10 (399) | -5.64 | -2.54
2.5°| 528 NA | 534 | NA | 0.28 | NA | 15.2 | NA | 212 | NA | 2.50 (496) | -5.55 | -3.05
55 | 505|475 | 610 | 602 | 0.09 |0.013] 18.4 | 5.3 |3409|4442| 2.35(527) | -5.13 | -2.78

2 Quinine sulfate in 0.1 M H,SO, (ag.) used as a reference standard. ° B3LYP 6-
31G**//6-31G** SPARTAN € In the case of 5.1 and 5.2, the TIPS protected analogue
was utilized due to its greater stability than the corresponding TMS or TES analogues
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Figure 5.1. Normalized absorption and emission spectra of 5.1 (blue), and 5.2 (green,
both Top) and 5.4 (blue) and 5.5 (green, both Bottom) in dichloromethane. Solid lines
depict absorption spectra while broken lines depict emission spectra. In the case of
5.1 and 5.2, the TIPS protected analogue was utilized due to its greater stability than
the corresponding TMS or TES analogues.

The TMS-protected diethynylbenzothiadiazole (5.1)° is deprotected in situ by KF;
the azide 5.3, CuSO, (2.5 eq) and sodium ascorbate (2.5 eq) are added to give 5.4 in
55% vyield. The same approach works for 5.5 which is formed analogously in 60%
yield by reaction of 5.2 with 5.3 under identical conditions. The use of a large excess
of copper sulfate was necessary to catalyze this reaction, as the products 5.4 and 5.5
bind copper salts quite efficiently. We selected the oligoethylene azide 5.3 as
substituent, as it a) confers water solubility and b) is known for its “biophobic”

properties, i.e., it suppresses non-specific interactions with proteins, etc. Table 5.1
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summarizes the relevant photophysical properties of 5.1, 5.2, 5.4 and 5.5. There are
several noteworthy trends. In dichloromethane (DCM) the emissive quantum yields of
all investigated species (5.1, 5.2, 5.4, 5.5) are high. Generally, the quantum yields of
the precursor alkynes are somewhat higher than those of their 1,3-dipolar azide

adducts. As the precursor alkynes do not dissolve in water, only the quantum yields

of 5.4 and 5.5 were obtained for aqueous solutions. While 5.4 displays a quite robust
quantum yield of 13% in water, in the case of 5.5 the quantum yield in water drops to
1.3%. With its emission wavelength of 525 nm and a quantum vyield of 13%, 5.4 is
potentially a very useful fluorophore core as it is quite stable towards photobleaching.
In addition, the emissive lifetimes of 5.4 in DCM (14 ns) and in water (7 ns) solutions
are unusually high. The larger congener 5.5 displays similarly large fluorescence
lifetimes of 18 ns and 5 ns in DCM and water, respectively. This is testimony to the
photophysical properties of the benzothiadiazole core, as the precursor alkynes also
display relatively long emissive lifetimes, although not as long as those observed for

the 1,3-cycloadducts.

The long fluorescence lifetime of the cycloadduct 5.4 is promising for potential

applications as a bio-fluorophore. As complex biological matrices such as cells,

N=N NaN
N7 \_N
o T
N,

I

R S R
5.6a R = Hex-
5.6b R = H-

Scheme 5.2. Compounds 5.6a and 5.6b.
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Figure 5.2. Representative absorption titration of 5.4 (blue trace; 151.5 uM) with
CuSOy, in water. [Cu] ranges from 0-6.26 x 10™* M (red trace 5.4-Cu®" complex).

serum, etc. are always fraught with background fluorescence®® with an emissive half
life of around 3 ns, fluorophores such as 5.4 should shine if time-gated detection is
used. Quite unusual is also that the emission and absorption wavelengths of 5.4 and
5.5 are not very solvent dependent and that we actually see a slight blue-shift in the

absorption features for both 5.4 and 5.5 when going from DCM into water.

The emission of 5.4 displays a slight red-shift when going from DCM to water,
while 5.5 displays a slight blue-shift upon the same solvent change. The similarity of
the spectral properties in water and in DCM suggests that these fluorophores do not
exhibit a large degree of charge transfer character in the ground or excited states.
This is reasonable because 5.4 and 5.5 are electron poor due to both building blocks,

the triazole and the thiadiazole, being electron acceptors.

Surprising is the quite significant red-shifts in absorption and particularly
emission wavelengths of the 1,3-diploar cycloadducts 5.4 and 5.5 in comparison to
their diyne precursors 5.1 and 5.2."' Quantum chemical calculations (B3LYP 6-

31G**//6-31G** as implemented by SPARTAN for Windows) also support this trend
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(Table 5.1) and show that the HOMO and the LUMO positions are both raised,
however the destabilization of the HOMO is more pronounced than the destabilization
of the LUMO when going from alkyne to triazole. The absorption and emission
profiles for 5.6a (DCM; Amax abs = 409 NM,  Amax emission = D07 nm) are very similar to
those obtained for 5.4 and Spartan computes (B3LYP 6-31G**//6-31G**) HOMO and
LUMO of the model compound 5.6b at -5.69 eV and -2.66 eV. Consequently, while
the triazole unit has a strong auxochromic effect, it is poor at transmitting electronic

communication between two n-systems.

Adducts 5.4 and 5.5 display a binding pocket that should readily bind to metal
analytes of appropriate charge and atomic radius as previously demonstrated by us

and by Xie et al. for similar types of 1,3-dipolar cycloadducts, but only in non-

aqueous solutions.*

[ 56

£ 60x10°< ® =

= | | @

W & 4

o 2

— L] O

(] —

= . c 2 4

£ 40x10°4 g S

c ! a

[ =

k= : Sod

8 a 425 525 625 725

8 20x10°4 m Wavelength (nm)

2 un

=4 L]

S n

™ n

0.0 4 ."l = = .

L] v L M L] v L M L] v L M L} M
00 0.1 02 03 0.4 05 06

[Cu] (M)
Figure 5.3. Emission data (black dots) of the titration of 5.4 (151.5 uM) with CuSO,
in water. Red line indicates the fitted equation used to determine binding constant.
[Cu] ranges from 0-6.26 x 10" M. Inset: Representative emission titration of 5.4 with
CuSQy in water.
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Table 5.2. Binding Data of 5.4 and 5.5 with Copper (11) and Nickel (I1) in Water

Compound 5.4 5.4 55
Metal 2 Cu(ll) Ni(ll) Cu(ll)
Log K from 2.83 3.18 2.96
absorption
Log K from emission 5 754 9,01 3.17 +0.01 2.71+0.03

2 The sulfate salt was used in all cases. ® Values obtained from the deconvolution of the
absorption spectra utilizing Datan software.* ©Values obtained from fitting the
quenching of the emission spectra with Equation 1.

Our adducts (5.4, 5.5) allow the screening of metal binding in water. Upon
addition of the triflate salts of Li*, Na*, K*, Ca**, Zn**, Mg*, and Sn** to an aqueous
solution of 5.4, no change in the absorption or emission spectra is observed. Upon
addition of Hg?* and trifluoroacetic acid (TFA) no change in the absorption spectra is

observed,

however the emission of 5.4 becomes quenched. Upon the addition of Cu®" or Ni**
the charge transfer band in the absorption spectra redshifts (~20-30 nm) and the
emission also quenches. Titrations of 5.4 and 5.5 with copper sulfate and 5.4 with

nickel sulfate in water were performed to determine the strength of the binding.

Attempting to plot the fluorescence quenching spectra according to the standard
Stern-Volmer equation resulted in significant deviation from linearity. However, the
data was well correlated when Equation 5.1 is employed,

| o +|final_|o*1+®+ 1
A" F1 K [F]

2 2
[Q, 1 [Q1
[1+ﬁ+ KSV[F]J _4[F]1 61
where Iq is the intensity of the fluorescence at a given quencher concentration, I, is
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the initial fluorescence intensity of the fluorophore, Ifina is the final intensity of the
fluorescence of the quenched fluorophore, [Q] is the concentration of the quencher
added, [F] is the concentration of the fluorophore and K, is the apparent Stern-

Volmer constant.

The results of the titration are summarized in Table 5.2. The binding of 5.4 to
Ni(ll) in water resulted in a binding constant of log K = 3.17 + 0.01. The lower
binding constant in comparison to Xie’s (log K = 4.48 + 0.03) is expected as the
titration was performed in water, which is a more competitive ligating solvent than
acetonitrile.  The binding constant for Cu(ll) in water was slightly smaller in
magnitude than that of nickel with log K = 2.70 + 0.01. The binding constant for the
binding of copper to 5.5 was determined to be log K = 2.71 + 0.03. This binding
constant was nearly identical to that of 5.4 which demonstrated the independence of
the binding upon the size of the aceno portion of the core. Interestingly, the necessity
of a stoichiometric amount of copper in the synthesis of 5.4 and 5.5 can be attributed
to this high binding constant as once the triazole group is formed; the effective
concentration of free copper available to catalyze the reaction is drastically reduced.
Binding constants were also obtained from the deconvolution of the absorption
spectra from the titration of the metal utilizing Datan software.'® In all cases, the
constants obtained from the absorption spectra were in good to excellent agreement
with the values obtained from the Stern-Volmer plots of the emission spectra.

Assuming a 1:1 complex agrees very well with the obtained data.

Apparently upon coordination to one copper ion, the second binding pocket becomes

too electron poor to effectively bind another copper ion in aqueous solution.
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5.3 Conclusions

In conclusion, we have prepared water soluble bistriazoles 5.4 and 5.5 and the
model compound 5.6a. From the combination of spectroscopic and computational
data, we can conclude that the triazole-ring has a strong auxochromic effect and leads
to red-shifted spectroscopic features for the connected arene in the 4-position, but at
the same time is a poor electronic conduit, as the spectroscopic properties of 5.6a are
almost identical to that of 5.4. The adducts 5.4 and 5.5 do not show large solvent
dependencies of their spectroscopic properties, and 5.4 is surprisingly fluorescent in
water and binds both copper and nickel in aqueous solution. Overall, the 1,3-dipolar
cycloaddition of alkynes to azides is a superb tool to prepare functional, metallo-

responsive fluorophores.
This work has been published in Chemical Communications:

Brombosz, Scott M.; Appleton, Anthony Lucas; Zappas, Andrew J.; Bunz, Uwe H. F.

Chemical Communications, 2010, 46, 1419 — 1421.
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5.4 Experimental and Supplementary Information

5.4.1 4,7-Bis(1-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1H-1,2 3-triazol-4-

vDbenzo[c][1,2,5]thiadiazole, 5.4.

To a stirring solution of 0.150 g (1.0 eq, 4.57x10™ mol) of 4,7-bis((trimethylsilyl)
ethynyl)benzo[c][1,2,5]thiadiazole (5.1) in 10 mL of 5:1 THF:H,0 was added 0.139 g
(4.0 eq, 1.826x107 mol) of KF hydrate was added and the solution was allowed to stir
for 30 minutes. After the addition of 0.216 g (2.5 eq, 1.14x10° mol) of 5.3 the
solution was freeze-pump-thawed three times to remove any oxygen. While under a
flow of N, 0.182 g (2.5 eq, 1.14x10™ mol) of copper sulfate and 0.226 g (2.5 eq,
1.14x10° mol) of sodium ascorbate was added. After stirring overnight, the crude
mixture was filtered through celite with dichloromethane. The solvent was removed
under vacuum. The product was filtered through a short silica column with
dichloromethane followed by ethyl acetate as the eluent to elute any thiadiazole
starting material.  The product (5.4) was then eluted with acetone. After
concentration, the recovered oil was dissolved in water and lyophilized for two days
to yield a yellow/green solid in 55% yield (0.141 g). *H-NMR (500 MHz, CDCls)
3.30 (s, 6H), 3.46 (m, 4H), 3.59 (m, 4H), 3.65 (m, 8H), 3.98 (t, 4H J=5 Hz), 4.68 (t,
4H J=5 Hz), 8.63 (s, 2H), 8.85 (s, 2H); *C-NMR (125 MHz, CDCl;) 50.44, 58.95,
69.56, 70.54, 70.73, 71.83, 122.67, 125.02, 125.97, 143.00, 152.25; IR (KBr) v 3500
(w), 3175 (m), 3113 (w), 2870 (s), 2291 (w), 1946 (w), 1580 (w), 1539 (w), 1456 (s),
1366 (s), 1271 (s), 1227 (s), 1142 (s), 1045 (s), 981 (s), 879 (s), 825 (s), 692 (s), 619
(s), 500 (s); HRMS Calc. for Cy4H3506NgS (FAB 5.4 + H) 563.24003, found

563.24070.
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Figure 5.4. *H-NMR spectrum (CDCls) of compound 5.4.
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Figure 5.5. **C-NMR spectrum (CDCl3) of compound 5.4.
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5.4.2. 4,9-Bis(1-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1H-1,2 3-triazol-4-yl)naphtho

[c]]1,2,5]thiadiazole, 5.5.

To a stirring solution of 0.150 g (1.0 eq, 3.24x10™ mol) of 4,9-bis((triethylsilyl)ethynyl)-
naphtho[2,3-c][1,2,5]thiadiazole (5.2) in 10 mL of 5:1 THF:H,O was added 0.099 g (4.0
eq, 1.3x10° mol) of KF hydrate was added and the solution was allowed to stir for 30
minutes. After the addition of 0.153 g (2.5 eq, 8.10x10™ mol) of 5.3 the solution was
freeze-pump-thawed three times to remove any oxygen. While under a flow of N, 0.129
g (2.5 eq, 8.10x10™ mol) of copper sulfate and 0.161 g (2.5 eq, 8.10x10™ mol) of sodium
ascorbate was added. After stirring overnight, the crude mixture was filtered through
celite with dichloromethane. The solvent was removed under vacuum. The product was
filtered through a short silica column with dichloromethane followed by ethyl acetate as
the eluent to elute any thiadiazole starting material. The product (5.5) was then eluted
with 20% acetone in ethyl acetate. After concentration, the recovered oil was dissolved
in water and lyophilized for two days to yield a red solid in 60% yield (0.119 g). ‘H-
NMR (500 MHz, CDCl3) 3.24 (s, 6H), 3.41 (m, 4H), 3.58 (m, 4H), 3.69 (m, 8H), 4.05 (t,
4H J=5 Hz), 4.78 (t, 4H J=5 Hz), 7.52 (dd, 2H J=6Hz), 8.66 (s, 2H), 9.03 (dd, 2H
J=6Hz); IR (KBr) # 3497 (w), 3148 (m), 2870 (s), 1950 (w), 1647 (w), 1533 (w), 1458
(s), 1352 (s), 1259 (s), 1109 (s), 1051 (s), 893 (s), 822 (s), 765 (s), 721 (s), 529 (s);

HRMS Calc. for CgH3706NsS (FAB 5.5 + H) 613.25568, found 613.25273.
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Figure 5.6. *H-NMR spectrum (CDCl3) of compound 5.5.

5.4.3. 4,7-Bis(1-(4-hexylphenyl)-1H-1,2 3-triazol-4-yl)benzolc]

[1,2 5]thiadiazole, 5.6a.

To a stirring solution of 0.150 g (1.0 eq, 4.57x10™ mol) of 4,7-bis((trimethylsilyl)
ethynyl)benzo[c][1,2,5]thiadiazole (5.1) in 10 mL of 5:1 THF:H,O was added 0.139 g
(4.0 eq, 1.826x10° mol) of KF hydrate was added and the solution was allowed to stir for
30 minutes. After the addition of 0.232 g (2.5 eq, 1.14x10™ mol) of 7 the solution was
freeze-pump-thawed three times to remove any oxygen. While under a flow of N, 0.182
g (2.5 eq, 1.14x10° mol) of copper sulfate and 0.226 g (2.5 eq, 1.14x10° mol) of sodium
ascorbate was added. After stirring overnight, the crude mixture was filtered through
celite with dichloromethane. The solvent was removed under vacuum. The product was
filtered through a short silica column with dichloromethane to elute any thiadiazole

starting material. The product (5.6a) was then eluted with 5% ethyl acetate in DCM.
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Concentration under reduced pressure provided 5.6a as a yellow solid (0.070g, 26%
yield). 'H-NMR (300 MHz, CDCls) 0.89 (t, 6H), 1.32 (m, 12H), 1.63 (m, 4H), 2.65 (t,
4H), 7.29 (d, 4H J=5 Hz), 7.68 (d, 4H =5 Hz), 8.59 (s, 2H), 9.00 (s, 2H); **C-NMR (125
MHz, CDCIl3) 14.41, 22.85, 29.14, 31.54, 31.92, 35.73, 120.44, 121.77, 122.49, 126.13,
129.76, 134.91, 143.54, 144.08, 152.16; IR (KBr) ¥ 3167 (m), 3051 (w), 2955 (s), 2924
(s), 2853 (s), 2280 (w), 1909 (m), 1728 (m), 1580 (m), 1517 (s), 1466 (m), 1410 (m),
1240 (s), 1177 (m), 1040 (s), 989 (s), 885 (s), 837 (s), 802 (s), 519 (s); HRMS Calc. for

CasH3sNgS (EI 6b + H) 590.2940, found 590.2925.

5.4.4. Spectroscopic Response Data of 5.4 in Water
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Figure 5.7. Absorption spectra of 5.4 before and after the addition of metal triflates
and TFA in water. All fluorophore concentrations were at 89 uM.
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Figure 5.8. Emission spectra of 5.4 before and after the addition of metal triflates and
TFA in water. All fluorophore concentrations were at 89 uM.
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5.4.5 Stern-Volmer Plots of 5.4 and 5.5
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Figure 5.9. Emission quenching data plotted according to the standard Stern-Volmer
equation showing the non-linear behavior of the quenching. Compound 5.4 with
Cu(ll) (Top Left), compound 5.4 with Ni (II) (Top Right), 5.5 with Cu(ll) (Bottom

Left).
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Figure 5.10. Emission quenching data plotted according to the modified Stern-Volmer
equation. Compound 5.4 with Cu(ll) (Top Left), compound 5.4 with Ni (II) (Top

Right), 5.5 with Cu(ll) (Bottom Left).
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5.4.6 Absorption and Emission Titrations of 5.4 and 5.5.
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Figure 5.11. Absorption spectra of the titration of 5.4 (151 uM) with NiSO, in water.
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Figure 5.12. Emission spectra of the titration of 5.4 (151 uM) with NiSO,4 in water.
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Figure 5.13. Absorption spectra of the titration of 5.5 (166 nM) with CuSO, in water.
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Figure 5.14. Emission spectra of the titration of 5.5 (166 uM) with CuSO, in water.
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Chapter 6: Are N,N-Dihydrodiazatetracene-Derivatives Antiaromatic?

6.1 Introduction

Having explored the unique properties of the acenothiadiazoles, we turned our attention
to producing N-heteroacenes. These compounds can be easily produced through the
condensation reaction of an ortho-diamine and an ortho-dione and due to the ease of
synthesis of o-diones, a wide variety of N-heteroacenes can be produced. In this initial
examination, we will produce the relatively simple diazatetracene and study its

photophysical, electrochemical, and antiaromatic properties.

O =208
-—

=N S S
6-n-system 8-n-system

aromatic

Scheme 6.1. Interconversion of an aromatic 6-r-pyrazine module into an antiaromatic
8-n-dihydropyrazine module.

The higher acenes have been widely used in organic electronics, due to their high
charge carrier mobilities." Pentacene in particular has potential applications as thin-film
p-channel transistors.” Its crystal packing exhibits significant - intermolecular overlap,
which contributes to its high mobility.>® Anthony has demonstrated that pentacenes,
hexacenes, and heptacenes with strategically placed, sterically demanding alkyne sub-
stituents are stable and can be easily processed.> Their crystal structures can be

manipulated predictably by the choice of appropriate substituents to maximize m-n-
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stacking in the solid state.* We now explore the potential elaboration of these systems by
synthesizing and studying the properties of a pair of soluble, redox-related diaza and

dihydrodiaza- tetracenes.

The considerable interest in pentacene (~2000 papers, Web of Science) has only
recently been extended to the larger nitrogen-containing heteroacenes, even though these
have been known since the late 19th century.® Houk,® Wudl,” Nuckolls,® Tadokoro®
Jenekhe'® and Yamashita'! have rejuvenated the field. Large heteroacenes show potential

as electron-transport materials.

