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SUMMARY

We have synthesized norbornene-functionalized side-chain monomers for
potential use as hole transporting and electron transporting/hole blocking materials in
organic light-emitting diodes. TPD-norbornenes were prepared. The monomers
demonstrated similar electrochemical and absorbance spectra to the parent TPD small-
molecule. The similarity is promising for their use in OLEDs because TPD is a known
blue-emitter with relatively high hole mobility in amorphous thin films.

1,10-Phenanthroline small molecules and monomers were synthesized to explore
their potential as hole blocking materials in multilayer devices. We had difficulty
purifying the monomers; however, the small molecules were slightly easier to reduce
than commonly used hole blocking materials 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP) and 4,7-diphenyl-1,10-phenanthroline (Bphen).

Work on these projects continues, and we hope to discover the utility these

compounds have for use in OLEDs and other opto-electronic devices.

xiil



CHAPTER 1

INTRODUCTION TO ORGANIC LIGHT-EMITTING DIODES

Historical Background of OLEDs

Electroluminescence (EL) is the emission of photons when an electron and a hole
recombine to give an excited molecule that then radiatively relaxes to the ground state.
Helfrich and Schneider first reported the phenomenon of EL from single crystals of
anthracene when they observed fluorescence after applying an external voltage using
electrodes.' In the late 80s, Tang and VanSlyke and Adachi ef al. independently
developed an operational organic light-emitting diode (OLED) using EL organic dyes.””
The devices required lower drive voltages and produced brighter light than previous
research reported. In 1990, Burroughes et al. documented EL in conjugated polymers.*
With these key discoveries, scientists were able to propel OLED research from pure

academic interest into a viable field for consumer products.

Structures of OLEDs

OLEDs are multi-component devices that emit light when voltage is applied
(Figure 1.1). While the structure of the devices can vary, typically an OLED has thin
layers of organic materials sandwiched between a high work function, transparent
anode (e.g., indium tin oxide) and a low work function metal cathode (e.g., aluminum).
For single layer devices, the organic film is either an emissive electron transport material

(ETM) like tris(8-oxyquinolato)aluminum (Alqs) or an emissive hole transport material



(HTM) like 4,4’-bis(phenyl-m-tolylamino)biphenyl (TPD) (Figure 1.2).” Likewise, an
ETM and a HTM can be mixed or covalently bound to one another to form a single

layer.® In a single layer OLED, the transport material must act not only as a semi-

;eLaI cathode

Alg;
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Figure 1.1 Diagram of a typical bilayer OLED structure with common charge transporting materials.
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Figure 1.2. Structures of commonly used charge transport materials.

conducting material, but it must also effectively transport both charges.’

Sometimes, a thin layer of insulating material or conducting material is deposited
between the anode and the emissive layer to help balance injection of holes and
electrons.”® Bilayer OLEDs have both an electron transport layer and a hole transport
layer. Multilayer devices can include injection layers and blocking layers to further tune

the balance of electrons and holes. Generally, multiple layers in an OLED lead to higher



efficiencies and lower turn-on voltages because the additional layers can facilitate charge

injection, charge transport, recombination of holes and electrons, and emission of light.’

Operation of OLEDs
Under an applied voltage, the ETM and HTM in a bilayer OLED accepts either an
electron or a hole into the lowest unoccupied molecular orbital (LUMO) or the highest

occupied molecular orbital (HOMO), respectively (Figure 1.3). For the injection

TPD
E (eV) SJJ
Ald S
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L@

Figure 1.3. Diagram of EL in a bilayer OLED under applied voltage.

process to occur efficiently, the energy levels of the organic materials should closely
match those energy levels of the electrodes to lower the energy barrier. The second
process that occurs in an OLED is charge transport, which occurs by a hopping

mechanism in these disordered organic systems (Figure 1.4).'"

Finally, when an
excited hole and an excited electron recombine on the same molecule, radiative

relaxation (i.e., electroluminescence) can occur.



e
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Figure 1.4. Schematic representation of charge transport by hopping mechanism under the influence of an electric field.""

Characteristics of OLEDs that Affect Electroluminescence

Several factors adversely affect electroluminescence; consequently, device
efficiencies and lifetimes can suffer. Poor alignment of energy levels impedes the EL
process because charges cannot efficiently inject into transport materials and transport
through them.'®™'> Larger energy barriers require higher voltages to successfully attain
light output suitable for commercialization (i.e., >100 cd/m?). Finding organic molecules
and electrodes with comparable energy levels remains an issue for charge injection.'® The

lack of complementarity between organic/electrode' ™"

and organic/organic
interfaces'® > further contributes to device degradation. Introduction of injection layers
or modification of electrodes has proven to be a useful alternative for closer energy
matching and for better compatibility of interfaces."”

Charge transport can be hindered because generally, hole mobilities () are on
the order of 1-2 magnitudes higher than electron mobilities.** Intrinsically, however,
elecron mobilities and hole mobilities are generally comparable. Mobilities are typically
measured by the time-of-flight (TOF) technique and are reported with units cm?/V-s.”’ In
general, mobilities are dependent on the temperature, the electric field, and the

measurement technique. Charge mobilities are an indication of how well a material

transports charges. For example, TPD has a hole mobility on the order of 10~ cm?/V's,



while common electron transport materials bathocuproine (BCP) and Alq; have electron
mobilities on the order of 10~ cm?/V-s and 10~ cm?/V's, respectively.******
The lower mobilities of electrons in ETMs, in some cases, are due to the

instability of the radical anions toward oxygen and water.'**~"

As a consequence of this
phenomenon, extrinsic electron traps can be created. ** The traps tend to lower electron
mobility and require higher voltages than if fewer traps were present. The development of
ETMs with mobilities similar to HTMs will be necessary to improve device performances
since the imbalance of charge can adversely affect the device lifetime.*”

EL can also be affected by the formation of exciplexes and charge transfer
complexes.’' Exciplexes are transient donor-acceptor complexes formed between the
excited state of one organic material and the ground state of the other organic material
(Figure 1.5).%* Bound by Coulombic forces, exciplexes form only at organic
interfaces.”*>® Formation of exciplexes can be determined spectroscopically by
measuring emission, excitation, and/or absorbance spectra. A shift in the wavelength of
emission from the device relative to a single thin layer of the emissive material is usually
evidence of exciplex formation. For color purity, an unwanted shift of emission is
detrimental. However, exciplexes can be used to tune the color of emission by judiciously
selecting HTM-ETM pairs. Exploiting this phenomenon, OLEDs have been fabricated
with emissions spanning the entire visible spectrum.’”’

Similar to exciplexes, charge transfer (CT) complexes affect the emission of light
produced in OLEDs.”*** CT complexes occur when an electron in the HOMO of a

Lewis-basic donor molecule transfers to the LUMO of a Lewis-acidic acceptor

molecule.*® The complexes are typically detected by optical spectroscopy, but



characterization has been demonstrated using differential scanning calorimetry (DSC).*"

* Rather than measuring absorption bands and molar extinction coefficients,
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Figure 1.5. Exciplex formation between 1,3,5-tris-(3-methylphenylphenylamino)triphenylamine (m-MTDATA) and Alg;.

characterizing CT complexes by DSC rely on the displacement of the fusion peak of the
donor. For example, Rocquin and Chevot detected the CT complex of DEC and TNF by
observing in the thermograms of DEC and DEC-TNF complex a fusion peak shift from

186 °C to 206 °C.

DEC TNF

Figure 1.6. Structures of donor 3,3’-diethyl-9,9’-dicarbazole (DEC) and acceptor 2,4,7-trinitro-9-fluorenone (TNF).

As mentioned before, color purity is an important component of OLEDs,

especially for full color display applications. Currently, red and green emitters with



lifetimes of at least 10,000 hours are known.** However, stable blue emitters remain a
challenge.” " Long-term stability of OLEDs is essential for commercial applications;
moreover, red, green, and blue emitters should have similar lifetimes to prevent color
shift occurring in displays.

OLED technology is also limited by physical size of the multicolor display.”’
Samsung reported developing a 21-inch screen, but this is noticeably smaller than the 50-
and 60-inch screen sizes available in other display formats.”* Likewise, EPSON
developed a 40-inch OLED television screen. Still, this is 2.0 times smaller than the best
plasma screen in the marketplace.>® Typically, manufacturing OLED displays is not
complementary to other displays; therefore, separate production plants/lines are

required.”** Thus, production costs currently are not ideal for OLEDs.

Advantages of OLEDs to Other Display Technologies

Kraft et al. cite many of the benefits of OLEDs compared to older and more
ubiquitous technologies based on cathode ray tubes (CRT) and liquid crystals (LCD)."
OLED:s are better suited for large-area displays because the small organic films can be
solution processed and chemical modifications permit tuning the light emission across the
entire visible spectrum. Solution processing itself leads to other benefits for OLEDs. For

example, it is cheaper than the vapor deposition or sublimation techniques used for earlier

56-58 59-61

technologies. Flexible displays and inkjet printing also become possible with the
use of solution processible organic materials because materials besides glass can be used
as substrates to fabricate OLED displays.

Devices based on small organic molecules are expected to be brighter and more

efficient than displays currently on the market.”>*> OLEDs are brighter than other



displays because most organic molecules have extremely high quantum efficiencies.’
Incorporating fluorescent or phosphorescent dopants also increases the luminance of the
devices.®* " Efficiencies are further improved in OLEDs because removing the need for
a backlight (as in liquid crystalline displays) reduces power consumption.’’

Because of the potential OLEDs have for commercial applications, scientists are
actively pursuing research that can address many of the problems OLEDs present so that
light-emitting devices based on small organic molecules can flourish in the mainstream

global marketplace.

Side-Chain Polymers: A Method to Improve OLEDs

One strategy to improve the use of small organic molecules in OLEDS involves
side-chain polymers. The use of side-chain polymers has been reported in the
literature.””’® Compared to main-chain polymers, having pendant groups connected to
the polymer backbone improves solubility, and therefore solution processibility.”>"® A
variety of pendant groups can be attached at various intervals as a side chain to enable
chemical tuning.”* Attaching a large planar moiety to a polymer backbone as a side-chain
has also been demonstrated to minimize their aggregation, which in turn minimizes
quenching of emission.'"””””® Moreover, compared to main-chain polymers, the synthesis
of side-chain polymers is simplified, and the use of these polymers can prevent
crystallization of the chromophore.”®”®

In his review article on electroluminescent polymers,”® Akcelrud provides
numerous literature examples of side-chain polymers using a variety of polymerized

backbones including polystyrene,”” ™' PPV,* poly(methylmethacrylate) (PMMA),”® and

polynorbornene.*® Carbazole,’® stilbene,”” N-methylnaphthalimide,”” and pyrene’® were



72,86 87-88

used as chromophores. Grafting,**** doping, and co-polymerization were

techniques used by several groups to obtain blue-emitting polymers.

Previous Work on Side-Chain Polymers by Our Group

Considerable effort in our group has been focused on synthesizing charge
transport materials that are pendant groups for side-chain polymers.* > We began using
norbornene as the polymerizable group when we observed higher mobilities compared to
acrylate derivatives.”” The polar acrylate groups broadened the energy distribution of
states as described by the disorder formalism; thus, we observed lower hole mobilities
compared to the non-polar norbornene derivatives.”®”® The presence of norbornene
provides the opportunity to employ ring opening metathesis polymerization (ROMP).
ROMP is useful because we can obtain monodisperse, low molecular weight polymers

and copolymers in a living manner.” !

Living polymerization is vital to preparing well-
defined block copolymers of interest. Finally, literature precedent has demonstrated that
polynorbornenes allow crystalline molecules to be used as pendant groups in forming
amorphous materials.®

Incorporating cross-linking groups like oxetane into copolymers is also of keen
interest to us. Cross-linking provides a method to fabricate multi-layer devices using
solution-processible materials. It is important to use solution-processing techniques
because the cost is cheaper than vapor deposition and large area displays can be easily
fabricated (vide supra). However, because one layer is soluble, it makes deposition of a

subsequent solution-cast film difficult. By cross-linking a layer, one can effectively make

it insoluble and thereby allow the casting of the next layer.”



With a library of ROMP monomers, our group plans to co-polymerize interesting
polymers for a variety of opto-electronic applications including OLEDs, organic field

effect transistors, and photovoltaics.

Current Direction of Our Work

This thesis describes the synthesis and characterization of norbornene-
functionalized side-chain monomers. We prepared three TPD-derivatives for potential
use as hole transport materials in OLEDs to exploit the properties of TPD that make it a
good choice for hole transport. Specifically, we wanted to take advantage of the
tendencies TPD has to form amorphous, thin films, to emit blue light efficiently (®Ppr =
0.35 + 0.03),'" and to form relatively stable radical cations. Our synthetic modifications
were aimed at increasing the morphological and thermal stability of TPD while
maintaining its electrochemical and spectroscopic properties.

We also synthesized 1,10-phenanthroline small molecules and monomers to
evaluate their potential as electron transport materials and hole blocking materials. BCP,
a 1,10-phenanthroline derivative, has been used to transport electrons in OLEDs, but it
has a lower electron mobility than Alqs (vide supra). Important advantages BCP has over
Alqs are that it has a relatively deep HOMO level (6.7 eV) compared to Alq; (5.7 V),
and it is non-emissive. Therefore, BCP confines holes to the emissive layer without
affecting the emission color.

