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Three geometric isomers from the thermal isomerization of methylene-4,4"-bis(endo-N-phenylbicyclo-
[2.2.1]hept-2-ene-5,6-dicarboximide) (I) were chromatographically separated and isolated. Nmr spectroscopy
was used to assign endo-endo (1), endo-exo (II), and exo-exo (III) configurations to each compound. The three
isomers, which serve as model compounds for norbornene end-capped polyimides, were then characterized
by several chromatographic, spectroscopic, and thermal techniques. Upon heating, each isomer was found to
establish an equilibrium mixture of all three isomers. The possibility that the compounds react by different

mechanisms in air and in nitrogen is proposed.

J. Heterocyclic Chem., 20, 177 (1983).

Introduction.

Norbornene end-capped imide oligomers display consi-
derable promise for use in various aerospace adhesive and
composite applications (1). These materials were
developed (2-4) in an effort to retain the superior thermal
performance of linear condensation polyimides without
paying the inherent penalties of evolution of volatiles dur-
ing cure and generally poor processability associated with
that class of polymers. The mechanism by which these
end-capped oligomers cure has been the subject of several
recent investigations (5-9). Those investigations, primarily
concerning N-phenylnadimide (IV) and bis-nadimide mix-
tures, have established an endo-exo isomerism of the nor-
bornene group prior to addition-type chain extension
through the reactive double bonds. However, several key
intermediates have never been reported. This article ad-
dresses these compounds; specifically, the endo-endo (1),
endo-exo (II) and exo-exo (I1I) geometric isomers from the
thermal isomerization of (I) (See Chart 1).
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This effort to increase the fundamental understanding
of norbornene end-capped oligomers involved the reaction
of compound I under mild thermal conditions which ren-
dered the product mostly soluble. The thermal isomeri-
zation product was chromatographically prepped and

isomers (I) (starting compound), (II) and (III) were
recovered. Each isomer was then characterized by a varie-
ty of chromatographic, spectroscopic, and thermal techni-
ques. The results of this study are intended to provide in-
sight into the thermal cure of norbornene terminated
polyimide systems.

Results and Discussion.
Chromatography and Spectroscopy.

The existence of endo-exo isomerism in norbornene
containing compounds is well known (5-9). How this iso-
merism relates to the cure mechanism of norbornene end-
capped polyimides is still in question. Previous work in
this laboratory showed that when compound I was heated
in air to 285°, slightly above its fusion endotherm, 35% of
the product remained soluble (10). Figure 1 gives the
analytical hple chromatogram obtained on this soluble
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Figure 1. Analytical chromatogram of starting com-

pound I heated to 285° in air for 1 hour.
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Table I

13C and 'H Chemical Shifts for Geometric Isomers
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C23 Cia GCs6 C7
N-Phenylnadimide IV (a)

endo 455 458 1346 522

exo 478 458 1380 429

Prepped Fraction

6 (exo-exo I1I) 479 458 138.0 430

9 (endo-exo II) 455 458 1346 522
479 458 138.0 43.0

13 (endo-endo 1) 45.5 458 1346 522

Hp3 Hyj4 Hsg H7g
N-Phenylnadimide IV (a)

endo 351 345 627 1.79, 1.62

exo 287 342 636 161, 1.50

Prepped Fraction

6 (exo-exo 11I) 284 340 635 1.55, 150

9 (endo-exo 1) 349 342 625 1.71, 1.62
283 342 635 155 1.50

13 {(endo-endo 1) 350 343 625 1.70, 1.62

(a) From Reference (5).
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Figure 2. Preparative chromatogram of heated starting
compound 1.

portion. Three major peaks, initially assumed to be
associated with endo-exo isomerism, are apparent in the
chromatogram. Peak C, the only peak observed before
heating, is starting material (I). The isolation and
characterization of these major peaks was the prime objec-
tive of the present research.

To obtain sufficient sample for further study, 1.00 g of
starting material was heated for one hour in air at 273°, a
slightly lower temperature than previously employed (10).
This time, approximately 87% of the residue remained
soluble. The soluble portion was injected onto a
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Figure 3. Analytical chromatograms of prepped frac-
tions.

preparative chromatographic column and, as shown in
Figure 2, 13 fractions were collected. A sample of each col-
lected fraction was re-injected under analytical conditions
to establish identity and purity. As summarized in Figure
3, fractions 6, 9, and 13 contained the particular peaks of
interest. Chromatographic peaks A, B, and C, represen-
ting 21.4, 38.3, and 14.6%, respectively, of the total peak.
area for the crude sample, were recovered in 83.8, 92.3,
and 93.6% purity. Thus, the preparative technique was
quite efficient in purifying the components in the crude
sample. The three recovered products were then charac-
terized without further purification.