SiR3 SiR5
o | I
=N, ab NN © Ny NH2
S \:[\ S — \I
N N NH,
(0]
| Il
SiR3 SiR,
6.1 6.2a R =iPr, 87%; 6.3aR = iPr, 98%
6.2b R = Et, 61% 6.3bR = Et, 97%
SiR3 SiR3
@g I H,/Wilkinson's | |
catalyst
4, C(I 0 = (II )&
ble S|R3
6.5a R = iPr, 63% 6.6a R =iPr, 98%
6.5b R = Et, 57% 6.6b R = Et, unstable
6.5 R=Me 6.6' R =Me

L SO

Scheme 6.2. Synthesis of the heteroacenes 6.5a,b and dihydroheteroacenes 6a,b. a:
R3Si-CC-Li, then wet ether; a R = isopropyl, b R = ethyl; b: KI, NaH,PO,, AcOH, c:
LiAlH,, THF.
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An underappreciated and rarely discussed aspect of the chemistry of the larger
diazaacenes is their potential to be reduced (hydrogenated) into to their formally
antiaromatic congeners (Scheme 6.1). Indeed, the dihydro-forms of the diaza- and
tetraazapentacenes seem to be remarkably viable.* Hinsberg reported that both the parent
and the dihydro forms of diaza- and tetraazatetracenes to be persistent, and he contended
that the dihydro forms of the larger azaacenes were even more stable.> The notions of
aromaticity and particularly of antiaromaticity®® had not yet been developed in 1901.
Consequently, the behavior of the formally antiaromatic dihydronaphthophenazine did
not seem surprising at the time. This contribution illuminates the stabilities and
spectroscopic properties of 6.5-6.8 in relationship to their aromatic/antiaromatic

character.

6.2 Results and Discussion

The addition of the lithium salt of (triisopropylsilyl)acetylene or
(triethylsilyl)acetylene to quinone 6.1** forms an intermediate diol which reacts with
potassium iodide and sodium hypophosphite in acetic acid into the naphthothiadiazole
derivatives 6.2a,b."> LiAlIH, reduction of 6.2a,b in THF afforded diamine 6.3a,b in close
to quantitative yields as blue-fluorescent, almost colorless powders. ortho-Quinone (6.4),
obtained by oxidation of catechol in dichloromethane by acidic aqueous dichromate, was
coupled with 6.3a,b to furnish 6.5a,b after flash chromatography (hexanes/dichloro-

methane 1/1) as dark-red, air-stable, crystalline materials.

The packing of 6.5a,b, 6.7 and 6.8 is of interest, as it determines the existence of

short w-m-intrastack interactions, which is a necessary, although not sufficient,
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Figure 6.1. Packing of 6.5a (left) and 6.5b (right); view along the b-axis.

wéw;vv
B 44 ’

B Beel B

Figure 6.2. Packing of 6.5a (left) and 6.5b (right); view along the a-axis.

formed by the two ethynyl substituents. Note that this view is not along any viable
crystallographic main axis.
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prerequisite for their successful incorporation into thin-film transistors or other
organic electronic devices. Crystalline specimens of 6.5a, 6.5b, 6.7 and 6.8 were
subjected to X-ray crystal-structure analysis; 6.5a, 6.5b, and 6.7 are stable under the
crystallization conditions (dichloromethane/hexanes for 6.5a,b and DMSO for 6.7).
Initial attempts to crystallize 6.8 from DMSO under ambient conditions gave red single
crystals that had a crystallographic cell identical to 6.7. But when crystallized from DMF
in a dry box under exclusion of air, 6.8 was found to produce yellow platelets. Table 6.1
shows details of the four X-ray crystal structures. The structure of 6.5b is better resolved,
as the TIPS groups in 6.5a are disordered, resulting in a high R-value to 15%; however,
the packing is clearly discernable. The parent compounds 6.7 and 6.8 are well-behaved
and the crystal structures could be refined to give low R-values. Table 6.1 displays cell

parameters and R-values.

While 6.5a and 6.8 are triclinic, 6.5b and 6.7 pack in a monoclinic cell. Figures 6.1-
6.4 display the packing patterns of 6.5a and 6.5b. Despite their quite different unit cells,
the packing of 6.5a and 6.5b is similar. The most significant difference is illustrated in
Figure 6.2; 6.5a is arranged in a tilted fashion, while 6.5b forms a rectangular pattern.
The most likely reason for the subtle difference in packing is the increased steric demand
of the TIPS group in comparison to that of the triethylsilyl substituent. A subtle
difference in the tilt angle of the molecules within one stack differentiates 6.5a from
6.5b. The best description of the overall packing is perhaps that of a tilted brick wall, i.e.
heteroacenes 6.5a,b pack in a 2-D-stack but with significant short-axis offset, similar to

1
.16

acceptor-substituted tetracene derivatives prepared by Anthony et al.”™ The short intra-

stack distance of two molecules of 6.5a, 3.35 A, equals the combined van der Waals radii
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Figure 6.4. Molecular structures of 6.7 (left) and of 6.8 (right). The top view displays
the planarity of both 6.7 and 6.8. The four powder blue colored positions in 6.8
contain overall two nitrogen atoms in either the 5,12- or the 6,11-position as a
consequence of the disorder of 6.8 where it can take on two different orientations.

Figure 6.5. Packing of 6.7. View along the b-axis (left) and along the a-axis (right).

Figure 6.6. Packing of 6.8. View along the b-axis (left) and along the a-axis (middle).
View along the diagonal of the crystallographic b and c axes (right).
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Table 6.1. Crystallographic Parameters of 6.5a, 6.6a, 6.7, and 6.8

Compound a(A) b@A) cA a® O 70 Space z R
Group (%)

6.5a 7.40 13.89 18.43 112 95.6 90.5 P-1 2 15
6.5b 721 13.69 30.89 90 102 90 C2lc 4 8.8
6.7 7.07 8.44 18.52 90 95.2 90 P2,/c 4 4.0

6.8 5.83 7.85 12.51 101 101 94 P-1 2 4.5
TC? 6.06 7.84 13.01 77.0 72.1 85.8 P-1 2 5.7

8 TC = Tetracene, data from: Holmes, D.; Kumaraswamy, S.; Matzger, A. J.;
Vollhardt, K. P. C. Chem. Eur. J.1999, 5, 3399-3412.

of carbon. A virtually identical value, 3.33 A is found for 6.5b, which suggests that both
heteroacenes have a packing arrangement desirable for molecular electronics
applications. The size of the substituents on the alkynes has in this case only a relatively

small effect on the overall packing of the heteroacenes 6.5a and 6.5b.

The crystal packing of the two parent heteroacenes 6.7 (Figure 6.5) and 6.8 (Figure
6.6), differs from that of 6.5a,b (Figures 6.1-6.3) and tetracene.'” Both 6.7 and 6.8 are
nearly planar, but the NH-groups in 6.8 are slightly puckered and the structure is
disordered with respect to the relative position of the dihydropyrazine ring in the
molecule. As the CH- and NH-groups are of similar size and steric bulk, the molecules of
6.8 pack as if they possess an inversion center (Figure 6.4). The planarity of 6.8 is
relevant to discussion of the question of aromaticity and/or antiaromaticity (vide infra).
As shown in Figure 6.5, 6.7 displays a herringbone packing, in which the intrastack
distance is approximately 3.8 A along the b-axis. But 6.8 exhibits a face-to-edge
arrangement, in which the n—r stacking is absent (see Figure 6.6). Both 6.7 and 6.8 have
unfavorable packing for high charge carrier mobility, since they have only modest (6.7)
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Figure 6.7. UV-vis and emission spectra of 6.5a and 6.6a in dichloromethane.

or absent (6.8) intrastack m—n-interactions. However, the packing of 6.5a,b (Figures 6.1-
6.3) enforces the intrastack n—n-interactions due to the presence of the silylated alkyne
substituents. We were unable to obtain an X-ray crystal structures for 6.6a, since 6.6a

oxidized quickly to 6.5a, even in the crystalline state.

While 6,11-bis(triisopropylsilylethynyl)benzo[b]phenazine (6.5a) is non-fluorescent in
the solid state, due to its intra-stack interactions, it is red-fluorescent in solution with
acene-type vibronic progressions both in absorption and emission (Amax abs = 571 nm,
Amax €Mission = 583 nm, Figure 6.7):'® 6.5a is persistent and melts at 186 °C without
decomposition. It can be hydrogenated at 2500 psi H, pressure using Wilkinson’s
catalyst ((PhsP)sRhCI) to give a new, brightly yellow-green fluorescent compound
(assigned structure 6.6) in 98% yield. The absorption and emission spectra of 6.6a are
shown in Figure 6.7 (Amax abs = 482 nm, Amax €mission = 491 nm). The NH units gave a
distinct, sharp IR band at 3396 cm™ and a single broad *H NMR peak. Otherwise, the
NMR spectrum of 6.6a is similar to that of 6.5a, except that all the *H signals are shifted
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to higher field. Dihydro-heteroacene 6.6a is isolable, but quickly reverts to 6.5a on
exposure to air, both in solution and in the solid state. The compound 6.6b is so unstable
that it oxidizes back to 6.5b almost immediately. Interestingly, the acetylene substituents
seem to decrease the persistence of 6.6a, compared to Hinsberg’s parent diazadihydro-

tetracene 6.8.1

6.3 Electrochemistry and Computational Analysis

We performed cyclic voltammetry (CV) of 6.5a and 6.6a in THF / 0.1 M "BusNPFg to
examine their redox relationships in an electron-transfer rather than hydrogen-transfer
sense. Sample voltammograms are shown in Figure 6.8 and their potentials are
summarized in Table 6.2; 6.5a undergoes a fully reversible first molecular reduction, at a
similar potential as 6.7. Both compounds also exhibit less chemically reversible

reductions to the dianion at more negative potential.

For 6.7, the reduction is irreversible. Heteroacene 6.5a shows the characteristics of
an EC-type process, in which a reversible electron transfer is followed by chemical
reaction on a comparable timescale and displays a reversible molecular oxidation at
+0.95 V vs. ferrocenium / ferrocene. The voltammograms of 6.6a and 6.8 are different
from one another: while the oxidation of 6.6a is irreversible, 6.8 undergoes two
successive more-or-less reversible oxidations.”® The similarities between 6.5a and 6.7
are obvious from the close values of their first and second reduction potentials as well as
the reversibility of their electrochemistry. For 6.6a and 6.8, the origin of their differences

in chemical reversibility is unknown, however, the irreversibility of 6.6a"°

may be
related to its tendency to be oxidized (in the sense of hydrogen loss).
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Figure 6.8. Cyclic voltammograms of 6.5a, 6.6a, 6.7 and 6.8 (right) in THF / 0.1 M
"BusNPFg recorded at 50 mVs™. Signals due to internal reference couples are
indicated, different couples having been chosen for different compounds to avoid
overlap. In all cases, the data have been plotted relative to the ferrocenium / ferrocene
redox couple.

The electrochemical data also make possible a rough estimate of the solid-state
ionization potentials and electron affinities, parameters important for potential
applications in organic electronics. The solid-state electron affinity of 6.5a can be
estimated (as described in reference 20) as ca. —3.4 eV, approaching those estimated in
the same way for well-established electron-transport materials with facile electron
injection including perylene diimides (ca. —3.6 eV)**° and Cg (ca. 3.7 eV), and

20d

considerably more exothermic than that of Algs; < (ca. —2.3 V), which is widely used as
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Figure 6.9. HQMO/LUMO energies and band gaps, computed at B3LYP/6-31G//
B3LYP/6-31G , for 6.5’ (red) and 6.6°(green), and optical data (Gap optical) for 6.5
and 6.6.
an electron-transport material in organic light-emitting diodes. The solid-state ionization
potential of 6.5a is estimated at ca. 6.1 eV (see SI), significantly higher than that of well-
established hole-transport materials such as TIPS-pentacene (ca. 5.5 eV estimated by the
same method from the potential given in reference 3a in the Sl), and TPD (directly

measured at 5.4 eV),?*

suggesting a large barrier to hole injection from typical electrode
materials used in organic electronics. The reversible reductions of 6.5a and 6.7 reveal that
the radical anions of these species are relatively stable. Moreover, their reduction
potentials are in the vicinity of the solution reduction potential of molecular oxygen (for

which we observe Eqq at ca. —1.3 V vs. FeCp,™ in THF / 0.1 M "BusNPFe), suggesting

the possibility of air-stable electron-transport of these materials.

Despite the formally 4n 7 perimeter of 6.6a,b, 6.6", and 6.8, the computed heats of
hydrogenation of 6.7 to 6.8 (AHy = -20.8 kcal/mol at B3LYP/6-311+G** with ZPE

correction) is 5.8 kcal/mol more exothermic than that of the inner ring of tetracene (AHH
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= -15.0 kcal/mol). Hence, 6.8 is destabilized only modestly by its antiaromatic

dihydropyrazine subunit.

Table 6.2. Electrochemical Half-Wave Potentials (V vs. Ferrocenium / Ferrocene) for
6.5a, 6.6a, 6.7, and 6.8 in THF / 0.1 M "BusPFs

Cpd (M) Ewz (M™) (V) Evz (M™) (V) Eir (M7) (V) Eip (M) (V)

6.5a - a -1.23° -1.78°
6.7 - - -1.44 -2.00°
6.6a - +0.19° -

6.8 0.00 -0.21 - -

%1n CH,Cl, / 0.1 M "BusNPFg a reversible oxidation is observed at +0.95 V; reversible
and EC-t%/pe reductions are seen at —1.21 and —1.68 V, respectively, in the same
solvent. " Irreversible, the given values correspond to the peak potentials of Eeq (for
6.7) and Ey (for 6.6a).

This comparison is influenced by the difference in CH vs. NH bond energies. Thus,
the computed heat of hydrogenation involving non-aromatic models, 2,3-dihydropyrazine
and 1,2,3,4-tetrahydropyrazine (AHy= —18.8 kcal/mol), is nearly the same as that of 6.7
to 6.8. In contrast, the hydrogenation of 2,3-cyclohexadiene to cyclohexene (AHuy= —22.5
kcal/mol) is 7.5 kcal/mol more exothermic than that of tetracene to dihydrotetracene.
Evidently, the loss of aromatic stabilization energy (ASE) upon the hydrogenation of 6.7
to 6.8 is less than that of tetracene to 5,12-dihydrotetracene, despite the 4n-zm-perimeter of

6.8.

Moreover, the HOMO-LUMO gap of aromatic 6.5a,b is smaller than that of the
formally antiaromatic 6.6a,b. As shown in Figure 9 for 6.5> and 6.6, the computed
LUMO energy difference (-3.0 eV for 6.5” vs. -1.5 eV for 6.6°) is greater than that of the
HOMO (-5.2 eV for 6.5’ to -4.6 eV for 6.6”). Hence, the band gap increases from 2.3 eV

for 6.5’ to 3.1 eV in 6.6°. The experimentally obtained optical band gaps, obtained from

99



seee
2

Remote -1.6 -3.4 - - Zuics, .z ~10.0
Local

284 -39.2 - - Swicsz2  -135.5
Total _ :

300 -42.6 - - Swics 1452
Remote -2.0 -3.8 -3.6 -2.8 Znics, 2 "12.2
Local
e 280 -39.1 382 -27.9 Iyesn. -1332
Total

300 -42.9 -41.8 304 Iy, -1454
Remote 7.9 151 157 157  Zucsn 40.8
Local
oc 351 299 27.6 334 Zusn -70.8
Total _

272 188 297 177 Zwesn -30.0

Figure 6.10. IGLO-LMO (localized molecular orbital) and GIAO-CMO (canonical
molecular orbital) NICS(0),,, computed at PW91/IGLO-111/B3LYP/6-311+G ™.
“Local” refers to the 1 LMO contributions of individual localized double bonds and
lone pairs associated with the designated individual rings (when appropriate, localized
exocyclic t bonds are included). “Remote” refers to the remaining © MO
contributions. Note also that the sum of the remote and local total LMO contributions
matches the CMO total closely. (The planar C,, form of 6.8 had one imaginary
frequency, but has essentially the same energy as the Cs minimum).
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the intersection of absorption and emission traces, of 6.5a,b and 6.6a (2.1 eV and 2.6
eV, respectively) agree reasonably well. For comparison, the solution electrochemical

HOMO-LUMO gap is 2.16 eV.

Diazatetracenes, like 6.5a,b and 6.7, certainly are aromatic, but are their 4n n dihydro
derivatives really antiaromatic? NICS (nucleus independent chemical shifts)
computations at the centers of the individual rings of 6.7 and 6.8 (as well as tetracene for
comparison) are revealing (Figure 6.10).%* Our analysis employs the NICS(0).., index,?
which is based on the out-of-plane tensor components of both the canonical (CMO) and
the localized (LMO) © molecular orbital contributions to the isotropic NICS. NICS(0),
data for both the dissected IGLO-LMO method (with Pipek-Mezey localization as
implemented in the deMon program)®*?* and the GIAO-CMO? method are computed at

PW91/IGLO-111//B3LYP/6-311+G " for uniformity.

As expected, all the individual local NICS(0),,, values of 6.7 and the overall
~NICS(0),,, sums are highly diatropic and are similar to those of tetracene (Figure
6.10).2 Both their total LMO and total CMO NICS(0),, data are almost identical. The
LMO details are instructive. Note that the “local” and “total” LMO NICS(0),,, data, for
both 6.7 and tetracene are very similar. Evidently, the large negative NICS(0),,, values of
the individual rings are due to their “local” diatropicity (i.e., the = contributions involving
each ring itself). The “remote” n contributions (from the other rings) are rather small.
Hence, the diamagnetic contributions of the aromatic subunits of both 6.7 and tetracene
are localized. This is in line with Clar’s rule that structures with a maximum number of
localized sextet rings are advantageous energetically. Hence, NICS(0),., is a relatively
uncontaminated measure of the magnetic aromaticity of individual rings in a polycyclic
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aromatic system. The inner rings of 6.7 and of tetracene are more diatropic than the outer

rings.?

The behavior of 6.8 is different. Both LMO and CMO XNICS(0),,, (2812 ppm)
reveal 6.8 to be weakly aromatic despite its 4n © perimeter (Figure 6.10). Note that the
dihydropyrazine ring is highly paratropic (see both LMO and CMO NICS(0),,, of the
dihydropyrazine ring of 6.8 in Figure 6.10), but its paramagnetic contributions are rather
delocalized. Unlike 6.7, the “remote” LMO contributions of the individual aromatic rings
of 6.8 (shown in green) are distinctly paratropic. Hence, the ZNICS(0),,, of both tetracene
and 6.7 (approximately —145 ppm) are much greater in magnitude than 6.8. Remarkably,
the benzenoid rings of 6.8 have significantly less diatropic individual “total” LMO
NICS(0),., values compared to their corresponding rings in 6.7, but their “local” LMO
NICS(0),., values are similar (see Figure 6.10). Evidently, the “local” aromaticites of the
benzenoid rings of 6.8 are preserved, despite the presence of the antiaromatic dihydro

ring.

The magnetic criteria suggest that 6.8 and its derivatives 6.6a,b are aromatic, even
though less so than 6.7 and 6.5a,b, at least when aromaticity is viewed as a global
property. If one considers aromaticity as a local ring-by-ring rather than a global
molecular property, 6.6 and 6.8 can be viewed as overall aromatic, yet the central
dihydropyrazine ring in both is strongly (locally) antiaromatic, with an additional global
component. However, upon dehydrogenation the strong local antiaromaticity disappears.
On the other hand, part of the relative stability of 6.6 and 6.8 comes from the increased
HOMO-LUMO gap, another experimental and calculational observation is at odds with

both simple Hiickel theory and the expectations fuelled by antiaromatic compounds such
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as cyclobutadiene. Particularly compared to the latter one the persistability of 6.8 is high
as it is easily isolated and characterized. In the case of 6.6a and 6.6b the persistability is

decreased, yet 6.6b is sufficiently stable allowing its characterization.

