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Abstract

A variety of substituted poly(para-phenylenevinylene) (PPVs) and poly(1,4-
naphthalenevinylene) homopolymers, block copolymers and random copolymers have been
synthesized by a ring-opening metathesis polymerization (ROMP) precursor route. In
general the initiator Mo=CCH(CH3),Ph(=NAr)(OCCH3(CF3)2)2, 1, was used to
polymerize barrelene (bicyclo[2.2.2]octatriene) and benzobarrelene monomers. The
precursor polymers obtained were then aromatized in solution using 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ) to produce PPVs and PN'Vs, many of which are soluble in
common organic solvents.

To prepare these polymers, new syntheses of the monomers were first developed as
described in Chapters 1 and 2. The routes developed readily allow the preparation of a
variety of substituted benzobarrelene and barrelene monomers in multigram quantities. As
described in Chapter 3, several well-defined metathesis initiators were tested to determine
the one best suited to the synthesis of homopolymers and copolymers of the monomers
prepared. Tuning of the activity of 1 to achieve a living polymerization is also described.

In Chapter 4 the synthesis of PNV and PPV homopolymers, and studies of their
absorbance and fluorescence properties, are described. These studies show that the
different homopolymers exhibit luminescence from the blue (450 nm) to nearly the red (580
nm) depending on the substituents on the polymer, which were usually alkyl groups,
electron withdrawing groups (halogens, esters, and perfluoroalkyl groups) or both.
Polymers with electron withdrawing groups were found to be much more stable in air than
unsubstituted PPV and PNV.

The synthesis of PNV and PPV random and block polymers and studies of their
absorbance and fluorescence properties are described in Chapter 5. In general, polymers
with a diblock or blocky distribution of monomer units showed migration of excitons

(electron-hole pairs) into the smaller bandgap segments of the polymer. As a result, most
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of the luminescence from these materials had a wavelength characteristic of the smaller
bandgap homopolymer. More efficient transport was observed in films and in copolymers
with shorter block segments.

In Chapter 6 the results of electroluminescence studies with three of the polymers
are described. These measurements show that the polymers prepared exhibit
electroluminescence. They also reveal that alkylated PNV is a better hole transporter than
electron transporter but that diester substituted PPV is a better electron transporter and a
poorer hole transporter.

Finally, use of a di-#-butylester substituted PPV in conjunction with a photo-acid

generator as a photoresist is described in the Appendix.
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Background and Introduction

In 1990, it was reported that poly(para-phenylenevinylene) (PPV), shown in
Figure 1, can be used as the emissive layer in light emitting diodes, as shown in Figure
2.1 Since this discovery, an enormous amount of work has been done to find other
polymers that exhibit electroluminescence, which occurs by a process similar to
photoluminescence as shown in Figure 3, and to optimize the performance of
electroluminescent devices employing polymers as the emissive material. While

electroluminescence of inorganic materials had been reported many years earlier,? using

(o)

Figure 1. Poly(para-phenylenevinylene) (PPV).

organic materials and polymers for this application was desirable for several reasons.
First, organic materials with a wide range of emission wavelengths, and hence colors, are
known. This is important since making full color LED displays requires materials
emitting the three primary colors of light — blue, green, and red. Although inorganic

materials that exhibit green and red emission were known and had been used to make

I —
Al Emissive Layer

ITO

B e e e

Glass

Figure 2. A typical light emitting diode. Shown with an aluminum anode (Al)
and an indium tin oxide cathode (ITO).
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Figure 3. Electroluminescence a) Electrons and holes are injected. b) Two oppositely
charged polarons pair to form an exciton. c) A singlet exciton relaxes and light is
emitted. In photoluminescence, the singlet excitons are generated by absorption of light
of the proper wavelength.

LEDs, obtaining efficient blue emission from inorganic materials has been difficult.
Gallium nitride had been known to exhibit blue luminescence, but until recently efficient
LEDs could not be made using this material.>® The main barrier to using gallium nitride
was that defect free films of this material, which are required for efficient emission from
crystalline inorganic materials, were difficult to grow.> This problem is generally
encountered when using crystalline inorganic materials and increases the cost of
fabricating devices using these materials. In contrast, devices using polymers as the
emissive layer do not require growth of crystalline films but can be made by simply spin
casting the polymer onto the LED anode. This simpler process reduces the cost of LED
fabrication and more readily allows electroluminescent devices with large surface areas to
be made. Conjugated polymers also have the advantage that some of these materials,
such as PPV, transport holes or electrons better than most unconjugated polymers.!? This
improved transport can reduce the driving voltages required for LED operation.

Another potential advantage of polymers arises with conjugated block
copolymers. These materials, which have been the subject of considerable theoretical

attention,11-17

are predicted to have improved luminescence efficiencies relative to
homopolymers.1213  The models developed indicate that when a conjugated block
copolymer is made up of two polymers with different bandgaps, the electron-hole pairs

(excitons) formed in the larger bandgap block will migrate to the smaller bandgap block
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and become trapped, as shown in Figure 4. As a result, block copolymers exhibit
luminescence characteristic only of the smaller bandgap material. Because excitons that
originated in blocks of either type of polymer recombine in the smaller bandgap material,
the luminescence intensity of this material is greater than that of a homopolymer of the
same material. Emission efficiency is also improved in conjugated block copolymers
because excitons trapped in the smaller bandgap blocks are not free to migrate throughout
the entire length of the polymer.1821 This reduced migration has been proposed to
reduce the number of excitons that reach non-radiative quenching sites and thereby
increases radiative recombination and device efficiency. Finally, conjugated block
copolymers containing an electron transporting block and a hole transporting block
should improve device performance by facilitating transport of both carriers into the

emissive material.l0

2.0eV :
Q 266V B e
©
i hv
N\N\N\—

538V —2 5.1eV —®__ saay

Figure 4. Migration of polarons in a block copolymer, followed by emission from the
smaller bandgap block. Bandgaps shown were arbitrarily chosen.