From the efforts reported herein, we hope to move toward our ultimate goal of

fabricating an entirely solution-processible efficient OLED for commercial applications.
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CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF NORBORNENE-

FUNCTIONALIZED TPD MONOMERS

Introduction

4, 4’-Bis(phenyl-m-tolylamino)biphenyl (TPD) is an aromatic amine with
properties that make it well suited for use as a hole transport material (HTM) in
OLEDs."™ The compound can form amorphous thin, colorless films by vacuum
deposition.™® Polymers containing TPD , however, can be used to form thin films using
solution processing techniques. Solution processing of materials, rather than vapor
deposition, could potentially allow for the fabrication of electroluminescent devices at
lower cost .’

One feature that makes TPD attractive as a hole transport material is its charge
mobility (uy=2-3 x 10~ cm?/V-s).>® While uy(TPD) is orders of magnitude lower than
state of the art hole transport materials like rubrene and pentacene (with mobilites
reported as high as 20 and 35 cm?/V's, respectively),”'? thermally stable amorphous
materials like TPD polymers and more robust triarylamines (e.g., NPB) are better suited
for OLEDs than crystalline materials such as rubrene and pentacene (vide infia).""
Triarylamines tend to be blue-emitting, making them useful for blue emissive devices.'?
The radical cation (TPD ™) is relatively stable and can form reversibly."® The radical
cations act as stable spin centers which are partially responsible for hole transport in a
device.'" The low ionization potential (IP) of TPD facilitates charge injection.* The IP is

positioned between the work function of ITO (~4.7 eV) and the IP of many emissive
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materials.' Altering substituents on TPD can impact many device characteristics such as
device lifetime, operational voltage, quantum efficiency, and luminance efficiency.'* '>™'¢

The solid-state ionization potential of TPD is reportedly between 5.1 eV and 5.4
eV."” Adding an electron-withdrawing group to TPD increases the IP. Alternatively,
introducing an electron-donating group decreases the IP. The ability to tune the IP of
TPD makes it possible to improve device performance.'® The better alignment of the
energy with those energies of the anode and the adjacent material (e.g., Alqgs) can
facilitate charge injection and transport of holes across interfaces within the device.

Another property of a transport material that impacts its performance in devices is
glass transition temperature.’ During device operation, Joule heating can occur, and the
low T, (63—65 °C) of TPD can result in crystallization and lead to phase separation.' "'
Ultimately, these defects contribute to device failure.'® To increase the glass transition of
TPD, researchers have prepared main chain polymers,'®*° side chain polymers, '*"'% 27!
and cross-linkable polymers.*> Mixing TPD with another hole transport material or with a
high T, transparent host polymer to prevent the morphological changes has also been
reported.'*

Our group used the side-chain polymer approach to improve the stability of TPD

13,16,27,34 ges -
3162733 We found lower hole mobilities in

and to facilitate its solution processability.
TPD-polyacrylates than in TPD-polynorbornenes, which was consistent with the disorder
formalism developed by Bissler and Borsenberger.”* According to the formalism, the
presence of polar groups broadens the energy distribution of states; consequently, lower

charge mobilities are observed.”> >’ Another reason to use norbornene as the

polymerizable group was because the strained olefin is ideal for ring—opening metathesis

20



polymerization (ROMP).**>° The ROMP technique allows for the possibility to obtain
polymers with low polydispersity indices, to obtain well-defined block co—polymers, and

to incorporate a variety of chemical functionalities into polymers.*”™*°

el Gl W e T
4

s s
s s s
@ @ e

Figure 2.1. Structures of target norbornene — functionalized monomers.

Based on our previous research, we set out to synthesize TPD-norbornenes with
different linkages for the following reasons (Figure 2.1):

* To compare the rates of initiation and the rates of propagation for the
polymerizations. The functional group adjacent to the norbornene is expected to
affect the kinetics of polymerization.*

* To compare the polydispersity indices. Narrow PDIs can be indicative of living
polymerization.*' By being able to control the polymerizations, one can better
design specific copolymer templates.

* To compare the hole mobilities of different polymers. Based on the disorder
formalism, we expect that the ester would have a lower mobility than the ether,
which would have a lower mobility than the pure alkyl. The magnitude of these

differences is hard to predict, however.
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* To evaluate the polymers based on the relative change in mobility. Our goal is to
develop copolymers with narrow PDIs and increased mobility. With norbornenes,
however, we must find a suitable balance between polydispersity and hole

mobility.
Results and Discussion

Synthesis

The initial target was N, N’-(m-tolyl)-N-[4-(bicyclo[2.2.1] hept-2-enylpentoxy)-
phenyl]-N-phenyl-1,1’-biphenyl amine (1). We prepared N-(m-tolyl)-N-phenyl-4-bromo-
1,1’-biphenyl-4’-amine (4). 4-bromobiphenyl was iodinated using acetic acid, aqueous
sulfuric acid, iodine, and potassium periodate (Scheme 2.1). The reaction mixture
changed from clear, dark purple to cloudy light pink during the 24 hour reaction time.
Pouring the mixture into a beaker of water quenched the reaction. The powdery solid was
filtered and washed repeatedly with water. 4-Bromo-4’-iodobiphenyl (5) was purified

further by heating the crude material in warm ethanol and filtering the solid product.

| L ©
& C i
lp, KIOg, HO 3-methyldiphenylamine O
O H2S04, CHaCOH Pdy(dba) DPPF,
NaO'Bu, anh. tol
Br 0
Br

Br

5 4

Scheme 2.1. Synthetic route to prepare N-(m-tolyl)-N-phenyl-4-bromo-1,1’-biphenyl-4’-amine, 4.
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4 was prepared using a palladium-catalyzed coupling of 5 and 3-
methyldiphenylamine. Likely, the catalytic cycle to form 4 was similar to the one
proposed by Wolfe et al. whereby 4-bromo-4’-iodobiphenyl was inserted via oxidative

addition and the desired product was expelled in the reductive elimination step (Figure

2.2).%
Pdy(dba)z + DPPF
(DPPF)Pd(dba)
ArN(R
DPPF)PdO
reductive elimination oxidative addition
(DPPF)Pd'(An[(N (DPPF)Pd'(Ar)(
%\ DPPF Pd”(Ar (1) J

NaO'Bu

Figure 2.2. Proposed mechanism to form 4.

The reaction was heated at 95 °C for 24 hours. At higher temperatures and on larger
scales, yields were lower and side product N-(m-tolyl)-N-phenyl-1,1’-biphenyl-4-amine
(Figure 2.3) was formed. The side product was difficult to separate from 4 by column
chromatography. Thus, 4 either was isolated by column chromatography or was
recovered with side product. Fortunately, the side product did not interfere with the next

amination reaction because it lacked the reactive bromine (vide infra).
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L,
(-
J

N-(m-tolyl)-N-phenyl-1,1'-biphenyl-4-amine

Figure 2.3. Structure of a side product in the amination of 4-bromo-4’-iodobiphenyl and 3-methyldiphenylamine.

To synthesize a norbornene-functionalized moiety for coupling to 4, a Diels-Alder
reaction of dicyclopentadiene with allyl bromide was performed in an autoclave heated at
200 °C for 4 hours (Scheme 2.2).* The reaction was repeated four times. Low boiling
point starting materials were distilled at 175 °C at 1 atmosphere pressure. 5-
(Bromomethyl) bicyclo[2.2.1] hept-2-ene (6) was distilled twice at 91-94 °C at 75
mmHg. The viscous, colorless liquid was recovered in 44% yield.

Following the procedure of Meyers and Weck,** the Grignard reagent derived
from 5-bromomethyl norbornene was prepared in anhydrous THF. The reaction was
completed when the solution became grey and cloudy. Meanwhile, 1,4-dibromobutane
and catalytic lithium tetrachlorocuprate (II) were dissolved in anhydrous THF, and the
flask was cooled to 0 °C. The Grignard reagent (7) was slowly transferred by cannula to
the copper (II) solution. The reaction mixture remained clear; however, the color changed
from orange to dark brown. Upon complete transfer of Grignard reagent, the reaction was
stirred for 24 hours at room temperature.

The reaction mixture was poured into a separatory funnel. Diethyl ether and
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Scheme 2.2. Synthetic route to prepare target pentylnorbornene monomer, 1.

saturated aqueous NH4Cl were added to the reaction flask to transfer all the reaction
mixture. The organic products were extracted into ether twice. The first organic layer was
blue-green, and it was washed with both saturated aqueous NaCl and water until it
became yellow. The combined organic phases were washed with saturated aqueous NaCl
and dried over MgSQ4. The solvent was removed by rotary evaporation. A clear, yellow
oil remained.

The reaction was repeated twice; a total of 87 g of 5-(bromomethyl)-
bicyclo[2.2.1] hept-2-ene (6) was converted to a Grignard reagent (7) to synthesize 5-(5-
bromopentyl)-bicyclo[2.2.1] hept-2-ene (8). The combined crude oils were purified by
distillation. Excess 1,4-dibromobutane was removed at 70 °C. 8 was collected as a clear,
colorless oil at 140 °C in good yield (56%).

Williamson ether synthesis conditions were used to prepare 5-(5-(4-iodophenoxy)
pentyl bicyclo[2.2.1] hept-2-ene (9) from 4-iodophenol in good yield (62%). Attempts to
couple m-toluidine to 9 with a palladium-catalyzed reaction repeatedly failed. A modified

451
1.

Ullmann coupling was also unsuccessfu H NMR spectra of the worked-up reaction
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mixtures did not have the characteristic alkenyl peaks of norbornene. It is possible that
the reaction conditions were leading to decomposition of the alkene.

An alternative route was devised to couple a norbornene moiety as the final step
(Scheme 2.3). First, 4-bromophenol was protected with tert-butyldiphenylsilyl chloride
(BPS) using Williamson ether conditions.*® The completed reaction mixture was diluted

with water, and (4-bromo-phenoxy)-tert-butyldiphenylsilane (11) was extracted into

OBPS

oH 0BPS
BPS-Cl, imidazole m-oluidine, Pdy(dba)s (5 KJ/OBPS
anh. DMF DPPF, NaO'Bu, anh. tol Pdo(dba)s, DPPF, NN
B NaO'Bu, anh tol
r Br

1 12

13

OH

Q 8, K,COg, anh. DMF
O Nf 1
50 °C

TBAF in 1.0 M THF
_—

<
e

14

Scheme 2.3. Modified synthetic route to form target pentyl norbornene TPD monomer, 1.

hexanes. The solvent was removed, and the crude oil was purified on a silica gel plug.
Then, the protected bromophenol was coupled to m-toluidine in a palladium-catalyzed
amination reaction. The fragrant brown viscous liquid, [4-(tert-butyldiphenylsilanyloxy)-
phenyl]-m-tolyl amine (12) was routinely isolated in excellent yields (80-90 %) after
column chromatography. It should be noted that a silica plug was run to remove
impurities and catalyst prior to the column.

A second amination reaction was used to form the TPD skeleton. Initial efforts to

synthesize 13 produced yields lower than 40%. Large quantities of intermediate
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compounds were required to synthesize the target monomer (1) on a gram scale. To be a
more efficient route, it was critical to improve the synthesis and the purification of 13.

12 was coupled with 4 under very rigorous Schlenk conditions. Unlike with other
palladium-DPPF reactions in this project, the catalyst system was reacted in a separate
Schlenk vessel before being transferred to 4. The reaction was heated overnight then
worked up with a Celite plug and extraction. 13 was purified by column chromatography.
Yields ranged from 52-85% yield depending on the scale of the reaction. Removing
traces of oxygen and water and reacting the palladium and DPPF separately most likely
contributed to the increase recovered yields.

13 was easily deprotected using fetra-n-butyl ammonium fluoride.*® 14
decomposed under ambient conditions over extended periods; accordingly it was found
desirable to deprotect quantities immediately prior to use. The phenol was highly viscous,
so the recovered yield was greater than 100% even after attempts to remove residual
solvent under high vacuum.

The etherification to synthesize 1 used standard conditions. The reaction required
heating to go to completion. The monomer was extracted into ethyl acetate and purified
by column chromatography. It was consistently recovered in good yield (55%) as a glassy
white solid.

With the large-scale synthesis of BPS-protected TPD completed, we tried to
synthesize isomerically pure norbornene-functionalized monomers 2 and 3. endo/exo
Mixtures of norbornene can lead to non-living polymerizations since exo isomers react
significantly faster than endo isomers.*® Achieving living polymerization is important

because the absence of chain termination can produce well-defined block copolymers

27



with controllable molecular weights (vide supra). We hoped to lower the PDI of our
monomers, so we introduced polar groups at the 5-position of norbornene to slow the rate
of propagation (lcp).36’47 We wanted to synthesize the norbornene-functionalized ester and
ether to couple with 14 (Figure 2.4). The norbornenes were designed to contain six
A28 A2
/ 4 0

0N\~ A N

Br Br

exo-3-bromopropylbicyclo[2.2.1] hept-5-ene-2-carboxylate exo-5-(4-bromobutoxy) bicyclo[2.2.1]hept-2-ene

Figure 2.4. Structures of target exo-norbornenes for coupling to 14.

atoms in the side chain to maintain consistency among the three TPD target monomers.
We were unsuccessful in our attempts to synthesize our target exo-norbornene ether.
Most intermediates of the exo-norbornene ether were isolated according to procedures by
Mayo and Tam.*

exo-3-Bromopropyl norbornene carboxylate (15) was prepared from exo-
norbornene carboxylic acid and 3-bromopropanol using the (DCC/DMAP) protocol
(Scheme 2.4).* The reaction was stirred at 50 °C until all the starting carboxylic acid was
consumed. The urea precipitate was filtered before the desired ester was extracted into
ether. The combined organic layers were washed with water, saturated aqueous NaHCO3,
and saturated aqueous NaCl. The carboxylate was purified by column chromatography,
and it was recovered as white, crystalline solid. The yield was about 17%. The reaction
was repeated using endo/exo-norbornene carboxylic acid, but the reaction was stirred at
room temperature. The recovered yield was approximately five times the yield recovered

for the exo-isomer (vide supra).
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Scheme 2.4. Synthetic route to endo/exo-propylester norbornene TPD.

