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ABSTRACT: The compounds N-phenyl-4-(10-methoxy-9-anthracenylethynyl)phthalimide (1), N-phenyl-
4-(4-methoxy-1-naphthylethynyl)phthalimide (2), and N-phenyl-4-(4-benzonitrileethynyl)phthalimide (3)
were synthesized to probe the effect(s) of electronic subsituents on the thermal curing of aryl—ethynyl
end-capped oligomers using end-cap model compounds. The curing kinetics were analyzed using SEC
and NMR techniques and Arrhenius parameters were determined and compared to the anthracenyl,
naphthyl, and phenyl analogues, 4, 5, and 6, respectively. A thermal curing rate acceleration was attributed
to the electron-donating methoxy functionality. This acceleration is independent from the previously
observed rate acceleration (phenyl < naphthyl < anthracenyl). Analyses of product distribution of 95%
cured model compounds via SEC reveal slight differences between 1 and 4 but no discernible differences
between 2 and 5. The incorporation of the electron-withdrawing group has no effect on the thermal cure
rates, as the curing kinetics of 3 are nearly identical to those of 6. A new end-capping reagent, 4-(4-
methoxy-1-naphthylethynyl)phthalic anhydride (7) was synthesized and further used in the synthesis of
4-methoxynaphthylethynyl end-capped oligomer (4-MeO—NETI-5). By comparison to NETI-5, no
significant changes are introduced by the methoxy- functionality except a reduction in thermal stability
via SEC, DSC, and TGA. The curing kinetics of 4-MeO—NETI-5 were determined by monitoring the change
in Ty and analysis using the DiBenedetto equation. Unlike all analogous oligomers and model compounds
including 2, a second-order rate law describes the curing kinetics of 4-MeO—NETI-5 better than a first-
order rate law. Arrhenius analysis of 4-MeO—NETI-5 using either a first- or second-order rate law results
in indistinguishable Arrhenius parameters, and 4-MeO—NETI-5 cures with a lower E, than NETI-5.

Introduction

In today’'s world of high energy costs and high tech
applications, there continues to be a tremendous need
and challenge for the development of lighter and yet
mechanically more durable composite materials. One
approach that has proven quite successful was initially
developed by NASA involving the thermal cure of imide
oligomers, which, after curing, affords a final resin with
very desirable properties for use in high performance
applications.1713 Others in the field have explored
variations of the phenyl—ethynyl end-capped oligomers
as well as probing the mechanism of the curing
process(es).1*~24 The phenyl—ethynyl end-capped cured
resins in general have shown improved thermooxidative
stability and processability over thermally cured acety-
lene-terminated resins.2>=2° Our research program has
built upon the NASA work and developed a variation
of the phenyl—ethynyl end-capped oligomers that cure
at significantly lower temperatures.141920 We found that
by simply substituting the phenyl moiety with a naph-
thyl or anthracenyl ring a decrease in curing temper-
ature of 30 and 80 °C, respectively, is observed.

The reactions that lead to the cured resin'®?! are most
likely a variety of cross-linking/chain-extension reac-
tions involving the acetylene moiety.1617:21 Although the
reaction(s) leading to the cured resin are not fully
understood, recent studies of the thermal cure of small
compounds that model the end cap have revealed
valuable information on the curing process.10.14.18-21.24
There continues to be a good correlation between the
thermal cure Kkinetics of small model compounds with
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the kinetic data to the analogous end-capped oligo-
mers;10.19-21.24 thys, justifying the continued use of
model compounds as a tool for probing both the curing
mechanism and evaluating potentially useful new end
caps.

As mentioned above, we recently reported that the
9-anthracenylethynyl end cap effectively lowers the cure
temperature by a remarkable 80 °C. We find it interest-
ing that the rate accelerations shown in our work are
not accompanied by any significant changes in the
energy of activation (E,) but, instead, by changes in the
Arrhenius parameter (A), which accounts for stereo-
electronics, collisional parameters, etc. In one recent
study, researchers noted that electron-withdrawing
substituents (e.g., imide vs ketone) on the backbone side
of the ethynyl unit were found to accelerate thermal
curing rates.'® In addition, data has been presented
indicating that electron-withdrawing groups located in
the 4-position of the terminal phenyl ring accelerate the
curing of imide oligomers.2® These data, in conjunction
with our aryl—ethynyl kinetic data, suggest the impor-
tance of stereoelectronic effects in the curing process.