Despite the theoretical interest in conjugated block copolymers and practical
usefulness of the properties they are expected to possess, only a few of these materials
have been reported.181922-2% One likely reason that more block copolymers have not
been synthesized is that most conjugated polymers are synthesized using methods that are
not conducive to the synthesis of well-defined block copolymers. Many of the techniques
employed for the synthesis of conjugated polymers are condensation polymerizations or

other types of step-growth polymerizations and, therefore, yield polymers with relatively
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broad molecular weight distributions.1018-20.30-39 T addition, these polymerizations are
generally not living and therefore are not well suited to the synthesis of block
copolymers.

In contrast, polymerizations carried out using ring-opening metathesis
polymerization (ROMP) are often living and readily allow the synthesis of block
copolymers.?32440-48 Thjs polymerization technique is also conducive to the formation
of conjugated polymers since, unlike radical, anionic, cationic and Ziegler-Natta
polymerizations, olefin units present in the monomers used for ROMP are not consumed
during the polymerization, but rather become part of the polymer backbone.353%4% As a

result, ROMP can be used for the direct synthesis of fully conjugated materials including

Scheme 1
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polyacetylene (PA)°® and soluble, substituted derivatives of PA.>152 In addition, PA,
PPV and PNV can be synthesized by using ROMP to prepare a precursor polymer that is
subsequently converted into the desired conjugated material.>3-58 Schemes 1 and 2 show

direct and precursor routes that use ROMP to produce these conjugated polymers.

Project Goals

When I arrived at Caltech, the ROMP precursor routes to PPV°4 and PNV>7
shown in Scheme 2 had been worked out by Vincent Conticello and Lin Pu respectively.
These syntheses were not ideally suited to the synthesis of conjugated block copolymers,
however. To observe the properties of block copolymers predicted by theory, two
polymers with different bandgaps are required. While PPV and PNV have different
bandgaps, the synthesis of PNV did not allow block copolymers to be formed since,
under the conditions employed, the polymerization was not living. We also wanted to
make soluble polymers for facile device fabrication, but the unsubstituted PPV prepared
was insoluble. Finally, the methods developed to synthesize these two materials by

ROMP were not compatible since the temperatures required for the final elimination to
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form PPV are near or above the temperature where the alkylated PNV prepared was
observed to decompose.>”

Therefore several challenges remained to synthesizing theoretically interesting
conjugated block copolymers by ROMP. First, at least two soluble polymers, which can
be prepared by compatible routes and have different bandgaps, were required. Also, to
obtain well-defined block copolymers, a polymerization system that allows living
polymerizations had to be developed either by tuning the initiators used previously or by
finding a different one. In addition, because there was a lack of blue chromophores, and
a soluble, fully conjugated polymer that luminesces blue had not been reported,>-61
finding such a material that could be synthesized by ROMP was desired. We also wanted
to prepare conjugated, electroluminescent polymers bearing electron withdrawing groups.
Such materials provide improved stability and performance, for reasons discussed in the
introduction to Chapter 4, but only a few PPVs and PNVs bearing electron withdrawing
groups have been reported.1021.23.2431-34 Of course, to prepare all of these new polymers,
new monomers were also needed.

Achieving these goals was an interesting, exciting, and at times quite frustrating
challenge. In the pages that follow, the route that was followed to develop a synthesis of
the desired polymers is described.?1:232457,62:64 The information presented starts with
synthesis of the monomers in Chapters 1 and 2. This is followed by synthesis and study
of the homopolymers in Chapters 3 and 4, which include information on tuning the
polymerization catalyst to achieve a living polymerization. After this, the synthesis and
study of random and block copolymers is presented along with comparisons to the
homopolymers in Chapter 5. Finally, Chapter 6 presents the results of
electroluminescence studies on the polymers that have been found to be most compatible
with the LED fabrication process.

Some of the goals were reached by applying knowledge gained here and at the

University of Delaware, and others were achieved by trying everything that seemed to
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hold some hope of working. As is most likely the case with all research, however,
probably just as many of the important breakthroughs were made by sheer luck or by

trying the things that everyone said could not possibly work.
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Chapter 1

Synthesis of Benzobarrelene Monomers
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Abstract: In this chapter, two routes used for making alkylated benzobarrelene
monomers are described. An undecyl substituted benzobarrelene was first prepared
starting from cis-3,5-cyclohexadiene-1,2-diol, which serves as a benzene equivalent.
Efforts to extend this route to an alkylated trifluorobenzobarrelene produced poor yields,
so a new route was developed to synthesize these molecules. The procedure developed
also allowed the synthesis of alkylated trichlorobenzobarrelene. It was found that the
chlorines could be removed from this monomer to yield alkylated, unhalogenated

benzobarrelenes in good yield.
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Introduction

In general the monomers necessary for producing poly(1,4-naphthalenevinylene)s
(PNVs) and poly(para-phenylenevinylene)s (PPVs) by ring-opening metathesis
polymerization (ROMP) are derivatives of benzobarrelene and barrelene
(bicyclo[2.2.2]octatriene) respectively. We first prepared benzobarrelene monomers, so
their synthesis will be presented first.1"* Later, as the desire to make PPVs developed, a
route to barrelenes was devised,>® which is described in Chapter 2.