The synthesis of 2 was similar to that of 1. exo-3-Bromopropyl norbornene
carboxylate and TPD-OH were coupled in a Williamson ether synthesis reaction at room
temperature. The desired monomer was extracted into ethyl acetate. The combined
organic layers were washed with saturated aqueous NaCl. The monomer was purified by
column chromatography. 2 was recovered in good yield (47%) as a light brown
crystalline solid.

Our focus shifted to synthesizing the endo/exo analogue of 2. The route toward 16
began with an esterification of commercially available endo/exo-norbornene carboxylic
acid (Scheme 2.5). DCC was added to a cooled flask containing a solution of reactants,
and the reaction was stirred at room temperature for 24 hours. Clear, colorless liquid (16)
was recovered after column chromatography. The norbornene ester was coupled to 14
using Williamson etherification conditions. While some of the desired monomer was
isolated by column chromatography, most of the crude material still contained a mixture
of excess starting material and 17. Thus, size exclusion chromatography (SEC) was used

to further purify the monomer.
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Scheme 2.5. Synthetic route to endo/exo-propylester norbornene TPD.

Interestingly, 17 was thermally unstable at moderate temperatures. Some of the
material decomposed during rotary evaporation at 60 °C. Also, the endo and exo isomers
were separated to a great extent by SEC. "H NMR confirmed the recovery of pure exo-17;
however, endo-17 decomposed before solvent could be removed by rotary evaporation. It
was not clear if the endo 1somer was unstable to SEC conditions or if it was unstable

without its exo counterpart.

Electrochemical Studies

TPD and its derivatives have been used often in fabricating OLED devices. We
wanted to understand the electrochemistry of our TPD monomers, especially because we
have an oxygen atom directly attached to our skeletons. Our intention was not to
significantly change the electronic properties of TPD with our modifications.

Cyclic voltammograms of pentylnorbornene TPD (1) and exo-propylester
norbornene TPD (2) were collected using 0.1 M BusNPF as electrolyte in anhydrous
CH,Cl,. The cobaltocene/cobaltocenium couple (—1.32 V vs. FeCp, ") was used as the
internal standard, but the potentials were reported versus the ferrocene/ferrocenium

couple (Table 2.1).
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The target monomers had reversible oxidations. The monomers were only slightly

easier to oxidize than TPD. Likewise, the absorbance maxima of the three compounds

were similar. Thus, using cyclic voltammetry and ultraviolet-visible spectroscopy, we

Table 2.1. Redox potentials of TPD derivatives vs. FeCpf/o using 0.1 M BuyNPF¢ in CH,Cl, as electrolyte at a scan

rate of 50 mV s and spectroscopic data in CH,Cl,.

Compound Ein P [a] Ein @ [b] AE ;2 [c] N max
[V] [V] [V] [nm]

TPD 0.26 0.51 0.25 354

1 0.22 0.47 0.25 355

2 0.24 0.49 0.25 354

[a] Half-wave redox potential for the M"/M couple. [b] Half-wave redox potential for the M*/M* couple. [c] AE, =
Eip®-E;p .

determined that the phenoxy functionality of our monomers did not significantly affect
the electronic or spectroscopic properties of the TPD backbone. Because our monomers
are electrochemically and spectroscopically similar to TPD, we expect them to be good
candidates for hole transport materials in OLEDs. Further studies on morphology,
thermal stability, and carrier mobility will help better demonstrate the usefulness of our

monomers in devices.

Experimental

All reagents were purchased from Sigma/Aldrich, Acros, or EM Science and were used
without further purification unless otherwise noted. Air sensitive reactions were
conducted under a nitrogen atmosphere using Schlenk and vacuum line techniques.
Schlenk flasks were oven dried overnight at 120 °C and cooled on a vacuum line by
pump-filling prior to use. Anhydrous solvents were taken from our solvent purification
system™ or transferred from sealed containers via cannula. 'H, °C, and COSY nuclear

magnetic resonance spectra of pure compounds were recorded on either a Varian 300
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MHz or a Bruker 500 MHz NMR spectrometer and referenced to residual proton solvent
peaks. All mass spectra were obtained from the Georgia Institute of Technology
BioAnalytical Mass Spectrometry Facility. Elemental Analyses were conducted at
Atlantic Microlab, Inc. in Norcross, Georgia. Electrochemical measurements were
performed under nitrogen using deoxygenated dichloromethane and 0.1 M BusNPFg as
electrolyte. A BAS potentiostat, a glassy carbon working electrode, a platinum auxiliary

electrode, and a non-aqueous AgCl/Ag pseudoreference electrode were used.

QO
@@

N, N’-(m-Tolyl)-N-|4 -(bicyclo[2.2.1] hept-2-enylpentoxy)-phenyl]-NV’-phenyl-1,1’-
biphenyl amine (1). Anhydrous DMF (3.6 mL), 6 (2.010 g, 3.773 mmol), potassium
carbonate (0.672 g, 4.86 mmol), and 7 (0.762 g, 3.13 mmol) were added to a 50 mL
round bottom flask. The reaction was capped, stirred, and heated to 50 °C until all 7
reacted. The reaction mixture was diluted with ethyl acetate, and DMF was extracted into
the aqueous layer. The organic layer was washed with 3 x 20 mL portions of water, and
the solvent was removed from the combined organic layers. The light brown oil was
dissolved in warm ethyl acetate and vacuum filtered to remove white solid that formed
when the organic layer was reduced under pressure. Column purification was performed

on silica gel with 200:1 hexanes: ethyl acetate as eluent. A white glassy/yellow rock-like
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solid was obtained (0.982 g, 45%). "H NMR (500 MHz, CD,Cl,): & 7.22 — 7.04 (m, 11H),
6.98 (br s, 1H), 6.94 — 6.87 (m, 6H), 6.84 (d, /= 7.5 Hz, 1H), 6.15 (dd, /= 5.5 Hz, 3.0
Hz, 1H), 5.97 (dd, J= 5.8 Hz, 2.8 Hz, 1H), 3.98 (t, /= 6.5 Hz, 2H), 2.81 (br s, 1H), 2.78
(br s, 1H), 2.04 (m, 1H), 1.89 (m, 1H), 1.80 (m, 2H), 1.43 (m, 8H), 1.15 (m, 2H), 0.54
(ddd, J=11.3 Hz, 4.3 Hz, 2.5 Hz, 1H). >C NMR (125 MHz, CD,Cl,): 8 156.4, 148.3,
148.2, 148.0, 147.7, 147.1, 140.8, 139.7, 139.5, 137.2, 135.0, 133.9, 132.7, 129.6, 129.4,
129.3, 127.8, 127.4 [2], 125.5, 124.5, 124.4, 124.3, 124.2, 123.4, 123.0, 122.9, 122.0,
120.8, 115.7, 68.7, 49.9, 45.8, 43.0, 39.1, 35.1, 32.8, 29.7, 28.8, 26.7, 21.5 [2]. EI-MS
(70eV) m/z: M" 694 (100), 628 (48), 531 (38), 148 (80). Anal. Calcd for CsoHsN,O: C,

86.41; H, 7.25. Found: C, 86.18; H, 7.30.
(@)
o
QO
d NC%

ex0-3-(4-((4’-(Phenyl (m-tolyl) amino) biphenyl-4-yl) (m-tolyl amino) phenoxy)

propyl bicyclo[2.2.1] hept-5-ene-2-carboxylate (2). 14 (0.252 g, 0.473 mmol) was
added to a pump-filled Schlenk tube and dissolved in anhydrous DMF (3.0 mL). K,CO3
(0.100 g, 0.724 mmol) and exo-3-bromopropyl-5-norbornene-2-carboxylate (0.275 g,
1.06 mmol) then were added to the flask. The reaction was stirred at room temperature
for 22 h. The desired product was extracted into ethyl acetate, and the combined organic

layers were washed (brine) and dried (MgSQy4). The desired monomer was isolated by
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column chromatography on silica gel (15:1 hexanes: ethyl acetate), and the residual
solvent was removed under reduced pressure. A brown, glassy solid was recovered
(0.158 g, 47%). "H NMR (500 MHz, CD,Cl,):  7.45 — 7.42 (m, 4 H), 7.27 — 7.24 (m, 2
H), 7.17 —7.06 (m, 9 H), 7.06 — 7.00 (m, 3 H), 6.94 (brs, 1 H), 6.89 — 6.84 (m, 5 H), 6.81
(d, J=7.0Hz, 1 H), 6.12 (m, 2 H), 4.26 (t, /= 6.4 Hz, 2 H), 4.05 (t, /= 6.3 Hz, 2 H),
3.01 (brs, 1 H), 2.90 (brs, 1 H), 2.26 (s, 3 H), 2.25 (s, 3 H), 2.22 (dd, J= 1.0 Hz, 1 H),
2.12 (quint, J= 6.3 Hz, 2 H), 1.90 (dt, /= 11.5 Hz, 4.0 Hz, 1 H), 1.49 (d, /= 8.5 Hz, 1
H), 1.38 — 1.33 (m, 2 H). °C NMR (125 MHz, CD,Cl,):  176.3, 156.0, 148.2, 147.2,
141.1, 139.7, 139.5, 138.4, 136.1, 135.0, 134.0, 129.6, 129.4, 129.3, 127.7, 127.4, 125.5,
124.5, 124.4, 124.2, 123.5, 123.0 [2], 122.0, 120.8, 115.7, 65.2, 61.6, 47.0, 46.7, 43.5,

42.1,30.7,29.2, 21.5 [2]. EI-MS (70eV) m/z: M* 710 (46), 644 (100), 531 (36), 113 (13).

oo
pavaes

N-(m-Tolyl)-N-phenyl-4-bromo-1,1’-biphenyl-4’-amine (4).”' To a Schlenk tube, 9
(14.36 g, 40.01 mmol), DPPF (0.638 g, 1.15 mmol), sodium tert-butoxide (3.989 g, 41.50
mmol), and Pd,(dba); (0.529 g, 0.578 mmol) were added. Anhydrous toluene (40 mL)
was added, and then 3-methyldiphenylamine (5.8 mL, 33 mmol) was added by syringe.
The reaction was stirred and heated at 90 °C under nitrogen for 24 h. The mixture was
allow to cool to room-temperature, then crude reaction mixture was passed through a
silica plug eluting with dichloromethane. The solvent was removed under reduced
pressure to give a dark brown oil that crystallized at room temperature. Boiling the solid

in hexanes removed the colored impurities. Column chromatography on silica gel eluting
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with 30: 1 hexanes: dichloromethane further purified the solid to give white flakes
(10.758 g, 77%). "H NMR (500 MHz, CD,Cl,): § 7.59 (d, J= 8.9 Hz, 2 H), 7.51 (d, J =
9.0 Hz, 2 H), 7.50 (d,J=9.0 Hz, 2 H), 7.32 (dd, /= 8.5 Hz, 7.4 Hz, 2 H), 7.21 (t, J=17.3
Hz, 1 H), 7.14 (d,J=8.1 Hz, 2 H), 7.13 (d, /= 8.7 Hz, 2 H), 7.09 (t, J=7.1 Hz, 1 H),
7.00 (s, 1 H), 6.94 (d, J=8.4 Hz, 1 H), 6.94 (d, J=7.1 Hz, 1 H), 2.32 (s, 3 H). >C NMR
(125 MHz, CD,Cl,): § 148.2, 148.1, 147.9, 140.0, 139.8, 133.7, 132.2, 129.7, 129.5,

128.5, 127.8, 125.8, 124.9, 124.6, 123.9, 123.4, 122.3, 121.1, 21.5.

4-Bromo -4’-iodobiphenyl (5).”> 4-Bromobiphenyl (28.86 g, 123.8 mmol), iodine (15.74
g, 62.01 mmol), KIO4 (14.25 g, 61.93 mmol), acetic acid (90 mL), distilled water (7 mL),
and H,SO4 (3 mL) were added to a 250 mL flask equipped with reflux condenser and stir
bar. The reaction mixture was stirred for 24 h at 70 °C and then cooled to room
temperature. The mixture was poured into 1 L of water, and the solid was collected by
vacuum filtration. Impurities were removed by heating the solid in ethanol, and white
powder (39.37 g, 89%) was recovered after vacuum filtration. "H NMR (500 MHz,

CD,Cl»): § 7.83 (d, J=8.5Hz, 2 H), 7.62 (d, J= 8.6 Hz, 2 H), 7.50 (d, J = 8.5 Hz, 2 H),

2.

Br

7.37 (d, J=8.5 Hz, 2 H).”