6.4 Conclusions

In conclusion, we have prepared a redox interconvertible pair of heterocyclic
tetracene derivatives, the aromatic 6.5a,b and 6.7 and their dihydro-derivatives 6.6 and
6.8. These compounds are potentially useful as active layers in thin-film transistors. The
formation of the requisite films for 6.5-6.8 is challenging and under current investigation.
While 6.5a,b is persistent, 6.6a,b is readily oxidized to 6.5a,b in air. The 4n+2 = species,
6.5a,b and 6.7, have small band gaps and are red-fluorescent. In contrast, their 4n ©
dihydro derivatives, 6.6a,b and 6.8, are green-fluorescent and have significantly larger
band gaps. The 4n m compounds, 6.6a,b and 6.8, display significantly reduced
aromaticity when compared to 6.5a,b and 6.7. The paratropicity of the antiaromatic (4n
n) dihydropyrazine subunits is delocalized throughout the system. Thus, although they
are easily oxidized, large 4n = compounds like 6.6a,b, 6.6’ and 6.8 are not appreciably

destabilized relative to their 4n+2 & congeners, 6.5a,b, 6.5 and 6.7.
This work was published in the Journal of the American Chemical Society:

Miao, Shaobin; Brombosz, Scott M.; Schleyer, Paul v. Rague; Wu, Judy I.; Barlow,

Stephen; Marder, Seth R.; Hardcastle, Kenneth I.; Bunz, Uwe H. F.  Journal of the

American Chemical Society 2008, 23, 7339-7344.
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6.5 Experimental and Supplementary Information

6.5.1 2,3-Diaminonaphthalene-1,4-dione

A mixture of 2,3-dichloronaphthalene-1,4-dione (5.00 g, 22.0 mmol) and potassium
phthalimide (8.60 g, 46.4 mmol) in CH3CN (250 mL) was refluxed for 18 h. The mixture
was then filtered and the precipitates were washed with water until the filtrate was
colorless. The yellowish solid was collected and dried in vacuo. The solid and NH;NH,
(15.0 mL) were suspended in H,0 (150 mL) at 60 °C for 12 h. The mixture was filtered
and the precipitate was washed with H,O (3 x 100 mL), dried in vacuo. 2,3-
Diaminonaphthalene-1,4-dione was obtained as a dark-purple solid in 3.28 g yield (79%,

two steps).

6.5.2 Naphtho[2,3-c][1,2,5]thiadiazole-4,9-dione, 6.1.

The mixture of 2,3-diaminonaphthalene-1,4-dione (2.40 g, 12.8 mmol) in SOCI; (15 mL)
was refluxed for 12 h. The mixture was filtered and the precipitate was washed with
CH.CI; (3 x 20 mL). The solid was collected and dried in vacuo; naphtho[2,3-

c][1,2,5]thiadiazole-4,9-dione was obtained as light yellow solid (2.06 g, 75%).

6.5.3 4,9-bis(triisopropylsilylethynyl)naphtho[2,3-c][1,2,5]thiadiazole, 6.2a.

To an oven-dried Schlenk flask was added triisopropylsilylacetylene (2.60 mL, 11.6
mmol) and dry THF (10 mL), followed by butyllithium (5.70 mL, 9.12 mmol) at 0 °C.
The solution was stirred at room temperature for 1 h, and then compound 6.1 (0.500 g,
2.31 mmol) was added to the solution. The mixture was stirred at ambient temperature for
12 h and then quenched with wet ethyl ether. After evaporation of the solvent, the residue

was filtered over silica gel using hexane/ethyl acetate (v/v, 5:1) to yield the
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corresponding diol. After the solvent was evaporated, the crude diol was, without further
characterization, suspended in acetic acid (20 mL) and potassium iodide (3.80 g, 22.9
mmol) and NaH,PO; (2.00 g, 22.8 mmol) were added. The mixture was heated to reflux
for 1 h. After cooling to room temperature, H,O (100 mL) was added to the mixture and
the aqueous solution was extracted with hexanes (3 x 100 mL). The combined organic
layers were dried in vacuo. The solids were further purified by chromatography on silica
gel using a hexane/CH,Cl, (v/v, 6:1) solvent mixture. Compound 6.2a (1.10 g, 87%
yield, two steps) was isolated as red crystals. m.p. = 182-184 °C. 6.2a: IR (KBr, cm™)
2943, 2863, 2136, 1533, 1458, 1387, 1241, 1041, 925, 882, 767, 734. 'H-NMR (0 in
CDCl;) 8.58-8.56 (q, 2H), 7.57-7.55(q, 2H), 1.28-1.27 (m, 42H). *C-NMR (8 in CDCls)
153.20, 135.05, 127.81, 127.56, 112.89, 107.36, 101.64, 18.82, 11.44. Accurate mass for

C32H46N2SSiy: m/e = 546.28598 [M+], calc. m/e = 546.29203.

6.5.4 4,9-Bis(triethylsilylethynyl)naphtho[2,3-c][1,2,5]thiadiazole, 6.2b.

In a synthesis identical to 6.2a, 6.2b was synthesized in 61 % yield as red crystals. m.p. =
115-117 °C. 6.2b: IR (KBr, cm'l) 2954, 2873, 2132, 1534, 1457, 1383, 1237, 1041, 973,
924, 742, 726. *H-NMR (& in CDCls) 8.55-8.52 (q, 2H), 7.58-7.55(q, 2H), 1.20-1.16 (t,
18H), 0.88-0.82 (g, 12H). *C-NMR (& in CDCl) 152.86, 135.12, 127.93, 127.54,
112.76, 108.35, 100.78, 7.67, 4.48. Accurate mass for CysH34N,SSi,: m/e = 462.19902

[M+], calc. m/e = 462.19813.

6.5.5 1,4-Bis(triisopylsilylethyny)naphthalene-2,3-diamine, 6.3a.

To the solution of 6.2a (1.00 g, 1.83 mmol) in THF (20 mL) was added LiAIH, (0.600 g,

15.8 mmol) at 0 °C and the mixture was stirred at room temperature for 12 h. The

mixture was quenched with saturated NH,Cl solution and extracted with ethyl ether (3 x
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200 mL). The combined organic layers were dried over Na,SO, and the solvent was
removed in vacuo to give a light yellow solid 6.3a (0.930 g, 98%). m.p. = 165-167 °C.
6.3a: I.R. (KBr) 3407, 3326, 3227, 3065, 2941, 2863, 2136, 1508, 1458, 1259, 1150,
1073, 1015, 882, 758. *H-NMR (5 in CDCl3) 8.12-8.09 (q, 2H), 7.40-7.37(q, 2H), 4.35 (s,
4H), 1.23 (s, 42H). ®*C-NMR (5 in CDCl;) 138.68, 128.43, 124.77, 124.41, 103.72,
102.44, 101.87, 18.81, 11.32. Accurate mass for Cs,HsoN,Sio: m/e = 518.35152 [M+],

calc. m/e =518.35126.

6.5.6 1,4-Bis(triethylsilylethynyl)naphthalene-2,3-diamine, 6.3b.

In a synthesis identical to 6.3a, 6.3b was synthesized in 97 % yield as light yellow solid.
6.3b: I.R. (KBr) 3443, 3358, 2953, 2873, 2136, 1618, 1507, 1444, 1235, 1015, 973, 837,
726. 'H-NMR (8 in CDCl3) 8.07-8.04 (q, 2H), 7.37-7.34 (q, 2H), 4.35 (s, 4H), 1.15-1.10
(t, 18H), 0.81-0.73 (g, 12H). *C-NMR (5 in CDCls) 138.62, 128.34, 124.74, 124.43,
103.61, 103.57, 101.10, 7.70, 4.59. Accurate mass for CysH3gN2Sip: m/e = 434.25890

[M+], calc. m/e = 434.25736.

6.5.7 6,11-Bis(triisopropylsilylethynyl)benzo[b]phenazine, 6.5a.

To a solution of K,Cr,07 (3.40 g, 11.6 mmol) in 2n H,SO4 was added CH,Cl, (200 mL)
and catechol (0.640 g, 5.81 mmol). The mixture was stirred at room temperature for 10
min and the organic layer was then separated with aqueous layer. To the organic layer
was added 6.3a (1.00 g, 1.93 mmol) and acetic acid (1 mL) and the mixture was heated to
reflux for 4 h. The solvent was removed in vacuo and the residue was separated by a
column (flash silica gel, Hex:CH,Cl,, v/v, 3:1) to give 6.5a as red solid (0.720 g, 63%).
m.p. = 185-186 °C. 6.5a: I.R. (KBr) 2941, 2864, 2129, 1521, 1458, 1389, 1101, 1041,

882, 747. *H-NMR (5 in CDCls) 8.75-8.73 (g, 2H), 8.23-8.21 (q, 2H), 7.82-7.80 (q, 2H),
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7.66-7.64 (g, 2H), 1.33-1.32 (m, 42H). *C-NMR (6 in CDCl3) 144.58, 141.24, 135.17,
131.03, 130.33, 127.92, 127.63, 120.85, 108.09, 102.86, 18.93, 11.60. Accurate mass for

C3gHsoN2Siz: m/e = 590.35100 [M+], calc. m/e = 590.35126.
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Figure 6.11. **C-NMR (CDClI3) of compound 6.5a.
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Figure 6.12. *H-NMR (CDCls) of compound 6.5a.
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6.5.8 6,11-Bis(triethylsilylethynyl)benzo[b]phenazine, 6.5b.

In a synthesis identical to 6.5a, 6.5b was synthesized in 57 % yield as red solid. m.p. =
156-158 °C. 6.5b: I.R. (KBr) 2955, 2877, 2132, 1522, 1457, 1391, 1042, 1014, 858, 752.
'H-NMR (5 in CDCl3) 8.77-8.73 (g, 2H), 8.29-8.25 (q, 2H), 7.84-7.81 (q, 2H), 7.69-7.66
(9, 2H), 1.31-1.25 (t, 18H), 0.95-0.87 (g, 12H). *C-NMR (5 in CDCls) 144.57, 140.90,
135.25, 131.16, 130.32, 128.04, 127.64, 120.72, 109.08, 102.05, 7.79, 4.62. Accurate

mass for Cz,H3gN,Sip: m/e = 506.25756 [M+], calc. m/e = 506.25736.

T T T T T T T
9 8 7 (] 5 4 3 2 1 PPM

Figure 6.13. *H-NMR (CDCls) of compound 6.5b.
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" Figure 6.14. **C-NMR (CDCl3) of compound 6.5b.
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6.5.9 6,11-Bis(triisopropylsilylethynyl)-5.-12-dihydrobenzo[b]phenazine, 6.6a.

Diyne 6.5a (50 mg, 0.085 mmol) and (PhsP)3sRhCI (3.0 mg, 0.0032 mmol) in a mixture of
CH,CI,/EtOH (v/v, 1:2) were stirred at 40 °C under a hydrogen atmosphere (2500 psi) for
12 h. The mixture was filtered over celite and the solvent was removed in vacuo to give
6.6a as yellow solid (49 mg, 98%). 6.6a: I.R. (KBr) 3396, 2934, 2863, 2124, 1479, 1299,
882, 745. *H-NMR (8 in CDCl3) 7.72-7.69 (g, 2H), 7.18-7.15 (g, 2H), 6.59-6.56 (g, 2H),
6.29 (s, 2H), 6.24-6.21 (g, 2H), 1.21-1.20 (m, 42H). **C-NMR (5 in CDCls) 136.04,
129.82, 129.31, 124.70, 124.18, 121.95, 112.59, 102.96, 100.52, 97.84, 18.77, 11.23.

Accurate mass for C3gHs,N,Si,: m/e = 592.36714 [M+], calc. m/e = 592.36691.

18.71
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wo |
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Figure 6.15. **C-NMR (CDCIs) of compound 6.6a.
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Figure 6.16. *H-NMR (CDCls) of compound 6.6a.

6.5.10 5,12-Dihydrobenzo[b]lphenazine, 6.8.

Naphthalene-2,3-diol (6.00 g, 37.5 mmol) and o-phenylenediamine (4.05 g, 37.5 mmol)
were stirred together in a 100 mL round-bottom flask. The flask was heated to 180 °C
and stirring continued for 30 minutes. After cooled down to room temperature, the
material was then washed on a filter with methanol, acetone and then diethyl ether. The
resulting material was collected and dried in vacuo to give 6.8 as a yellow solid (7.34 g,
84%). 6.8: I.R. (KBr): 3397, 3051, 1629, 1585, 1507, 1465, 1403, 1308, 1243, 1178,
1108, 948, 856. 'H-NMR (8 in DMSO-dg) 8.11 (s, 2H), 7.14 (m, 2H), 6.89 (m, 2H), 6.33
(m, 2H), 6.21 (s, 2H), 6.15 (m, 2H). *C-NMR (5 in DMSO-dg) 134.49, 131.62, 130.78,

124.78, 122.81, 120.20, 111.67, 104.26. Accurate mass for CigH12N,: m/e = 232.09924

+

[M+], calc. m/e = 232.10005. CV (vs. CpoFe): E =0.0025V, E, =-0.209 V.

of+ +/2
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Figure 6.17. *H-NMR (DMSO-d6) of compound 6.8.
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Figure 6.18. *C-NMR (DMSO-d6) of compound 6.8.
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6.5.11 Benzo[b]phenazine, 6.7.

To a suspension of 5,12-dihydrobnzo[b]phenazine (4.00 g, 17.2 mmol) in acetic acid (100
mL) was added a 2n solution of K,Cr,07 (8.34 g, 34.4 mmol). The mixture was allowed
to stir for one hour at room temperature during which time the solution became clear and
red. The solution was then poured into water and extracted with chloroform (3x100ml).
The organic layers were combined, dried in vacuo to give 6.7 as a dark red solid (3.679,
93%). 6.7: I.R. (KBr): 3046, 1582, 1528, 1459, 1383, 1109, 878, 749. 'H-NMR (5 in
CDCl3) 8.90 (s, 2H), 8.22 (m, 2H), 8.11 (m, 2H), 7.78 (m, 2H), 7.51 (m, 2H). *C-NMR

(6 in CDCl3) 144.73, 140.27, 134.66, 130.57, 130.04, 128.59, 127.74, 126.80. Accurate

o+
mass for C1gH1oN2: m/e = 230.08493 [M+], calc. m/e = 230.08440. CV (vs. Cp,Fe): E/
+/2+
=-1.444V, E/ =-1.912 V.
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Figure 6.19. *H-NMR (CDClIs) of compound 6.7.

113



v

N

W

£ S

T

T T

T T T T T T
I 146 144 142 140 138 136 134 132 130 128 126 124 ]

T T | T !

T T T T
200 180 160 140 120 100 80 60 40

Figure 6.20. **C-NMR (CDCls) of compound 6.7.
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6.5.12 IR Spectral Comparison
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Figure 6.21. Overlaid IR Spectra of 6.5a and of 6.6a. The spectrum of 6.5a is
colored red and the spectrum of 6.6a is colored green. Visible is the strong N-H-band
for 6.6a at 3396 cm™.
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Figure 6.22. Overlaid IR Spectra of 6.7 and of 6.8. The spectrum of 6.7 is colored
blue and the spectrum of 6.8 is colored green. Visible is the strong N-H-band for 6.8
at 3379 cm™,




6.5.13 Spectroscopic Characterization of 6.5-6.8.
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Figure 6.23. Overlaid UV-Vis and Emission-Spectra of 5a and of 6a in Hexane.
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Figure 6.24. Overlaid UV-Vis and Emission-Spectra of 6.5b in Hexane.
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Figure 6.25. Overlaid UV-Vis and Emission-Spectra of 6.7 and of 6.8 in CH,Cl.,.

6.5.14 Archive of Computed Structures

C16H10N2 (6.7)
1\1\ GINC-UGA-PVRS-PC13PVRS\Freq\RB3LYP\6-311+G(d,p)\C16H10N2\JIWU\26-

Jul-2007\0\\#P GEOM=ALLCHECK GUESS=TCHECK RB3LYP/6-311+G(D,P)

FREQ\\diazanaphthacene c2v\\0,1\C,-0.0595570893,-0.7255720913,0.\C,-0.05955708
93,0.7255720913,0.\C,1.1682229615,-1.4127102749,0.\C,1.1682229615,1.41
27102749,0.\N,-1.2151272252,-1.423239784,0.\N,-1.2151272252,1.42323978

4,0.\C,2.3772811355,-0.726326197,0.\C,2.3772811355,0.726326197,0.\C,-2
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.3477550441,-0.7273758082,0.\C,-2.3477550441,0.7273758082,0.\C,3.63796
90722,-1.4088791401,0.\C,3.6379690722,1.4088791401,0.\C,-3.6035884522,
-1.4169035213,0.\C,-3.6035884522,1.4169035213,0.\C,4.8120928763,-0.714
8432239,0.\C,4.8120928763,0.7148432239,0.\C,-4.7732658774,-0.716039063
6,0.\C,-4.7732658774,0.7160390636,0.\H,1.1440038479,-2.4966465619,0.\H
,1.1440038479,2.4966465619,0.\H,3.6374504735,-2.4935068459,0.\H,3.6374
504735,2.4935068459,0.\H,-3.5806677705,-2.5001180409,0.\H,-3.580667770
5,2.5001180409,0.\H,5.7576878112,-1.2450500282,0.\H,5.7576878112,1.245
0500282,0.\H,-5.7209812806,-1.2425642144,0.\H,-5.7209812806,1.24256421
44,0.\\Version=x86-Linux-G98RevA.5\State=1-A1\HF=-725.4142859\RMSD=6.8
18e-10\RMSF=1.428e-04\ZPE=135.2523816\Dipole=0.1217958,0.,0.\DipoleDer
009,0.1398131\Polar=432.5915261,0.0005031,194.9469308,-0.0000262,-0.00
05617,95.9561063\PG=C02V [SGV(C16H10N2)]\NImag=0\\0.70429771,-0.015677
002,0.02538504\\-0.00038656,-0.00053385,0.,-0.00038656,0.00053385,0.,0

01952,-0.00005044,0.,0.00001952,0.00005044,0.\\@

C16H12N2 (68)
1\1\ GINC-UGA-PVRS-PC20PVRS\Freg\RB3LYP\6-311+G(d,p)\C16H12N2\JIWU\30-

Jul-2007\0\\#P GEOM=ALLCHECK GUESS=TCHECK RB3LYP/6-311+G(D,P)

FREQ\\dihydrodiazanaphthacene cs\\0,1\C,0.0224522184,-0.7164712018,0.168903919
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7\C,0.0224522184,0.7164712018,0.1689039197\C,1.210999637,-1.3976133673

,0.0760806705\C,1.210999637,1.3976133673,0.0760806705\N,-1.2094833007,

-1.3625756188,0.2979265942\N,-1.2094833007,1.3625756188,0.2979265942\C

,2.45602049,-0.7144541248,-0.0045581932\C,2.45602049,0.7144541248,-0.0

045581932\C,-2.4263298947,-0.7042271123,0.0881463328\C,-2.4263298947,0

.7042271123,0.0881463328\C,3.6924419084,-1.3981182162,-0.0877546355\C,

3.6924419084,1.3981182162,-0.0877546355\C,-3.6246916858,-1.3908042767,

-0.0862235247\C,-3.6246916858,1.3908042767,-0.0862235247\C,4.881946428

5,-0.7051437479,-0.1684439676\C,4.8819464285,0.7051437479,-0.168443967

6\C,-4.8252743118,-0.6950427969,-0.2493729241\C,-4.8252743118,0.695042

7969,-0.2493729241\H,1.206285781,-2.4836198502,0.0734453079\H,1.206285

781,2.4836198502,0.0734453079\H,-1.2097092519,-2.366507494,0.205207395

6\H,-1.2097092519,2.366507494,0.2052073956\H,3.6922008831,-2.483533966

7,-0.0872910638\H,3.6922008831,2.4835339667,-0.0872910638\H,-3.6185298

054,-2.4762697031,-0.0872549761\H,-3.6185298054,2.4762697031,-0.087254

9761\H,5.8205701516,-1.2439996667,-0.2324315003\H,5.8205701516,1.24399

96667,-0.2324315003\H,-5.7498233942,-1.2447984124,-0.3778273895\H,-5.7

498233942,1.2447984124,-0.3778273895\\VVersion=x86-Linux-G98RevA.5\Stat

e=1-A'\HF=-726.6401956\RMSD=2.129e-10\RMSF=1.217e-05\ZPE=149.8134107\D
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ipole=-0.4411467,0.,-0.1161278\DipoleDeriv=1.613956,0.1799634,-0.10091
.0257897,0.0105371,-0.0308649,0.010474,0.1429209\Polar=403.4843454,0.0
00341,195.9361695,-0.0327947,0.0019603,102.2223903\PG=CS [X(C16H12N2)]
\NImag=0\\0.73477868,-0.05422908,0.65327372,-0.04081833,0.00272214,0.1
.00066727,0.00005837,-0.00406866,0.03496393,-0.01808892,0.02885361\\-0

28,-0.00000016,0.00000002,0.00000028,-0.00000016\\@

CigH12 (tetracene)

I\I\GINC-SHERIDAN\FOpt\RB3LYP\6-311+G(d,p)\C18H12\SCHLEYER\17-Jun-
1999\0\WBECKE3LYP/6-311+G**OPT\\NAPHTHACENE

D2h\\0,1\C,0.,0.,0.7250608473\C,0.,0.,0.72506
08473\C,1.2340451474,0.,-1.4048549355\C,1.2340451474,0.,1.4048549355\C,-1.23404
51474,0.,-1.4048549355\C,-1.2340451474,0.,1.4048549355\C,2.4472132061,0.,-0.724
9115469\C,2.4472132061,0.,0.7249115469\C,-2.4472132061,0.,-0.7249115469\C,-2.44
72132061,0.,0.7249115469\C,3.7073763833,0.,-1.4076509535\C,3.7073763833,0.,1.40
76509535\C,-3.7073763833,0.,-1.4076509535\C,-3.7073763833,0.,1.4076509535\C,4.8
828170671,0.,-0.7147531904\C,4.8828170671,0.,0.7147531904\C,-4.8828170671,0.,-0
.7147531904\C,-4.8828170671,0.,0.7147531904\H,1.2344368323,0.,-2.4906415352\H,1
.2344368323,0.,2.4906415352\H,-1.2344368323,0.,-2.4906415352\H,-1.2344368323,0.