Unsubstituted benzobarrelene, 3, can be synthesized in two steps from the

reaction of tetrachlorobenzyne with benzene,’

as shown in Scheme 1. The polymer
obtained by ROMP of 3 is insoluble, however, and only low molecular weight material is
obtained. Therefore, a synthesis of alkylated derivatives of benzobarrelene was desired,
because the alkyl chains were expected to increase the ROMP polymers' solubility.
Although the route shown in Scheme 1 is efficient for the preparation of 3, original
efforts to extend this method to the synthesis of benzobarrelene derivatives bearing alkyl
substituents on the phenyl ring failed. The tetrachloro substituted benzobarrelene, 2, was

inert to alkyl Grignard reagents in the presence of either nickel or palladium catalysts,?

and all other procedures reported for the synthesis of benzobarrelene either involved

Scheme 1
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many synthetic steps or gave very low yields.>13 Therefore, Lin Pu developed a new
synthesis to obtain the desired alkyl substituted benzobarrelenes.! This method involved
the addition of a substituted benzyne to a protected form of cis-3,5-cyclohexadiene-1,2-

diol, followed by a base promoted thermal fragmentation.

Results and Discussion

Undecylbenzobarrelene Synthesis. The first benzobarrelene monomer I
prepared, undecyl substituted benzobarrelene, 11, was first synthesized using this
method.? To make this monomer, an undecyl substituted benzyne precursor was first
prepared as shown in Scheme 2. When commercially available 3-bromo-4-
fluorobenzaldehyde was reacted with decyl Grignard, the alcohol, 6, was obtained in high
yield. Dehydration of 6 in hexane with PO5 at 60 °C generated 7, which was then

hydrogenated to 8.

Scheme 2
OH

o)
Brt ij/ “H RC,MoBr BrD)\/R
F F

5 6

P20s Brj@/\/ R HyPdC Brj@/\/R
F F
7 8

R = (CH2)sCH3

Reaction of 8 with Mg in the presence of the initiator 1-bromo-2-chloroethane
generated the Grignard which then eliminated MgBrF to yield the alkylated benzyne. As

shown in Scheme 3, this benzyne reacted with cis-1,2-benzylidenedioxy-3,5-
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cyclohexadiene, 9, to yield the Diels-Alder adduct 10. Base promoted thermal

elimination of benzoate from 10 then produced undecyl substituted benzobarrelene, 11.
The previously reported acetal elimination procedure, which required 3
equivalents of potassium diisopropyl amide (KDA) to yield the unsubstituted and methyl

1 was found to be insufficient for elimination of benzoate

substituted benzobarrelenes,
from 10. Because KDA decomposes quickly at the reaction temperature,'4 the reaction of

10 was carried out by generating KDA slowly by adding LDA to a solution of the acetal

Scheme 3
’ Ph
Br R Q Mg \‘LO
BrCHCHa,Cl
F x 7
H Ph R
8 9 10
KO-t-Bu
7
LiN(CHMe,), R
11

R = (CH,);oCH;3

and potassium-z-butoxide in ether. Using this procedure, 15 equivalents of KDA were
required to drive the reaction to completion, but the product, 11, was obtained in good
yields. The reaction also proceeds to completion with 7 equivalents of KDA in THF at
60 °C, but these conditions resulted in the production of side products, while the reaction
in ether yielded only the desired benzobarrelene.

Alkylated Trifluorobenzobarrelene Synthesis: First Attempts. Alkylated
trifluorobenzobarrelene, 15, was desired so that the effect of the electron withdrawing
fluorines on the band gap of PNV could be studied and compared to the unfluorinated

polymer. However, attempts to synthesize this monomer using the method developed to
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Scheme 4
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prepare 11 produced only very low yields of 15. As shown in Scheme 4 and Table 1, the
necessary alkylated benzenes, 13 and 17, were prepared by a modified procedure similar
to that reported for the alkylation of bromonaphthalene.®> The main difference from the
reported procedure was that a large excess of alkylbromide was added at low temperature
to favor nucleophilic attack by the lithiated benzene over elimination of lithium fluoride
to form the benzyne, which then forms a polymer. The yield is higher when 12 is the
starting material, rather than 20, since bromine can be selectively exchanged for lithium
in the presence of chlorine, thereby minimizing the formation of dialkylated products.
Reaction of 1-bromo-4-octyltetrafluorobenzene, 17, using magnesium to generate the
benzyne as for the synthesis of 10, produced only decomposition of the starting materials.
However, a similar reaction, which used n-BuLi to generate the lithiated benzene from
13b and subsequently the benzyne, produced 14b in 40% yield. All attempts to convert
14b to 15b by base catalyzed fragmentation of the acetal essentially failed, however, with

the best yield of 15b being less than 5%.
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Table 1. Alkylation of tetrafluoro benzenes.

X 13a: X =Cl, Y = (CHo)3CH3
13b: X =Cl, Y = (CHz)7CH3
F F 16: X=Cl,Y=H
17: X=Br, Y= (CH2)7CH3
¢ F 18: X=Y= (CHyp);CHg
19: X=H, Y = (CH,)7;CHg
Y 20: X=Y=Br
Entry Reagents Conditions* Products
at 12 + 1 eq. n-BuLi rt polymerf
<5% 13a
b 12 + 1 eq. n-BuLi 0°Ctort polymer
<5% 13a
c 12 + 1 eq. n-BuLi -78 °C tort polymer
<5% 13a
d 12 + 1 eq. n-BuLi -78 °C to -50 °C <5% 13a
5 eq. n-BuBr 7 hours 16
e 12 + 1 eq. n-BuLi -78 °Ctort 88% 13a
10 eq. n-BuBr overnight
f 12 + 1 eq. n-BuLi -78 °Ctort 88% 13b
10 eq. n-octylBr overnight
g 20 + 1 eq. n-BuLi -78°Ctort 63% 17
10 eq. n-octylBr overnight

1) Conditions reported for alkylation of bromonaphthalene'® *) The first temperature
listed indicates the temperature at which the BuLi and alkylbromide were added. The
second temperature indicates when water was added to quench the reaction. ) Product

13a was observed by !H NMR for all reactions that formed mostly polymer.