5-Bromomethyl bicyclo[2.2.1] hept-2-ene (6).”* > A thick-wall glass tube was charged
with dicyclopentadiene (35.0 g, 265 mmol) and allyl bromide (64.06 g, 529.5 mmol). The
mixture was heated at 195 °C for 4 h. At 1 atmosphere, low boiling point starting

materials were distilled out at 175 °C. The desired product was fractionally distilled twice
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at 25 mmHg from 91 °C to 94 °C to yield an isomer mixture of product (50.13 g, 51%).
The ratio between endo and exo isomers was approximately 83% to 17%. The 'H

spectrum was in agreement with previously reported spectrum.’
ﬁb

5-(5-Bromopentyl) bicyclo[2.2.1] hept-2-ene (8).”* 5-bromomethyl norbornene (36.94

\/\/\

Br

g, 197.5 mmol) was added to an oven-dried flask containing magnesium turnings (11.98
g, 492.8 mmol) and anhydrous THF (250 mL). The reaction was initiated with heat. An
ice bath was used to control the exothermic reaction until it stabilized. The reaction
stirred at room temperature for 24 h. 1,4-Dibromobutane (93.5 mL, 790 mmol) was
added to an oven-dried Schlenk round bottom. The flask was charged with anhydrous
THF (200 mL) followed by LiCuCl4 (20 mL, 83 mmol). The reaction mixture was cooled
to 0 °C. Norbornene methyl magnesium bromide was transferred dropwise by cannula.
After complete transfer of the Grignard reagent, the reaction stirred at room temperature
for 24 h. The reaction mixture was added to diethyl ether (100 mL) and washed with
saturated aqueous NH4Cl (100 mL). The aqueous layer was extracted with ether (3 x 200
mL). The combined organic phases were washed with saturated aqueous NaCl (150 mL)
and water (3 x 200 mL) then dried over MgSOs. The clear, yellow liquid recovered after
rotary evaporation was distilled at 140 °C at 1 atmosphere. A clear, colorless liquid was
obtained after distillation (66.51 g, 56%). The 'H spectrum was in agreement with

previously reported spectrum.
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5-[5-(4-Iodophenoxy)pentyl] bicyclo[2.2.1] hept-2-ene (9). 5-(5-bromopentyl)
norbornene (4.915 g, 20.21 mmol), 4-iodophenol (3.785 g, 17.13 mmol), potassium
carbonate (4.768 g, 34.50 mmol), and 17.0 mL of anhydrous DMF were added to a 100
mL round bottom flask and stirred at room temperature for three days. The reaction
mixture was poured into a separatory funnel containing 100 mL of distilled water. The
product was extracted into ethyl acetate. The organic layer was washed with 3 x 50 mL
portions of ice-cold water and with 50 mL of saturated aqueous NaCl. The solvent was
removed under reduced pressure to obtain a clear, light brown oil. The crude product was
purified by column chromatography on silica gel, eluting with hexanes. The solvent was
removed under reduced pressure to obtain a clear, colorless oil. Mass recovered was
5.358 g (81% yield). '"H NMR (300 MHz, CDCls): § 7.52 (d, J=9.1 Hz, 2 H), 6.65 (d, J
=9.1Hz 2 H), 6.10 (dd, J=5.6, 3.0, 2.7 Hz, 1 H), 5.90 (dd, J=5.6, 3.0, 2.7 Hz, 1 H),
3.88 (t,J=6.6 Hz, 2 H), 2.74 (m, 2 H), 1.95 (m, 2 H), 1.75 (m, 2 H), 1.34 (m, 3 H), 1.21
(m, 2 H), 1.18 (m, 2 H), 1.07 (m, 2 H). °C NMR (75 MHz, CDCls): § 158.81, 137.97,
136.81, 132.22, 116.80, 84.10, 68.08, 49.59, 45.43, 42.54, 38.72, 34.71, 32.47, 29.20,

28.43,26.29. EI-MS (70eV) m/z: M" 383 (23), 316 (100), 220 (74), 66 (49).

(4-Bromophenoxy)-zert-butyldiphenylsilane (11).* To a 500 mL round bottom flask, 4-
bromophenol (6.051 g, 34.96 mmol) was added to anhydrous DMF (260 mL). Imidazole

(4.763 g, 69.96 mmol) was added to the stirring solution before tert-
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butyl(chloro)diphenylsilane (10.0 mL, 38.5 mmol) was added by syringe. The reaction
mixture was allowed to stir at room temperature until all 4-bromophenol was consumed.
The clear, colorless solution was diluted with distilled water. The aqueous layer was then
extracted with 3 x 200 mL hexanes. The combined organic layers were dried over
MgSOy, and the solvent was removed under reduced pressure to reveal either a clear,
colorless oil or a light yellow oil. Column chromatography on silica gel eluting with 3:1
hexanes: dichloromethane further purified the product (8.905 g, 62%). "H NMR (500
MHz, CDCls): § 7.69 (d, J=6.7 Hz, 4 H), 7.43 (t,J = 7.4 Hz, 2 H), 7.37 (app. t,J="7.5

Hz, 6.9 Hz, 4 H), 7.17 (d, J = 8.9 Hz, 2 H), 6.63 (d, J = 8.9 Hz, 2 H), 1.20 (s, 9 H).

Q/OBPS
N

H
[4-(tert-Butyldiphenylsilanyloxy)-phenyl]-m-tolyl amine (12).°' 2 (1.495 g, 3.634
mmol) was added to a Schlenk tube containing anhydrous toluene (10 mL), Pd,(dba);
(0.057 g, 0.062 mmol), DPPF (0.069 g, 0.12 mmol), and sodium fert-butoxide (0.878 g,
9.14 mmol). m-Toluidine (0.55 mL, 5.1 mmol) was then slowly added to the stirring
reaction mixture. The reaction was sealed under inert atmosphere, heated to 100 °C, and
stirred until 2 was consumed. The desired product was isolated after column
chromatography on silica gel with 10:1 hexanes: ethyl acetate as eluent. A yellow-brown
slightly fragrant viscous liquid was recovered (1.432 g, 90%). '"H NMR (500 MHz,
CD,Cl,): 6 7.79 (d,J = 6.6 Hz, 4 H), 7.50 (t, J= 7.4 Hz, 2 H), 7.44 (dd, J= 7.5 Hz, 6.9
Hz, 4 H), 7.10 (t, J=7.8 Hz, 1 H), 6.90 (d, /= 8.8 Hz, 2 H), 6.76 (d, J= 8.9 Hz, 2 H),
6.75 (br s, 1 H), 6.72 (brd, /= 8.0 Hz, 1 H), 6.68 (br d, /= 8.0 Hz, 1 H), 5.52 (br s, 1 H),

2.30 (s, 3 H), 1.16 (s, 9 H). '>C NMR (125 MHz, CD,CL): § 151.0, 145.1, 139.5, 136.8,
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136.0, 133.5, 130.3, 129.4, 128.1, 121.3, 120.9, 120.6, 116.9, 113.3, 26.7, 21.6, 19.7. EI-

MS (70 eV) m/z: M" 437 (82), 380 (100), 302 (13), 273 (22), 190 (44).

QNN

- O

N, N’-(m-Tolyl)-N-[4-(tert-butyldiphenylsilanyloxy)-phenyl]-/V’-phenyl-1,1’-biphenyl

OBPS

amine (13).”' Pd,(dba); (0.223 g, 0.244 mmol), DPPF (0.270 g, 0.487 mmol), and
sodium fert-butoxide (3.435 g, 35.74 mmol) were added to 38 mL of anhydrous toluene
in a Schlenk tube. 4 (5.924 g, 14.30 mmol) was added to the stirring catalyst mixture
followed by 3 (7.405 g, 16.92 mmol), which was dissolved in 10 mL of anhydrous
toluene. The reaction vessel was sealed under nitrogen and heated to 100° C until TLC
showed consumption of 4. The crude mixture was purified on a silica plug with 300:1
hexanes: ethyl acetate before further purification by two column chromatography
attempts using 300:1 hexanes: ethyl acetate. An off—white solid (3.803 g, 35%) was
recovered after removing solvent. 'HNMR (500 MHz, CD,Cl,): 6 7.79 (d, J=6.6 Hz, 4
H), 7.52 - 7.41 (m, 10 H), 7.31 (d, J=7.4 Hz, 1 H), 7.29 (d,J=7.4 Hz, 1 H), 7.20 (t, /=
7.8 Hz, 1 H), 7.16 — 7.10 (m, 5 H), 7.06 (t,J=7.3 Hz, 1 H), 7.02 (d, J= 8.7 Hz, 2 H),
6.99 (br s, 1H), 6.94 (d, J=8.1 Hz, 1 H), 6.94 (d,J=8.1 Hz, 1 H), 6.92 (d, /= 8.8 Hz, 2
H), 6.89 (brs, 1 H), 6.85 (d, J=8.1 Hz, 1 H), 6.83 (d,/J=7.6 Hz, 1 H), 6.77 (d, J= 8.9
Hz, 2 H), 2.31 (s, 3 H), 2.28 (s, 3 H), 1.17 (s, 9 H). °C NMR (125 MHz, CD,Cl,): §
152.5, 148.2 [2], 148.0, 147.6, 147.1, 141.4, 139.7, 139.4, 136.0, 135.0, 134.0, 133.4,
129.6, 129.4, 129.2, 128.1, 127.4, 127.3, 127.2, 125.5, 124.5, 124.4 [2], 124.2, 123.5,
123.0 [2], 122.0, 121.0, 120.9, 26.7, 21.5 [2], 19.7.
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N, N’-(m-Tolyl)-N-[4-hydroxy-phenyl]-N’-phenyl-1,1’-biphenyl amine (14).°13
(3.635 g, 4.719 mmol) was dissolved in 107 mL of THF. tert-Butyl ammonium fluoride
(2.4 mL, 8.3 mmol) was then added by syringe. The reaction vessel was capped and
allowed to stir at room temperature for 15 hours. THF was removed by rotary
evaporation before the desired product was extracted into ethyl acetate. The organic layer
was washed with water (3 x 75 mL) then saturated aqueous NaCl (1 x 75 mL). The
alcohol was further purified by column chromatography on silica gel eluting with 10:1
hex: ethyl acetate. A yellow, highly viscous liquid was obtained (2.669 g, 106%). 'H
NMR (500 MHz, CD,Cl,): § 7.50 (d, J=11.5 Hz, 2 H), 7.47 (d, /=10 Hz, 2 H), 7.31 (d,
J=17.5Hz, 1 H),7.30(d,J=7.5Hz, 1 H),7.21 —7.04 (m, 12 H), 6.99 (br s, 1 H), 6.94
(m, 2 H), 6.90 (br t, /= 7.0 Hz, 2 H), 6.86 — 6.82 (m, 3 H), 2.31 (s, 3 H), 2.29 (s, 3 H).
PC NMR (125 MHz, CD,Cly): § 152.7, 148.3, 148.2, 148.0, 147.7, 147.1, 141.1, 139.7,
139.5, 135.0, 134.0, 129.6, 129.4, 129.3, 128.0, 127.4 [2], 125.5, 124.5, 124.4, 124.3,
124.2,123.5, 123.0 [2], 122.0, 120.8, 116.6, 21.5 [2].

A2

OIS

Br
exo-3-Bromopropyl bicyclo[2.2.1] hept-5-ene-2-carboxylate (15).” To a pump-filled
flask were added exo-norbornene-carboxylic acid (1.508 g, 10.91 mmol), 3-bromo-1-
propanol (0.98 mL, 11 mmol), and DMAP (0.054 g, 0.44 mmol). Anhydrous THF (15
mL) was then added to dissolve the reactants. The flask was cooled to 5 °C before the

addition of DCC (3.085 g, 14.95 mmol). The reaction was stirred at 50 °C for 24 h. The

products were extracted into diethyl ether. The combined organic layers were washed
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with saturated NaHCO; and with brine. The organic layer was filtered to remove urea
precipitate and dried over MgSQOs. The solvent was removed by rotary evaporation. 15
was isolated on a silica gel plug eluting with 50:1 hexanes: ethyl acetate. A clear, yellow
liquid was recovered (0.481 g, 17%). "H NMR (500 MHz, CDCl5): § 6.13 — 6.08 (m, 2
H), 4.21 (t,J=6.0 Hz, 2 H), 3.45 (t, /=7 Hz, 2 H), 3.01 (br s, 1 H), 2.91 (brs, 1 H), 2.18
(m, 3 H), 1.89 (dt,J=11.5 Hz, 8.0 Hz, 1 H), 1.49 (app. d, J=8.5 Hz, 1 H), 1.35 (m, 2
H). "C NMR (125 MHz, CDCl3): § 176.1, 138.1, 135.7, 62.1, 46.7, 46.4, 43.1, 41.6,

A28

OSSN

Br

31.7,30.3,29.4.