Figure 4 shows '*C nmr spectra of prepped fractions 6,
9, and 13. Table I summarizes chemical shift data. By
comparing chemical shifts with previously reported data
for endo and exo isomers of N-phenylnadimide (IV) (5),
peak A, contained in fraction 6, was identified as due to
the compound where both norbornene end groups are in
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the exo (III) configuration. Peak C represented the com-
pound with both end groups in the endo (I) configuration.
Peak B had features common to both configurations and is
obviously due to the endo-exo (II) isomer. The 'H-nmr
chemical shifts for these three isomers are included in
Table 1. The observed values also agree with previously
reported data (5). The nmr spectra provided the most con-
vincing evidence as to the identity of the components in
the three chromatographic peaks of interest.

Mass spectra of the three isomers, shown in Figure 5,
were quite similar. The actual sample temperature during
mass spectral analysis was approximately 100°, too low to
cause the compounds to react or isomerize. Thus, the spec-
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Table II

Imide IR Absorption for Geometric Isomers

Frequency, cm~

179

Assignment (a) Cc=0 Cc=0 C-N-C C-N-C C-N-C
Asymmetric Symmetric Axial Transverse Out-of-plane
stretch stretch vibration vibration vibration
Isomer
endo-endo 1 1772 (w) 1706 (s) 1380 (m) 1183 (m) 721 (w)
endo-exo 11 1773 (w) 1705 (s) 1381 (m) 1184 (m) 721 (w)
exo-exo 11 1774 (w) 1709 (s) 1376 (m) 1195, 1178 (sp) (m) 721 (w)
Other (b)
endo-N-phenylnad-
imide IV 1769 (w) 1703 (s) 1377 (m) 1183 (m) 725 (w)
endo-endo 1 1772 (w) 1708 (s) 1377 (m) 1180, 1168 (sp) (m) 721 (w)
(a) From reference (11). (b) Highly crystalline starting materials.
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Figure 5. Mass spectra of isomers. Figure 7. Dsc thermograms of geometric isomers.
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Figure 9. Tga thermograms of geometric isomers in air
and in nitrogen.
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Figure 10. Hplc of geometric isomers heated to 260° in
air.

rations. Peaks at m/e 424 and 358 correspond to the loss of
one and two molecules of cyclopentadiene (m/e 66) from
the molecular ion peak at m/e 490. The m/e 186 peak
resulted from fragmentation at the methylene group con-
necting the aromatic rings. The m/e 91 peak is possibly
due to tropylium ion.

Infrared spectra were understandably similar. Table II
lists the five bands associated with imide ring vibrations
(11). This absorption, based on the imide portion of the
molecule, could not be used to distinguish between the
three isomers. However, a possible correlation can be
made by comparing the aliphatic C-H stretching and ske-
letal vibration regions of the spectrum between 3000-2800
cm™ and 900-700 cm™, respectively. These regions are
shown in Figure 6. Careful FTir inspection revealed that
the exo-exo isomer had a band at 2969 cm™ which was ab-
sent in the spectrum of the endo-endo isomer. This band
(2969 cm™) appeared as a shoulder in the endo-exo isomer
spectrum. The exo-exo isomer also had a unique band at
785 cm™ while the endo-endo isomer exhibited a unique
band at 843 cm™'. These two bands are of intermediate in-
tensity in the endo-exo isomer spectrum. Correlations in
this region are particularly apparent if peak heights are
made relative to the 721 cm™ imide band. These observa-
tions, probably associated with the norbornene portion of
the molecule, are not expected to be useful in determining
isomerism in-cured systems where ir absorption tends to
be broader and less well defined.

Thermal Analysis.

Figure 7 shows differential scanning calorimetry (dsc)
thermograms of the three prepped samples run in air. The
compounds appeared to soften and then undergo fusion.
Since these compounds were only about 90% pure, the
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thermal transitions are not well defined. However, a puri-
fied endo-endo sample was extensively studied both in air
and in nitrogen. In air, the melt endotherm peaked sharp-
ly at 256°. In nitrogen, a small endotherm at 256° followed
by a larger endotherm at 265° was observed. The intensity
of the two endotherms appeared to be a function of the
amount of oxygen in the sample atmosphere. To illustrate,
figure 8 shows five dsc thermograms where the oxygen
content in the sample atmosphere varied from 0% (pure
nitrogen) to 20% (air). Calorimetric data is also included
in the figure. Peak I in air and peak II in nitrogen corresp-
pond with visual melting. Peak I increased in intensity
period between ‘‘melting’’ and “‘peak’ while peak II
decreased as the oxygen content increased. The heat con-
tent associated with the two endotherms remained fairly
constant. No explanation is offered for this behavior.
Similar studies were not made on the endo-exo and exo-
exo isomers.