To avoid the acetal elimination step and shorten the overall synthesis, Diels-Alder
reaction of the benzyne of 13a with benzene was carried out as reported for the synthesis
of tetrachlorobenzobarrelene, 2./ As shown in Scheme 5, this method produced
butyltrifluorobenzobarrelene, 15a, in 40-45% yield, as determined by !H NMR. Because
the products were not separable by column chromatography, purification was attempted
by distillation. This resulted in isolation of some 15a, but retro Diels-Alder
decomposition of the benzobarrelene reduced the yield of isolated product to 10%.
Sufficient monomer was obtained for use in polymerizations, but more importantly, 15a

made by this route was instrumental to the discovery of a better polymerization system as
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Scheme 5

n-BulLi
Benzene

13a: R = (CHy)3CH3 15a: 40%
13b: R =(CHy2);CH3 15b: 25%

described in Chapter 3. When the analogous Diels-Alder reaction was carried out with
the octyl substituted benzene, 13b, the yield of benzobarrelene was only 25%, as
determined by !H NMR. As with 15a, separation by column chromatography was
difficult and distillation led to mostly decomposition, which was worse in the case of 15b
due to its higher distillation temperature.

A Useful Route to Alkylated Benzobarrelenes. Having tested the familiar and
traditional routes to benzobarrelene with little success, I decided to revisit the problem of
alkylating the readily available tetrachlorobenzobarrelene,” 2, and the related
halotrifluorobenzobarrelene (halo = chlorine or bromine),!® 21. As mentioned earlier,
many previous attempts at alkylating 2 had been unsuccessful. However, it seemed that
the procedure developed for the alkylation of dihalotetrafluorobenzene to produce 13
could be well suited to synthesizing the alkylated benzobarrelenes as well.

The major difference between alkylating 12 and alkylating 2 and 21 was the fact
that the alkylated benzobarrelene products could not be purified by distillation since retro
Diels-Alder decomposition occurs at high temperatures. The products are also difficult to
purify by column chromatography and are generally not crystalline. With these
limitations in mind, the best solution was to develop a reaction with very high yields. As
shown in Table 1, alkylation of 12 was accomplished in good yields, but enough side
products formed that distillation of the product mixture was still required. Therefore,
alkyliodides were used instead of the bromides since iodide is a better leaving group.

Iodides had not been used to make 13 since their higher boiling points would have made
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separation from the alkylated benzenes more difficult. This problem was expected to be
reduced for the benzobarrelenes, however, since they contain six more carbons than the
corresponding alkylated benzenes.

This approach, shown in Scheme 6, worked well for the alkylation of both 2 and
21.34 As listed in Table 2, a variety of alkyl iodides can be used, with only the one
branched on the carbon alpha to the iodine-substituted carbon producing low yields,
presumably due to the competing elimination reaction. In the other cases, as long as all
reagents were dried thoroughly, only the desired product was observed by 1H NMR. The
excess iodide present in these reactions was removed by distillation at reduced pressure,
and the alkylated benzobarrelene products were separated from all remaining impurities,
which were minimal, using a silica gel column. In all cases, only a single alkylated
product was observed. This was not surprising for the trifluorobenzobarrelenes since
alkylation should only occur by displacement of chlorine. For 2, however, alkylation
could conceivably occur by displacement of a chlorine in either the 3- or 4- position, or
multiple alkylation could occur. In fact, only products of displacement of the chlorine in

the 4-position were observed.

Scheme 6
Br
F = 1. n-BuLi 1. n-BulLi
2. benzene 2. Rl
F F
Cl
21 15
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Table 2. Results of alkylation of 2 and 21.

product alkyl iodide % yield
15a I(CH3)3CH3 88
15b I(CH3)7CH3 91
15¢ I(CH2),CH(CH3), 83
22a I(CH3)7CH3 78
22b I(CH3)10CH3 92
22¢ I(CH2)2CH(CH3)2 86
22d I(CH2)2,CH(CH3)(CH2)3CH(CH3)2 90
22e ICH,CH(CH»CH3)(CH»)3CH3 ]

In addition to providing a short, high yielding synthesis of 15 and 22, this route
also allowed a shorter, more economical synthesis of 11. As with
tetrachlorobenzobarrelene, the chlorines can be removed from 22 in high yield as shown
in Scheme 7. Conversion to the unhalogenated benzobarrelene also offered confirmation
of the substitution pattern of 22. Since the products obtained by dechlorination of 22
were found to have a IH NMR spectrum identical to that observed for 11 made by the
previously described cis-3,5-cyclohexadiene-1,2-diol route,? 22 was substituted only in

the position shown in Schemes 6 and 7.