3-Bromopropyl bicyclo[2.2.1] hept-5-ene-2-carboxylate (16).* To a pump-filled flask
were added endo/exo-norbornene-carboxylic acid (1.2 mL, 9.8 mmol), 3-bromo-1-
propanol (1.0 mL, 11 mmol), and DMAP (0.122 g, 0.999 mmol). Anhydrous THF (25
mL) was then added to dissolve the reactants. The flask was cooled to 5 °C before the
addition of DCC (2.271 g, 11.01 mmol). The reaction was stirred at room temperature for
24 h. The precipitate was filtered before extracting the ester into diethyl ether. The
combined organic layers were washed with saturated NaHCOj3 then with brine. The
organic layer was dried over MgSQOs, and the solvent was removed by rotary evaporation.
endo/exo-Propylester norbornene was isolated on a silica gel plug eluting with 10:1
hexanes: ethyl acetate. A clear, colorless liquid was recovered (1.732 g, 68%, 80:20
endolexo). "HNMR (500 MHz, CDCls): 8 6.15 (dd, J=3.0 Hz, 1 H, endo), 6.11 — 6.06
(m, 2 H, exo), 5.88 (dd, /= 3.0 Hz, 1 H, endo), 4.18 (t, J=3.0 Hz, 2 H, exo0), 4.15 - 4.08
(m, 2 H, endo), 3.44 (t,J = 6.5 Hz, 2 H, ex0) 3.42 (t, J= 6.5 Hz, 2 H, endo), 3.16 (br s, 1
H, endo), 2.99 (br s, 1 H, exo0), 2.93 —2.90 (m, 1 H, endo), 2.87 (br s, 2 H, endo + exo),
2.20 - 2.08 (m, 5 H, endo + exo), 1.89 — 1.84 (m, 2 H, endo + exo), 1.47 (br d, J= 8.5 Hz,
1 H, exo), 1.41 — 1.31 (m, 4 H, endo + exo), 1.24 (br d, J= 8.0 Hz, 1 H, endo).
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3-(4-((4’-(Phenyl (m-tolyl) amino) biphenyl-4-yl) (m-tolyl amino) phenoxy) propyl

bicyclo[2.2.1] hept-5-ene-2-carboxylate (17). 14 (0.937 g, 1.76 mmol) was added to a
pump-filled Schlenk tube and dissolved in anhydrous DMF (22 mL). K,CO; (0.363 g,
2.63 mmol) and 3-bromopropyl-5-norbornene-2-carboxylate (0.986 g, 3.81 mmol) then
were added to the flask. The reaction was stirred at room temperature for 24 h. The
desired ester TPD was extracted into ethyl acetate, and the combined organic layers were
washed (water, brine) and dried (MgSQ,). The desired monomer was isolated by SEC,
and the residual solvent was removed under reduced pressure. A brown, glassy solid was
recovered (0.158 g, 47%, 74:26 endolexo). "H NMR (500 MHz, CD,Cl,): § 7.46 — 7.41
(m, 6 H, endo + exo), 7.28 — 7.24 (m, 3 H, endo + exo0), 7.17 —7.00 (m, 16 H, endo +
exo), 6.94 (br s, 2 H, endo + exo0), 6.91 — 6.84 (m, 7 H, endo + exo), 6.81 (d, J=7.0 Hz, 2
H, endo + exo), 6.17 (m, 1 H, endo), 6.13 (m, 2 H, exo0), 5.88 (m, 1 H, endo), 4.26 (t,J =
6.5 Hz, 2 H, exo), 4.19 (m, 2 H, endo), 4.05 (m, 4 H, endo + exo), 3.18 (br s, 1 H, endo),
3.02 (brs, 1 H, exo0), 2.90 (br s, 2 H, endo + exo), 2.26 (s, 4 H, endo + exo), 2.25 (s, 4 H,
endo + exo), 2.22 (m, 1 H, exo0), 2.12 (m, 3 H, endo + exo), 1.90 (m, 1 H, endo + exo),
1.49 (d, J=8.5 Hz, 1 H, exo0), 1.42 — 1.33 (m, 4 H, endo + exo). °C NMR (125 MHz,
CD,Cly): 6 176.4, 174.8, 156.0, 148.3, 148.1, 147.7, 147.2, 141.2, 139.7, 139.5, 138.4,
138.1, 136.1, 135.1, 134.0, 132.7, 129.6, 129.5, 129.3, 127.7, 127.5, 127.4, 125.5, 124.6,
124.4 [2], 124.3, 123.5, 123.1, 123.0, 122.0, 120.9, 115.8, 65.2 [2], 61.6, 61.3, 60.7, 50.0,
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47.04,46.7, 46.2, 43.7, 43.53, 43.0, 42.1, 30.7, 29.5, 29.2 [2], 21.6 [2], 21.2. EI-MS
(70eV) m/z: M" 710 (5), 644 (100), 531 (27), 113 (9).
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF NORBORNENE-

FUNCTIONALIZED 1,10-PHENANTHROLINE MONOMERS

Introduction

1,10-phenanthroline BCP Bphen

Figure 3.1. Structures of commercially available phenanthroline derivatives.

1,10-Phenanthroline is the parent molecule of a class of molecules used as hole
blocking materials for organic light-emitting diodes (OLEDs). 2,9-Dimethyl-4,7-
diphenyl-1,10-phenanthroline, which is also known in the literature as bathocuproine
(BCP), is a common hole blocking material (HBM) in OLED devices.'> The molecule is
well suited as an HBM because its molecular orbitals are ideally positioned to transport
electrons from the cathode while preventing holes from migrating to the cathode. The
lowest unoccupied molecular orbital (LUMO) energy is approximately 3.0 eV below
vacuum, so BCP has been used as an electron transport layer (ETL).'”** BCP has also
been doped into #ris(8-hydroxyquinoline) aluminum (Alqs) for use as an ETL because the
LUMOs closely align with each other.* The energy level of the highest occupied
molecular orbital (HOMO) is sufficiently low in energy to block hole injection from
many of the materials commonly used for the emissive layer. The HOMO is deep, 6.7 eV
below vacuum, and this characteristic of BCP helps to confine holes in the emission layer

(EL) where they can recombine with electrons."*
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Since BCP can block holes, devices incorporating BCP often exhibit higher
luminous efficiencies and power efficiencies (i.e., they emit brighter light using less
power) than similarly structured devices without a hole blocking layer.' The
improvement is likely due to a higher rate of recombination of charges to produce
photons compared to devices without BCP. Other features of BCP that make it ideal as a
HBM are that it is not an emitter,4 it is not toxic, and it decreases the turn-on voltage for a
device.! Wang et al. postulated that the turn-on voltage for their devices was lower than a
comparable device without BCP because the LUMO of Alqgs was better aligned
energetically with the LUMO of BCP. The alignment facilitated transport from one layer
to the other because the additional layer provided a lower energy barrier for electrons.

Recently, Bphen (bathophenanthroline or 4,7-diphenyl-1,10-phenanthroline) has
been reported in the literature as a HBM.”® As with BCP, devices with Bphen showed
improvement in luminous efficiencies and power efficiencies.”” However, both BCP and
Bphen must be vapor deposited onto the device, and they have been reported to
crystallize during device operation."”® Phenanthroline itself cannot be used as a HBM
despite its low-lying HOMO because it also crystallizes,” which often leads to phase
separation. Thus, crystallization can lead to the devices requiring higher voltages to inject
charges and becoming less efficient to operate.

Based on the preliminary information about phenanthroline, BCP, and Bphen,
quantum-chemical calculations of several 1,10-phenanthroline derivatives (Figure 3.2)
were performed by Dr. Karin Schmidt in the Bredas Research Group. The calculations
showed that the methyl groups in the 2 and 9 positions act to destabilize the HOMO (e.g.,

BCP and IV [Bphen]) while the phenyl groups do not appear to have any significant
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contribution. Our criteria for selecting compounds to study further were that they have

HOMO energies similar to or lower than BCP.

R R

Figure 3.2 (a). [llustration of the HOMO (left) and LUMO (right) wavefunctions for bathocuproine.
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Figure 3.2 (b). Diagram of the AM1 quantum-chemical energy levels for 1,10-phenanthroline derivatives (courtesy of Dr. Karin

Schmidt).

Because of the significant increase in LUMO energy, II and VI were not
considered further. While I, III, and VIII had HOMO energies lower than BCP, the

LUMOs were somewhat destabilized. However, the LUMOs were believed to be at a
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reasonable level to support electron transport. Based on the electron affinities of Alqs;
(3.25 eV)'? and BCP, it is our hypothesis that the increases in LUMO energies are small
enough to not affect or minimally affect charge injection. BCP, Bphen, and 2-methyl-
1,10-phenanthroline were deemed excellent candidates for initial studies.

Both BCP and Bphen are commercially available; however, they are expensive as
starting materials for synthetic modifications on gram scales. For this reason, it is our
desire to synthesize polymerizable HBMs based on 1,10-phenanthroline. The polymers
are expected to be solution processible, thermally stable, non-emissive, and electronically
stable. Because there is an incomplete body of work on 1,10-phenanthroline in the
literature, we chose to attempt to determine whether the small molecules form radical
anions of comparable stability to those of BCP and Bphen, are non-emissive, and are

efficient hole blockers and electron transport materials.

O/\/\/OH
X
| / \
| N =N N=
N
1 2 neocuproine BCP Bphen

Figure 3.3. Structures of 1,10-phenanthroline derivatives for electrochemical studies.

The initial goals of our project were as follows:
* Synthesize 2-carbinol-1,10-phenanthroline (1) and 4-(1,10-phenanthrolin-
5-yloxy)butan-1-ol (2)
* Determine if 1, 2, neocuproine (2,9-dimethyl-1,10-phenanthroline), BCP,
and Bphen form stable radical anions using cyclic voltammetry.
* Use cyclic voltammograms of the five compounds to estimate HOMO and

LUMO energies for comparison to computational data.
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* Fabricate OLEDs using the small molecules and obtain information on

efficiencies, turn on voltages, and device lifetime.

A
~
N
@ 0”0
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/N | /N
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Figure 3.4. Structures of 1,10-phenanthroline based norbornene monomers.

We have since decided to change the target molecules to four norbornene
monomers 3-7 (Figure 3.4). The decision was based in part on synthetic difficulties and
on electrochemical studies of several phenanthroline small molecules. 1,10-

: : 11-1
phenanthrolines are used to coordinate metals,'' "

so we anticipated that our
phenanthrolines could coordinate to the metal centers of ROMP initiators. However, we
chose to continue using norbornene as the polymerizable group because Dr. Feng Jing in
our group ran trial polymerizations of norbornene by Grubbs’s initiators in the presence
of 1,10-phenanthroline. From his results, it was observed that phenanthroline did not

inhibit polymerization of norbornene when either the second- or third-generation catalyst

was used.
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Results and Discussion
The BCP project began with efforts to synthesize 2-carbinol-1,10-phenanthroline
(1) and 4-(1,10-phenanthrolin-5-yloxy)butan-1-ol (2) following literature methods

(Scheme 3.1).'¢7"

Synthesis of 2-Substituted-1,10-Phenanthrolines

The intermediate compounds leading to 1 were prepared with high purities in
good yields. 1,10-Phenanthroline-1-oxide was prepared by dissolving 1,10-
phenanthroline in glacial acetic acid and adding one portion of 30% hydrogen peroxide

dropwise. The reaction was heated to 72 °C for 3, 4, or 6 hours before a second portion of

X X
~ ~
| N | N
_N T _N
1
OH CO,Et
EtOH
cat. HoSO4
X X X
30 % H20, KCN/H0 4M NaOH; EtOH
e~ - . / P 7 /
\ N acetic acid | N benzoyl chloride | N or conc HCI
N ~.N O _N _N
8 CN 9 COxH
bleach BusNHSO,
PH~8 | CHCI,
o/\/\/OAC

O
‘ A conc. HoSOy, 100 C, 14 h ) anh. DMSO, ground NaOH | BN
J - ) - | || | ------- E e
A N 2) 4-| bromobutylacetate A N/
_N 12 | N

Scheme 3.1. Synthetic routes to 2-carbinol-1,10-phenanthroline and 4-(1,10-phenanthrolin-5-yloxy)butan-1-ol.

oxidant was added dropwise. The reaction continued for another 3, 6, or 8 hours. The

reaction mixture was allowed to cool to room temperature before the pH was adjusted to

54



~10 using saturated aqueous KOH. The aqueous layer was extracted several times with
CHCls, and the combined organic layers were dried over MgSO,. The solvent was
removed by rotary evaporation, and residual solvent was removed on a vacuum line. The
crude solid was mustard yellow. The 1-oxide can be recrystallized from chlorobenzene to
give pure compound. The only impurity visible by '"H NMR was the starting material.
Longer reaction times were tried to give sufficient time for the reaction to go to
completion. While the reactions times of 10 or 14 hours did lead to higher conversion
rates, the overall yield of the reaction decreased. Using a freshly opened bottle of
hydrogen peroxide did not appear to help drive the reaction to completion in the 6 hours
reported by Sun ez al."®

To prepare 2-cyano-1,10-phenanthroline, either pure 1-oxide or crude 1-oxide
was used. Neither the yields nor the purities of the resulting cyano compound seemed to
be affected by the presence of 1,10-phenanthroline. Potassium cyanide and 8 were
dissolved in water before benzoyl chloride was added dropwise to the solution. Using a
syringe stopcock produced grainier final product, whereas manually adding via pipette
produced more needle-like product. The reaction stirred at room temperature for 2 hours
after the addition of benzoyl chloride. The precipitate was filtered with suction and
washed with water to remove benzoic acid and excess potassium cyanide. The brown
solid was recrystallized from either methanol or ethanol, and the pure compound was
recovered in good yields.

Synthesizing the 2-carboxy derivative proved to be the most challenging because
the work up was pH sensitive. Both an acidic and a basic hydrolysis of 2-cyano-1,10-

phenanthroline were attempted without much success initially. Following Sun ef al., the
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basic hydrolysis was performed by adding 4 M NaOH and 95 % ethanol to 2-cyano-1,10-
phenanthroline and heating to reflux for 2 hours. Corey et al. reported the reaction was
complete when the evolution of ammonia ceased,'® and the reaction was monitored for
such an event. The reaction mixture was cooled to room temperature, and the pH was
adjusted to 3 using concentrated HCI. An ice water bath was used to keep the flask cool
during acidification, and nitrogen was blown intermittently into the flask to remove the
resulting vapors. At pH 3, the reaction mixture was smooth and peach colored. The
product was filtered and a clay-like precipitate remained. The color varied from tan to
brick red, and it was dried under vacuum. Residual ethanol was removed in the vacuum
oven at 47 °C. The product remained hydrated, as reported by Corey et al."®

Under acidic hydrolysis, 9 was refluxed in concentrated HCI for 6 hours. The
reaction mixture was cooled to room temperature before adjusting the pH to 5 using
aqueous sodium bicarbonate. No product was ever recovered despite seeing precipitate
form during the work-up. Based on the challenges of isolating 10, an alternative route
was devised for 2-substitions (vide infra).