To further study the substituent effects on the aryl—
ethynyl systems and to continue our efforts of identify-
ing useful new end-capping reagents, we now report the
synthesis and subsequent thermal curing kinetics of
naphthyl— and anthracenyl—ethynyl model compounds
and analogous oligomers bearing electronically different
substituents.

Results and Discussion

Synthesis of Model Compounds and End-Capped
Oligomers. The model compounds N-phenyl-4-(10-
methoxy-9-anthracenylethynyl)phthalimide (1), N-phenyl-
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4-(4-methoxy-1-naphthylethynyl)phthalimide (2), and
N-phenyl-4-(4-benzonitrileethynyl)phthalimide (3) were
synthesized from N-phenyl-4-bromophthalimide and the
appropriate ethynyl precursor using what are now
standard ethynylation techniques (Scheme 1).141930 The
model compounds 1—3 are all very soluble in common
organic solvents and provide spectroscopic data consis-
tent with the structures drawn in Scheme 1.

To ensure consistency of the current work with
previous studies from both our lab as well as others,
the curing Kinetics of N-phenyl-4-(1-anthracenylethy-
nyl)phthalimide (4),'4 N-phenyl-4-(1-naphthylethynyl)-

phthalimide (5),192° and N-phenyl-4-phenylethynylphthal-
imide (6)1419-21.24 were carried out concurrently with the
new substituted end-cap models 1—3.

The new end-capping reagent, 4-(4-methoxy-1-naph-
thylethynyl)phthalic anhydride (7), is prepared by treat-
ing 4-ethynyl-1-methoxynaphthalene with 4-bromoph-
thalic anhydride under standard palladium-catalyzed
ethynylation conditions. Compound 7 is then used in
the preparation of the 4-methoxy-1-naphthylethynyl-
terminated imide oligomer (MeO—NETI-5) using the
procedure reported for the synthesis of PETI-5.12 and
naphthyl—ethynyl-terminated imide oligomer (NETI-
5).1° In addition, we report on the synthesis of the
bromide end-capped analogue, 4-bromo-terminated im-
ide oligomer (BTI-5). Although not used in the present
study, it has tremendous potential for the creation of
reactive end caps placed in position after imidization

or used in the synthesis of block copolymers via catalytic
cross-coupling methodology.

Thermal Curing of Model Compounds 1-6. In a
similar manner, as we reported previously, a series of
neat samples of each model compound were sealed
under nitrogen atmosphere in glass ampules and uni-
formly heated for varying time periods at various
temperatures ranging from 250 to 350 °C in a calibrated
aluminum heating block.141%20 Thermal curing of all
model compounds in the solvent-free melt was per-
formed to recreate the thermal curing conditions of the
analogous oligomers. Following thermal curing, the
sample vials were removed via suction and the cured
samples were further analyzed. The new model com-
pounds 1—3 exhibited complete solubility before and
after thermal curing in THF at concentrations sufficient
for analysis by SEC.1* In the case of model compound
2, very good solubility in CDCI; before and after curing
made Kinetic analysis by proton NMR spectroscopy
possible!®20 in addition to analysis by SEC. Progress of
the reaction is monitored by measuring the concentra-
tion of the unreacted arylethynyl—imide at selected
times. This is accomplished by using peak integration
and comparison to the normalized trace (SEC analysis)
or the use of an internal NMR standard, 1,2-dichloro-
ethane.

The curing Kkinetics for the new compounds (1—3) and
previous compounds (4-6)141220 are best described by a
pseudo-first order rate law. The slight overlapping of
peaks in the SEC traces inherently introduces error into
each sample. However, a comparison of R? values from
linear regression calculations using first and second
order rate laws consistently indicates that a first-order
rate law describes the experimental data better than
second order at all temperatures. The experimental rate
data is evaluated in an Arrhenius analysis (i.e. 1/T vs
In k) and is presented in Figure 1. Further analysis of
data provides the Arrhenius parameters that are sum-
marized in Table 1.