Scheme 7
Na, t-BuOH

/IR ‘Q :

22 11
97%
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Conclusions

Several alkylated benzobarrelenes were prepared for the synthesis of
poly(naphthalenevinylene)s (PNVs). While the route developed for the synthesis of
alkylated benzobarrelenes from cis-3,5-cyclohexadiene-1,2-diol allowed preparation of
an undecyl substituted benzobarrelene, this route produced very poor yields of alkylated
trifluorobenzobarrelenes, 15. These molecules were instead prepared by a new route that
also allowed the synthesis of alkylated trichlorobenzobarrelenes, 22. Removal of the
chlorines from 22 produced alkylated, unhalogenated benzobarrelene in good yield, thus

making the synthesis of 11 from cis-3,5-cyclohexadiene-1,2-diol obsolete.

Experimental

General Methods and Materials. NMR spectra were recorded on a QE Plus-300
MHz (300.1 MHz !H; 75.33 MHz 13C) spectrometer. Infrared spectra were recorded
using a Perkin-Elmer 1600 series FT-IR spectrometer. Elemental analyses were
performed by Oneida Research Corporation or Mid-West Microlab. High resolution
mass spectra were obtained from UC Riverside Mass Spectrometry Facility. Ether was
dried with sodium benzophenone. THF, hexane and benzene were dried by passing
through activated alumina columns. Grignard reagents, lithium reagents, alkylhalides, 3-
bromo-4-fluoro-benzaldehyde, 1,4-dihalotetrafluorobenzenes, lithium diisopropylamide,
and potassium #-butoxide were purchased from Aldrich and used without further
purification. Benzobarrelene 2 was prepared as previously reported” and 21 was prepared
by the synthesis described for bromotrifluorobenzobarrelenel® and purified by column
chromatography (silica gel/hexane).

1-(3'-Bromo-4'-fluorophenyl)-undecanol (6). Under argon, decyl magnesium
bromide (1.0 M ether solution, 100.8 mL) was added to a dry ether solution of 3-bromo-
4-fluoro-benzaldehyde (20.1 g, 0.099 mol, 0.99 M) at 0 °C over 20 min. After the

addition was complete, the reaction mixture was stirred at O °C for an additional 30 min
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and then at room temperature for 2 hours. An aqueous solution of HCI (1.82 M, 100 mL)

was then added to quench the reaction at O °C, and a white precipitate was formed. The
mixture was extracted with ether (3 x 200 mL) and dried over NapSOg4. After filtration
and removal of the solvent, the resulting product was dissolved in benzene and dried
under vacuum. A yellow oil, 6, was obtained in quantitative yield. !H NMR (CDCl3,) &
7.55(dd,J =9, 1Hz, 1H), 7.23 (m, 1 H), 7.08 (t,J = 9 Hz, 1H), 4.64 (m, 1 H), 1.70 (m,
2H), 1.26 (br, 16H), 0.88 (t, J = 7 Hz, 3H). 13C NMR (CDCl3) § 158.1 (d, Jc.r = 981.6
Hz), 142.2 (d, Jc.f = 14.1 Hz), 130.8, 126.3 (d, Jc.r = 28.2 Hz), 116.1 (d, Jc.F = 88.2
Hz), 108.8 (d, Jc.r = 84 Hz), 73.24, 39.08, 31.85, 29.55, 29.49, 29.42, 28.28, 25.56,
22.63, 14.03. Exact mass (EI), m/e calcd for C17H2¢BrFO: 344.1151, obsd: 344.1159.
2-Bromo-1-fluoro-4-(1'-undecenyl)benzene (7). Under argon, a hexane (dry)
solution of 6 (34.11 g, 0.099 mol, 0.40 M) was added, over 3.5 hours via an addition
funnel, to a round bottom flask containing PpOs5 (47 g, 0.33 mol) in refluxing hexane
(dry, 250 mL). The resulting reaction mixture was refluxed for another 20 min. After
filtration and removal of the solvent, lH NMR spectroscopy showed the formation of 7
with < 5% impurity. The crude product was used for the next reaction without further
purification. 'H NMR (CDCl3, ) §7.52 (dd, J = 9 Hz, 1 Hz, 1H), 7.20 (m, 1H), 7.02 (t, J
=9 Hz, 1H), 6.20 (m, 2H), 2.19 (q, J =7 Hz, 2H), 1.45 (br m, 2H), 1.27 (br, 12H), 0.88 (t,
J =7 Hz, 3H). 13C NMR (CDCl3, ) 8 157.9 (d, Jc.r= 981 Hz), 135.6 (d, Jc.p = 16.2 Hz),
132.4 (d, Jc.r = 6.6 Hz), 130.5, 127.3, 126.2 (d, Jc.f = 27.3 Hz), 116.2 (d, Jc.p = 89.7
Hz), 109.0 (d, Jo.r =86.7 Hz), 32.9]7, 31.93, 29.62, 29.56, 29.51, 29.38, 29.26, 22.72,
14.11. Exact mass, m/e calcd for C17Ho4BrF: 326.1045, obsd: 326.1049.
2-Bromo-1-fluoro-4-undecylbenzene (8). A mixture of 7 (0.094 mol) and 10%
Pd/C (398 mg) in ethyl acetate (200 mL) was stirred under a hydrogen balloon for > 12
hours and filtered through celite. The solvent was then removed under vacuum. The
resulting orange oil was distilled between 141 °C/140 mtorr and 148 °C/130 mtorr to

yield a colorless oil, 8 (95%). The isolated yield of 8 based upon 3-bromo-4-fluoro-
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benzaldehyde was 90%. 1H NMR (CDCl3, ) 8 7.35 (dd, J =9, 1 Hz, 1H), 7.05 (m, 1H),