Thermal gravimetric analyses (tga) confirmed the dif-
ferences in thermal behavior in air and nitrogen. Figure 9
gives weight loss curves for the three isomers in both at-
mospheres. These curves suggest that two different cure
mechanisms are occurring. The nitrogen-cured samples
lost the equivalent of 1.5 moles of cyclopentadiene at
300°. With the exception of the endo-endo isomer, the air-
cured samples did not exhibit significant weight loss until
decomposition commenced around 450°. Isothermal
weight loss measurements on samples heated at 330° for
one hour in air and in nitrogen showed the same effect. In
air, the endo-endo isomer lost 4.4% of its original weight;
in nitrogen, it lost 34.5%.

If different mechanisms indeed occur, the ultimate
structure of model compounds cured in the two atmos-
pheres should probably be different. The portions remain-
ing soluble during cure are essentially the same as estab-
lished by hple. All attempts to determine a difference in
molecular structure of insoluble portions by FTir were un-
successful. The reverse Diels-Alder mechanisms initially
proposed by Burns et al. (2) may dominate in nitrogen
while a more direct chain extension without the loss of
cyclopentadiene may dominate in air. The latter behavior
can be explained by mechanisms proposed by Gaylord and
Martan (6) or by Wong et al. (7-9). The apparently diffe-
rent reaction mechanisms in air and in nitrogen may have
implications in the cure of polymeric systems. The en-
vironment in which these materials are cured may be
reflected in their performance.

Thermal Isomerism.

Samples of the exo-exo and endo-exo isomers were each
heated to 260° in air and chromatographically analyzed to
determine whether their individual molecular structure
was retained at this temperature. Figure 10 gives chroma-
tograms for these two samples as well as that obtained for
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the prepped endo-endo isomer also heated to 260°.
Chromatograms before heating are given in Figure 3. The
chromatographs in Figure 10 clearly establish that each
compound isomerized to a mixture of all three compounds
when heated. A more comprehensive study probably
would have shown that the same equilibrium mixture of
isomers is established regardless of the geometric confi-
guration of the initial isomer.

Some novel observations were made while studying
compound V, obtained by using 3,3"-methylenedianiline as

s

the aromatic diamine. The kinetically favored endo-endo
configuration is undoubtedly obtained when the com-
pound is synthesized. Under thermal conditions, this ma-
terial exhibited the same isomerism as the para-oriented
compound. Figure 11 compares the chromatograms of the
two isomers heated to 285° in nitrogen. The amounts of
the various isomerization products were essentially the
same. Figure 11 also shows the chromatogram obtained on
an artificial mixture of the two samples. Endo-endo, endo-
exo, and exo-exo geometrical isomers in this mixed sample
were separated based on the positional orientation of the
amine nitrogens in the methylenedianiline portion of the

=0

O

O:n
O:n

molecule.
Summary.

In summary, three geometric isomers associated with
the thermal isomerism of (I) were chromatographically se-
parated and isolated. Nmr spectroscopy was used to assign
endo-endo, endo-exo, and exo-exo configurations to each
isomer. Fundamental characterization information was
then obtained using ms, FTir, dsc, tga, and hple tech-
niques. Each compound dppeared to thermally isomerize
to an equilibrium mixture of all three compounds prior to
cure. A meta-oriented model compound was shown by hple
to behave in the same manner as the more extensively
studied para-oriented model. Finally, the possibility that
these compounds react by different mechanisms depen-
ding on the sample atmosphere was proposed.

EXPERIMENTAL

General.

Analytical separations were obtained on a Waters Associates
ALC/GPC-244 hplc equipped with a Model 6000A Solvent Delivery Sys-
tem, Model 720 System Controller, and Model 730 Data Module.
Analyses were performed at 254 nm on either Waters y-Porasil (3.9 mm
id x 30 cm) or DuPont Zorbax-Sil (4.6 mm id X 25 cm) columns. Prepa-
rative separations were performed on a Waters PrepLC/System 500 us-
ing a PrepPak-500/Silica column. The mobile phase for all separation
was prepared from chromatographic grade methylene chloride,
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methanol, and 1-propanol. Carbon-13 nmr spectra were run on a Varian
Model XL-100-15 FT-NMR spectrometer (12). Proton nmr spectra were
recorded on a Varian EM-360A spectrometer. Chemical shifts are ex-
pressed in parts per million (§ values) relative to an internal TMS stan-
dard. All experiments were performed at 30° with deuterated chloroform
as the solvent.