Arrhenius analysis of 1, 2, 4, and 5 revealed a rate
acceleration attributed to the methoxy functionality, as
1 and 2 cure significantly faster than 4 and 5, respec-
tively, at each temperature. The faster rates are not
accompanied by a reduction in E, values; the E, values
of 1, 2, and the reference compound 5 are statistically
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Table 1. Arrhenius Parameters as Calculated from Experimental Rate Data Using SEC AnalysisP

Macromolecules, Vol. 35, No. 17, 2002

sample 1 2 3 414 519 62
R? 0.971776 0.989121 0.980833 0.997553 0.993 33 0.987886
Ea (kJ/mol) 146(25) 158(17) 178(25) 119(6) 172(14) 181(18)
A (min~1) 4 x 1013 1 x 101 4 x 1013 3 x 10° 6 x 1013 8 x 1016

a Model compound 6 was reevaluated for heating block calibration purposes. The new values are reported and are in good agreement
with previous values.!#1® b The numbers in parentheses represent the error in the last digit(s).
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indistinguishable from each other. In addition to the
rate acceleration provided by the methoxy functionality,
1 cures faster than 2 at all temperatures, establishing
the apparent independence of the acceleration provided
by the aromatic ring from the electron-donating sub-
stituent. Additionally, kinetic analysis of 2 using NMR
is in good agreement with kinetic analysis using SEC
as demonstrated by the similar experimental rate values
using each method. A correlation between kinetic analy-
ses using NMR and SEC was previously noted for model
compounds 5 and 6.1°

Thermal Cure Analysis of 1 and 2 Using SEC and 'H
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Figure 1. Arrhenius analysis of the thermal curing Kinetics
of model compounds 1 (@), 2 (a), 4 (4),** and 5 (m).14%° Solid
data points were collected using SEC analysis. Hollow data
points were collected using *H NMR analysis. Linear regres-
sions were calculated from SEC data only. Solid line represents
new data; dashed line represents previously reported data.41°

Using the experimental kinetic data, model com-
pounds 1, 2, 4, and 5 were cured at sufficient temper-
ature and time necessary for ~95% cure completion. The
cured materials are dissolved in THF and analyzed by
SEC analysis. The latter SEC traces of the cured
products are plotted alongside the SEC trace of the
uncured material (Figure 2). The expanded traces reveal
only slight changes in the product peaks over the 40 °C

[o]

[¢]

temperature range used. In addition, the product peaks
of different model compounds are remarkably similar
to each other, although one difference is noteworthy.
Product traces of 1 and 4 appear to have slight shoul-
ders, on the higher MW side of the major peak for 1, on
the lower MW side for 4. This indicates a slight change
in product distribution due to the presence of the
electron-donating group. Model compounds 2 and 5,
however, both demonstrate nearly identical cured peaks,
suggesting very similar product distribution.

A very interesting comparison of cure data is sum-
marized in Figure 3. Arrhenius analysis of 3 reveals no
significant change in the curing kinetics due to the
electron-withdrawing cyano functionality. The experi-
mental Arrhenius parameters of 3 and 6 are not just
statistically indistinguishable, but nearly identical.
There are some indications that electron-withdrawing
groups (e.g. CF3) have accelerated the curing of imide
oligomers;23 however, our data might suggest that the
acceleration is perhaps due to some secondary process
involving the chemistry of the electron-withdrawing
group (EWG) itself and not the ethynyl linkage.

Analysis of End-Capped Oligomers. SEC analyses
of the new oligomers, MeO—NETI-5, and BTI-5 were
performed by dilution in THF (2 mg/mL) and then
injection onto a Hewlett-Packard 1100 HPLC/SEC
system. Molecular weights in this study are reported
relative to polystyrene standards. The experimental
values of My, and PD of MeO—NETI-5 were found to
correlate well with NETI-5 (Table 2).1°

Analyses of the oligomers using TGA were performed
using a Perkin-Elmer TGA-7. To ensure standardized
drying, each sample was first heated to 250 °C at a rate
of 20 °C/min under a nitrogen atmosphere with a flow
rate of 20 cm3min and immediately cooled. Data were
then collected up to 700 °C at a rate of 20 °C/min with
a nitrogen flow of 20 cm3min. Analysis of the previously
synthesized PETI-5 and NETI-5 indicates similar ther-
mal degradation (Figure 4). Onset of weight loss occurs
at approximately 510 °C and becomes rapid by ap-
proximately 600 °C for both NETI-5 and PETI-5. This
indicates that the naphthyl moiety does not introduce
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SEC Traces of Model Comounds Cured to 95%
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Figure 2. SEC traces of uncured (higher retention time) and
cured 1, 2, 4, and 5. Cured traces include data from 95% curing
at all temperatures used in kinetic analysis (1 and 2, 250, 270,
and 290 °C; 4 and 5, 270, 290, and 310 °C).
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Figure 3. Arrhenius analysis of the thermal curing kinetics
of 3 (#) and 6 (a) from Kinetic data collected using SEC

analysis. Linear regression lines are shown. Model compound
6 was reevaluated for heating block calibration purposes.