7.00 (t, J = 9 Hz, 1H), 2.55 (t, ] =9 Hz, 2H), 1.58 (br m, 2H), 1.29 (br, 16H), 0.89 (t, J =
7 Hz, 3H). 13C NMR (CDCl3) 8 157.3 (d, Jc.p = 972 Hz), 140.2 (d, Jc.g = 17.1 Hz),
133.0, 128.6 (d, Jc-F = 26.7 Hz), 115.9 (d, Jc-F = 87.9 Hz), 108.5 (d, Jc-F = 81.6 Hz),
34.89, 31.97, 31.41, 29.69, 29.61, 29.48, 29.41, 29.18, 22.74, 14.12. Exact mass (EI),
m/e calcd for C;7Hp¢BrF: 328.1202, obsd: 328.1211.
6-Undecyl-1,2,3,4-tetrahydro-2,3-(benzylidenedioxy)-1,4-ethenonaphthalene

(10). In a dry box, a THF (dry, 30 mL) solution of 8 (12.6 g, 0.038 mol) and 1-bromo-2-
chloroethane (5.75 g, 0.040 mol) was loaded into a 50 mL syringe. Using a syringe
pump, this solution was added over 3 hours to a THF (dry, 50 mL) solution of 1,2-
benzylidenedioxy-3,5-cyclohexadiene (3.79 g, 0.019 mol) and magnesium (4.5 g, 0.185
mol) at 60 °C (oil bath temperature). During the addition, gas was evolved. After the
addition was complete, the reaction mixture was continuously heated at 60 °C for 12
hours. The solvent was then removed under vacuum. The resulting residue was loaded
onto a plug of silica gel (175 mL) and eluted with 1200 mL of ether. After removal of
ether, a yellow solid was obtained. The product was recrystallized by partially dissolving
in warm pentane and cooling at -50 °C for 12 hours. Filtration of the cold mixture
afforded light yellow crystals of 10 (4.91 g, 60% yield based upon 1,2-benzylidenedioxy-
3,5-cyclohexadiene). 'H NMR (CDCl3, ) § 7.54 (m, 2H), 7.39 (m, 3H), 7.16 (d,J = 7.2
Hz, 1H), 7.10 (s, 1H), 6.96 (d, J = 7.2 Hz, 1H), 6.62 (m, 2H), 5.80 (s, 1H), 4.34 (s, 2H),
4.26 (s, 2H), 2.57 (t, J = 7.7 Hz, 2H), 1.59 (br, 2H), 1.27 (br, 16H), 0.89 (t, J =6.6 Hz,
3H). 13C NMR (CDCl3) & 141.3, 140.4, 137.6, 136.5, 133.3, 133.0, 129.7, 128.3, 127.5,
126.2, 125.1, 124.6, 106.0, 79.80, 79.75, 45.34, 44.88, 35.77, 31.91, 31.65, 29.67, 29.63,
29.58, 29.51, 29.43, 29.35, 22.69, 14.13. Exact mass (EI), m/e calcd for C3gH3g302+H™:
431.2950, obsd: 431.2964. Anal. Calcd for C30H3802: C, 83.68; H, 8.89. Found: C,
83.48; H, 8.84.

6-Undecyl-1,4-dihydro-1,4-ethenonaphthalene (11). Method A. Under argon,
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a slurry of lithium diisopropyl amide (LDA, 7.70 g, 71.8 mmol) in diethyl ether (dry, 50

mL) was added to a mixture of 10 (2.03 g, 4.68 mmol) and potassium #-butoxide (7.91 g,
70.5 mmol) in diethyl ether (dry, 50 mL) at 60 °C (oil bath temperature) over 5 hours.
After the addition was complete, the reaction mixture was kept at 60 °C for another hour.
The resulting dark brown slurry was cooled with an ice bath, and water (4 mL) was added
to quench the reaction. The mixture was then filtered through a plug of silica gel (100
mL) and eluted with 800 mL of ether. After removal of ether, the residue was loaded
onto a silica gel column (7" x 2"), and eluted with hexane. The product was collected
from 335 mL to 1300 mL. The solvent was removed to give a light yellow liquid, 11
(1.18 g, 81.6%). Method B: Compound 22b was converted to 11 using the procedure
previously reported for dechlorination of tetrachlorobenzobarrelene, 2.7 A reaction
starting with 0.5 g of 22b produced 97% yield of 11 and a reaction starting with 15 g of
22b produced 80% yield of 11 following purification by column chromatography (silica
gel/hexane). Both reactions were heated overnight instead of the 4 hours reported for
making 3. 1H NMR (, CDCI3) 8 7.06 (d, J = 7.2 Hz, 1H), 7.02 (s, 1H), 6.88 (t,J = 3.6
Hz, 4H), 6.77 (d, J = 6.9 Hz, 1H), 4.89 (m, 2H), 2.51 (t, ] = 7.8 Hz, 2H), 1.55 (p, ] = 7.1
Hz, 2H), 1.27 (br, 16H), 0.89 (t, J = 6.6 Hz, 3H). 13 C NMR (CDCl3) § 147.5, 144.8,
139.8, 139.5, 138.2, 122.9, 122.7, 121.7, 49.15, 48.74, 35.64, 31.91, 31.68, 29.67, 29.63,
29.59, 29.53, 29.48, 29.34, 22.69, 14.13. Exact mass (EI), m/e calcd for Cp3zHz»:
308.2504, obsd: 308.2505. Anal. calcd for Co3H3y: C, 89.54; H, 10.46. Found: C,
89.47; H, 10.43.

1-chloro-4-butyltetrafluorobenzene (13a). Under argon, 1-bromo-4-chloro-
2,3,5,6-tetrafluorobenzene was dissolved in 83 mL of dry THF. This solution was cooled
to -78 °C in a dry ice/acetone bath and then 12.1 mL of 1.57 M butyl lithium in hexane
was added over 15 min. After stirring this solution for 45 min, 20.5 g (0.190 mol) of
butyl bromide was added over 10 min while maintaining the bath temperature at -78 °C.