2-Carboethoxy-1,10 phenanthroline (11) was synthesized from the carboxylic
acid using standard Fischer esterification methods. The reaction was quenched with
water, and the ester was extracted into dichloromethane. After the workup, a light yellow
solid was recovered. It was nearly pure by '"H NMR. When the reaction was scaled up,
mixture of the acid and the ester resulted. Chromatographic and recrystallizing efforts to
isolate the ester were unsuccessful.

Because of the challenges to isolate the carboxylic acid, synthesis of ketone 15

was proposed (Scheme 3.2) with the idea being to prepare a norbornene monomer. Zong
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and Thummel reported 2-acetyl-1,10-phenanthroline,” but it was thought best to use a
pentyl group for its analogy to 1-bromopentyl norbornene (Figure 3.5). Thus, pentyl

magnesium bromide was synthesized as a model for the norbornene.

X
NZCN
AN l_n
M _— MgBr -
° anh. THF TN anh. THF
16

Scheme 3.2. Synthetic route toward pentyl phenanthrolinyl ketone from a nitrile and a Grignard reagent.

N

—

| N
_N o Br

2-acetyl-1,10-phenanthroline 1-bromopentyl norbornene (1-norbornenyl) pentyl phenanthrolinyl ketone 6

Figure 3.5. Structures related to the synthesis of a 2-substituted phenanthroline monomer.

Pentylmagnesium bromide 16 was prepared following a procedure from van
Summeren e al.”’ Bromopentane was dissolved in anhydrous THF and transferred by
cannula into a flask containing acid-washed and oven-dried magnesium turnings. The
reaction was heated at 45 °C for 1 hour. Vigorous boiling was observed for about ten
minutes, and it then subsided for the duration of time. The reaction was allowed to cool,
and a white precipitate formed overnight as described by the authors. We speculated the
precipitate were inorganic salt by-products of the reaction and the supernatant contained
the desired Grignard reagent.

2-Cyano-1,10-phenanthroline was purged with nitrogen for 1 hour before the

flask was charged with anhydrous THF. Most of the solute dissolved after stirring for 20
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minutes. The flask was then cooled in a dry ice/acetone bath for 20 minutes. The
Grignard solution, a brown liquid, was transferred dropwise to the nitrile over 40
minutes. The solution darkened in color during the addition of pentyl magnesium
bromide. The reaction continued for 0.5 hour at —78 °C before the cooling bath was
removed.

After 1 hour stirring at room temperature, the presumed imine intermediate was
hydrolyzed to the ketone by slow addition of saturated aqueous NH4Cl. A precipitate
appeared then disappeared during hydrolysis. The organic layer was isolated, and the
aqueous layer was extracted with THF. A dark brown crude liquid was recovered. Thin-
layer chromatography using CH,Cl, with and without NEt; provided a spot with the same
R value in both eluents. A silica gel column was prepared in a pipette, and four 2 mL
fractions were collected. The solvent was evaporated, and "H NMR of the four fractions
indicated that only the second and the third fractions contained the desired phenanthro-
linyl ketone. The first fraction contained solvent and an unidentified aliphatic species,
while the final fraction contained only deuterated solvent.

Purification of the bulk crude phenanthrolinyl ketone (15) by silica plug was not
successful. Fractions were collected, and the solvent was removed by rotary evaporation.
The 'H NMR showed the presence of many peaks, and it was not possible to clearly
identify whether peak associated with the desired ketone were present. Moreover, there
were no peaks consistent with the ketone in GC-MS analyses of the fractions.

Because we were able to isolate 15 on a small scale, it was our hypothesis that the
ketone was not stable in air for more than a few days. 6 was prepared using the same

procedure as the alkyl derivative (Scheme 3.3). When Grignard reagent 17 was
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transferred to the nitrile solution, however, there was no observation of a dark blue color.
The color changed to dark red. During the work-up, the emergence then disappearance of
a precipitate was not seen when the Grignard coupling reaction was quenched with
saturated aqueous NH4Cl. The crude product was a similar semi-solid consistency as the
pentyl analogue, but it was reddish brown instead of dark brown.

The crude material was chromatographed on silica gel, eluting with CH,Cl.
Seven 500 mL fractions were collected. None of the fractions contained desired ketone
based on GC-MS. Fraction 8 contained substantially more material than the other
fractions, but there was neither the parent ion nor fragmentation consistent with the
desired compound was observed in a mass spectrum.

The inability to recover 6 was unexpected. A new procedure to prepare 1-
bromopentyl norbornene Grignard was attempted.”' The halide and catalytic iodine were
deoxygenated in an oven-dried, pump-filled flask. The reaction was heated at 40 °C
overnight. Dr. Xiaowei Zhan in our group reported that the reaction mixture changed
from yellow to gray. The first trial produced a dark brown solid because the reagents
were not adequately deoxygenated, and the second trial also failed to generate a stable
Grignard reagent. The yellow color was observed, as was the presence of a white
precipitate. In neither case was a gray color seen.

The addition of both benzaldehyde and benzyl bromide were used to test for the
presence of the Grignard (Figure 3.6). Grignard reagents can either react with a carbonyl
and reduce it to an alcohol or react with an alkyl halide and form the coupling product.
One would expect that these products can be seen by GC-MS. In the case with

benzaldehyde, we saw neither the alcohol nor the corresponding dehydration product.
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With the benzyl bromide, peaks were observed that were consistent with the dimer
product 1,10-di(bicyclo[2.2.1] hept-5-en-2-yl) decane. The dimer could have been
formed by the presence of oxygen or by the Grignard reagent coupling with unreacted 1-

) Mﬁb BngV\/\wéb 5}(1

Mg _—

anh. THF anh. THF

17

X
e X
Br
V\/\N«Lb BrMg 2N A N

anh. THF anh. THF N

\

Scheme 3.3. Synthetic route to 2-substituted norbornene monomers.

Br
Oy O
st.o4

Figure 3.6. Expected products formed by reacting a Grignard reagent with benzyl bromide or benzaldehyde.

bromopentyl norbornene.
With the incomplete conversion of alkyl halide to Grignard reagent, it was no

surprise that GC-MS spectra of 6 and 2-(5-(bicyclo[2.2.1] hept-5-en-2-yl) pentyl-1,10-
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phenanthroline (7) did not show desired product. The attempt to synthesize 7 was based
on a literature preparation by Kato and Yamanaka.** The authors reported the arylation of
quinoline 1-oxide using phenylmagnesium bromide in anhydrous THF. They were able to
isolate the desired 2-phenyl-1,10-phenanthroline in 95% yield using 5 equivalents of
Grignard reagent and refluxing the solution for 4 hours. As stated previously, we do not
have any data supporting the synthesis of 2-norbornenyl pentyl phenanthroline likely due
to not forming the Grignard reagent necessary for alkylation.

Two reactions involving the carboxylic acid intermediate failed (Figure 3.7). In

the Bulletin of the Korean Chemical Society, Cho and co-workers reported reducing

= N
NaBH,- 3F - Et,0
N - N
| _N an'. T\ 'F | N
CO.H
OH
X A
~ (1) SOCi, . re”uxed 4 h ~
| N - | N
_N (2) anh. V:C4RT 12 h _N
COZH COgMe

Figure 3.7. Reactions to reduce or to esterify 2-carboxy-1,10-phenanthroline.

a variety of aromatic carboxylic acids directly to their corresponding alcohols using
NaBH,-BF;-Et,0.%* On a 500 mg scale, recovering the desired 2-carbinol was
unsuccessful twice. A flask containing 2-carboxy-1,10-phenanthroline was purged with
nitrogen for 20 minutes before being charged with anhydrous THF. Sodium borohydride
and boron trifluoride etherate were added. The reaction was refluxed at 85 °C for about
45 minutes at which time a precipitate was present. The reaction was cooled in an ice

bath to 0 °C before being slowly diluted with water. The mixture was stirred for ten
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minutes, then dichloromethane was added. The mixture stirred for 1 hour at room
temperature; it was washed with water and with brine. The organic layer was dried over
MgSOQy, filtered, and the solvent removed by rotary evaporation. A red-orange oil was
recovered, but the '"H NMR spectrum was not consistent with pure product. There were,
however, two peaks at 4.65 and 4.85 ppm that may be attributable to the diastereotopic
methylene protons. The amount of material recovered was less than 50 mg each time; the
aqueous layers were extracted with diethyl ether in an effort to isolate more compound.
From the "H NMR spectrum of the oil recovered from the aqueous layer, there were no
peaks consistent with a phenanthroline.

Sun et al. reported the synthesis of 2-carbomethoxy-1,10-phenanthroline in good
yields.'® Thionyl chloride and the carboxylic acid were refluxed under nitrogen until the
solid dissolved and a red solution remained. On a 500 mg scale, this observation was seen
after about 90 minutes. Thionyl chloride was distilled under vacuum, and anhydrous
methanol was added to the flask. The reaction stirred at room temperature for 12 hours.
The residue was eluted through basic alumina using methanol. Fractions containing an
absorbent spot were isolated, and the solvent was removed by rotary evaporation. There
was no conclusive evidence that the ester was synthesized. It was at this point the
decision was made to find esterification conditions that avoided use of thionyl chloride.

Using ethanol (vide supra) and sulfuric acid is a potential alternative.

Synthesis of 2-Substituted-1,10-Phenanthrolines

Epoxidization of 1,10-phenanthroline with bleach was completed. Shen and
Sullivan reported using Clorox” as the oxidant.”* Bleach was diluted with water and

cooled to 18 °C. The pH was adjusted to 8 using concentrated HCl. Phenanthroline and
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tetrabutylammonium hydrogen sulfate dissolved in chloroform was added to the reaction
mixture. The reaction was monitored by 'H NMR, and the conversion was consistently
completed in 2 hours using freshly opened bleach.

The majority of the bleach layer was decanted, and the organic phases were
washed with water. Washing with water more than recommended by the authors resulted
in a substantially lower yield. The crude solid was recrystallized from 5:1 chloroform:
hexanes. In all cases, the filtrate had to be recrystallized at least once more to recover
pure compound as white flakes.

An acid-catalyzed ring opening of 5,6-epoxy-1,10-phenanthroline to form 5-
hydroxy-1,10-phenanthroline was performed. According to Slough et al.,'” the reaction
was completed after 1 hour at 100 °C. Upon personal communication with the author, it
was learned that the catalysis required 2 mL of concentrated H,SO4 per 300 mg of
epoxide. Unfortunately, the reaction did not go to completion in one hour, two hours, or
four hours although more epoxide was converted to 13 at longer durations. The by-
product from the reaction was a non-aromatized 5,6-diol (Figure 3.8). This was a non-
intuitive result because one would expect the elimination to be highly favored under the
reaction conditions. Reacting the epoxide for 14 hours was found to be the optimal time

for complete conversion to the aromatic 5-hydroxy-1,10-phenanthroline. Isolation of the

5,6-dihydro-5,6-dihydroxy-1,10-phenanthroline

Figure 3.8. Stucture of by-product from incomplete conversion of epoxide 7.
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desired product on two- and five-gram scales proved successful as well.

In all cases, the acid-catalyzed ring opening was similar. Ground epoxide was
added slowly to stirred concentrated sulfuric acid. The solution became clear yellow and
viscous during the addition, and the epoxide was not always completely dissolved.
During heating, however, the solution became less viscous. The epoxide went completely
into solution. After heating for a given period of time, the reaction was allowed to cool to
room temperature before being diluted with cold water. For the small-scale reactions, the
work up was performed in a 50 mL resealable centrifuge tube in an ice/CaCl; slurry at -3
°C. The large-scale reactions were transferred to a beaker in a cryogenically cooled
acetone bath kept at —7 °C per Dr. Slough’s suggestion. Reportedly, an insoluble black
precipitate would form were the reaction mixture temperature to rise above 5 °C.

6 M Aqueous NaOH was slowly added by pipette (or addition funnel) until the
reaction was neutralized. As the mixture neared pH 7, it changed from clear yellow to
opaque peach. Precipitate was visible starting at pH 5. It was challenging to neutralize the
solution because one drop of acid from a pipette often increased the pH to 10. The visual
clues do help one to know when to begin adding smaller volumes of base. Moreover,
large scale work-ups were less sensitive because there was more product to neutralize and
one drop of base did not result in a significant pH change at the neutralization point.

Centrifugation of the suspension followed by three resuspension/centrifugation
cycles provided a pale yellow solid. This solid was again resuspended in water and
frozen with liquid nitrogen. To remove water, the tube(s) were either placed on a
lyophilizer for 16 hours or in a dessicator under vacuum for 36 hours. The weight of pure

product recovered, however, was sometimes more than the theoretical yield. This

64



observation suggested that 13 was hygroscopic. Unlike with 2-carboxy-1,10-
phenanthroline, the water was not quantified because the hydroxy substituted
phenanthroline was only soluble in DMSO-ds. The deuterated solvent is notorious for
absorbing water even if an ampoule is used.

Assuming that 13 was hygroscopic, the product was purged with nitrogen for
several hours prior to the alkylation step in anhydrous DMSO. To a stirred solution of
anhydrous DMSO and 5-hydroxy-1,10-phenanthroline, ground NaOH was added. The
solution turned from peach to bright orange as it stirred for 0.5 hour. 4-Bromobutyl-
acetate was introduced via syringe, and the reaction continued at room temperature for 14
hours. The greenish brown solution was poured into ether and extracted against saturated
NaCl. A clear, orange liquid was recovered. The desired acetate (14) was never isolated,
though attempts were made to separate the reaction product by TLC. Slough ez al.'” did
not report purification methods because they used the crude material to deacetylate and
form 2.