Table 2. SEC and DSC Data for Oligomers MeO—NETI-5

and NETI-5%
sample NETI-5%° MeO—NETI-5
M (g/mol) 2213 2384
PD 1.83 2.38
Tm (°C) 266.4 220.2
Tou (°C) 231.6 199.8
Ty (°C) 266.5 272.1

a significant decrease in thermal stability. Analysis of
MeO—NETI-5 does indicate a decrease in thermal
stability (Figure 5). Onset of weight loss occurs at
approximately 410 °C and continues slowly and steadily
until approximately 550 °C, when rapid decomposition
begins. The slow first stage of thermal decomposition
of MeO—NETI-5 is most likely due to decomposition of
the methoxy functionality. Further weight loss, how-
ever, does appear to roughly correspond to NETI-5.
Analyses of MeO—NETI-5 using DSC were performed
using a Perkin-Elmer DSC-7 at a rate of 20 °C/min
under nitrogen at a flow rate of 20 cm®/min. The first
scan revealed a broad melting peak (Tn) at 220.2 °C.
After the sample was allowed to cool, the second scan
revealed a well-defined uncured glass transition (Tgy)
at 199.8 °C (Figure 6). The sample was next thermally
cured using the standard conditions of 380 °C for 1 h.
A third scan revealed a fully cured glass transition (Tgc)
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Analysis of ArylETH5 Oligomers Using TGA
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Figure 4. TGA traces of arylETI-5 oligomers.

Analysis of NETI5 Oligomers Using TGA

100 -
N
90 - O\
—_ AN
x NN
< 80 MeO-NETHS N
£ A\
£ 70 AR
A\
g Nens—J\—'\
E 60‘_‘ \ \
2 50 \ \‘
40 \
\
30 : , : : i
200 300 400 500 600 700

Temperature (°C)
Figure 5. TGA traces of NETI-5 oligomers.
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Figure 6. Traces of uncured (bottom) and fully cured (top)
DSC scans of MeO—NETI-5.

at 272.1 °C. Although the Ty, of MeO—NETI-5 is
somewhat lower than NETI-5, the Ty value is reason-
ably close. These data suggest that the two final resins
are very similar in structure.

Thermal Cure Analysis of End-Capped Oligo-
mers. Neat samples of MeO—NETI-5 were sealed and
cured as described above. Analyses of the thermal curing
of the end-capped oligomers were performed by moni-
toring the change in Ty as a function of time using the
DiBenedetto equation,31=3* modified for highly cross-
linked networks
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(Tg = To)(Tge — Tgu) = AX/(L — (1 — A)x)

where Tg, Tgu, Tge, 4, and X represent the glass transition
temperature of the sample, the glass transition tem-
perature of the uncured material, the glass transition
temperature of the fully cured material, the ratio of the
isobaric heat capacity of fully cured model compound
to that of uncured model compound, and the reaction
extent (e.g., C/Co = 1 — X), respectively. The experi-
mental values of Ty, and Ty listed in Table 1 were used
in the calculation of reaction extent for each oligomer.
The previously determined value of A for PETI-5 (1 =
0.69),2! which has been successfully applied to other
slightly modified PETI-5 systems,1#1° was used in the
calculations.

Applying a first-order rate law (e.g. In[C/Co] vs time)
to MeO—NETI-5 revealed an apparent systematic de-
viation from linearity. Instead, a second-order rate law
(e.g. 1/[C{/Cq]) was found to describe the reaction much
more accurately. This was found to be true at all three
temperatures at which MeO—NETI-5 was cured, one of
which is shown (Figure 7).

This is the first example of direct contradiction
between model compound and analogous oligomer Ki-
netics out of the many systems we have studied. Either
the dilution of end caps in the oligomer melt reveals a
mechanism that is occurring, but undetectable in 4, or
the thermal cure of 4 reacts with a different mechanism
than the analogous end-capped oligomer MeO—NETI-
5.