Mass spectral data were collected on a Finnigan Model 3300 Quadra-
pole Mass Spectrometer equipped with a Model 6000 Data System.
Samples were introduced into the ion source by a programmable tempe-
rature solid inlet probe. A 70 eV fragmtation spectrum was obtained by
continuously scanning the 10-1000 amu range while the sample was
heated at 3°/minute from the ion source temperature (100°) to a tem-
perature where sufficient sample had vaporized to obtain a usable spec-
trum.

The ir spectra of potassium bromide pellets were recorded on a
Nicolet 3600A FTIR system. All ir absorption values are expressed in
wave numbers (cm™') and intensitities are indicated by the symbols s
(strong), m (medium), w (weak) and sp (split). Thermal analyses were per-
formed on a DuPont Model 990 Thermal Analyzer in combination with a
standard dsc cell. Each sample was weighed and hermetically sealed in
DuPont supplied cups. Premixed gases provided the appropriate sample
atmosphere. Three determinations were made in the time base mode for
each sample and transition areas were measured with a planimeter by
drawing a line from the point where the thermogram departed from the
baseline to where it returned. Peak area was calibrated using indium as
the standard.

Weight loss as a function of temperature was determined on a Perkin-
Elmer TGS-2 Thermogravimetric System. Approximately 2.0 mg samples
were programmed at 2.5°/minute in 15 ml/minute flowing air and
nitrogen.

Preparation of Model Compounds.

Model compounds were prepared under a grant with Mississippi Uni-
versity for Women, Dr. J. Richard Pratt, Principal Investigator (13). In
general, imidized compounds were synthesized by reacting stoichiomet-
ric amounts of the recrystallized or distilled amine with sublimed endo-5-
norbornene-2,3-dicarboxylic anhydride in refluxing glacial acetic acid for
3 hours. The product was precipitated into water, recovered, washed with
water until neutral, and recrystallized from acetone.

Methylene-4,4"-bis(endo-N-phenylbicyclo[2.2.1]hept-2-ene-5,6-dicarb-
oximide) ().

Anal. Caled. for G, H,N,0,.: C, 75.90; H, 5.34; N, 5.71; O, 13.05.
Found: C, 76.03; H, 5.18; N, 5.39; 0, 12.92.

Endo-N-phenylbicyclof2.2.1}hept-2-ene-5,6-dicarboximide (N-phenylnad-
imide) (IV).

Anal. Caled. for C,;H,,NO,: C, 75.30; H, 5.48; N, 5.85; O, 13.37. Found:
C, 75.13; H, 5.41; N, 5.63; O, 13.00.

Methylene-3,3"-bis(endo-N-phenylbicyclo[2.2.1]hept-2-ene-5,6-dicarbox-
imide) (V).

Anal. Caled. for C,,H,N,0,: C, 75.90; H, 5.34.. Found: C, 75.95; H,
5.33.

Thermal Reaction of Model Compound 1.

Compound I, 1.000 g, in a covered ceramic crucible, was placed in a
forced air oven at 273° for 1 hour. Upon cooling, a 1.8% weight loss was
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determined and the residue was extracted with boiling methylene
chloride. Filtration yielded a 13.3% insoluble fraction which was ap-
parently polymer. The soluble portion was obtained upon evaporation of
the solvent.

Preparative Chromatography.

Preparative chromatographic conditions were established on the
analytical chromatograph. The silica prep column was first deactivated
by purging with 2000 ml of 10% 1-propanol in methylene chloride and
then brought into equilibrium with the 1% l-propanol in methylene
chloride mobile phase. Approximately 0.85 g of the thermal reaction pro-
duct in 5 ml of mobile phase was injected. The collection of 13 fractions
was aided by monitoring the developing chromatogram. Solvent was
removed from each fraction on a rotary evaporator and the residue re-
injected under analytical chromatographic conditions to establish purity
and peak identity. Fractions 6 and 7 were combined to give 76.5 mg
(83.8% Ic purity) of what was determined to be the exo-exo isomer. Frac-
tion 9 contained 114.5 mg (92.3% lc purity) of endo-exo isomer, and
fractions 12 and 13 were combined to yield 57.8 mg (93.6% lc purity) of
endo-endo isomer. These three samples were characterized without fur-
ther treatment. Almost 50% of the injected sample was recovered in the
13 collected fractions.
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