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Abstract: Electron paramagnetic resonance (EPR) spec-
troscopy was successfully used for the first time to follow
the Bergman cyclization of bis-ortho-diynyl arene (BODA)
compounds. Five BODA monomers with different spacer (X)
and terminal groups (R) were compared. In situ polymeri-
zation via EPR spectroscopy yielded first-order rate expres-
sions. Monomers with spacer -O- or -C(CF3)2 and terminal
group R ) Ph exhibited similar kinetic behavior upon
thermal polymerization, whereas monomers with pyridine
and thiophene terminal groups gave significantly higher
rates of polymerization over phenyl-terminated derivatives.
A model compound, 1,2-bis(phenylethynyl)benzene, was used
to probe the polymerization mechanism, and radical inter-
mediates were found to be stable indefinitely at room
temperature.

The Bergman1,2 cyclization of enediynes to reactive
diradical intermediates has been studied extensively for
the development of antitumor drugs. More recent work
has shown that the thermal cyclorearrangement can also
be used to synthesize linear3 and network polynaphtha-
lenes and precursor resins for glassy carbon micro-/
nanostructures.4-6 Since linear polynaphthalenes are
difficult to process, our synthetic strategy has been
focused on bis-ortho-diynyl arene (BODA) compounds,
which polymerize to form branched intermediates around
200 °C with variable intact latent enediyne functional
groups (Scheme 1).

Here we report the first EPR spectroscopic results that
begin to reveal the nature of the diradical species
involved during BODA polymerization.

Bergman cyclopolymerization of BODA monomers af-
ford branched and ultimate network polymers via diradi-
cal intermediates (Scheme 1). To date, very little work
has been reported concerning EPR studies of radicals

formed during the cyclization of enediynes.8 For this
study, five different BODA monomers (1-5, Scheme 1)
were used. Monomers were synthesized via a three-step
protocol from commercial bisphenols as reported else-
where (Scheme 1).4,11 Powdered samples were placed in
a quartz EPR tube and then heated between 200 and 210
°C. The EPR spectra of monomers 2 and 4 heated at 210
°C are shown in Figures 1 and 2, respectively.

Radicals formed during the polymerization of mono-
mers 1-4 exhibit EPR signals with significant intensi-
ties. The shapes of these signals, however, are different
and depend on the terminal group. Monomers with
phenyl terminal groups (1 and 2, Figure 1) exhibit
different EPR spectra with unresolved hyperfine splitting
compared to monomers 3 and 4 (Figure 2). The second
derivative of the EPR spectrum of monomer 2 suggests
the possibility of splitting by two equivalent Ms ) 1/2
nuclei to yield a triplet.

These data also show that the spacer group does not
significantly influence the g factor value (Table 1), and
therefore it does not appreciably modify the nature of the
radical.9 In some cases, the g factor is sufficiently
different from the free-spin radical value (2.0023), thus
providing information about spin-orbit coupling and
structural information of the paramagnetic species. The
g factor value changes with the terminal group and
increases from phenyl to thiophene. These values are
always lower than the free-spin g factor (2.0023), but the
monomer with the thiophene terminal group exhibits a
value very close to the reference value (2.0023) (Table
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SCHEME 1. Synthesis and Cyclopolymerization of
BODA Monomers
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1). It appears that only the terminal group influences the
nature of the radical for the compounds studied to date.

BODA copolymerization with different monomer con-
centrations gives EPR spectra with significantly different
shapes. When 25 mol % monomer 4 and 75 mol %
monomer 2 are used, signals can be observed (Figure 3)
that are similar to the spectrum of monomer 2 and the
g-value is exactly the same as that of monomer 2,
(2.0018). For a 50/50 molar ratio, the signal is a smooth
curve (Figure 4), however, with a g-value of 2.0020 (Table
2), which is between the g-value for the homopolymeri-
zation of monomers 2 and 4.

Polymerization was also performed with model ene-
diyne 1,2-bis(phenylethynyl)benzene at 200 °C, and in
this case hyperfine splitting is clearly resolved (Figure
5). In the presence of a radical trap, N-tert-butyl-R-
phenyl-nitrone, the spectrum observed corresponds to

that of the nitroxide group (Figure 6).10 Moreover, to
reveal if there are one or at least two different species
involved in the polymerization, experiments at 210 °C
were recorded at three different microwave power set-
tings (Figure 7). These results indicate that the ratio of
the two central peaks depends on the attenuation, while
others do not, suggesting the presence of at least two
different radical species, the concentration of which
depends on the polymerization time. Experiments were
then followed at two different powers over time (Figures
8 and 9). By comparison, it is clear that although an
increase in the concentration in one of the species with

(10) Ramkumar, D.; Kalpana, M.; Varghese, B.; Sankararaman, S.;
Jagadeesh, M. N.; Chandrasekhar, J. J. Org. Chem. 1996, 61, 2247.

FIGURE 1. EPR spectrum of poly-2 at 210 °C.

FIGURE 2. EPR spectrum of poly-4 at 210 °C.

TABLE 1. EPR Parameter Values for Polymerization of
BODA Monomers

BODA monomers g factor line width (G)

1 2.0018 4.0
2 2.0018 5.0
3 2.0020 5.4
4 2.0022 6.2
5 2.0018 5.0

FIGURE 3. EPR spectrum of copolymer poly(2-co-4) (3/1
mol) after 10 min at 210 °C.

FIGURE 4. EPR spectrum of copolymer poly(2-co-4) (1/1
mol) after 10 min at 210 °C.