Using the experimental rate data, an Arrhenius plot
was constructed (Figure 8). It is interesting to note that
regardless of the choice of rate law (first or second order)
the same Arrhenius parameters are calculated within
experimental error for MeO—NETI-5 and previously
collected NETI-5!° data (Table 3). This justifies the
comparison of E; and A values for the two oligomers,
despite the potentially different mechanisms. MeO—
NETI-5 is found to cure with significantly faster rates
than NETI-5 at the temperatures studied, with a
significantly lower E,.

Concluding Remarks

The synthesis of model compounds bearing electronic
substituents was accomplished and the thermal curing
kinetics were analyzed using established techniques. We
consistently observe first-order rate laws for all model
compounds at all temperatures. The Kinetic data for the
model compounds show that the electron-donating
methoxy substituent accelerates the curing process, and
as before, the change is with based on the Arrhenius
constant and not the energy of activation. Analyses of
the cured model compounds by SEC indicate little or
no dependence of product size distribution on curing
temperature. There does appear to be some small
changes in the cured products for the anthracenyl model
(MeO- vs H); however, the overall product distribution
appears very similar in all model compounds studied
to date. It was interesting to find that the electron-
withdrawing cyano substituent had no measurable
effect on the curing reaction.

The new MeO—NETI-5 oligomer was prepared and
characterized by TGA analysis and indicates a slightly
lower degradation temperature of approximately 400 °C
than PETI-5 or NETI-5, presumably due to the degra-
dation of the methoxy functionality. The curing kinetics
of MeO—NETI-5 reveal the expected increase in cure
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Figure 7. Reaction profile of MeO—NETI-5 using DSC and
DiBenedetto analysis. Data analysis using first order (hollow)
and second order (solid) rate laws are shown with linear
regression and R? values.
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Figure 8. Arrhenius analysis of oligomer thermal curing
kinetics using DSC. NETI-5%° (M) was calculated using first-
order rate data and methoxy-NETI-5 (A) was calculated using
second-order rate data. Linear regression data is also included.

Table 3. Arrhenius Parameters Calculated for NETI-5°
and MeO—NETI-5 Rate Data Calculated Using First- and
Second-Order Rate Laws?

NETI-519 MeO—NETI-5
first order'® second order first order second order
R? 0.997 94 0.99794  0.974499  0.991928
Ea (kJ/mol) 165.3(53) 165.3(53) 115.0(186) 113.0(102)
A (min~1) 2.0 x 1012 2.0 x 1012 1.9 x 108 3.6 x 108

a2 Numbers in parentheses represent error in last significant
digits.

rate at a given temperature; however, the methoxy
group promotes a mechanistic change in the curing of
the polymer. MeO—NETI-5 clearly demonstrates second-
order kinetics, whereas, the thermal cure of NETI-5 is
best described by first-order Kinetics. This is the first
example where we have observed a rate law change in
going from the model compound to the analogous
oligomer. On a final note, regardless of the choice of rate
law, or the driving force behind the rate acceleration
(entropy vs enthalpy), the model studies once again
proved to be valuable in predicting cure rates for the
oligomers. This intriguing change in rate law warrants
further investigation as well as a full analysis of the
mechanical properties of these new, fast curing imide
oligomers.
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Experimental Section

General Methods. All manipulations of compounds and
solvents were done under nitrogen using standard Schlenk line
techniques. Triethylamine (CaH;) and THF (Na) were purified
from were purified by distillation under nitrogen from the
specified drying agents. *H NMR and *C NMR measurements
were performed on either a Varian Mercury 300 MHz or a
Varian Inova 400 MHz instrument. *H NMR and *C NMR
chemical shifts are reported vs the respective solvent residue
peak (*H, 13C: solvent = CDClz, 6 7.25 ppm, 6 76.9 ppm;
solvent DMSO-dg, 6 2.62 ppm, ¢ 36.9 ppm). The compounds
4-ethynylbenzonitrile,?® 4-bromo-1-methoxynaphthalene,3 and
9-bromo-1-methoxyanthracene®” were prepared according to
literature techniques. The compounds 4-bromobenzonitrile,
1-methoxynaphthalene, anthrone, 3,4'-oxydianiline, and 3,3',4,4'-
biphenyltetracarboxylic dianhydride were purchased from
Aldrich Chemical Co. The compounds 1,3-bis(3-aminophenoxy-
)benzene and 4,4'-oxydiphthalic anhydride were purchased
from TCI America and trimethylsilylacetylene was purchased
from GFS Chemicals, Inc. SEC analyses were performed by
dilution in THF (2 mg/mL) and then injection onto a Hewlett-
Packard 1100 HPLC (column: PL 300 x 7.5 mm, 5 um particle
size). Molecular weights are calculated relative to polystyrene
standards. TGA analyses were performed using a Perkin-El
mer TGA-7 at 20 °C/min heating rate under 20 cm®min
nitrogen flow. DSC analyses were performed using a Perkin-
Elmer DSC-7 at 20 °C/min heating rate under 20 cm®/min
nitrogen flow. Elemental analyses were performed at Atlantic
Microlab Inc., Norcross, GA.