,2.4906415352\H,3.7072258379,0.,-2.4926998832\H,3.7072258379,0.,2.4926998832\H,
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-3.7072258379,0.,-2.4926998832\H,-3.7072258379,0.,2.4926998832\H,5.8281928369,0
.,-1.2454983785\H,5.8281928369,0.,1.2454983785\H,-5.8281928369,0.,-1.2454983785

\H,-5.8281928369,0.,1.2454983785\\VVersion=x86-Linux-G98RevA.5\State=1-AG\HF=-

69

3.3293112\RMSD=6.744e-09\RMSF=3.719e-05\Dipole=0.,0.,0.\PG=D02H

[C2"(C1.C1),SG(C16H12)]\@
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Chapter 7: From Acenes to Diazaacenes: Enabling Electronegative
Substitution as a Tool for Engineering Optical and Electronic

Properties

7.1 Introduction

The larger acene cores provide a particularly attractive framework for the design of
molecules with tunable properties that can be useful for organic electronic applications.
Pentacenes such as 7.1 or 7.5, but also 7.2 (first prepared by Hinsberg 1901%), are of

major interest as hole-transport materials in thin-film transistors>* and have high charge-

secccllisehse

7.1, Clar 1935 7.2, Hinsberg 1901
H
ColsD D
N N* N
H
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7.7, Bunz 2009 7.8, Bao 2009

Figure 7.1 Different types of acene compounds.
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carrier mobilities, due to their favorable solid-state packing and small reorganization
energies;**° pentacene is also a component of reference for systems in the development
of small-molecule organic solar cells.® While Houk suggested that larger N-heteroacenes
could behave as electron-transport materials when suitably substituted,” to date acenes
have generally functioned as hole-transport materials. Only few acenes have exhibited
appreciable electron mobilities.®¥®!* To realize the full potential of acenes and
heteroacenes, it is essential to expand the scope of materials available. Figure 7.1 shows
recent and historical members in the series of pentacenes.®*® Chlorinated pentacenes
such as 7.6 were processed into ambipolar transistors. Chlorination lowers both HOMO
and LUMO, but with the former effect insufficient to preclude hole injection, while the
latter effect facilitates electron injection; however, the optical gap does not change to any
appreciable extent.!*  The tetrachloro substitution only led to a slight shift in the
absorption maximum going from 643 nm for 5" to 654 nm for 7.6 in solution, suggesting
that chlorine substitution had comparable impact on both the ground and first excited

16,17,18,19

state in both compounds. Lowering the absorption energies can be useful in the

context of organic solar cells when looking for acene derivatives displaying absorption

into the near-IR as observed in Anthony’s hexacenes and heptacenes.?*%*

We report here the simple synthesis of novel heteroacenes, viz. diazapentacene 7.15a,
the halogenated diazatetracene 7.11b and the tetrahalodiazapentacenes 7.15b,c.
Electronegative substitution, i.e. transforming 7.11a—7.11b and 7.15a—7.15b,c causes
surprising bathochromic shifts in absorption, in addition to the improved reducibility,
expected to originate from the stabilization of the LUMOs by electronegative

substitution.?? We expect the halogenated heteroacenes presented herein to generate
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materials that exhibit a highly tunable optical absorption in the red part of the visible or in

the near-IR.

7.2 Results and Discussion
Condensation of 7.9 (Figure 7.2) with 7.10b gave tetrachlorodiazatetracene 7.11b
smoothly and in good yields. For comparison purposes we also re-synthesized 7.11a.%®
The diamine 7.13 is obtained by LiAlH4-reduction of 7.12** and was reacted with 7.10a-c
to furnish the N,N-dihydrodiazapentacenes 7.14a-c in moderate yields. It has been noted
in the past that the formation of the formally antiaromatic 7.14a-c (diazapentacene series)

occurs, but the same is not observed in the diazatetracene series (7.11). » 2>

The intermediates 7.14a-c are oxidized by manganese dioxide to give 7.15a-c after
chromatography as green-black, environmentally stable crystalline materials in high
yield. Figure 3a displays the long-wavelength features of the UV-vis spectra of a
selection of the diazatetracenes and diazapentacenes and, as a comparison, the UV-vis

spectrum of the tetraazapentacene 7.7.’

The significant spectral red shift observed when going from 7.11a to 7.11b and from
7.15a to 7.15b or 7.15c is evident in Figure 7.3; while bathochromic shifts have
precedence upon substitution of molecules with electronegative groups, the contrast of
the pairs 7.11a—b/7.15a—b and 7.5/7.6 was unanticipated and is somewhat unusual.
The absorption spectrum of 7.11b (in hexane) shows a Amax Of 617 nm, while 7.11a, the
parent, displays a Amax Of 571 nm; i.e., the tetrachloro substitution leads to a red shift of

1306 cm™ or 0.16 eV, while, in comparison, tetrachloropentacene 7.6 exhibits an

128



4
N N

Figure 7.2.

X
XX
X (6]

X

7.10a X=H
7.10b X =ClI

e —

O

7.11b, R=iPr;Si, X = Cl, 68%

R
I N
X
2N X

X
I

R

Abs/Em (au)

7.11b', R = H, X = Cl, model cpd.
7.11a, R=/Pr3Si, X =H
according to ref. 14

7.11a', R = H, X = H, model cpd.

R

LiAIH,

R

SO et

NH, 7.10a-b
—

NH, 7.10c
X=Br

7.13, R = Si(iPr)3, 89%

R

If X
COUULL
NN X
If .

R

7.15a, X=H,99% 7.
7.15b, X=Cl, 99% 7.

7.15¢, X = Br, 99%

0.3 1
0.6
04

0.2 1

o
450

200

7.14a, X =H, 18%
7.14b,X = Cl, 23%
7.14c,X = Br, 10%

15a', R
15b', R

)

H, X=H
H, X=Cl

250 600 630 700 50

Il

AN

PO
7.16a |||

Il o
50004

Z (@]
7.16b || “

Il oN
OO

Z CN

CN

7.16¢ I

Synthesis of 7.11a and 7.11b, UV-vis and fluorescence spectra of

diazatetracene 7.11b in hexanes, synthesis of the diazaacene-types 7.14-7.15,
depiction of the model compounds 7.16a-c and 7.15a’,b’. The condensation of the
diamine 7.9 with the ortho-quinones 7.10a and 7.10b furnished the diazaacenes 7.11a
and 7.11b in excellent yield; 7.11a> and 7.11b’ are used in computational studies.
Upon reacting 7.13 with 7.10, the NH-intermediates 7.14a-c are isolated and oxidized
efficiently to 7.15a-c, respectively, by manganese dioxide. Azaacene 7.11b is
fluorescent and its absorption (Amax 617 nm) is bathochromically shifted compared to
that of the non-chlorinated analog 7.11a (Amax 0f 571 nm).
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absorption maximum only 0.032 eV lower in energy than that of the parent compound

7.5 according to published UV-vis spectra.?”*®

By change of substituent/size of the acene framework, an absorption range from 561-
758 nm can be “tuned in” in 7.11 and 7.15. The expected acene-type vibronic fine
structure is observed for all of the compounds. Table 7.1 displays the numerical values
for the absorption spectra and the results of the cyclic voltammetry and quantum
chemical calculation using Density Functional (DFT) and Time-Dependent Density
Functional Theory (TD-DFT). In Figure 7.3a the spectra of 7.15a and 7.15c are shown to
demonstrate that bromine has an effect on the absorption properties of diazaacenes almost
indistinguishable from that of chlorine substituents (Table 7.1), consistent with the
similar inductive and mesomeric properties of these two halogens (Br: F = +0.45, R = —
0.22; Cl: F=+0.42, R =-0.19; F = field effect parameter, R = resonance parameter) i.e.,
both substituents act as moderately inductive (o) electron-withdrawing groups and as
weak m-donors, as indicated by the Swain-Lupton parameters quantifying these two

effects.?®

TD-DFT values of the vertical transition energies (S;"*") for the lowest-lying singlet
excited states of model compounds 7.11a", 7.11b", 7.15a" and 7.15b" reproduce the trends
observed in the experimental data of 7.11a,b and 7.15a,b; TD-DFT calculations for the
tetracenes 7.16a and 7.16b predict only a very small red shift in absorption as a result of
chlorination, which is also consistent with experimental data for the corresponding
homolog pentacenes, 7.5 and 7.6. Moreover, the calculations indicate in all cases that the
transitions are predominantly HOMO-to-LUMO in character. The trends in the
electrochemical gaps between the half-wave potentials corresponding to molecular
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Figure 7.3. UV-vis spectra of selected heteroacenes. (a) Long-wavelength normalized
UV-vis spectra in hexane. (b) Photograph of solutions of heteroacenes in hexane. The
combined effects of annulation and halogenation leads to a shift of absorption from
571 to 758 nm. The spectrum of 7.15b (see Figure 7.25) is almost superimposable
onto that of 7.15c. It is clear that the halo-substitution in both tetracenes and in
pentacenes leads to significant red shifts in absorption. Chlorine and bromine
substituents are equally effective. The UV-vis spectrum of 7.7 was taken from ref 12,

131



oxidation and reduction closely follow those in the experimental and TD-DFT optical
transition energies and the DFT HOMO-LUMO gaps (Table 7.1).% Accordingly, we have
examined the frontier molecular orbitals in order to explain the origin of the unexpected

large red shifts observed in the spectra of the azaacenes upon halogenation.

Table 7.1. Absorption and Emission Maxima and Electrochemistry of the Investigated
Heteroacenes

Acene 7.11a 7.11b 7.11c 7.15a 7.15b 7.15c 7.16a 7.16b 7.16c

Jmmabs(m) 571 617 - 692 756 759 - - -
LV -1.19  -092 - -1.05 -0.79 -0.79 - - -
E.°(v)  +0.99 +1.11 -  +0.68 +0.83 +0.80 - - -

elchem.gap (V)  2.18 2.03 - 1.73 1.62 1.59 - - -

opt.gapev)® 217  2.01 - 1.79 164  1.63 - - -
5 207 191 138 158 144 nd 216 213 161

lcd. HOMO-
ijl,\;ogap(ev)d 237 225 181 1.87 1.77 nd 241 239 2.00

HomMO(ev)  -572 -6.03 -6.66 -537 -5.66 nd -5.28 -5.68 -6.38

Lumoev)  -3.35 -3.78 -484 -350 -3.89 nd -2.87 -3.30 -4.38

3 From absorption maxima. ” In a 1:1 v/v mixture of a 0.1 M acetonitrile solution of
"BusNPFs and toluene, vs. Fesz”O. © Time-Dependent Density Functional Theory (TD-
DFT) calculations at the B3LYP/6-311+G* level. The transitions are all one-electron
transitions with a > 80% HOMO-LUMO contribution. ® The desilylated model
compounds 7.11a’, 7.11b°, 7.15a’ and 7.15b’ were used for the calculations to reduce
the computation time.

Figure 7.4 displays the frontier molecular orbitals (energy in eV) of 7.11a’/7.11b’ and
7.16a/7.16b. In both pairs, stabilization of the LUMOs results when attaching four
chlorine substituents. The stabilization is 0.43 eV in both 7.11b° and 7.16b. More
importantly, upon going from 7.11a’ to 7.11b’ the HOMO s only stabilized by 0.31 eV,

while in the case of 7.16a/7.16b the HOMO stabilization is 0.40 eV, very similar to that
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Figure 7.4. Frontier molecular orbitals (HOMO, middle, LUMO, top) of acene
derivatives. The bottom shows the structural formulae and numbering of the rings.
The LUMOs of the four compounds are very similar to each other. Both 7.11b” and
7.16b experience a stabilization of 0.43 eV through the chlorine substitution. The
HOMOs of 7.11a and 7.11b and 7.16a and 7.16b resemble each other qualitatively but
are pair wise (7.11/7.16) different. The differences are pronounced in the rings 1 and
2 as particularly in the HOMO of 7.11a’ the orbital coefficients (see SI) on the rings 1
and 2 are small; as a consequence the chlorine substituents are less effective in
stabilizing the HOMO (going from 7.11a’ to 7.11b’), mirroring the optical behavior
seen in compound 7.11b.

observed for the LUMO. The LUMOs of all four compounds are similar in appearance
(Figure 7.4), explaining the consistent effect of halogenation. In contrast, the geometric
shape of the HOMOs differs between the two classes of molecule; 7.11a/7.11b display
smaller orbital coefficients on rings 1 and 2 (Figure 7.4), while in pair 7.16a/7.16b the
HOMOs have roughly similar coefficients on all rings. The smaller HOMO coefficients
onrings 1 and 2 in 7.11b’ lead to its diminished stabilization by the four chlorine

substituents when compared to the pair 7.16a,b, in which the HOMO coefficients are

larger on these rings (Figure 7.4). Based upon the computational results, the contribution
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(sum of the squared orbital coefficients) from rings 1 and 2 is about three times as large
in 7.16a as in the heteroacene 7.11a’. The diminished stabilization of the HOMO when
going from 7.11a’ to 7.11b’ is the reason for the induced red-shift in the diazaacenes. The
same effect is also operative for the larger diazapentacenes 7.15a and 7.15b where
identical effects are observed according to calculations, electrochemistry, and optical

spectroscopy (Table 7.1).

If the proposed explanation is correct, stronger acceptors such as cyano should have a
larger effect and reduce the energy of the optical transitions (and the band gap) further. In

such compounds the HOMO should have vanishing coefficients on rings 1 and 2. To test

‘SQ: ° '\-?JJ ° L 2
ht—> AN ) i <4 DOCON
) 3 ’ 3 9 (/T

Figure 7.5. Frontier molecular orbitals (HOMO -6.30 eV, left, LUMO -4.49 eV, right,
gap = 1.81 eV) of tetracyanodiazaacene 7.11c. Calculated by DFT using B3LYP/6-
311+G* basis sets. Compared to 7.11a calculated on the same level of theory, the
optical band gap (Se-S; transition) shrinks from 2.07eV to 1.38 eV.

711c

this hypothesis, we performed quantum chemical calculations on model 7.11c (Figure
7.5). The HOMO of 7.11c is predominantly localized on rings 3 and 4, while the LUMO
is extended over all four rings; as a result, the calculated optical gap shrinks to 1.38 eV.
When compared to the parent 7.11a, this is a decrease of almost 0.7 eV. A disjoint
orbital structure,™ i.e. spatially separated frontier molecular orbitals, with the disjointing
effect further amplified by electronegative substituents, decreases the transition energies

for diazaacenes, an effect less observed in acenes which have more congruent frontier
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molecular orbitals.®®* When computationally comparing 7.16a with cyano-substituted
7.16¢, there also occurs a lowering of the optical gap; however, with 0.55 eV, it is smaller

than the effect seen when going from 7.11ato 7.11c.

The disjoint frontier MOs in diazaacenes is one of their defining features and opens
the door to amplified substituent effects in the engineering of electronic and optical
properties. N-Heteroacenes in which optical absorption and electron affinity can be
tuned independently are within reach. Some of these materials might prove to be

promising electron-transport materials.
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7.3 Conclusions

In conclusion, we have prepared halogenated azaacenes 7.11b and 7.15b,c, which
display bathochromically shifted absorptions when compared to their non-halogenated
congeners 7.11a and the previously unknown 7.15a. Bathochromic shift upon
chlorination is not observed in the acene/tetrachloroacene series, indicating that the
pyrazines are a necessary ingredient for this engineering of optical properties. Quantum-
chemical calculations reveal that this difference in behavior can be attributed to the
substituent-induced disjoint frontier molecular orbitals of the azaacenes. The interplay
between pyrazines and electronegative substituents serves as a uniquely useful tool to
manipulate the absorption characteristics of N-heteroacenes. This effect will enhance the

design and tuning of acene-type materials for organic electronics and other applications.

This work has been submitted to Nature Chemistry:

Appleton, Anthony L.; Brombosz, Scott M.; Barlow, Stephen; Sears, John; Brédas, Jean-
Luc.; Marder, Seth R.; Bunz, Uwe H. F. Submitted.
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7.4 Experimental and Supplementary Information

7.4.1 1,23 4-Tetrachloro-6,11-bis((triisopropylsilyl)

ethynyl)benzo[b] phenazine, 7.11b.

To a dry 50 mL round bottom flask was added compound 7.9" (0.200 g, 3.85 x 10™ mol,
1 equiv.), compound 7.10b (0.0950 g, 3.85 x 10 mol, 1 equiv.), ethanol (10 mL) and
acetic acid (3 mL). The solution was brought to reflux and stirred overnight. The
reaction was cooled on an ice bath and quenched with water. The precipitate was filtered
with water, washed with cold methanol (10 mL) and allowed to dry. The product was
purified by column chromatography (10:1, hexane : dichloromethane). Compound 7.11b
was isolated as green-black crystals (0.190 g, 67.6% yield). 7.11b: m.p. = 179 °C
(decomp.); IR (KBr, cm™) 3116, 3062, 2939, 2889, 2862, 2754, 2723, 2360, 2129, 1461,
1438, 1388, 1361, 1238, 1180; *H-NMR (& in CDCl3) 8.76 (dd, Jun = 3.2 Hz, “Jun =6.8
Hz, 2H), 7.70 (dd, 3Jun = 3.2 Hz, “Jun = 6.8 Hz, 2H), 1.29-1.27 (m, broad, 42H); *C-
NMR (6 in CDCl3) 140.52, 139.27, 136.58, 134.60, 132.26, 129.03, 127.82, 121.35,
109.68, 101.90, 18.94, 11.56; accurate mass for C3gHasCl4N2Sio: m/e = 726.19656 [M+],
calc. m/e = 726.19537; elemental analysis for CsgHssCl4N2Si; [C] = 62.69, calc. [C] =

62.63.
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7.4.2 1 4-Bis((triisopropylsilyl)ethynyl)anthracene-2,3-diamine, 7.13.