The solution was then slowly warmed to rt over 18 hours (temperature = -10 °C after 5 h).
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After removing the solvent and some of the excess butyl bromide by rotary evaporator,

followed by distillation at 64 °C to 70 °C, the remaining residue was dissolved in
methylene chloride and extracted with a mixture of 10 mL of water and 4 mL of 1 M
HCI. The organic layer was removed, and the aqueous layer was extracted with 3x35 mL
of ether. All organic fractions were then combined and dried over magnesium sulfate.
The solvent was removed using a rotary evaporator, and the resulting residue was
distilled under vacuum. Compound 13a was collected as a colorless oil at 5 torr/56 °C.
Yield = 4.023 g (88%). 'H NMR (500 MHz, CDCl3) 8 2.72 (tt, Jy.y = 7.5 Hz, Ju.p = 1.6
Hz, 2H), 1.57 (quintet, J = 7.5 Hz, 2H), 1.36 (sextet, J = 7.38 Hz, 2H), 0.93 (t, ] = 7.2 Hz,
3H). 19F NMR (470.56 MHz, CDCl3, referenced on CFCI3 in benzene = 0.0 ppm) o
-142.52 (m, 2F), -143.82 (m, 2F). Mass Spec. calcd for C;oH9F4Cl: 240.032, found:
240.

1-chloro-4-octyltetrafluorobenzene (13b). Compound 13b was prepared by the
same procedure used for 13a. Distillation yielded 13b as a colorless liquid at 90 °C - 96
°C/200 mtorr with more product collected at the high temperature. 89% yield. 'H NMR
(500 MHz, CDCl3) § 2.7116 (t, J = 7.6 Hz, 2H), 1.58 (pentad, J = 7.4 Hz, 2H), 1.29 (m,
10H), 0.88 (t, J = 7.0 Hz, 3H). 19F NMR (470.56 MHz, CDClI3, referenced on CFCl3 in
benzene = 0.0 ppm) & -142.50 (m, 2F), -143.79 (m, 2F). Mass Spec. calcd for
C14H17F4Cl: 296.095, found: 296.

6-octyl-5,7,8-trifluoro-1,2,3,4-tetrahydro-2,3-(benzylidenedioxy)-1,4-
ethenonaphthalene (14b). Compound 13b (1.1187 g) and compound 9 (0.5045 g) were
each dissolved in 5 mL of ether in separate flasks and then the two solutions were
combined. After cooling this combined solution to 3 °C 2.53 mL of 1.57 M n-butyl
lithium was added over 25 minutes. The reaction was stirred at 3 - 5 °C for an additional
20 minutes and then at room temperature for 1.5 hours. The flask was then cooled to 5
°C and 1.25 mL of 1.57M n-butyl lithium was added over 15 minutes. After stirring for

30 minutes at 5 °C the reaction was quenched by adding 2 mL of water. The total
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mixture was added into 30 mL of water and this was extracted with (4 x 100 mL) of

ether. After drying over magnesium sulfate, the ether was evaporated to yield a viscous
oil. The product could not be recrystallized, so it was purified by column
chromatography. The silica gel column was eluted first with 5% ethyl acetate/hexane
then 10% ethyl acetate/hexane then 20% ethyl acetate/hexane. Product was obtained as
0.4483 g (40%) of a viscous yellow oil after removal of solvent. !H NMR (300 MHz,
CDCI3) 6 7.50 (m, 2H), 7.38 (m, 2H), 6.61 (m, 2H), 5.80 (s, 1H), 4.67 (m, 2H), 4.33 (br
s, 2H), 2.64 (t, J = 7.7 Hz, 2H), 1.56 (m, 2H), 1.27 (m, 12H), 0.88 (t, ] = 6.5 Hz, 3H). 1°F
NMR (470.56 MHz, CDCl3 referenced on CFCl3 in benzene = 0.0 ppm) 8 -129.60 (d, J =
18.8 Hz, 1F), -141.67 (d, J = 22 Hz, 1F), -150.54 (t, J = 20.5 Hz, 1F).

5-butyl-1,8-dihydro-1,8-etheno3,4,6-trifluoronaphthalene (15a) by reaction of
13a with benzene. Under argon, 0.5071 g of 13a was dissolved in 12.5 mL of ether.
This solution was cooled to -78 °C in a dry ice/acetone bath and then 1.4 mL of 1.57 M n-
BuLi in hexanes was added over 15 min. The solution was stirred for 40 min during
which time the bath temperature rose to 60 ‘C. Next, 83 mL of dry benzene was added
over 1 hour while warming the solution to 10 °C. The solution was then stirred overnight
and then heated at 35 °C for 2.5 hours. After this, 200 mg of ammonium chloride was
added. After evaporating the solvent, the remaining residue was added into 15 mL of
water and 4 mL 1M HCI and then extracted with 5x30 mL of ether. The combined ether
layers were dried with magnesium sulfate. Removing the ether yielded a yellow oil. 'H
NMR of this oil showed 43% 15a. The oil was distilled under vacuum and a few drops of
15a were collected as a colorless oil at 86 °C/10 mtorr. The remainder of the oil formed a
dark tar that looked like polymer by !H NMR. !H NMR (500 MHz, CDCI3) & 6.89 (m,
4H), 5.26 (m, A-B splitting, 2H), 2.57 (t, J = 7.6 Hz, 2H), 1.50 (pentad, J = 7.6 Hz, 2H),
1.33 (sextet, J = 7.5 Hz, 2H), 0.91 (t, J = 7.3 Hz, 3H). 19F NMR (470.56 MHz, CDCl3,
referenced on CFCl3 in benzene = 0.0 ppm) d -153.69 (t, J = 20.5 Hz, 1F), -145.84 (d,J =
22.1 Hz, 1F), -133.46 (d, ] = 17.9 Hz).
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5-octyl-1,8-dihydro-1,8-etheno3,4,6-trifluoronaphthalene (15b) by alkylation