Synthesis of N-Phenyl-4-(10-methoxy-9-anthracenyl-
ethynyl)phthalimide (1). To a solution of 9-bromo-1-meth-
oxyanthracene (0.58 g, 2.0 mmol), triphenylphosphine (50
mg,0.19 mmoL), copper iodide (20 mg, 0.11 mmoL), and
palladium bis(triphenylphosphine) dichloride (30 mg, 0.04
mmoL) in triethylamine (10 mL) was added trimethylsily-
lacetylene (0.43 mL, 3.0 mmoL), and the mixture was heated
for 1 h at reflux. The cooled mixture was diluted with ether
(75 mL) and filtered. The solution was washed with H,O (3 x
75 mL), dried over NaSO,, filtered, and solvents were removed
under reduced pressure to yield crude 9-trimethylsilylacety-
lene-1-methoxyanthracene. The crude product was diluted in
methanol (75 mL), 3.5 M KOHq (0.5 mL) was added, and
stirred vigorously for 1 h. The mixture was quenched with H,O
(75 mL) and extracted with hexane (3 x 75 mL). The organic
was dried over Na,SO, and filtered, and solvents were removed
under reduced pressure to yield 9-ethynyl-1-methoxyan-
thracene (0.20 g, 43.1%) that was used without further
purification. A solution of N-phenyl-4-bromophthalimide (0.33
g, 1.09 mmol), triphenylphosphine (30 mg, 0.11 mmol), copper
iodide (10 mg, 0.53 mmol), and palladiumbistriphenylphos-
phine dichloride (15 mg, 0.21 mmol) in triethylamine (5 mL)
was treated with a solution of crude 9-methoxy-1-anthrace-
nylacetylene (0.38 g, 1.63 mmol) in benzene (5 mL) and the
mixture was heated at reflux for 1 h. The cooled solution was
diluted in dichloromethane (200 mL), washed with H,O (3 x
150 mL), dried over Na,SO., and filtered, and the solvents
were removed under reduced pressure. Recrystallization from
toluene afforded N-phenyl-4-(9-methoxy-1-anthracenylethy-
nyl)phthalimide (0.31 g, 62.7%) as a brick red solid. *H NMR
(CDCl3): 6 4.19 (s, 3 H), 7.43—-7.69 (m, 9 H),799(d,J=7.8
Hz, 1 H), 8.09 (d, J =7.8 Hz, 1 H), 8.26 (s, 1 H), 8.36 (d, J =
8.4 Hz, 2 H), 8.63 (d, J = 8.7 Hz, 2 H). 23C NMR (CDCly): ¢
63.6,91.4,98.3, 111.6, 122.7, 123.7, 124.2, 125.6, 126.1, 126.4,
126.5, 127.2, 128.0, 129.0, 129.9, 130.2, 131.4, 132.0, 133.8,
136.6, 154.3, 166.5. Mp 260—265 °C. Anal. Calcd for CsiH1o-
NOs: C, 82.10; H, 4.22. Found: C, 81.35; H, 4.42.