To an oven dried 1 L Schlenk flask was added compound 7.122 (5.20 g, 8.71 x 10" mol)
and dry THF (100 mL). The mixture was purged with nitrogen for 5 min and cooled on
an ice bath to 0 °C. Lithium aluminum hydride (3.31 g, 8.71 x 10 mol, 10 equiv.) was
added over 1 h. The reaction was again purged with nitrogen for 5 min and sealed from
the atmosphere with a bubbler. The reaction was stirred for 12 h, while the ice was
allowed to melt. The reaction was placed back on an ice bath and allowed to cool to 0
°C. The reaction was quenched with aqueous ammonium chloride solution and extracted
with diethyl ether (5 x 150 mL). The organic layer was dried with sodium sulfate,
filtered, and the solvent was removed in vacuo. The product was purified by column
chromatography (3:1, hexane : dichloromethane). Compound 7.13 was obtained as a
golden solid (4.41 g, 89% vyield). 7.13: m.p. = stable to 250 °C; IR (KBr, cm™) 3448,
3355, 3228, 3163, 3047, 2962, 2862, 2719, 2136, 1932, 1913, 1620, 1550, 1539, 1454,
1392, 1307, 1238, 1180; *H-NMR (5 in CDCl3) 8.60 (s,2H), 7.91 (dd, 33y = 3.2, “Juy =
6.4 Hz, 2H), 7.39 (dd, *Jun = 3.2, *Jun = 6.4 Hz, 2H), 4.49 (s, 4H), 1.25 (s, 42H); *C-
NMR (6 in CDCI3) 139.67, 130.93, 127.82, 127.53, 124.57, 122.81, 102.75, 102.13,
101.74, 18.70, 11.28; accurate mass for C3gHs,N,Si,: m/e = 568.36863 [M+], calc. m/e =

568.36691.

139



Integral
—-“-‘4
1.000 =

e i e o “rr o B A e o o B
ppm é 8 7 6 5

Figure 7.8. 'H-NMR of 7.13.

| | l | I
d L M o e T
p:lr.\‘ o l:liﬁ 130 125 1%0 115 - H‘.ﬂ 165 -
l H l k m I N J
- T
ppm 14‘10 1.|20 1(I)0 Bb 6'0 40 20

Figure 7.9. *C-NMR of 7.13.

140




7.4.3 6,13-Bis((triisopropylsilyl)ethynyl)-5,14-dihydronaphtho

[2,3-b]phenazine, 7.14a.

Compound 7.13 (0.435 g, 7.65 x 10 mol) and 7.10a* (0.245 g, 2.29 x 10 mol, 3 eqiv)
were heated to reflux in DCM (50 mL) and acetic acid (3 mL) for 12 h. The reaction
mixture was washed with water (2 x 250 mL); the organic layer was dried with sodium
sulfate, filtered, and the solvent removed in vacuo. The product was purified by column
chromatography (hexane). Compound 7.14a was obtained as a metallic red-green solid (
0.0853 g, 17.5%). 7.14a: m.p. = 263 °C (decomp.); IR (KBr, cm™) 3488, 3400, 3199,
3147, 3120, 3055, 3028, 2956, 2923, 2864, 2752, 2721, 2360, 2198, 2135, 2030, 1870,
1737, 1589, 1461, 1315, 1261, 1182; *H-NMR (5 in CDCls) 8.169 (s, 2H), 7.75 (dd, *Jun
= 3.2 Hz, “Jun = 6.3 Hz, 2H), 7.30 (dd, *Jpn = 3.2 Hz, “Jun = 6.4 Hz, 2H), 6.64 (dd, *Jpy =
3.3 Hz, , “Jun = 5.7 Hz, 2H), 6.33 (dd, *Jun = 3.4 Hz, “Jun = 5.6 Hz, 2H), 6.614 (s, 2H),
1.253 (s, 42H); **C-NMR (8 in CDCls) 136.25, 131.55, 129.07, 128.46, 127.66, 124.82,
122.15, 122.13, 112.98, 103.52, 100.93, 96.01, 18.90, 11.41; accurate mass for

C42Hs4N2Sio: m/e = 642.3849 [M+], calc. m/e = 642.3826.
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7.4.4 6,13-Bis(triisopropylsilyl)ethynyl)naptho[2,3-b]phenazine, 7.15a.

Compound 7.14a (0.100 g, 1.56 x 10™ mol) was dissolved in DCM (25 mL) and stirred
for 4 h with an excess of MnO,. The solvent was removed in vacuo. The product was
purified by column chromatography (3:1, hexane : DCM). Compound 7.15a was
obtained as a green solid (0.0995 g, 99% vyield). 7.15a: m.p. = 265 °C (decomp.); IR
(KBr, cm'l) 3145, 3118, 3047, 3024, 2956, 2939, 2923, 2862, 2752, 2721, 2136, 2111,
1731, 1600, 1521, 1461, 1377, 1259, 1103; ‘H-NMR (6 in CDCl3) 9.411 (s, 2H), 8.16
(dd, *Jun = 3.4 Hz, “Jun = 6.9 Hz, 2H), 8.02 (dd, *Jun = 3.2 Hz, *Jun = 6.6 Hz, 2H), 7.75
(dd, *Jun = 3.4 Hz, *Juy = 6.9 Hz, 2H), 7.46 (dd, *Juy = 3.2 Hz, “Jun = 6.6 Hz, 2H),
1.360-1.350 (m, broad, 42H); **C-NMR (8 in CDCls) 145.01, 140.98, 132.92, 132.57,
131.21, 130.48, 128.71, 126.80, 126.75, 120.75, 109.52, 103.81, 18.98, 11.69; accurate
mass for C4,Hs,N2Siz: m/e = 640.3674 [M+], calc. m/e = 640.3669; elemental analysis for

Ca2Hs2N,Si, [C] =78.69, [H] = 8.18 calc. [C] = 78.11, [H] = 8.14 found
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7.4.5 1,2 3,4-Tetrachloro-6,13-bis((triisopropylsilyl)ethynyl)-5,14-

dihydronaphtho[?2,3,b]phenazine, 7.14b.

Compound 7.13 (0.200 g, 3.52 x 10™ mol) and 7.10b (0.0864 g, 3.52 x 10" mol, 1
equiv.) were dissolved in a mixture of ethanol (3 mL) and acetic acid (1.5 mL) and
reacted under microwave irradiation at 120 °C for 10 min. The reaction was extracted
with water (50 mL) and dichloromethane (50 mL). The organic layer was dried with
sodium sulfate and the solvent was removed in vacuo. The product was purified by
column chromatography (9:1, hexane : dichloromethane) to give 7.14b as a metallic red-
green solid (0.0631 g, 23%). 7.14b: m.p. = stable up to 350 °C; IR (KBr, cm™) 3382,
3186 3168, 3155, 3048, 2927, 2918, 2891, 2863, 2853, 2722, 2554, 2129, 1928, 1888,
1797, 1750, 1579, 1553, 1488, 1463, 1429, 1421, 1387, 1365, 1313, 1275, 1180, 1144;
'H-NMR (8, CDCls) 8.34 (s, 2H), 7.81 (dd, 3Ju = 3.2 *Jun = 6.4 Hz, 2H), 7.39 (dd, 3Jp
=32, “wn = 6.4 Hz, 2H), 7.181 (s, 2H), 1.27-1.27 (m, broad, 42H); *C-NMR
(6,CDCl3) 133.29, 131.86, 128.34, 127.84, 126.89, 125.49, 123.57, 123.21, 114.93,
105.40, 99.52, 99.13, 18.86, 11.35; accurate mass for C4,HsoN>Si>Cls: m/e = 778.22852

[M+], calc. m/e = 778.22667.
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7.4.6 1,2.3,4-Tetrachloro-6,13-bis((triisopropylsilyl)ethynyl)

naphtho [2,3-b]phenazine, 7.15b.

Compound 7.14b (0.0631 g, 8.08 x 10™ mol) was dissolved in dichloromethane (25 mL)
and stirred for 4 h with an excess of activated MnO,. The solvent was removed in vacuo.
The product was purified by column chromatography (3:1, hexane : dichloromethane) to
furnish 7.15b (0.061 g, 99% yield) as a dark green solid. m.p. = 243 °C; IR (KBr, cm™)
3068, 3045, 2953, 2940, 2926, 2920, 2889, 2863, 2756, 2722, 2136, 1538, 1462, 1437,
1374, 1355, 1110; *H-NMR (8, CDCl3) 9.45 (s, 2H), 8.05 (dd, *Juy = 3.1 Hz, *Juy = 6.6
Hz, 2H), 7.56 (dd, *Jun = 3.1 Hz, “Jun = 6.6, 2H), 1.35-1.33 (m, broad, 42H); *C-NMR
(6, CDCl3z) 139.93, 139.42, 134.59, 133.52, 133.45, 132.27, 128.73, 127.42, 127.23,

121.43, 111.14, 102.91, 18.95, 11.61; accurate mass for CasoHagN>Si-Cls: m/e

776.21004 [M+], calc. m/e = 776.21102; elemental analysis for C42H4gN,Si>Cl, [C]

64.56, calc. [C] = 64.77.
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Figure 7.16. *H-NMR of 7.15b.

T T T \
140 135 130 125 120 115 110 105 ppm

T T T T T T T T T T T T T T
140 130 120 110 100 90 80 70 60 50 40 30 20 ppr
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7.4.7 1.2 .3,4-Tetrabromo-6,13-bis((triisopropylsilyl)ethynyl)-5,14-

dihydronaphtho[2,3,b]phenazine, 7.14c.

Compound 7.13 (0.073 g, 1.28 x 10™* mol) and compound 7.10c (0.0544 g, 1.28 x 10, 1
equiv.) were dissolved in ethanol (5 mL) and acetic acid (1.5 mL) and refluxed for 12 h.
The reaction was extracted with water (50 mL) and DCM (50 mL). The organic layer
was dried with sodium sulfate and the solvent was removed in vacuo. The product was
purified by column chromatography (hexane). Compound 7.14c was obtained as dark
red-green solid (0.0172 g, 14% vyield). 7.14c: m.p. = 275 °C (decomp.); IR (KBr, cm™)
3361, 3045, 2939, 2926, 2920, 2887, 2862, 2721, 2534, 2360, 2143, 2127, 1580, 1556,
1485, 1462, 1455, 1431, 1421, 1389, 1361, 1311, 1265, 1229, 1181, 1143; 'H-NMR (din
CDCls) 8.30 (s, 2H), 7.75 (dd, ®Jun = 3.4 Hz, “Jun = 6.4 Hz, 2H), 7.34 (dd, 3Jun = 3.1 Hz,
“Jan = 6.4 Hz, 2H), 7.27 (s, 2H), 1.23-1.22 (m, broad, 42H); *C-NMR (5 in CDCl5)
133.79, 131.87, 128.82, 128.45, 127.83, 125.47, 123.21, 118.41, 109.09, 105.42, 99.64,
98.93, 18.91, 11.41; accurate mass for C4HsoN2SioBrs: m/e = 954.02184 [M+], calc. m/e

=954.02460.
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7.4.8 1,2,3,4-Tetrabromo-6,13-bis((triisopropylsilylethynyl)

naphtho [2,3-b]phenazine, 7.15c.

Compound 7.14c (0.0172 g, 1.79 x 10™) was dissolved in DCM (25 mL) and stirred for 4
h with an excess of MnO,. The solvent was removed in vacuo. The product was purified
by column chromatography (3:1, hexane : DCM). Compound 7.15c was obtained as a
dark-green solid (0.0171 g, 100%). 7.15c: m.p. = 275 °C (decomp.); IR (KBr, cm™)
3045, 2954, 2939, 2925, 2889, 2861, 2753, 2722, 2143, 2125, 1531, 1486, 1463, 1433,
1422, 1407, 1375, 1359, 1344, 1163, 1137, 1108; 'H-NMR (5 in CDCls) 9.459 (s, 2H),
7.99 (dd, 3Jun = 3.2 Hz, “Jun = 6.5 Hz, 2H), 7.50 (dd, 3Jun = 3.2 Hz, “Jun = 6.7 Hz, 2H),
1.343-1.331 (m, broad, 42H); BC-NMR (6 in CDCl3) 140.52, 140.48, 133.63, 133.55,
131.68, 128.96, 128.75, 127.45, 127.29, 121.27, 111.11, 103.11, 19.04, 11.69; Mass
Spectra Analysis (ESI) for C4H4gN2SioBrs: m/e = 952 [M+], calc. m/e = 952. Due to
poor ionization, accurate mass could not be determined. The isotopic splitting pattern

was consistent with a tetrabrominated compound.
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7.4.9 Spectroscopic Data

0.8

0.6

0.2

525 575 625 675

725

475
wav elength (nm)

375

Figure 7.22. Normalized absorption (blue) and emission (red) spectra

of 7.11b.
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Figure 7.23. Normalized absorption spectra of 7.14a-c.
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Figure 7.25. Normalized emission spectra of 7.15a-c.
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7.4.10 Computational Results and Details

Electronic structure computations were performed at the DFT level employing the
three-parameter hybrid exchange functional from Becke™! and the correlation functional
from Lee, Yang, and Parr®® (the combination commonly referred to as B3LYP). All
computations were carried out with a 6-311+G* Pople basis set with the Gaussian 2009
program.®*? Geometries of the ground singlet states were completely optimized (RMS
gradient 3x10™*, RMS displacement 1.2x107%). Vertical and adiabatic ionization potentials
were computed from the unrestricted B3LYP computations of the corresponding ionic
states. Vertical and adiabatic excitation energies were computed within the time-
dependent (TD-) DFT approach. The first excited electronic state was completely
optimized at the TD-DFT level. The totality of the theoretical characterizations (vertical
and adiabatic ionization potentials, electron affinities, and excitation energies) along with

the B3LYP/6-311+G* optimized geometries for the ground state are included in the

supplementary material.
B3LYP/6-311+G* optimized ground-state geometries

7.11a’ B3LYP/6-311+G™* optimized geometry

I T T T O O O OO O

2.193697
3.452493
4.629960
4.629963
3.452497
2.193700
3.450903
5.573260
5.573265
3.450911

0.723308
1.402902
0.711915
-0.711899
-1.402891
-0.723301
2.486015
1.248207
-1.248188
-2.486003

-0.000001
0.000001
-0.000002
-0.000005
-0.000007
-0.000004

0.000003
-0.000001
-0.000007
-0.000009
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0.976025
0.976030
-2.549172
-2.549174
-1.412168
-0.258363
-0.258361
-1.412165
-4.971281
-3.801420
-3.778064
-4.971280
-3.801416
-3.778057
-5.920242
-5.920240
0.970657
0.957584
0.957963
0.970680
0.957595
0.958140

1.435820
-1.435818
-0.724788

0.724781

1.413675

0.723019
-0.723022
-1.413680

0.715975

1.418040

2.501994
-0.715989
-1.418051
-2.502004

1.242279
-1.242294
4.061078
2.855312
5.125068
-4.061076
-2.855310
-5.125068

0.000002
-0.000006
-0.000003
0.000001
0.000002
0.000000
-0.000004
-0.000006
0.000001
0.000003
0.000006
-0.000003
-0.000005
-0.000008
0.000003
-0.000004
0.000012
0.000007
0.000001
-0.000011
-0.000011
0.000257

7.11b’ B3LYP/6-311+G* optimized geometry

I T T OO OO 00

-3.781170
-5.039080
-6.216352
-6.216350
-5.039077
-3.781169
-5.037333
-7.159699
-7.159696

0.723580
1.403393
0.711815
-0.711819
-1.403394
-0.723579
2.486462
1.247779
-1.247786

0.000000
0.000001
0.000001
0.000000
0.000000
0.000000
0.000001
0.000001
0.000000
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0.958553
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-1.334037
-1.334036
-0.176416
3.394359
2.215803
2.186165
3.394359
2.215804
2.186161
4.912755
4.912755
-2.546245
-2.542059
-2.524080
-2.546250
-2.542058
-2.524049

-2.486464
1.438477
-1.438476
-0.723712
0.723716
1.403200
0.721694
-0.721692
-1.403196
0.722572
1.424359
3.155508
-0.722573
-1.424357
-3.155508
1.560704
-1.560706
4.062512
2.857033
5.126556
-4.062511
-2.857032
-5.126554

0.000000
-0.000001
0.000000
0.000001
0.000001
0.000001
0.000000
0.000000
0.000001
0.000001
0.000001
0.000002
0.000000
0.000000
-0.000002
0.000001
-0.000002
-0.000007
-0.000002
0.000003
-0.000001
0.000000
0.000019

7.11¢’ B3LYP/6-311+G* optimized geometry

C
C
C
C
C
C
H
I

-3.525031
-4.782269
-5.958568
-5.958567
-4.782267
-3.525031
-4.780517
-6.902180

0.724698
1.404906
0.712186
-0.712193
-1.404912
-0.724703
2.487848
1.247194

-0.000001
0.000001
-0.000002
-0.000008
-0.000010
-0.000007
0.000006
0.000000
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-6.902178
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-2.310605
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1.207327
1.207326
0.074920
-1.080306
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3.653643
2.461417
3.653644
2.461419
-2.265553
-2.283822
-2.218819
-2.265536
-2.283818
-2.218679
2.449801
2.454027
4.901695
5.913186
4.901697
5.913189
2.449805
2.454033

-1.247203
-2.487854
1.443268
-1.443272
-0.719455
0.719456
1.407712
0.726163
-0.726164
-1.407712
0.721442
1.425970
-0.721437
-1.425966
4.065343
2.860358
5.129109
-4.065346
-2.860362
-5.129106
2.852425
4.006768
1.414035
1.970559
-1.414028
-1.970551
-2.852422
-4.006765

-0.000010
-0.000014
0.000003
-0.000009
-0.000005
0.000001
0.000004
0.000000
-0.000006
-0.000008
0.000003
0.000005
-0.000004
-0.000007
0.000015
0.000008
0.000148
-0.000019
-0.000017
0.000297
0.000011
0.000016
0.000006
0.000009
-0.000006
-0.000008
-0.000014
-0.000019
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7.15a’ B3LYP/6-311+G* optimized geometry

C
C
C
C
C
C
C
C
C
C
N
C
C
N
C
C
H
C
C
H
H
H
C
C
H
C
C
H
C
C
H
C

-1.184920
-2.423167
-3.634545
-3.634545
-2.423167
-1.184920
0.045306
0.045306
3.562969
3.562969
2.430075
1.270658
1.270659
2.430076
5.986103
4.817891
4.794888
5.986103
4.817892
4.794890
6.935532
6.935534
0.045557
0.063861
0.056406
0.045558
0.063859
0.056424
-6.067492
-4.893671
-4.893060
-6.067492

-0.726665
-1.401550
-0.724069
0.724069
1.401550
0.726666
-1.438276
1.438277
0.726755
-0.726756
-1.415059
-0.724860
0.724862
1.415060
-0.717106
-1.419290
-2.503248
0.717103
1.419288
2.503247
-1.242581
1.242576
-4.062437
-2.856358
-5.126431
4.062438
2.856360
5.126433
0.715590
1.409718
2.495477
-0.715591

0.000000
0.000001
0.000001
-0.000001
-0.000002
-0.000002
0.000000
-0.000003
-0.000001
0.000001
0.000001
0.000000
-0.000002
-0.000002
0.000002
0.000002
0.000003
0.000000
-0.000001
-0.000002
0.000003
0.000001
0.000004
0.000002
-0.000032
-0.000007
-0.000005
0.000086
0.000000
-0.000001
-0.000003
0.000002
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-4.893671
-4.893059
-7.014352
-7.014352
-2.421249
-2.421251

-1.409719
-2.495478
1.245746
-1.245747
-2.485535
2.485535

0.000002
0.000004
0.000000
0.000003
0.000002
-0.000003

7.15b° B3LYP/6-311+G* optimized geometry

O O 2 0 0 200000000

2.874220
5.323087
5.323089
2.874222
1.644549
1.644554
-1.870682
-1.870685
-0.739648
0.423463
0.423465
-0.739644
-4.307609
-3.130615
-3.101285
-4.307607
-3.130611
-3.101276
-5.826929
-5.826925
1.631638
1.622451
1.610596
1.631691
1.622458