Because we were unable to purify 14, we synthesized 5-ethoxy-1,10-
phenanthroline (18) to perform electrochemical studies as a model for 5-alkoxy-
substituted phenanthrolines. The etherification route involved 5-hydroxy-1,10-
phenanthroline and bromoethane (Scheme 3.4). Previous reports on the synthesis of 5-
methoxy-1,10-phenanthroline were from either 5,6-epoxy-1,10-phenanthroline,* 8-
amino-6-methoxy-quinoline,” or 5-chloro-1,10-phenanthroline®® (Figure 3.9). This route
has fewer steps than the other literature procedures,

The first norbornene functionalized 1,10-phenanthrolines were synthesized

(Scheme 3.5). To our knowledge, there are no other such compounds in the literature.
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1,10-Phenanthrolin-5-yl-bicylco[2.2.1] hept-5-ene-2-carboxylate 4 was synthesized from

5-hydroxy-1,10-phenanthroline and endo/exo-norbornene-2-carboxylate using

OH
O
N ground NaOH, CH3CH»Br N
NN anh. DMSO B} _
N XN
2 |

13 18

Scheme 3.4. Synthetic route for 5-ethoxy-1,10-phenanthroline.
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5,6-epoxy-1,10-phenanthroline 8-amino-6-methoxy quinoline 5-chloro-1,10-phenanthroline

Figure 3.9. Structures of starting materials reported in the literature used to synthesize 5-methoxy-1,10-phenanthroline.
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Scheme 3.5. Synthetic route to 5-substituted-1,10-phenanthrolines.
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dicyclohexylcarbodiimide (DCC) and DMAP in anhydrous THF. 5-Hydroxy-1,10-
phenanthroline, DMAP, and the carboxylic acid were added to an oven-dried, pump-
filled flask, and the contents were purged with nitrogen for 0.5 hour. Anhydrous THF
from the solvent purification system was charged into the flask by pump-filled syringe.
The phenanthroline was not very soluble in THF, and more solvent was added to increase
solubility. The additional solvent did not appear to help, however. The contents of the
flask were cooled to 0 °C in an ice bath and DCC was introduced into the reaction
mixture. The reaction was allowed to gradually return to room temperature, and it stirred
overnight. After three hours, the reaction color was pink. The reaction was monitored by
TLC, and pink precipitate was observed after the consumption of carboxylic acid.

The dicyclohexylurea precipitate was filtered, and diethyl ether was added to the
filtrate. The organic layer was washed with saturated aqueous NaHCO; and with
saturated aqueous NaCl before being dried over MgSO,. The solvent was removed by
rotary evaporation, and a light yellow solid was recovered as the crude product in low
yield (30%). Spectra (‘"H NMR and mass) were collected, and they were consistent with
desired carboxylate product being the main product. The low yield was attributed mainly
to the poor solubility of the starting phenanthroline substrate in THF.

Following the procedure used to synthesize 14 (vide supra), 4-(1,10-
phenanthrolin-5-yloxy) pentylnorbornene 3 was prepared. 1-Bromopentyl norbornene
was used as the halide. The reaction was repeated twice, and the second attempt was
thirteen times the original scale. 5-Hydroxy-1,10-phenanthroline was added to an oven-
dried, pump-filled flask, and it was purged with nitrogen for 0.5 hour. Andydrous DMSO

and ground NaOH were added to the flask. The reaction turned bright orange almost
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immediately after the base was introduced. The reagents stirred for an additional 0.5 hour
prior to the addition of the halide. The reaction stirred at room temperature overnight.
When the phenanthroline was consumed, the reaction mixture was poured into
ether. Slough et al."” reported washing with water, but the layers emulsified rather than
separated. Thus, the organic layer was washed twice with saturated aqueous NaCl. The
organic layer was dried over Na,CO3/MgSOy and filtered. The solvent was removed by
rotary evaporation. A clear, light brown viscous liquid was recovered, and it crystallized
at room temperature. The crude mixture was purified by column chromatography on
silica gel, and the product was collected in two fractions. The "H NMR spectra contained
the expected phenanthroline and alkyl norbornene peaks; however, the aliphatic region
integration was higher by three protons. The '>*C NMR spectrum was inconclusive. It
contained the expected number of peaks, but the aromatic: aliphatic ratio was incorrect.
The mass spectra of the compounds were consistent with the presence of desired ether
monomer, but there were fragment peaks that could not be attributed to the monomer.

The sample has been sent for elemental analysis.

Electrochemical Studies

With many phenanthroline derivatives in hand, we sought to determine the
relative stability of the radical anions. Bathophenanthroline (Bphen) and bathocuproine
(BCP) have been used successfully as hole-blocking/electron-transporting layers in
organic light emitting diodes; we wanted to see if the radical anions of substituted
phenanthrolines showed comparable electrochemical stability to these.

Cyclic voltammograms were collected using 0.1 M BusNPFg in both anhydrous

THF and anhydrous acetonitrile. The scan rate was 50 mV/s and the potential was swept
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from —2500 mV to 900 mV to view the redox potentials of ferrocene (an internal
standard) and the compounds of interest. Scanning only the first reduction did not
improve the reversibility of the peaks, so data was collected until the solvent began to
breakdown (Table 3.1). A representative voltammogram is shown in Figure 3.10. In THF,

2-cyano-1,10-phenanthroline shows quasi-reversible reduction peaks around —1.6 V and

"
—2.2 V versus FeCp, 0
310°
210° /
110° "
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Figure 3.10. Cyclic voltammogram in THF of 2-cyano-1,10-phenanthroline vs. AgCl/Ag pseudoreference using 0.1 M BusNPF; as

electrolyte at a scan rate of 50 mv s~
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The redox process did not appear to be fully reversible because the current for reduction
(ipc) and the current for oxidation (i,,) were not equal. On the other hand, in acetonitrile,
most 1,10-phenanthroline derivatives showed no i,. Therefore, only the reduction peak
potential (E,.) was reported.

While it is of interest to see multiple reductions from several of the
phenanthroline derivatives, we are only interested in the first reduction for applicability
in devices. Thus, a graph depicting the first reductions of the molecules is shown in

Figure 3.11.

Table 3.1. Redox potentials of 1,10-phenanthroline derivatives vs. FeCpf/’ using 0.1 M BuyNPFg as electrolyte at a
scan rate of 50 mv s .

Compound Ei; in THF (V) E1z in MeCN (V)
Phenanthroline —2.58,-2.89 -2.36, —2.63
Neocuproine -2.56 —2.47
Bathophenanthroline — —2.23,-2.47¢
Bathocuproine — -2.51¢
1,10-Phenanthroline-1-oxide -2.34.-2.66, -2.90 -2.18,-2.42, -2.65"
2-Cyano-1,10-phenanthroline -2.13,-2.65 -2.08,-2.40," -2.66"
2-Carboethoxy-1,10-phenanthroline — -2.06,-2.39, -2.69

“ E, potential.
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Figure 3.11. Graph plotting the first reduction potentials of 1,10-phenanthroline derivatives in both MeCN and THF.

Generally, the redox process is more reversible in THF than in acetonitrile. This
suggests that the radical anion may be more stable in THF on the time scale of the
experiment. The derivatives substituted in either the one or two position were easier to
reduce than the commercially available phenanthrolines. The observation was expected

considering the electron withdrawing nature of the substituents.

71



Interestingly, and perhaps importantly, neither Bphen nor BCP voltammograms appear
any more (or less) reversible in acetonitrile than do those of the other phenanthroline
derivatives. In fact, the only truly reversible peak was the first reduction of 2-cyano-1,10-
phenanthroline in THF. With the exception of BCP and neocuproine in acetonitrile, the
relative redox potentials for commercially available compounds (i.e., phenanthroline—
bathocuproine in Table 3.1) were consistent with other experimental data in the literature
and with the results of the quantum-chemical calculations.

One would expect both Bphen and BCP to be easier to reduce than phenanthroline
because the calculated LUMO energy is lower in these derivatives (Figure 3.2 (b)) likely
due to the slight electron-withdrawing nature of the phenyl rings. One can see that the
electron-donating methyl groups destabilize the LUMO of BCP, making it somewhat
harder to inject an electron relative to Bphen. Thus, from a molecular orbital perspective,
it is logical to conclude the ease of reduction to be Bphen < BCP < phenanthroline. Our
data, however, show the redox potential for BCP in acetonitrile to be 0.15 V harder to
reduce than phenanthroline while Bphen is expectedly easier to reduce than
phenanthroline. Solvation effects may also play a role in the experimental values we
observed.

It is known in the literature that BCP, Bphen, and neocuproine are in fact easier to
reduce than phenanthroline.”” ** It is more difficult to ascertain the relative redox
potentials of Bphen and BCP or neocuproine because the potentials were measured using
different conditions. In 1973, two groups reported the redox potentials of neocuproine
and Bphen along with phenanthroline for comparison. Both Musumeci et al. and Giirtler

et al. used a polarography technique to obtain their data versus a saturated calomel
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electrode (SCE). The redox potential for neocuproine was re-referenced to the more
commonly reported ferrocene/ferrocenium couple,” but the potential for Bphen was not
re-calculated because of the concentration of the electrolyte. The concentration definitely
affects redox potentials; however, the factor cannot be quantified at this time with the
information at hand. We can tell from Table 3.2, however, that the relative ease of
reduction should be BCP*° < neocuproine < phenanthroline. Whether Bphen is easier to
reduce than neocuproine remains to be seen, though from molecular orbital theory, this is
expected to be the case.

Neocuproine is not represented in Figure 3.2 (b); however, the experimental data
in the literature is counter-intuitive. Methyl groups are electron-donating. If electron-

withdrawing groups like a nitrile or an oxide make phenanthroline easier to reduce, then

Table 3.2. Redox potentials of 1,10-phenanthroline derivatives reported in the literature.

Compound E1; vs SCE (V) in MeCN | Ey;; vs FeCp,™ (V) in MeCN
Phenanthroline —2.070,“ -1.99° -2.54°
Neocuproine —2.055° -2.52¢
Bathophenanthroline ~1.89" —
Bathocuproine — -2.39¢

“Redox potentials from Giirtler et al. using 0.8 M Et;NCIO,. PRedox potentials from Musumeci ef al. using 0.1 M
BuyNClO,. ‘Redox potential vs FeCpf/o from Ono et al. using 0.1 M BuyNCIO4 in DMF.

we expect electron-donating groups to make phenanthroline harder to reduce. Consider
BCP and Bphen: the methyl groups destabilize both the HOMO and the LUMO of BCP.
Even in the case of V, one methyl in the 2 position of phenanthroline increases the
LUMO energy. Therefore, one would expect a second methyl to further increase the
energy of the LUMO. But according to experimental data, the second methyl does not

destabilize the energy level as much as the first methyl group. Perhaps providing an axis
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of symmetry stabilized the LUMO. Theoretical calculations of synthesized molecules
(e.g., neocuproine) may give further insight into the experimental observation.

Future work in this project will focus on isolating pure monomers, determining
the absorption and emissive properties of the small molecules and monomers, finding
more precise energy levels of our phenanthroline derivatives by ultraviolet photoelectron
spectroscopy (UPS),’! and evaluating the electron transport and hole blocking abilities of

our derivatives.

Experimental

All reagents were purchased from Sigma/Aldrich, Acros, or EM Science and were used
without further purification unless otherwise noted. Air sensitive reactions were
conducted under a nitrogen atmosphere using Schlenk and vacuum line techniques.
Schlenk flasks were oven dried overnight at 120°C and cooled on a vacuum line by
pump-filling prior to use. Anhydrous solvents were taken from a solvent purification
system or transferred from sealed containers via cannula.* IH, 13C, and COSY nuclear
magnetic resonance spectra of pure compounds were recorded on either a Varian 300
MHz or a Bruker 500 MHz NMR spectrometer and referenced to residual proton solvent
peaks. All mass spectra were obtained from the Georgia Institute of Technology
BioAnalytical Mass Spectrometry Facility. Elemental Analyses were conducted at
Atlantic Microlab, Inc. in Norcross, Georgia. Electrochemical measurements were
performed under nitrogen using either deoxygenated acetonitrile or tetrahydrofuran and
0.1 M BuyNPF; as electrolyte. A BAS potentiostat, a glassy carbon working electrode, a
platinum auxiliary electrode, and a non-aqueous AgCl/Ag pseudoreference electrode

were used.
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1,10-Phenanthroline 1-oxide (8).'° To a flask containing 1,10-phenanthroline (25.015 g,
138.81 mmol) and glacial acetic acid (28.5 mL), 30% hydrogen peroxide (16 mL) was
added dropwise. The reaction was stirred at 72 °C for 4 h before the final portion (16 mL)
of 30% hydrogen peroxide was added dropwise. The reaction continued for 6 h. The
desired product was extracted into chloroform (4 x 400 mL). The solvent was removed
by rotary evaporation at 50 °C. Residual solvent was removed overnight at 50 °C and
high vacuum (4 x 107> mbar). A mustard yellow solid was recovered and not further
purified (16.916 g, 62 %). The isolated solid was 86% pure by '"H NMR. The other peaks
corresponded to 1,10-phenanthroline. '"H NMR (500 MHz, CD,Cl,): 69.22 (dd, J=4.3
Hz, 2.0 Hz, 1H), 8.64 (dd, /= 6.3 Hz, 1.5 Hz, 1H), 8.29 (dd, /= 8.3 Hz, 2.0 Hz, 1H),
7.82 (q, J=25 Hz, 9.0 Hz, 2H), 7.76 (dd, J= 8.0 Hz, 1.0 Hz, 1H), 7.69 (dd, J = 8.3 Hz,

4.5 Hz, 1H), 7.47 (dd, J = 8.0 Hz, 6.5 Hz, 1H).

2-Cyano-1,10-phenanthroline (9).'° Crude 1,10-phenanthroline 1-oxide was added to a
flask containing potassium cyanide (11.144 g, 171.13 mmol). The compounds were
dissolved in distilled water (89.5 mL), and benzoyl chloride (12 mL) was added dropwise
to the solution being stirred. After 2 h, the resulting precipitate was filtered at suction,
washed with water, and dried. The brown grainy solid was recrystallized from either

methanol or ethanol. The pure compound was a light brown solid (8.082 g, 69%). 'H
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NMR (500 MHz, CD,Cly): §9.22 (dd, J = 4.3 Hz, 2.0 Hz, 1H), 8.43 (d, J = 8.5 Hz, 1H),
8.34 (dd, J=8.3 Hz, 2.0 Hz, 1H), 7.99 (d, J= 5.0 Hz, 1H), 7.98 (d, J= 4.5 Hz, 1H), 7.88
(d, J=9.0 Hz, 1H), 7.75 (dd, J = 8.3 Hz, 4.5 Hz, 1H).