Synthesis of 4-Ethynyl-1-methoxynaphthalene. To a
solution of 4-bromo-1-methoxynaphthalene (1.18 g, 4.98 mmol),
triphenylphosphine (130 mg, 0.50 mmoL), copper iodide (50
mg, 0.26 mmoL), and palladium bis(triphenylphosphine) dichlo-
ride (70 mg, 0.10 mmoL) in triethylamine (10 mL) was added
trimethylsilylacetylene (1.1 mL, 7.78 mmoL), and the mixture
was heated for 1 h at reflux. The cooled mixture was diluted
with ether (75 mL) and filtered. The solution was washed with
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H2O (3 x 75 mL), dried over Na,SO,, filtered, and solvents
were removed under reduced pressure to yield crude 4-trim-
ethylsilylacetylene-1-methoxynaphthalene. The crude product
was diluted in methanol (50 mL), 3.5 M KOH(aq) (0.5 mL)
was added, and the reaction was stirred vigorously for 1 h.
The mixture was quenched with H,O (50 mL) and extracted
with hexane (2 x 75 mL). The organic was dried over Na;SO4
and filtered, and solvents were removed under reduced pres-
sure to yield 4-ethynyl-1-methoxynaphthalene (0.88 g, 97.0%),
which was used without further purification: 'H NMR
(CDCl3): 6 3.59 (s, 1 H),3.96 (s,3H),6.71(d,J =81Hz 1
H), 758 (t, J=7.6 Hz, 1 H), 7.67 (t, 3 = 7.6 Hz, 1 H), 7.73 (d,
J=8.1Hz 1H),8.59(d,J=8.0Hz,1H),841(d, J=8.3Hz
1 H). 3C NMR (CDClg): ¢ 55.3, 103.1, 111.5, 122.0, 124.9,
1255, 125.5, 127.1, 131.6, 134.1155.9.

Synthesis of N-Phenyl-4-(4-methoxy-1-naphthylethy-
nyl)phthalimide (2). A mixture of N-phenyl-4-bromophthal-
imide (0.99 g, 3.3 mmol), triphenylphosphine (90 mg, 0.34
mmol), palladium bis(triphenylphosphine) dichloride (50 mg,
0.07 mmol), and copper iodide (30 mg, 0.16 mmol) in triethy-
lamine (10 mL) was treated with a solution of crude 4-ethynyl-
1-methoxynaphthalene (0.88 g, 4.83 mmol) in benzene (10 mL),
and the resulting mixture was heated at reflux for 2 h. The
cooled mixture was diluted in dichloromethane (150 mL),
washed with H,O (3 x 100 mL), dried over Na,SO4, and
filtered, and the solvents were removed under reduced pres-
sure. Recrystallization from toluene yielded N-phenyl-4-(4-
methoxy-1-naphthylethynyl)phthalimide (0.78 g, 58.6%) as a
yellow solid. 'H NMR (CDClg): ¢ 4.04 (s, 3H),6.83(d,J=8.1
Hz, 1 H), 7.41-7.58 (m, 6 H), 7.66 (t, J = 7.4 Hz, 1 H), 7.75 (d,
J=8.1Hz, 1H),7.91-7.97 (m, 2 H), 8.13 (s, 1 H), 8.32 (t, J
= 9.3 Hz, 2 H). 3C NMR (CDCls3): 6 55.7, 91.3, 93.1, 103.5,
111.5, 122.3, 123.6, 125.2, 125.4, 125.8, 126.1, 126.3, 127.5,
128.0, 128.9, 129.7, 130.4, 131.4, 131.9, 133.9, 136.6, 156.7,
166.5. Mp 227—-231 °C. Anal. Calcd for C,7H17NO3: C, 80.38;
H, 4.25. Found: C, 80.11; H, 4.44.

Synthesis of N-Phenyl-4-(4-cyanophenylethynyl)phthal-
imide (3). A mixture of 4-(N-phenyl)-bromophthalimide (0.89
g, 2.9 mmol), cuprous iodide (0.04 g, 0.21 mmol), triph-
enylphosphine (0.08 g, 0.32 mmol), and bis(triphenylphos-
phine)palladium dichloride (0.04 g, 0.06 mmol) in triethy-
lamine (25 mL) was treated with a solution of 4-ethynylbenzoni-
trile (0.72 g, 5.7 mmol) in benzene (10 mL) and heated for 1 h
at reflux. The cooled reaction mixture was diluted in dichlo-
romethane (150 mL) and washed with H,O (3 x 100 mL); the
organic layer was dried over Na,SO, and decanted, and
solvents were removed under reduced pressure. The crude
product was recrystallized from toluene and dried at reduced
pressure to afford N-phenyl-4-(1-benzonitrileethynyl)phthal-
imide as a light tan solid (0.66 g, 64.5%). 'H NMR (CDCls,
400 MHz): ¢ 7.39—7.45 (m, 3 H), 7.50—7.54 (m, 2 H), 7.64—
7.70 (m, 4 H), 7.92(d, J=7.6 Hz, 1 H), 7.97 (d, J=7.6 Hz, 1
H), 8.09 (s, 1 H). 3C NMR (CDCls, 400 MHz): ¢ 91.3, 91.8,
112.5, 118.1, 123.8, 126.4, 126.7, 126.8, 128.2, 128.7, 129.1,
131.1,131.3,132.0, 132.1, 132.3, 137.4, 166.3, 166.4. Mp 290—
292 °C. Anal. Calcd for C,3H12N20,: C, 79.30; H, 3.47. Found:
C, 78.36; H, 3.52.