-0.727062
-0.724118
0.724102
0.727053
-1.440915
1.440910
0.725700
-0.725695
-1.404420
-0.723552
0.723551
1.404423
-0.723798
-1.425564
-3.156687
0.723810
1.425573
3.156696
-1.560161
1.560177
-4.063985
-2.858147
-5.128017
4.063980
2.858142

0.000003
0.000000
-0.000016
-0.000013
0.000012
-0.000019
-0.000008
0.000008
0.000014
0.000006
-0.000010
-0.000016
0.000011
0.000017
0.000036
-0.000004
-0.000014
-0.000032
0.000022
-0.000011
0.000042
0.000027
0.000187
-0.000047
-0.000037
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1.611333
7.755156
6.581611
6.581168
7.755154
6.581607
6.581161
8.702044
8.702041
4.111597
4.109497
4.111593
4.109490

5.128025
0.715492
1.410138
2.495769
-0.715515
-1.410158
-2.495788
1.245390
-1.245416
1.401993
2.485933
-1.402005
-2.485946

0.000229
-0.000019
-0.000025
-0.000036
-0.000004

0.000005

0.000017
-0.000026

0.000001
-0.000022
-0.000033

0.000009

0.000020

7.16a’ B3LYP/6-311+G* optimized geometry

O O o0 o000 00O IT T T T O O0OO0O0O0O0

2.252238
3.511023
4.689219
4.689219
3.511022
2.252238
3.511513
5.632299
5.632298
3.511512
1.030189
1.030188
-2.661164
-2.661163
-0.212784
-0.212784
-5.094152
-3.918472

-0.721876
-1.402011
-0.711848
0.711850
1.402012
0.721877
-2.485313
-1.248686
1.248689
2.485315
-1.425665
1.425666
0.722487
-0.722488
-0.723167
0.723167
-0.714516
-1.408192

0.000000
-0.000001
0.000000
0.000000
0.000001
0.000000
-0.000001
-0.000001
0.000001
0.000001
-0.000001
0.000001
0.000000
0.000000
0.000000
0.000000
0.000000
-0.000001
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-5.094153 0.714513
-3.918473 1.408190
1.025510 -4.054609
1.030273 -2.847724
1.023832 -5.118817
1.025507 4.054609
1.030272 2.847725
1.023804 5.118818
-1.445820 -1.399750
-1.445621 -2.483930

-1.445820
-1.445622
-3.917851
-6.040498

1.399750
2.483930
2.494092
1.245726

-6.040497 -1.245729
-3.917850 -2.494094

0.000000
0.000001
-0.000002
-0.000002
0.000002
0.000002
0.000001
0.000005
-0.000001
-0.000001
0.000001
0.000001
0.000001
0.000001
-0.000001
-0.000001

7.16b° B3LYP/6-311+G* optimized geometry

C
C
C
C
C
C
H
H
H
H
C
C
C
C
C

3.882826 -0.721989
5.140737 -1.402618
6.318556 -0.711751
6.318556 0.711751
5.140738 1.402618
3.882826 0.721988
5.140979 -2.485829
7.261729 -1.248138
7.261729 1.248137
5.140979 2.485828
2.661211 -1.427303
2.661211 1.427303
-1.027489 0.723394
-1.027490 -0.723394
1.422313 -0.720124

0.000000
-0.000001
0.000000
0.000001
0.000001
0.000000
-0.000001
-0.000001
0.000001
0.000002
-0.000001
0.000001
0.000000
0.000000
0.000000
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1.422313
-3.475429
-2.290882
-2.297128
-3.475429
-2.290882
-2.297127
-4.995768
-4.995768

2.645979

2.657257

2.634817

2.645980

2.657258

2.634830

0.189214

0.195934

0.189214

0.195935

0.720124
-0.720598
-1.409409
-3.154491
0.720598
1.409410
3.154492
-1.561874
1.561874
-4.055184
-2.848753
-5.119550
4.055184
2.848753
5.119550
-1.395365
-2.475690
1.395365
2.475690

0.000000
0.000000
-0.000001
-0.000001
0.000000
0.000001
0.000001
-0.000001
0.000001
-0.000002
-0.000002
0.000000
0.000002
0.000002
0.000005
-0.000001
-0.000001
0.000001
0.000001

7.16¢’ B3LYP/6-311+G* optimized geometry

C
C
C
C
C
C
H
H
H
H
C
C

3.611986
4.868617
6.045814
6.045814
4.868617
3.611986
4.868738

6.989157
6.989157
4.868737
2.391568
2.391568

0.722388
1.403761
0.711751
-0.711751
-1.403761
-0.722388
2.486829
1.247369
-1.247369
-2.486829
1.430186
-1.430186

-0.000020
-0.000031
-0.000026
-0.000009
0.000002
-0.000003
-0.000044
-0.000035
-0.000005
0.000015
-0.000026
0.000009

163



Z2 O 2 02020 I O I OIIO0OO0OIOo0nonoonaononoonaonaonon

-1.289871
-1.289871
1.153911
1.153911
-3.749897
-2.551577
-3.749897
-2.551576
2.357779
2.383446
2.329101
2.357780
2.383446
2.329102
-0.078022
-0.073495
-0.078021
-0.073495
-2.556971
-2.523773
-4.993452
-6.001013
-4.993452
-6.001013
-2.556971
-2.523773

-0.722057
0.722057
0.722121

-0.722121
0.720306
1.413622

-0.720307

-1.413622
4.056628
2.850873
5.121199

-4.056628

-2.850873

-5.121199
1.400995
2.483945

-1.400995

-2.483945
2.842012
3.996384
1.419714
1.983877

-1.419714

-1.983877

-2.842012

-3.996384

0.000009
-0.000009
-0.000014

0.000003
-0.000004
-0.000015

0.000014

0.000020
-0.000055
-0.000047

0.000529

0.000042

0.000026

0.000135
-0.000020
-0.000033

0.000014

0.000028
-0.000034
-0.000049
-0.000011
-0.000016

0.000025

0.000034

0.000038

0.000052
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Table 7.2. HOMO and LUMO orbital energies, HOMO-LUMO gap, vertical and
adiabatic ionization potentials, electron affinities, and excitation energies (all in eV),
and ground-state dipole moments (Debye) computed at the B3LYP/6-311+G* level of
theory.

HOMO AHOMO_ IPvert EAvert Slvert
/LU MO LUMO /IPadiabatic /EAadiabatic /Sladiabatic M
-5.72 7.05 2.02 2.07

7.11a’ 2.37 0.17
-3.35 6.99 2.10 1.91
-6.03 7.29 2.53 1.91

7.11b’ 2.25 3.69
-3.78 7.23 2.62 1.75
-6.66 7.16 4.39 1.38

7.11c’ 1.81 11.52
-4.84 7.08 4.46 0.46
-5.37 6.61 2.27 1.58

7.153’ 1.87 0.24
-3.50 6.56 2.34 1.45
-5.66 6.85 2.72 1.44

7.15b’ 1.77 4.44
-3.89 6.79 2.80 1.31

. -5.28 2.41 6.60 1.57 2.16

.16a’ 0.22

-2.87 6.55 1.65 2.02

- 16b -5.68 2.39 6.92 2.07 2.13

.16b’ 3.81

-3.30 6.86 2.15 1.99
-6.38 7.62 3.17 1.61

7.16¢ 2.00 11.74
-4.38 7.57 3.23 1.48
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Chapter 8: Conclusions

Throughout the body of this work, we have shown the great promise that small,
conjugated molecules such as the acenothiadiazoles as well as the N-heteroacenes
possess for applications in sensory devices as well as for potential applications as N-type
semiconductors. While the breadth of this work has focused on the design, properties and
functionalization of acenothiadiazoles an N-heteroacenes, there certainly is a multitude of
avenues for which this project to travel down. In these concluding remarks, | would like
to summarize the advances made in each chapter of this thesis as well as point to future

directions for this very exciting field.

In Chapter 2, the diethynylacenothiadiazoles were introduced. Both the physical and
spectroscopic properties, as well as the electrochemical behaviors, were explored. These
molecules have potential to be excellent candidates for N-type semiconducting materials.
While the focus of this thesis has been on utilizing the acenothiadiazoles as building
blocks for a variety of interesting responsive or electronic materials, they should not be
overlooked for their own applications. In conjunction with Dr. Henderson at Georgia
Tech, we hope to fabricate devices under an inert atmosphere where we can reliably
measure charge carrier mobilities in TFT type devices as well as electroluminescence
efficiencies in simple LED architectures. This will be the final and true test to show that
the crystal packing as well as the photophysical properties that we observe in the benzo-

naphtho- and anthraceno-thiadiazloes will lead to efficient N-type semiconductors.
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In Chapters 3 and 4, we explored the photophysical properties of
bis(arylethynyl)benzenes and bis(arylethynyl)benzothiadiazoles. A Kamlet-Taft analysis
of these compounds, along with their protonated/deprotonated congeners, proved
invaluable in the interpretation of the influences that the solvent has on their observed
solvatochromic behaviors. While the a, b, and s values were generally similar among the
two classes of molecules, the benzothiadiazole derivatives were able to exhibit larger
emissive spectroscopic responses, show colorimetric responses to metal and protic
analytes, and exhibit excellent quantum yields and fluorescence lifetimes. While some
rudimentary selectivity was exhibited, these molecules would benefit from being
appended with analyte-specific functional groups which contain conjugation to the n-
system. This would allow for the detection of any number of analyte and increase the

utility of the bis(arylethynyl)benzothiadiazole fluorophore core.

Chapter 5 focused on a different method of functionalizing the alkynyl groups
through click chemistry with azides. While the azides had very poor electronic
communication between the 1- and 4-positions of the triazole meant that the conjugation
could not be extended utilizing aryl azides, the formed triazole did imbue numerous
properties on the benzothiadiazole. The R-group of the azide was utilized to confer
water-solubility onto the hydrophobic core. The electron-deficient triazole subunits
produced molecules that were significantly redshifted from the parent molecules. The
thiadiazole-benzothiadiazole moiety served as a metal-recognition site which exhibited
high sensitivity and generally good selectivity for nickel and copper. Future work for this
project includes many possibilities. A few of the more promising ideas would be to

utilize a diazide such as triethylene glycol diazide to produce polymeric materials. These
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should display similar binding constants to the small molecules, but have increased
sensitivity. A second concept currently underway in our laboratory is to utilize different
diethynyl fluorescent cores which possess lone pairs of electrons in suitable positions to
allow for the say general binding of metal analytes, but with different selectivity and
strength. One example would be the reaction of triethylene glycol monomethyl ether

azide with diethynylphenazine.

In Chapter 6, the discussion changed to exploring the properties of the N-
heteroacenes. Diethynyldiazatetracenes were produced that were interconvertible with
their stable antiaromatic dihydro partners. These compounds were shown to be able to
exist due to a balancing of the antiaromatic destabilizing energies with the global

aromatic stabilizing forces of the other acene rings in the system.

Chapter 7 continued the work of Chapter 6 by producing both diazatetracenes and
diazapentacenes. Here, however, the focus was in designing materials with desirable
properties for electronic applications. To this end, tetrahalogenated diaza-tetracene and —
pentacene were synthesized. Their anomalous absorption profiles were surprising when
compared to the tetrahalogenated pentacenes since no significant redshifts were observed
in those molecules. Utilizing FMO calculations we were able to show that the pyrazine
subunit plays an important role in disproportionately affecting the orbital coefficients on
the HOMO and LUMO of the molecule. Selective substitution with halogens allowed for
the dissimilarity of the FMOs to be taken advantage of. If stronger electron withdrawing
groups are utilized, even greater redshifts are expected. We currently are pursuing the
tetranitrile derivative of diazatetracene and pentacene. With the recent

advancements in these materials in our group and in research groups around the world,
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acene materials, especially N-heteroacene and acenothiadiazoles, will continue to

flourish.
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Appendix A: Terpyridine Based Cruciform-Zn**-Complexes as Anion-

Responsive Fluorophores

A.1l Introduction

The detection, identification and quantification of organic and inorganic anions is
important in biology, medicine, environmental science and food science.?3*° While
several concepts are successfully employed, our goal was to explore the construction
of self-assembled probes capable of differentiating simple inorganic anions. We
reasoned that fluorophore-metal cation complexes should be easily accessible and
tunable leading to turn-on, dosimeter-type, anion-responsive systems. The operating
principle would involve mixing the suitably appended fluorophore with a metal cation
(zinc in this specific case) and then expose the fluorophore-metal ion complex to

different anions. Depending upon the affinity of the anions for zinc, either

<

anion

metal
cation

o oo

Figure A.1. Working principle of a cruciform-metal-ion-based anion probe.

173



decomplexation or formation of an “ate”-type complex, incorporating the fluorophore,
could result.® The only important prerequisite for this type of dosimeter to work is a
change in fluorescence upon the addition of the zinc salt and a second change in
fluorescence upon uptake of the anions by the zinc-fluorophore complex.

Cruciform chromophores and fluorophores (XF) encompass a family of different

7891011 The most common cruciform motif is that of a

molecular architectures.
1,2,4,5-substituted benzene ring, in which the peripheral unsaturated substituents
represent the arms of the cross. These 1,2,4,5-substituted benzene-derived XFs
display distinct metal cation and acid-induced changes in their fluorescent behavior,
including two-stage ratiometric responses. The issue with the hitherto investigated
XFs is that their responsive elements, dialkylanilines and pyridines, only allow us to
study fluorescence responses towards metal cations in relatively unpolar solvents such
as dichloromethane or THF. In more polar and hydrogen bonding solvents, metal
coordination of such XFs is weak and the associated spectral responses are invisible
unless a highly concentrated solution of metal salt is used. It was therefore of interest

to construct XFs that are metal sensitive in more polar solvents. The terpyridine unit

is an excellent general metal cation binder, particularly if octahedral or square planar

Pl PPh 20l
—_

iso-PraWH
Cul

Scheme A.1. Synthesis of the Terpyridine XF A.3

174



coordination geometry can be attained. We therefore envisioned the XF A.3 as an

excellent target compound.

A.2 Results and Discussion

Starting from the literature known distyrylbenzene A.1, reaction with
ethynylterpyridine'® A.2 using 6 mol% Pd(PPh3),Cly, in diisopropylamine with Cul as
cocatalyst,'® provided XF A.3 in 52% yield after aqueous workup. Chromatography,

resulting in heavy losses, furnished spectroscopically pure A.3 after subsequent

(][] g [ (51 2

|1 ]
Zn2+‘
e:

Figure A.2. a) Exposure of A.3 towards different metal cations as their triflate
salts. b) Exposure of A.3 towards increasing concentrations of zinc triflate. c)
Exposure of the A.3-zinc complex towards different anions. All experiments were
performed in a 9:1 acetone-water mixture under a blacklight at concentrations of 9
x 107 gL (0.010 mM); b) and c) were photographed using a fast shutter speed to
prevent overexposure of the solutions containing the highly fluorescent A.3. Due
to the shutter speed being held constant for b) and c), the solutions of A.3-Zn*
appear darker in b) and c) than under actual visual inspection whereas a) is more
close to their actual appearance.
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crystallization from chloroform/hexanes in 23% vyield (silica gel; dichloro-

methane:triethylamine gradient, 1:0 to 9:1 vv ratio).

Figure A.2a shows the fluorescence response of the XF A.3 after the exposure
towards a panel of different metal cations as their triflates in a mixture of
acetone/water (9:1, vv). We selected an acetone-water mixture because it allows the
dissolution of the XF as well as that of the various metal salts and anion-based
analytes without problems. We opted for the triflates to exclude anion effects (vide
infra). Alkali metal cations and TI" do not change the fluorescence of the XF and do
not seem to coordinate at all under these conditions. However, when A.3 is exposed
to Ag*, Mn?*, Cu®*, Mg?*, Er*" or Sn** we observe that the fluorescence of the XF A.3

is efficiently quenched.

1:1 XF-ZnZ* complex;
monomeric or oligomeric

Figure A.3. Possible stoichiometries of zinc-cruciform complexes.
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Figure A.4. Proposed structure of the Zn-XF-complex after addition of halide
anions.

Upon addition of Ca?*, Cd**, Hg?*, and In**, we find that the fluorescence changes
to green or brown, while the addition of zinc triflate gives an orange-emissive
solution. The fluorescent responses of these latter metals were unexpected as the
emission of terpyridine-substituted fluorophores is, according to literature reports,
quenched by addition of metal cations such as zinc.***® To investigate this surprising
behavior further we explored different ratios of Zn**/XF A.3. Figure 2b shows the
results. At a concentration of 1.0 x 10” molL™ XF A.3 we observe at a stoichiometric

ratio of 1:1 Zn**/A.3 an emission change from blue to orange.

Upon addition of more zinc triflate the emission color changes from orange to a
dull brown. To obtain the correct binding stoichiometries, we performed ITC
(isothermal titration calorimetry). According to the ITC data, a 2:1 complex and a 1:1
(A.3/Zn*") complex are consecutively traversed (Figure A.3). The 1:2 complex
apparently is not produced, even upon addition of a large excess of zinc triflate.
According to ITC the AH of the first complexation step is -6.38 kcal/mol while that of
the second step is -10.5 kcal/mol. The analysis of the ITC data using different
binding models did not give reasonable results for Kisoc. Literature reports of

structurally related compounds have shown similar difficulties but estimates for Kgssoc

177



Phosphate

—Fluoride
038 —Nitrate
lodide

06 Bromide

Chlaoride
0.4 -

—Zinc

—Terpy

Emleglon (nermallzed)

0.2 -

0 _-I/ T T T T 1
400 450 500 550 650 T00
Wavelength {nm)

Figure A.5. Normalized emission spectra of the XF A.3 (Terpy), its zinc complex,

and after addition of different anions to the XF 3-Zn?*-complex. For a non-

normalized version of this Figure see Figure A.9.
of 10° to >10° are reported.***® The high binding constant allows access to the stable
complex A.3-Zn** without problem. Zinc ions have a high binding affinity for
fluoride and phosphate with B-values of 3.04 x 102 and 5 x 103 Ags a
consequence, we investigated the reaction of the complex 3-Zn®* towards different
anions. Figure A.2c and Figure A.4 show the results. Addition of fluoride leads to
immediate decomplexation and the fluorescence of the starting XF A.3 is restored.
Upon addition of sodium phosphate a similar shift is visible, however, the recovered
fluorescence is 20% less than that of the starting XF A.3. lodide and bromide shift
and/or quench the fluorescence of the XF-Zn** complex respectively, while chloride
leads to a slight blue shift but not to decomplexation of the XF. Nitrate, a weakly
binding anion, has only a minute effect on the fluorescence of the complex. We
interpret these findings in the light that phosphate as well as fluoride both removes
the zinc stoichiometrically from the XF-Zn?** complex and therefore restore the

original fluorescence of the XF A.3.
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In the case of the exposure of the A.3-Zn?" to other halide ions, i.e. CI", Br and I,
we see changes in the emission color which we attribute to the formation of ate-type
complexes arising from a 1:1 XF-Zn?** complex. In the case of I', significant
quenching occurs in addition to the blue shift. Literature values for the complex
formation constant between iodide and zinc ions in water suggests partial
decomplexation, if we compare the bonding strength of the zinc ions to the terpy
ligand with that of the iodide ion.® The emission spectrum of A.3-Zn?" with I” does
display two local emission maxima, suggesting that both the ate-type complex (Amax=

531 nm) and the decomplexed species (local Amax= 471 nm) are present.

A.3 Conclusions

In conclusion, we have prepared the XF A.3 containing two terpyridine units.
Upon exposure towards metal cations this XF gives emission color changes. In the
case of zinc triflate the XF forms 2:1 (A.3/Zn*") and 1:1 (A.3/Zn**) complexes, which
could be used to detect halide ions. A clear differentiation of fluoride from the other
halides was possible, as only fluoride efficiently decomplexes the XF-Zn** complex
and restores the original fluorescence of the XF A.3. This simple system allows for
the future construction of libraries of self-assembled*® anion sensors or dosimeters, by
combining suitable cruciform fluorophores containing sensory appendages with

different metal ions that display differential anion recognition and/or binding.