X

| v

N

CO.H
2-Carboxy-1,10-phenanthroline (10)." To a flask containing 2-cyano-1,10-
phenanthroline (2.000 g, 9.698 mmol) was added 95% ethanol (20 mL) and 1.6 g NaOH
dissolved in 10 mL distilled water. The reaction mixture was stirred at reflux for 2 h (the
evolution of ammonia ceased) before being cooled to room temperature. The solution
was adjusted to pH 3 using concentrated HCI. The precipitate was filtered and collected
as a tan clay-like solid. It was dried under high vacuum (4 x 10~ mbar) for 5 h. The
recovered mass was 2.092 g (96% yield) "H NMR (500 MHz, DMSO-ds): 69.16 (dd, J =
4.0 Hz, 2.0 Hz, 1H), 8.66 (d, J = 8.0 Hz, 1H), 8.54 (dd, /= 8.0 Hz, 2.0 Hz, 1H), 8.35(d, J

=8.0 Hz, 1H), 8.10 (q, J =21 Hz, 8.5 Hz, 2H), 7.83 (dd, J = 8.3 Hz, 4.0 Hz, 1H).

X
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2-Carboethoxy-1,10-phenanthroline (11). A round bottom flask fitted with a stir bar
was charged with 2—carboxy—1,10—phenanthroline (0.154 g, 0.687 mmol) and absolute
ethanol (1.5 mL). The reaction was catalyzed with concentrated H,SO4 and placed

immediately on the reflux condenser. The reaction was refluxed overnight for 12 h under

a nitrogen atmosphere. The reaction was quenched with water (1 mL) and extracted into
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CH,Cl; (2 x 10 mL). The combined organic layers were washed with brine (10 mL),
dried over MgSO4 and filtered. The solvent was removed by rotary evaporation, and a
pale yellow solid was recovered (0.017 g, 10%) "H NMR (500 MHz, CDCls): 69.17 (dd,
J=4.0Hz, 2.0 Hz, 1H), 8.58 (d, /= 8.5 Hz, 1H), 8.49 (d, J= 8.5 Hz, 1H), 8.38 (dd, J =
8.0 Hz, 2.0 Hz, 1H), 7.93 (q, J=19.5 Hz, 9.0 Hz, 2H), 7.77 (dd, J = 8.0 Hz, 4.5 Hz, 1H),

4.12 (q, J= 14.0 Hz, 7.0 Hz, 2H). 1.26 (t, J= 7.5 Hz, 3H).

5,6-Epoxy-1,10-phenanthroline (12).* Clorox® bleach (1800 mL) was diluted with
distilled water (1200 mL) and allowed to cool to 18 °C. The pH then was adjusted to ~8
using concentrated HCI. To the stirring solution was added 1,10-phenanthroline (10.221
g, 56.717 mmol) and tetrabutylammonium hydrogen sulfate (4.429 g, 13.04 mmol)
dissolved in 1000 mL of chloroform. The pH of the mixture remained between 8 and 9
during the reaction. The epoxidation was monitored by "H NMR until all the
phenanthroline reacted. The majority of the aqueous layer was decanted, and the organic
layer was washed with distilled water (3 x 1000 mL). The solvent was removed by rotary
evaporation. The yellow/orange crude product was recrystallized from 5:1 chloroform:
hexanes. The purified solid was recovered as white flakes (5.295 g, 48%). "H NMR (500
MHz, CD,Cl,): 6 8.85 (dd, J=4.8 Hz, 2.0 Hz, 2H), 8.03 (dd, /= 7.5 Hz, 2.0 Hz, 2H),
7.42 (dd, J= 7.8 Hz, 5.0 Hz, 2H), 4.63 (s, 2H). The '"H NMR spectrum was consistent

with that reported by Shen and Sullivan.**
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5-Hydroxy-1,10-phenanthroline (13)."” 5,6-epoxy-1,10-phenanthroline (1.922 g, 9.796
mmol) was slowly added to stirring concentrated H,SO4 (16.5 mL). The reaction was
heated at 100 °C under nitrogen overnight for 14 h. The viscous solution was diluted with
cold water (50 mL) and transferred to a beaker. Using a Cryostat chiller, the reaction was
kept between 5 °C and 7 °C during neutralization. 6M NaOH was used to adjust the
reaction to pH 7. The slurry was transferred to 50 mL centrifuge tubes. The suspension
was centrifuged and the supernatant decanted. The solid was resuspended in water (15
mL) and centrifuged three times before being resuspended, frozen in liquid nitrogen, and
placed under vacuum for 36 h. A pale yellow solid was recovered (1.900 g, 99%). The 'H

NMR spectrum was consistent with that reported by Slough et al.'’

0]
X
~
N
N

4-(1,10-Phenanthrolin-5-yloxy) pentyl norbornene (3)."” 5-hydroxy-1,10-
phenanthroline (1.266 g, 6.452 mmol) was added to a pump-filled flask and purged with
nitrogen for 0.5 h. The flask was charged with anhydrous DMSO (13 mL) followed by

the addition of ground NaOH (0.307 g, 0.766 mmol). The solution was stirred for 0.5 h,
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and 1-bromopentyl norbornene (2.529 g, 10.40 mmol) was added by syringe. The
reaction stirred overnight at room temperature and was monitored by TLC. When the
starting phenanthroline was consumed, the reaction was poured into diethyl ether (325
mL) and extracted against saturated aqueous NaCl (150 mL). The organic phase was
washed with saturated aqueous NaCl (150 mL), and it was dried over Na,CO3/MgSQs,.
The solvent was removed by rotary evaporation. The desired ether was chromatographed
on a silica plug using CH,Cl, then 4:1 CH,Cl,:MeOH as eluents. After rotary
evaporation, a brown crystalline solid was recovered (1.595, 69%). '"H NMR (500 MHz,
CD,Cl,): 6 9.19 (dd, J=4.3 Hz, 2.0 Hz, 1H), 9.01 (dd, /= 4.3 Hz, 2.0 Hz, 1H), 8.70 (dd,
J=8.3 Hz, 2.0 Hz, 1H), 8.09 (dd, J= 8.3 Hz, 2.0 Hz, 1H), 7.64 (dd, /= 8.3 Hz, 4.5 Hz,
1H), 7.55 (dd, J= 8.0 Hz, 4.5 Hz, 1H), 6.94 (s, 1H), 6.12 (dd, J= 6.0 Hz, 3.0 Hz, 1H),
6.09 (dd, J= 5.5 Hz, 3.0 Hz, 1H), 6.03 (dd, /= 5.8 Hz, 3.0 Hz, 1H), 5.94 (dd, /= 5.5 Hz,
3.0 Hz, 1H), 4.25 (t, J= 6.5 Hz, 2H), 2.78 (br s, 1H), 2.76 (br s, 1H), 2.05 - 1.94 (m, 3H),
1.87 = 1.83 (m, 1H), 1.65 — 0.8 (m, 10H), 0.52 (ddd, J=11.3 Hz, 4.3 Hz, 3.0 Hz). EI-MS
(70eV) m/z: M" 358 (40), 292 (60), 196 (100), 66 (21). "*C was inconsistent with the

desired structure.
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1,10-Phenanthrolin-5-yl bicyclo[2.2.1] hept-5-ene-2-carboxylate 4).> Toa pump-

filled flask, endo/exo-5-norbornene-2-carboxylic acid (0.06 mL, 0.5 mmol), 5-hydroxy-
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1,10- phenanthroline (0.106 g, 0.540 mmol), and a catalytic amount of DMAP were
added. These reactants were purged with nitrogen for 0.5 h before the addition of
anhydrous THF (0.94 mL). The reaction flask was cooled in an ice bath to 0 °C, and
DCC (0.108 g, 0.523) was added. The solution was allowed to gradually warm to room
temperature, and it stirred overnight. The reaction was monitored by TLC, and the pink
precipitate was filtered when all the acid was consumed. The filtrate was poured into
ether, and the organic layer was washed with saturated aqueous NaHCO; (10 mL) then
with saturated aqueous NaCl (10 mL). The organic layer was dried over MgSQO,, and the
solvent was removed by rotary evaporation. A light yellow solid was recovered as crude
product (0.045 g, 30%). EI-MS (70eV) m/z: M 316 (3), 223 (18), 196 (100), 66 (31). 'H
NMR and MS spectra were consistent with desired monomer; however, there were
significant impurities that two column chromatography attempts did not remove. These
impurities prevented me from assigning peaks to the norbornene moiety.

4-(1,10-Phenanthrolin-5-yloxy) butyl acetate (14)."” 5-hydroxy-1,10-phenanthroline
(0.185 g, 0.933 mmol) was added to a two-necked flask and purged with nitrogen for 1 h.
To this solid was added anhydrous DMSO (1.9 mL) and ground NaOH (0.039 g, 0.98
mmol). The bright orange mixture was stirred for 0.5 h and 4-bromobutyl acetate was
added dropwise. The reaction stirred overnight for 14 h under nitrogen. The solution was
poured into ether (50 mL) and extracted against brine (2 x 20 mL). The combined organic

layers were dried over MgSQsy, filtered, and the solvent removed under reduced pressure.
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A clear, dark orange liquid was recovered as crude product. The 'H NMR peaks for

desired acetate could not be assigned from the complicated crude spectrum.

X

AN N~ Y

N

Pentyl phenanthrolinyl ketone (15).° Pentyl magnesium bromide (18.5 mL) was
transferred dropwise to a flask containing a stirred solution of 2-cyano-1,10-
phenanthroline (1.849 g, 9.010 mmol) and anhydrous THF (100 mL) at —78 °C. After the
addition of Grignard reagent, the reaction stirred at —78 °C for 0.5 h and at room
temperature for 1 h. Saturated aqueous NH4CI (50 mL) was added slowly to the solution.
The organic layer was separated, and the aqueous layer was extracted with THF (70 mL).
The combined organic layers were washed with saturated NaCl (2 x 70 mL). The organic
layer was dried over Na,CO3/MgSQOy and filtered. The solvent was removed by rotary
evaporation. The ketone was purified by chromatography, though impurities remained.
The chromatography of the bulk material was unsuccessful, and a 'H NMR spectrum
suitable for publication was never obtained.

AN MgBr
Pentyl magnesium bromide (16).”° Pentyl bromide (4.6 mL, 37 mmol) was dissolved in
anhydrous THF (30 mL). The solution was transferred to magnesium turnings and heated
at 45 °C for 1 h. White precipitate was allowed to settle from the reaction mixture

overnight. The supernatant was used for subsequent Grignard reactions.
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CHAPTER 4

CONCLUSIONS

We successfully synthesized three novel norbornene-functionalized TPD
monomers (Chapter 2) and six phenanthroline intermediates for norbornene-
functionalized monomers (Chapter 3) using the side-chain monomer approach. Our
compounds showed promise as potential hole transporting and electron transporting/hole
blocking materials for OLEDs.

The electrochemical studies provided evidence that our TPD monomers and
phenanthroline intermediates behaved similar to or better than the parent compounds. The
phenoxy functionality of the TPD monomers had an insignificant affect on the electronic
and spectroscopic properties of the TPD skeleton. Thus, the polymers are expected to
increase the T, of the hole transport layer. The device stability of OLEDs will likely
improve while minimally affecting the color light emitted from the devices and the
device turn-on voltages.

Phenanthroline small molecules we synthesized were easier to reduce than
phenanthroline and commonly used derivatives BCP and Bphen while forming similar
quasi-reversible reduction peaks. The observation suggests that devices incorporating
norbornene-functionalized derivatives of these small molecules may require lower
operating voltages and improve luminance and power efficiencies.

The research in this thesis includes syntheses of novel TPD monomers and a
previously unexplored approach to understanding how phenanthroline-based small
molecules may contribute to OLED performance parameters (i.e., external quantum

efficiency, device lifetime, color purity, etc.). Future work on these projects includes
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device fabrication and testing as well as determining parameters like HOMO-LUMO
energies, charge carrier mobilities, spectroscopic details (e.g., absorbance, fluorescence),
and morphological stabilities of small molecules/monomers and the corresponding

polymers.
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APPENDIX

"H NMR AND *C NMR SPECTRA OF NOVEL TPD ESTERS
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