of 21. The procedure was analogous to that described for the synthesis of 22.
Compounds 15a and 15¢ were also prepared by this method and had nearly identical
NMR spectra except for the alkyl region of the spectrum. 'H NMR (500 MHz, CDCl3):
0 6.89 (m, 4H), 5.27 (m, 2H), 2.56 (t, ] = 8 Hz, 2H), 1.52 (m, 2H), 1.27 (br m, 12H), 0.88
(t,J =7 Hz, 3H). 1F NMR (500 MHz, CDCl3): §-133.5 (d, J =20 Hz, 1F), -145.8 (d, J
= 24 Hz, 1F), -153.7 (d, J = 22 Hz, 1F). Anal. Calcd for CooH23F3: C, 74.97; H, 7.24
Found: C, 74.85; H, 7.34.

1-bromo-4-octyltetrafluorobenzene (17). Compound 17 was prepared by the
same procedure used for 13. Distillation yielded 17 as a colorless liquid at 90 °C - 96
°C/200 mtorr. Total yield was 3.5 g of 17 (63%). 1H NMR (500 MHz, CDCl3) §2.7116
(t,J =7.6 Hz, 2H), 1.58 (pentad, J = 7.4 Hz, 2H), 1.29 (m, 10H), 0.88 (t, J = 7.0 Hz, 3H).
19F NMR (470.56 MHz, CDCl3 referenced on CFCl3 in benzene = 0.0 ppm) & -134.82
(m, 2F), -143.24 (m, 2F). Mass Spec. calcd for C14H17F4Br: 340.044, found: 340 and
342.

5-alkyl-1,8-dihydro-1,8-etheno3,4,6-trichloronaphthalene (22). Under argon,
14 g of tetrachlorobenzobarrlene, 2, were dissolved in 150 mL of dry THF and cooled to
-78 °C. To this was added 31.5 mL of 1.6M n-BuLi over 20 minutes. The reaction,
which turned dark purple, was stirred for 30 minutes. 10 equivalents of an alkyl iodide
was added then to yield a cloudy mixture, or a solid with the higher melting iodides. The
reaction was then removed from the dry ice acetone bath and allowed to warm to room
temperature over several hours. After stirring overnight, THF was removed on by rotary
evaporator and the remaining solution was diluted with 100 mL CHCl3. This solution
was extracted with HCI (120 mL of 0.2M HCl) and brine (2x100 mL). After removing
solvent by rotary evaporator the excess iodide was removed by distillation. To prevent
retro Diels-Alder reaction of the benzobarrelene, the heating bath temperature was kept

below 100 °C. The remaining oil was further purified by column chromatography
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(silica/hexane) to yield a clear viscous liquid in 80 - 90% yield. Data presented is for

undecyl substituted 22b. Compounds 22a and 22c¢-e were also prepared by this method
and had nearly identical NMR spectra except for the alkyl region of the spectrum. 1H
NMR (CDCI3): 86.91 (m, 4H), 5.43 (m, 2H), 2.83 (t, J = 9 Hz, 2H), 1.25 (bs, 18H), 0.88
(t, J = 7.5 Hz, 3H). Anal. Calcd for Co3H29Cl3: C, 67.08; H, 7.10 Found: C, 67.17; H,

7.04.
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Chapter 2

A New Efficient Synthesis of Substituted
Bicyclo[2.2.2]octatrienes (Barrelenes)
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Abstract: An efficient route to bicyclo[2.2.2]octatriene, barrelene, and substituted
versions of this molecule has been developed starting from the benzene equivalent cis-
3,5-cyclohexadiene-1,2-diol. Following the Diels-Alder reaction of this molecule with an |
activated acetylene, conversion of the diol to the final olefin was accomplished through
formation of a thiocarbonate intermediate and subsequent reaction with 1,3-dimethyl-2-
phenyl-1,3,2-diazaphospholidine (DPD). The synthesis developed allows a variety of
barrelenes to be prepared in as few as three steps from commercially available starting

materials.
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Introduction

Since the synthesis of bicyclo[2.2.2]octatriene, barrelene, was first reported by
Zimmerman,l2 there has been considerable interest in the synthesis and study of this
compound and its derivatives.> Several syntheses of barrelene have been subsequently
reported which allow this compound to be prepared by shorter routes than the original
procedure.#'10 These routes have generally not been applied to the synthesis of
substituted barrelenes, however. Conversely, methods employed for the synthesis of
substituted barrelenes'120 have generally not been applied to the synthesis of

unsubstituted barrelene.?!

One reason for this is that barrelenes such as dicyano- and
bistrifluoromethylbarrelene are synthesized by the Diels-Alder reaction of highly
activated acetylenes, dicyanoacetylene and hexafluoro-2-butyne, with benzene. This
same procedure has not be used to prepare unsubstituted barrelene since acetylene is not
sufficiently activated to undergo an efficient Diels-Alder reaction with benzene. In fact,

5

while dicyanobarrelene!® is obtained in 63% yield by this procedure,

1113 j5 produced in yields of only 8-10<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>