This work has been published in Organic Letters:
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Brombosz, S. M.; Zucchero, A. J; Phillips, R. L.; Vazquez, D.; Wilson, A.; Bunz, U. H.
F. Org. Lett. 2007, 22, 4519-4522.
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A.4 Experimental and Supplementary Information

A.4.1 4'4"™-((2,5-bis((E)-4-isopropylstyryl)-1,4-phenylene)bis(ethyne-2,1-diy))di-

2,2":6'.2"-terpyridine, A.3.

Compound A.1 (0.224 g, 0.362 mmol) was combined with A.2 (0.233 g, 0.906 mmol),
(PPh3),PdCl;, (0.0145 g, 0.0217 pmol), and Cul (8.3 mg, 43 umol) and was dissolved in
THF (10 mL) and diisopropyl amine (5 mL) in a nitrogen purged Schlenk flask. The
solution was degassed, capped with a septum and allowed to stir at room temperature for
24 h. The product was poured into water and then extracted with dichloromethane.
Removal of the solvent in vacuo gave a yellow powder that was purified on a silica
column flushing first with dichloromethane then eluting the product with 95:5
dichloromethane : triethylamine. Recrystallization from chloroform and hexanes yielded
67.0 mg of yellow powder. Yield: 21%. MP: 240-241°C. IR: 3053, 3012, 2957, 2868,
2213, 1599, 1581, 1565, 1465, 1391, 1262, 1146, 1042, 965, 884, 858, 817, 788, 741, 735
cm™. *H NMR (400 MHz, CDCls): & = 8.76 (d, 4H, Jun = 3.9 Hz, Ar-H), 8.69 (s, 4H, Ar-
H), 8.68 (d, 4H, Jun = 8.1 Hz, Ar-H), 8.01 (s, 2H, Ar-H), 7.90 (t, 4H, Jun = 8.0 Hz, Ar-
H), 7.69 (d, 4H, Jun = 16.3 Hz, C=C-H), 7.63 (d, 4H, Jyn = 8.1 Hz, Ar-H), 7.39 (t, 4H,
Jun =6.5Hz, Ar-H), 7.35 (d, 2H, Jyn = 16.3 Hz, C=C-H), 7.30 (d, 4H, Jyn = 8.1 Hz, Ar-
H), 2.95 (m, 2H, Jyn = 6.9 Hz, CH3CHCHj3), 1.29 (d, 12H, Jyx =6.9 Hz, CH3CHCH3).
B3C NMR (75 MHz, CDCls): 6 = 155.67, 149.22, 149.10, 137.80, 136.94, 134.73, 133.15,
131.30, 129.30, 127.11, 126.99, 126.91, 124.18, 124.07, 122.83, 121.99, 121.29, 93.67,
92.10, 34.00, 23.95. MS (FAB, 70-SE) (Ce:HaNs): m/z = 877. ®pichioromethane = 0.57.

Fluorescence lifetime: t=4.7 ns.
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Figure A.6. Normalized Emission and Absorbance Spectrum of XF A.3 in CH,Cl..
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Figure A.7. Absorbance Spectra Showing the Solvatochromatic Effects of the
absorbance of XF A.3 in Various Solvents. Inset Shows More Closely the Amax
Region of the Spectra.
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Figure A.8. Emission Spectra Showing the Solvatochromatic Effects of the
Fluorescence of XF A.3 in Various Solvents. Inset Shows More Closely the Amax
Region of the Spectra.

580 -
Nitrate
Phosphate
490 lodide
Bromide
Chiloride
> —Fluoride
% 30 Zinc
= = Terpy
@
2 290
3
L d
o
o
=
w190 4
90 -
-10 4 L} LJ LJ L T 1
400 450 500 550 600 650 700

Wavelength (nm)

Figure A.9. Non-normalized Emission Spectra of the XF A.3 (Terpy), its Zinc
Complex, and After Addition of Different Anions to the XF A.3-Zn**-Complex.
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Figure A.10. ITC Curve of XF A.3 Titrated with ZnOTf. Two Sigmoidal Regions are

Visible Indicating Two Bindings Occurring at 0.5 and 1.0 molar ratio of ZnOTf to XF
A3.
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Appendix B: Hydroxy-Cruciforms

B.1 Introduction

Cruciform fluorophores (tetra-1,2,4,5-vinyl- or -ethynyl-substituted benzenes, XFs) are «
-systems with unusual frontier molecular orbitals (FMOs). If one of the axes is donor
substituted and the other axis is acceptor substituted, species with spatially separated
FMOs can result. The HOMO is localized on the donor part of the molecule, while the
LUMO is localized on the acceptor part of the molecule. This FMO arrangement leads to
a situation in which electronic information can be addressed spatially and for which

HOMO and LUMO are manipulated by metal cations or by protons.

We! and others>*** have shown that dialkylaniline- and pyridine-containing XFs
display unusually large bathochromic or hypsochromic shifts when exposed to zinc,
magnesium, calcium and manganese salts or protons.™* The reason for the large shifts in
absorption and emission is the independently addressable HOMO and LUMO, enforcing
large changes in the HOMO-LUMO gap. Up to now, HOMO-LUMO of XF-types has
been addressed by cationic species, binding to the free electron pairs of pyridines and
dialkylanilines. In this chapter, we demonstrate that XFs carrying strategically placed
phenol functionalities show unusual photophysical effects upon deprotonation and

exposure to amines.
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B.2 Results and Discussion

The synthesis of hydroxy-XFs starts with the reaction of phosphonate B.1° with either
the protected aldehyde B.2 or B.3 to give the distyrylbenzene derivatives B.4 or B.5 in
77% and 68% yield, respectively, after chromatography and crystallization. Coupling of
B.4 or B.5 with 4-tert-butylphenylacetylene in the presence of Cul—(Ph3sP),PdCl, under
standard Heck—Cassar—Sonogashira-Hagihara conditions’ in piperidine furnished the
target XFs B.7 and B.8, after aqueous workup, chromatography and subsequent
deprotection with trifluoroacetic acid at -78 °C in dichloromethane, as yellow or
yellowish—brown solids in 41% and 40% yield respectively (Scheme B.1). The relatively
low coupling yield (44 and 48% respectively) is due to losses during the chromatography
of the intermediate. Nevertheless, the target XFs are easily available on a 100-200 mg

scale. If B.4 is coupled to B.9, we obtain an intermediate in 53% yield, which is

i, (PH3P),PdCl,
Cul, Piperidine
ii. CF3COoH

]
P—(OEt),

| | NaH
THF

(Et0)~F B.1
o

B.6
i, (PH3P),PdCl,

Cul, Piperidine OH
ii. CF2CO,H Q HO
\) B.11 \ B12

Scheme B.1. Synthesis of hydroxy XFs B.7, B.8, and B.10.
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Table B.1. Photophysical data of XFs B.7, B.8, and B.10 in dichloromethane

Compound B.7 B.8 B.10
Absorption (nm) 380 376 404
Emission (nm) 432 423 456
VibroniE:C;r_cl)égression 876 1219 None
Stokes Shift (cm™) 3167 2955 2822
@5 (quantum yields) 0.41 0.72 0.57
T (ns) 1.42 2.99 NA

deprotected in 85% yield to give B.10.

Table B.1 shows the pertinent photophysical data of B.7, B.8 and B.10. The XFs B.7
and B.8 are similar to each other, as they show blue emission with robust quantum yields.
Attachment of —CF3 groups on the aryleneethynylene axis in B.10 decreases the band gap
and leads to significantly red-shifted absorption and emission. The Stokes shifts in these
XFs are similar and around 3000 cm™. The vibronic progression of B.8 is in the expected
range, while that of B.7 is smaller. The fluorescence spectrum of B.10 does not show any
vibronic bands, suggesting that its excited state is structurally different from its ground

state.®

We titrated (see Figures B.1 & B.2) B.7 and B.8 in a methanol-water mixture with
aqueous base (KOH). Figure B.1 shows absorption and emission for B.8. Upon addition
of hydroxide, there is no significant change in the absorption spectrum of B.8; the
emission of the phenolate of B.8 is largely quenched. A very weak emission band for the
deprotonated form of B.8 is observed at 515 nm. The invariance of the absorption

spectrum is surprising and persists upon addition of a large excess of hydroxide. In the
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Figure B.1. Uv-vis (left) and emission (right) spectra of XF B.8 in a 2:1 vol. methanol-
water mixture at different pH-values.

case of B.7, upon deprotonation (Figure B.2), the absorption spectrum shows an
appreciable red shift, as would be expected for a phenolate, with a prominent absorption
appearing at 416 nm. At the same time, the emission changes from 476 nm (blue) to 580
nm (yellow). Addition of an excess of KOH solution does not change the emission
wavelength further. From the titrations, the pK, values for B.7 and B.8 were determined

to be 9.9 and 10.0.

Changes in spectroscopic properties are not only observed upon deprotonation of the
XFs B.7 and B.8 in methanol-water mixtures, but also when solutions of XFs in
dichloromethane are exposed to amines. Figure B.3 shows a photograph of the XFs B.7,
B.8 and B.10 exposed to a panel of different amines, ordered by their increasing pK,

values, while Figure B.4 shows the corresponding emission spectra for B.7.

Interestingly, the magnitude in shift and the pK,-values of the amines do not correlate
particularly well, as ethylenediamine (pK, = 10.7), i.e. not the most basic amine, displays

the largest red shift. In the case of the exposure of B.7 to quinoline or to pyridine,
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Figure B.2. Uv-vis (left, 417 nm Amax deprotonated form) and emission (right, 474
nm, 596 nm Ama) Spectra of XF B.7 in a 2:1 vol. methanol-water mixture at
different pH-values.

fluorescence is quenched, possibly due to a back electron transfer following proton
transfer to the basic nitrogen.® If the amine under consideration is not very basic, as
pyrrole and imidazole, either there is no change of the emission or a mixed color
(imidazole) is observed. Similar trends are observed for XF B.10, even though the

emission intensities are much lower, as expected from the energy gap law.*°

Exposure of the XF B.8 to amines in dichloromethane results in quenching (see
experimental for spectra) of the emission, similar to that observed on exposure of B.8 to
KOH. The above observations demonstrate that B.7 and B.8 are different from
hydroxystilbenes B.11 and B.12. The phenolate of stilbene B.11 is weakly fluorescent,
while that of the meta-compound B.12 is quite fluorescent.™ In B.11 and B.12 the excited
state acidity of the phenolic function is significantly enhanced, that of B.12 more so than
that of B.11. Neither the XF B.7 nor B.8, on the other hand, shows dramatically enhanced
photoacidity in methanol—water mixtures with up to 50% vol. water, ** which makes them

comparable to the weak photoacid 2-naphthol with a pK,* of 2.8.*
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Figure B.3. Photograph of the cruciforms B.7, B.8, and B.10 in DCM: 1) reference;
exposure to 2) pyrrole (-), 3) quinoline (4.90), 4) pyridine (5.25), 5) imidazole (6.96;
Amax- B.7 = 551 nm), 6) morpholine (8.33; 555 nm), 7) piperazine (9.83; 556 nm), 8)
ethylenediamine (10.7; 579 nm), 9) piperidine (10.8; 564 nm), 10) triethylamine (10.8;
555 nm), 11) diethylamine (11.0; 562 nm), 12) diisopropylamine (11.1; 558 nm), and
13) 1,8-diaza-bicyclo[5.4.0]undec-7-ene (DBU, ~12; 572).  The numbers in
parenthesis are the pK, values of the corresponding ammonium ions.

The absorption and emission spectra of B.7 show a more complex behavior in the
presence of amines (Figure B.4). On the one hand, except for 1,8-
diaza[5.4.0]bicycloundecene (DBU, pK; ~ 12), the absorption maxima show a shift of ca.

20 nm and are consistent with a hydrogen-bonded complex.*®* Upon addition of DBU a

redshifted feature is observed, which we attribute to the fully bisdeprotonated ground
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Figure B.4. Absorption spectra (left) of solutions of B.7 in DCM upon addition of

amine (0.1 mL). Emission spectra (right) of solutions of B.7 in dichloromethane

(DCM, 15 mL, vial) upon addition of amine (0.1 mL).
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state species, as it is identical to that observed in the KOH-promoted deprotonation of
B.7. On the other hand, all of the amine complexes exhibit efficient emission from the
fully deprotonated (ion pair) state. From these observations, we conclude that in
dichloromethane solutions the difference in pK, (or AG of the proton transfer) between
B.7* and amines is sufficient to produce solvent-separated ion pairs.** In the ground

state, the observed ApK, results in the formation of hydrogen-bonded complexes.

The observation of different amine-dependent emission characteristics is of potential
importance since Lavigne el al.* have shown that carboxylate-substituted polythiophenes
can discern biogenic amines when the absorption spectra of the complexes are compared.

Our approach is complementary as we use more sensitive fluorescence spectroscopy.

B.7% HOMO LUMO

B.8% HOMO LUMO

Figure B.5. Density of the frontier molecular orbitals (HOMO and LUMO) of the
bisphenolate anions of models of B.7 and of B.8 as calculated by B3LYP-6-
31G**//B3LYP-6-31G** using SPARTAN.
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What is the reason for the dramatic differences in the optical properties of B.7 and
B.8 upon interaction with bases, i.e. proton dissociation induced red shift vs. quenching?
A DFT calculation (Figure B.5) of the FMO-distribution of B.7 and B.8 sheds light on
this issue. In the dianion of B.7, HOMO and LUMO show spatial overlap in the central
ring and both absorption and emission is Franck—Condon allowed. In the case of B.8 the
situation is different. Due to the disjoint orbital structure in which the HOMO is localized
only on the two phenolate rings, while the LUMO is strictly localized on the
bisarylethynyl axis, there is a vanishingly small spatial overlap between the two frontier
molecular orbitals, resulting in a Franck—Condon forbidden transition. Without the
quantum chemical calculations, the different spectroscopic properties of B.7%" and B.8*
would be very hard to rationalize. Since the 340 nm transition is both invariant with
respect to deprotonation and strongly allowed, we conclude that this is a HOMO-LUMO
transition in B.8 but a HOMO-LUMO + n-transition in the deprotonated form of B.8,
while the weaker HOMO-LUMO transition of the dianion of B.8 is hidden in the
baseline.® The allowed transition in the dianion must have a similar gap to the HOMO-
LUMO-transition in the neutral compound, explaining the lack of change in the

absorption spectra.

B.3 Conclusions

In conclusion, we have prepared the two XFs B.7 and B.8 and investigated their
photophysical properties upon deprotonation and exposure to amines. We see dramatic
differences between the para (B.7) and the meta (B.8) XF as a consequence of the

different FMO distribution. The dianion B.8 suffers from a Franck—Condon disallowed
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HOMO-LUMO-transition, which is responsible for the observed fluorescence quenching.
Potential applications of such materials with separated FMOs include exciton collection
and splitting in photovoltaic devices and fluorescence sensors in cases where the XFs are

equipped with additional binding elements.

This work has been Chemical Communications:

McGrier, P. L.; Solntsev, K. M.; Shonhaber, J.; Brombosz, S. M.; Tolbert, L. M.; Bunz,

U. H. F. Chem. Comm., 2007, 2127.
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B.4 Experimental and Supplementary Information

B.4.1 4-((tetrahydro-2H-pyran-2-yl)oxy)benzaldehyde, B.2.

4-hydroxybenzaldehyde (5.8, 47.5 mmol) and 3,4-dihydro-2H-pyran (6.4 g, 76.1 mmol)
was dissolved in dichloromethane (100 mL) in a 250 mL round bottom flask. Para-
toluenesulfonic acid (0.43 g, 2.5 mmol) was added to the reaction mixture along with
pyridine (1 mL). The pyridine was added drop wise over a 5 min period. The crude
reaction mixture was washed three times with water, dried with magnesium sulfate and
reduced until a dark brown oil was obtained. The product was washed with a solution of
dilute NaOH and water to remove the starting material. The final product was obtained as
a dark brown oil. Yield: 84%. *H NMR (500 MHz, CDCl3): 6 =9.90 (s, 1H, Ar-CHO),
7.84 (d, 2H, Ar-H, Jun = 9 Hz), 7.17 (d, 2H, Ar-H, Jun = 8.5 Hz), 5.55 (s, 1H, a-C-H),
3.85 (m, 1H, e-CH), 3.64 (m, 1H, &-C-H), 2.01 (m, 1H, B-C-H), 1.90 (m, 2H, y-C-H) 1.71
(m, 2H, 8-C-H), 1.62 (m, 1H, p-C-H). *C NMR (500 MHz, CDCl3): & = 191.19, 162.48,

132.11, 130.77, 116.82, 96.41, 62.34, 30.36, 25.35, 18.77.

B.4.2 3-((tetrahydro-2H-pyran-2-yl)oxy)benzaldehyde, B.3.

3-hydroxybenzaldehyde (5.8, 47.5 mmol) and 3,4-dihydro-2H-pyran (6.4 g, 76.1 mmol)
was dissolved in dichloromethane (100 mL) in a 250 mL round bottom flask. Para-
toluenesulfonic acid (0.43 g, 2.5 mmol) was added to the reaction mixture along with
pyridine (1 mL). The pyridine was added drop wise over a 5 min period. The crude

reaction mixture was washed three times with water, dried with magnesium sulfate and
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reduced until a light brown oil was obtained. The product was washed with a solution of
dilute NaOH and water to remove the starting material. The final product was obtained as
a light brown oil. Yield: 85%. *H NMR (500 MHz, CDCls): & = 9.97 (s, 1H, Ar-CHO),
7.56 (s, 1H, Ar-H,), 7.50 (dt, 1H, Ar-H, Jyn = 7.5 Hz, with long range coupling), 7.44 (t,
1H, Ar-H, Jyn =8 Hz), 7.31 (md, 1H, Ar-H, Jy 4 = 8 Hz, with long range coupling), 5.49
(s, 1H, a-C-H), 3.88 (m, 1H, e-CH), 3.63 (m, 1H, &-C-H), 2.01 (m, 1H, B-C-H), 1.90 (m,
2H, y-C-H) 1.71 (m, 2H, §-C-H), 1.62 (m, 1H, B-C-H). *C NMR (500 MHz, CDCls): 5 =
192.19, 157.90, 138.10, 130.10, 123.63, 123.18, 116.59, 96.59, 62.21, 30.47, 25.40,

18.92.

Note: Compounds B.4 and B.5 both contain traces of previously reported halogen
exchange material (B.4a and B.5a) from the precursor B.1, which is inseparable but can

be used for further reactions.

B.4.3 2.2'-((((1E,1'E)-(2,5-diiodo-1,4-phenylene)bis(ethene-2,1-diy))bis(4,1-

phenylene))bis(oxy))bis(tetrahydro-2H-pyran), B.4.

B.1 (0.500 g, 0.681 mmol), NaH (60 mg, 2.50 mmol), and THF (50 mL) were combined.
4-(tetrahydropyran-2-yloxy)-benzaldehyde (0.409 g, 1.98 mmol) was then added. Work
up and recrystallization yielded (0.448 g, 77%) of bright yellow crystals. MP: 268-270
°oC. IR: 2933, 2869, 1600, 1508, 1234, 1170, 1107, 1035, 970, 810. *H NMR (500 MHz,
CDCly): & = 8.07 (s, 2H, Ar-H), 7.58 (d, 4H, Ar-H, Jun = 8.5 Hz), 7.10 (d, 4H, Ar-H,

Jun = 8.5 Hz), 7.09 (d, 2H, C=C-H, Jun = 16.5 Hz), 6.95 (d, 2H, CH=CH, Jun = 16.5
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Hz), 5.49 (s, 2H, a-C-H), 3.95 (m, 2H, &-CH), 3.65 (m, 2H, &-C-H), 2.04 (m, 2H, p-C-H),
1.91 (m, 4H, y-C-H) 1.71 (m, 4H, 5-C-H), 1.64 (m, 2H, B-C-H). **C NMR (500 MHz,
CDCly): & = 157.73, 141.10, 136.44, 132.17, 130.63, 129.05, 128.57, 117.14, 100.62,

96.69, 62.47, 30.70, 25.59, 19.13.

B.4.4 2.2'-((((LE,1'E)-(2,5-diiodo-1,4-phenylene)bis(ethene-2,1-diyl))bis(3,1-

phenylene))bis(oxy))bis(tetrahydro-2H-pyran), B.5.