TABLE 2. EPR Parameter Values for Polymerization of
BODA Copolymers

BODA monomers and copolymers g factor

monomer 2 2.0018
monomer 4 2.0022
2-co-4 (50/50) 2.0020
2-co-4 (75/25) 2.0018
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time is measured, the ratio of the two central peaks
remains constant upon changing the attenuation. The
intermediate of the reaction could be a symmetric diradi-
cal, or it could be a nonsymmetric diradical due to the
polymerization of only one branch. An unambiguous
spectral simulation is not reasonable at this time due to
the presence of too many species.

Polymerization of 3,3′,4,4′-tetra(phenylethynyl)bi-
phenyl (monomer 5, Scheme 1) was performed at 210 °C
(Figure 10). The spectrum exhibits unresolved hyperfine
splittings and is comparable to that observed for mono-
mer 2. Only 1,2-bis(phenylethynyl)benzene gives distinc-
tive peaks due to a symmetrical environment. On the
contrary, with monomers 1-5, the two radicals do not
have exactly the same environment.

Kinetic data were obtained by using double integration
of the first derivative spectra, while radical concentra-
tions were normalized against time. The radical concen-

tration derived from BODA monomers follow a first-order
rate expression as described previously using calorimetric
techniques.5 For monomers 1 and 2, the rate constants

FIGURE 5. EPR spectrum of poly(1,2-bis(phenylethynyl)-
benzene) at 200 °C.

FIGURE 6. EPR spectrum of poly(1,2-bis(phenylethynyl)-
benzene) at 200 °C in the presence of N-tert-butyl-R-phenyl-
nitrone.

FIGURE 7. EPR spectra of poly(1,2-bis(phenylethynyl)ben-
zene) at 210 °C at different attenuation.

FIGURE 8. EPR spectra of poly(1,2-bis(phenylethynyl)ben-
zene) at 210 °C with an attenuation of 25 db.

FIGURE 9. EPR spectra of poly(1,2-bis(phenylethynyl)ben-
zene) at 210 °C with an attenuation of 10 db.
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were calculated to be 4.7 × 10-4 and 2.3 × 10-4 s-1 by
EPR, respectively, compared to 4.1 × 10-5 and 2.8 × 10-5

s-1 by DSC, respectively.5 These values are reasonably
close at this stage of error analysis for the EPR data, and
a more rigorous evaluation of the kinetic data will be the
subject of another report. First and foremost, the study
of BODA monomers 1 and 2 clearly proves that polym-
erization of monomers with different spacers (-O-,
C(CF3)2) and with the same terminal group (Ph, Scheme
1) does not show significant differences, which agrees well
with our earlier report (Figure 11).5,11 It also appears that
the terminal group plays an important role on the trans-
alkyne distance and also a significant effect on the overall
polymerization rate. The rate of polymerization is sig-
nificantly increased when pyridine replaces phenyl as the
terminal group. This is presumably due to the electron-
withdrawing nature of pyridine, which leads to less steric
repulsion of the incoming π-orbital in the proposed
cyclization transition state.12,13 The increased rate with
thiophene as a terminal group provides additional sup-

port for this hypothesis. Thus, a larger terminal group
will increase the interalkyne distance and decrease the
rate of cyclization.

Kinetic and lifetime data of long-lived radicals were
also studied by EPR.14,15 The radicals seem to be very
stable and EPR signals could be observed even after three
weeks at room temperature. Monomer 1 was heated to
200 °C for 120 min and then cooled to 27 °C (Figure 12)
where after 1 h at room temperature, radicals are still
present; moreover, their concentration increases signifi-
cantly for 20 min and remains for at least three weeks
for monomers 1-4. The same experiment was repeated
for monomer 2 as illustrated in Figure 13 (see Supporting
Information).

Radical species involved in Bergman cyclopolymeriza-
tion of bis-ortho-diynyl arenes have been detected by EPR
spectroscopy. Kinetic studies clearly indicate that ter-
minal groups play an important electronic and steric role
on the polymerization rate. However, spacer groups do
not significantly affect the kinetics. Unusual long-lived
aromatic radical species were detected for several weeks
at room temperature.

Acknowledgment. We thank the National Science
Foundation (CAREER Award DMR-9985160), The Army
Research Office (DAAD19-00-1-0114), and South Caro-
lina EPSCoR for financial support. We also thank NSF
Chemistry Division (Grant CHE0135786 ) for generous
support of this work. The helpful advice of S. Stuart
(CU) is also acknowledged. D.W.S. is a Cottrell Scholar
of Research Corporation.

Supporting Information Available: Experimental de-
tails, structure of 1,2-bis(phenylethynyl)benzene, and Figure
13 showing a graph of the long-lived radical species from
monomer 2 after 200 °C for 2 h. This material is available free
of charge via the Internet at http://pubs.acs.org.

JO049198M

(11) Perera, K. P. U.; Krawiec, M.; Smith, D. W., Jr. Tetrahedron
2002, 58, 10197.

(12) Kim, C.-S.; Russell, K. C. Tetrahedron Lett. 1999, 40, 3835.
(13) Kim, C.-S.; Russell, K. C. J. Org. Chem. 1998, 63, 8229.

(14) Kispeter, J.; Horvath, L. J.; Szabo, I. Radiat. Phys. Chem. 1999,
55, 757.

(15) Hirama, M.; Akiyama, K.; Tanaka, T.; Noda, T.; Iida, K.; Sato,
I.; Hanaishi, R.; Fukuda-Ishisaka, S.; Ishiguro, M.; Otani, T.; Leet, J.
E. J. Am. Chem. Soc. 2000, 122, 720.

FIGURE 10. EPR spectrum of poly-5 at 210 °C.

FIGURE 11. Kinetic plots for BODA polymerization at 210
°C.

FIGURE 12. Long-lived radical species from monomer 1 after
200 °C for 2 h.
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