Synthesis of 4-(4-Methoxy-1-naphthylethynyl)phthalic
Anhydride (7). A mixture of 4-bromophthalic anhydride (1.32
g, 5.8 mmol), palladium bis(triphenylphosphine) dichloride (82
mg, 0.17 mmol), copper iodide (55 mg, 0.29 mmol), and
triphenylphosphine (0.15 g, 0.58 mmol) in triethylamine (10
mL) was treated with a solution of 4-methoxy-1-naphthy-
lacetylene (1.59 g, 8.73 mmol) in benzene (10 mL) and heated
for 1 h at reflux. The cooled mixture was filtered, and the
precipitate was added to NaHCOg3(ag). (0.5 M, 100 mL) and
allowed to react for 1 h with vigorous stirring. The mixture
was diluted with acetone (125 mL) and filtered. The precipitate
was added to toluene (100 mL), and the mixture was heated
for 1 h at reflux. The cooled mixture was filtered, washed with
toluene (3 x 10 mL), and dried under reduced pressure
affording 4-(4-methoxy-1-naphthylethynyl)phthalic anhydride
(0.92 g, 48.3%) as a bright yellow powder. *H NMR (DMSO-
de): 04.17(s,3H),7.23(d,J=81Hz, 1H),7.76 (t,J=75
Hz, 1 H), 7.86 (t, J = 7.7 Hz, 1 H), 8.03 (d, J = 8.1 Hz, 1 H),
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8.25(d, J = 7.8 Hz, 1 H), 8.33—8.38 (m, 2 H), 8.51-8.57 (m, 2
H). Anal. Calcd for C;1H1204: C, 76.82; H, 3.68. Found: C,
76.70; H, 3.67.

Synthesis of 4-(4-Methoxy-1-naphthyl)ethynyl-Termi-
nated Imide Oligomer (MeO—NETI-5). A solution of 1,3-
bis(3-aminophenoxy)benzene (0.19 g, 0.66 mmol), and 3,4'-
oxydianiline (0.75 g, 3.7 mmol) in N-methylpyrollidinone (35
mL) was treated with 4-(4-methoxy-1-naphthyl)ethynyl anhy-
dride (0.26 g, 0.79 mmol) and 3,3',4,4'-biphenyltetracarboxylic
anhydride (1.17 g, 4.00 mmol), and the solution was allowed
to react 15 h under nitrogen at ambient temperature. The
solution was diluted with toluene (100 mL), the reaction vessel
was equipped with a Dean—Stark trap, and the mixture was
heated at reflux 15 h. The cooled solution was added to H,O
(150 mL), stirred vigorously 30 min, and filtered. The filtrate
was washed successively with H,O (3 x 15 mL) and warm
methanol (3 x 15 mL) and was dried under reduced pressure
and 85 °C 15 h to afford 4-(4-methoxy-1-naphthyl)ethynyl-
terminated imide oligomer (0.88 g, 38%): M, = 2152; PD =
2.38.

Synthesis of 4-Bromine Terminated Imide Oligomer
(BTI-5). A solution of 1,3-bis(3-aminophenoxy)benzene (0.19
g, 0.66 mmol) and 3,4'-oxydianiline (0.75 g, 3.7 mmol) in
N-methylpyrollidinone (35 mL) was treated with 4-bromoph-
thalic anhydride (0.18 g, 0.79 mmol) and 3,3',4,4'-biphenyltet-
racarboxylic anhydride (1.18 g, 4.00 mmol), and the solution
was allowed to react for 15 h under nitrogen at ambient
temperature. The solution was diluted with toluene (100 mL),
the reaction vessel was equipped with a Dean—Stark trap, and
the mixture was heated at reflux 15 h. The cooled solution
was added to H,O (150 mL), stirred vigorously 30 min, and
filtered. The filtrate was washed successively with H,O (3 x
15 mL) and warm methanol (3 x 15 mL) and was dried under
reduced pressure and 85 °C 15 h to afford the 4-bromine
terminated imide oligomer (0.92 g, 41%): M, = 1965; PD =
2.65.
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