B.1 (0.500 g, 0.681 mmol), NaH (60 mg, 2.50 mmol), and THF (50 mL) were combined.
3-(tetrahydropyran-2-yloxy)-benzaldehyde (0.409 g, 1.98 mmol) was then added. Work
up and recrystallization yielded (0.399 g, 68%) of pale yellow crystals. MP: 216-218 °C.
IR: 2947, 2873, 1581, 1488, 1251, 1120, 1037, 1014, 970, 904, 869, 777. *H NMR (500
MHz, CDCls): 8.09 (s, 2H, Ar-H), 7.33 (t, 2H, Ar-H, Jun = 8 Hz), 7.27 (s, 2H, Ar-H),
7.22 (d, 2H, Ar-H, Jyu= 5 Hz), 7.20 (d, 2H, C=C-H, Jun =16 Hz), 7.05 (d, 2H, Ar-H,
Jun = 8.5 Hz), 6.97 (d, 2H, C=C-H, Jy 1 = 16 Hz), 5.49 (s, 2H, a-C-H), 3.95 (m, 2H, &-C-
H), 3.65 (m, 2H, &-C-H), 2.04 (m, 2H, B-C-H), 1.91 (m, 4H, y-C-H) 1.71 (m, 4H, 5-C-H),
1.64 (m, 2H, B-C-H). *C NMR (500 MHz, CDCls): & = 157.86, 141.18, 138.36, 136.78,
132.70, 131.10, 130.13, 120.87, 116.94, 115.39, 100.69, 96.90, 62.59, 30.81, 25.62,

19.25.

B.4.5 1-ethynyl-3-(trifluoromethyl)benzene, B.9a.

'H NMR (300 MHz, CDCls): 8 = 7.72 (s, 1H, Ar-H), 7.62 (d, 1H, Ar-H, Jun = 7.7 Hz),

7.56 (d, 1H, Ar-H, Jun = 8.4 Hz), 7.42 (t, 1H, Ar-H, Jun = 7.3 Hz), 0.26 (s, 9H, -CHa).
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3¢ NMR (300 MHz, CDCl3): 8 = 134.98, 130.90(m), 128.73, 125.52, 124.93(m), 124.14,

121.91, 118.30, 103.28, 96.20. MS (EI, 70-SE) (C1oH13F3Si): m/z = 242.

B.4.6 2.2'-((((1LE,1'E)-(2,5-bis((4-(tert-butyl)phenylethynyl)-1,4-phenylene)bis(ethene-

2.1-diyD)bis(4,1-phenylene))bis(oxy))bis(tetrahydro-2H-pyran), B.7a.

B.4 (0.297 g, 0.404 mmol) was combined with B.6 (0.192, g, 1.21 mmol), (PPhs),PdCl,
(5 mg, 7.1 umol), Cul (5 mg, 33 umol) and dissolved in THF (50 mL) and piperidine (5
mL) in a nitrogen purged Schlenk flask. The solution was degassed, capped with a
septum and allowed to stir at room temperature for 24 h. The product was extracted with
dichloromethane, washed three times with water and dried with magnesium sulfate and
reduced until a yellow powder was formed, which was purified by chromotagraphy
eluting with 70:30 dichloromethane and hexanes yielding 150 mg of yellow crystals.
Yield: 47%. MP: 186-188 °C. IR: 2939, 2866, 2250, 1602, 1508, 1236, 1170, 1035,
1018, 960, 919, 831, 813. *H NMR (500 MHz, CDCl5): & = 7.90 (s, 2H, Ar-H), 7.59 (d,
2H, C=C-H, Jy = 16.5 Hz), 7.57 (d, 4H, Ar-H, Jy 1 = 8 Hz), 7.54 (d, 4H, Ar-H, Jyn=8
Hz), 7.45 (d, 4H, Ar-H, Jyn = 8.5 Hz), 7.25 (d, 2H, C=C-H, Jun = 16.5 Hz), 7.10 (d, 4H,
Ar-H, Jyn= 8.5 Hz), 5.49 (s, 2H, a-C-H), 3.95 (m, 2H, &-C-H), 3.65 (m, 2H, &-C-H), 2.04
(m, 2H, p-C-H), 1.91 (m, 4H, y-C-H) 1.71 (m, 4H, 8-C-H), 1.64 (m, 2H, p-C-H), 1.37 (s,
18H, t-butyl). *C NMR (500 MHz, CDCls): & = 156.97, 151.80, 137.22, 131.29, 130.97,
129.91, 128.43, 127.90, 125.50, 123.89, 122.06, 120.18, 116.67, 96.24, 95.47, 87.38,

62.01, 34.85, 31.18, 30.29, 25.18, 18.70. MS (FAB, 70-SE) (CssHssO4): m/z = 794.
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B.4.7 2.2'-((((LE,1'E)-(2,5-bis((4-(tert-butyl)phenylethynyl)-1,4-phenylene)bis(ethene-

2.1-diyD)bis(3,1-phenylene))bis(oxy))bis(tetrahydro-2H-pyran), B.8a.

B.5 (0.399 g, 0.543 mmol) was combined with B.6 (0.258 g, 1.63 mmol), (PPhs),PdCl; (5
mg, 7.1 umol), Cul (5 mg, 33 pmol) and dissolved in THF (50 mL) and piperidine (5 mL)
in a nitrogen purged Schlenk flask. The solution was degassed, capped with a septum and
allowed to stir at room temperature for 24 h. The product was extracted with
dichloromethane, washed three times with water and dried with magnesium sulfate and
reduced until a yellow powder was formed, which was purified by chromotagraphy
eluting with 70:30 dichloromethane and hexanes yielding 190 mg of yellow crystals.
Yield: 44%. MP: 266-268 °C. IR: 2947, 2869.8, 2220. 1, 1583.4, 1512.1, 1452.3, 1257.5,
1157.21, 1020.27, 956.6, 831.2, 775.3 *H NMR (500 MHz, CDCls): & = 7.93 (s, 2H, Ar-
H), 7.72 (d, 2H, C=C-H, Jyn = 16.5 Hz), 7.60 (d, 4H, Ar-H, Jun = 8.5), 7.45 (d, 4H, Ar-
H, Jun = 8.5), 7.36 (s, 2H, Ar-H), 7.32 (t, 2H, Ar-H, Jyy = 8 Hz), 7.27 (d,2H, Jy 1 = 16.5
Hz, CH=CH), 7.23 (d, 2H, Jun = 8 Hz Ar-H), 7.02 (d, 2H, Jun = 8 Hz, Ar-H), 5.49 (s,
2H, a-C-H), 3.95 (m, 2H, &-C-H), 3.65 (m, 2H, &-C-H), 2.04 (m, 2H, B-C-H), 1.91 (m,
4H, y-C-H) 1.71 (m, 4H, §-C-H), 1.64 (m, 2H, B-C-H), 1.37 (s, 18H, t-butyl). *C NMR
(500 MHz, CDCl3): 6 = 157.92, 152.27, 139.17, 137.68, 131.68, 130.82, 130.08, 129.06,
126.40, 125.93, 122.85, 120.99 120.62, 116.83, 114.74, 96.82, 96.82, 87.73, 62.41, 35.30,

31.65, 30.90, 25.73, 19.26. MS (FAB, 70-SE) (CssHss04): m/z = 794.

B.4.8 2.2'-((((1E,1'E)-(2,5-bis((3-(trifluoromethyDphenyl)ethynyl)-1,4-

phenylene)bis(ethene-2,1-diyl))bis(4,1-phenylene))bis(oxy))bis(tetrahydro-2H-pyran),

B.10a.
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B.4 (0.403 g, 0.549 mmol) was combined with B.9a (0.399 g, 1.64 mmol), (PPh3),PdCl,
(5 mg, 7.1 umol), Cul (5 mg, 33 pumol), KOH (0.500 g, 8.90 mmol) and dissolved in
piperidine (5 mL), EtOH (10 mL) and THF (25 mL) in a nitrogen purged Schlenk flask.
The solution was degassed, capped with a septum and allowed to stir at room temperature
for 24 h. The product was extracted with dichloromethane, washed three times with water
and dried with magnesium sulfate and reduced until a yellow powder was formed, which
was purified by chromotagraphy eluting with 60:40 dichloromethane and hexanes
yielding 280 mg of yellow crystals. Yield: 53%. MP: 246-248 °C. IR: 3035, 2943, 2875,
2235, 1600, 1508, 1330, 1240, 1164, 1122, 958, 919, 800. *H NMR (500 MHz, CDCl3): 8
=7.92 (s, 2H, Ar-H), 7.90 (s, 2H, Ar-H), 7.79 (d, 2H, Ar-H, Jy = 8 Hz), 7.66 (d, 2H, Ar-
H, Jun= 8 Hz), 7.56 (t, 2H, Ar-H, Jy 1 = 8 Hz), 7.54 (d, 2H, C=C-H, Jun = 16.5 Hz), 7.54
(d, 4H, Ar-H, Ju = 9 Hz), 7.26 (d, 2H, C=C-H, Jun = 16.5 Hz), 7.11 (d, 4H, Ar-H, Ju
=9 Hz), 5.49 (s, 2H, a-C-H), 3.95 (m, 2H, &-C-H), 3.65 (m, 2H, &-C-H), 2.04 (m, 2H, p-
C-H), 1.91 (m, 4H, y-C-H) 1.71 (m, 4H, §-C-H), 1.64 (m, 2H, B-C-H). *C NMR (500
MHz, CDCl3): 6 = 157.66, 138.01, 134.97, 131.70, 131.42, 131.09, 129.51, 129.14,
128.78 (m), 128.39, 125.49 (m), 125.21, 124.51, 123.76, 123.06, 122.13, 117.18, 96.75,

94.27, 89.88, 30.73, 25.61, 19.15. MS (FAB, 70-SE) (CsoHao FsOa): m/z = 818,

B.4.9 4,4'-((1E,1'E)-(2,5-bis((4-(tert-butyl)phenylethynyl)-1,4-phenylene)bis(ethene-

2.1-diy))diphenol, B.7.

B.7a (0.080 g, 0.128 mmol) was dissolved in dichloromethane (30 mL) and
trifluoroacetic acid (1 mL) was added into a 100-mL round bottom flask kept in a dry ice

acetone bath. The solution was allowed to stir at -78 °C for 2 h. The crude reaction
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mixture was washed three times with water, dried with magnesium sulfate, filtered and
reduced until a brown powder was formed. The resulting brown powder was
recrystallized by dissolving in hot chloroform and adding an excess amount of hexanes
yielding brown crystals. Yield: 88%. MP: 236-238 °C. IR: 3321, 2956, 2852, 2195, 1604,
1512, 1440 1168, 1016, 958, 833, 815. *H NMR (500 MHz, CDCly): & = 7.89 (s, 2H, Ar-
H), 7.57 (d, 4H, Ar-H, Jy4 = 8.5 Hz), 7.56 (d, 2H, C=C-H, Jyn = 16.5 Hz), 7.50 (d, 4H,
Ar-H, Jun = 9 Hz), 7.45 (d, 4H, Ar-H, Jy = 8.5 Hz), 7.24 (d, 2H, C=C-H, Jun = 16.5
Hz), 6.88 (d, 4H, Ar-H, Jyn = 9 Hz). **C NMR (500 MHz, CDCls): & = 155.97, 152.30,
137.64, 131.72, 130.82, 130.29, 128.93, 128.65, 125.93, 124.14, 122.50, 120.61, 116.15,

95.89, 87.80, 35.30, 31.30. MS (FAB, 70-SE) (C4sH420,): m/z = 626.

B.4.10 3,3'-((1E,1'E)-(2,5-bis((4-(tert-butyl)phenylethynyl)-1,4-phenylene)bis(ethene-

2.1-diyl))diphenol, B.8.

B.8a (0.102 g, 0.163 mmol) was dissolved in dichloromethane (30 mL) and
trifluoroacetic acid (1 mL) was added into a 100-mL round bottom flask kept in a dry ice
acetone bath. The solution was allowed to stir at -78 °C for 2 h. The crude reaction
mixture was washed three times with water, dried with magnesium sulfate and reduced
until a green powder was formed. The resulting green powder was recrystallized by
dissolving in hot chloroform and adding an excess amount of hexanes yielding green
crystals. Yield: 90%. MP: 238-240 °C. IR: 3319, 2954, 2862, 1784, 1683, 1591, 1506,
1450, 1265, 1151, 1016, 962, 833, 775. *H NMR (500 MHz, CDCls): § = 7.89 (s, 2H, Ar-
H), 7.65 (d, 4H, C=C-H, Jun = 16.5 Hz), 7.57 (d, 4H, Ar-H, Ji = 8.5 Hz), 7.45 (d, 4H,
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Ar-H, Jun = 8.5 Hz), 7.26 (t, 2H, Ar-H, Jun = 8.5 Hz), 7.22 (d, 2H, C=C-H, Jyn = 16.5
Hz), 7.16 (d, 2H, Ar-H, Ju = 7 Hz), 7.07 (s, 2H, Ar-H), 6.82 (d, 4H, Ar-H, Jun = 7 Hz).
3C NMR (500 MHz, CDCls): & = 156.41, 152.40, 139.40, 137.59, 131.78, 130.67,
130.37, 129.30, 126.56, 125.96, 122.81, 120.47, 119.97, 115.57, 113.77, 96.21, 87.57,

35.30, 31.61. MS (FAB, 70-SE) (C46H4202): m/z = 626.

B.4.11 4-((E)-4-((E)-4-((tetrahydro-2H-pyran-2-yloxy)styryl)-2,5-bis((3-

(trifluoromethyl)phenylethynyl)styryl)phenol, B.10.

B.10a (0.120 g, 0.184 mmol) was dissolved in dichloromethane (30 mL) and
trifluoroacetic acid (1 mL) was added into a 100-mL round bottom flask kept in a dry ice
acetone bath. The solution was allowed to stir at -78 °C for 2 h. The product was
extracted with ethyl ether and washed three times with water, dried with magnesium
sulfate and reduced until a yellow powder was formed. The resulting yellow powder was
recrystallized from methanol yielding yellow crystals. Yield: 85% MP: 236-238 °C. IR:
3309, 2923, 2852, 1784, 1697, 1604, 1512, 1328, 1245, 1166, 1122, 962, 806. *H NMR
(500 MHz, THF-d5) & = 8.57 (s, 2H, Ar-OH), 7.99 (s, 2H, Ar-H), 7.97 (s, 2H, Ar-H),
7.87 (d, 2H, Ar-H, Jyn = 8 Hz), 7.72 (d, 2H, Ar-H, Jun = 8 Hz), 7.64 (t, 2H, Ar-H, Jyn =
8 Hz), 7.52 (d, 2H, C=C-H, Jun = 16.5 Hz), 7.46 (d, 4H, Ar-H, Ju = 8.5 Hz), 7.34 (d,
2H, C=C-H, Jun = 16.5 Hz), 6.77 (d, 4H, Ar-H, Jyu = 8.5 Hz). *C NMR (500 MHz,
THF-d5): 6 = 156.86, 136.23, 133.27, 129.77, 129.46, 129.21, 127.99, 127.09, 126.95,
126.61 (m), 123.55 (m), 122.83, 121.46, 120.05, 119.95, 114.05, 91.96, 87.94. MS (FAB,

70-SE) (C40H24F602): m/z = 650.
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B.4.12 Absorption and emission spectra of XFs B.8 and B.10 with amines.

To investigate the sensory ability of hydroxy cruciforms towards amines, XFs B.8 and
B.10 were tested. Approximately 0.1 mL of amine was added to each 15 mL vial and its

optical properties were measured. The absorption and emission data are shown in Figures

B.6-B.9.
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Figure B.6. Absorption spectrum of B.8 with amines in dichloromethane.
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Figure B.7. Emission spectrum of B.8 with amines in dichloromethane.
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Figure B.8. Absorption spectrum of B.10 with amines in dichloromethane.
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Figure B.9. Normalized emission spectrum of B.10 with amines in dichloromethane.

208



B.5 Reference

10

(@) Wilson, J. N. ; Bunz, U. H. F., J. Am. Chem. Soc. 2005, 127, 4124-4125. (b)
Wilson, J. N.; Josowicz, M.; Wang, Y. Q ; Bunz, U. H. F. Chem. Commun., 2003,
2962— 2963. (c) Zucchero, A. J.; Wilson, J. N. ; Bunz, U. H. F. J. Am. Chem. Soc.,
2006, 128, 11872-11881. (d) Gerhardt, W. W.; Zucchero, A. J.; Wilson, J. N.; South,
C. R.; Bunz, U. H. F.; Weck, M. Chem. Commun., 2006, 2141-2142.

(a) Spiteler, E. L.; Shirtlcliff, L. D.; Haley, M. M. J. Org. Chem. 2007, 72, 86-96. (b)
Marsden, J. A.; Miller, J. J.; Shirtcliff, L. D.; Haley, M. M. J. Am. Chem. Soc. 2005,
127, 2464-2476.

(@) Zen, A.; Bilge, A.; Galbrecht, F.; Alle, R.; Meerholz, K.; Grenzer, J.; Neher, D.;
Scherf, U.; Farrell, T. J. Am. Chem. Soc. 2006, 128, 3914-3915. (b) Thompson, A.
L.; Ahn, T. S.; Thomas, K. R. J. ; Thayumanavan, S.; Martinez, T. J.; Bardeen, C. J.
J. Am. Chem. Soc. 2005, 125, 16348-16349. (c) Meier, H.; Mihling, B.; Kolshorn,
H. Eur. J. Org. Chem. 2004, 1033-1042.

() Kang, H.; Evmenenko, G.; Dutta, P.; Clays, K.; Song, K.; Marks, T. J. J.
Am.Chem. Soc. 2006, 128, 6194-6205. (b) Hu, K.; Zhu, P. W.; Yu, Y.; Facchetti, A.;
Marks, T. J. J. Am. Chem. Soc. 2004, 126, 15974-15975.

(a) Sorensen, J. K.; Vestergaard, M.; Kadziola, A.; Kilsa, K.; Nielsen, M. B. Org.
Lett. 2006, 8, 1173-1176.

(@) Wilson, J. N.; Windscheif, P. M.; Evans, U.; Myrick, M. L.; Bunz, U. H. F.
Macromolecules, 2002, 35, 8681-8683.

(a) Bunz, U. H. F. Chem. Rev. 2000, 100, 1605-1644. Sonogashira, K. J. Organomet.
Chem. 2002, 653, 46-49. Negishi, E.; Anastasia, L. Chem. Rev. 2003, 103, 1979-
2017,

Yang, J. S.; Chiou, S. Y.; Liau, K. L. J. Am. Chem. Soc. 2002, 124, 2518-2527.

(@) Zhou, Q.; Swager, T. M. J. Am. Chem. Soc. 1995, 117, 12593-12602. (b) Mller,
J. G.; Atas, E.; Tan, C.; Schanze, K. S.; Kleiman, V.D. J. Am. Chem. Soc. 2006, 128,
4007-4016.

(a) Caspar, J. V.; Meyer, T. J.; J. Phys. Chem. 1983, 87, 952-957. (b) Tolbert, L. M.;
Nesselroth, S. M.; Netzel, T. L.; Raya, N.; Stapleton, M.; J. Phys. Chem. 1992, 96,
4492-4496.

209



11

12

13

14

15

() Lewis, F. D.; Crompton, E. M. J. Am. Chem. Soc. 2003, 125, 40444045, Lewis,
F. D.; Sinks, L. E.; Weigel, W.; Sajimon, M. C.; Crompton, E. M. J. Phys. Chem. A,
109, 2443-2451.

Tolbert, L. M.; Solntsev, K. M. Acc. Chem. Res. 2002, 35, 19-27.
Baba, H.; Suzuki, S. J. Chem. Phys. 1961, 35, 1118-1127.

Zaitsev, N. K.; Demyashkevich, A. B.; Kuzmin, M. G.; High Energy Chem. 1980, 14,
116-120.

Nelson, T. L.; O’Sullivan, C.; Greene, N. T.; Maynor, M. S.; Lavigne, J. J. J.
Am.Chem. Soc. 2006, 128, 5640-5641.

210



