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ABSTRACT: We report a high yielding AA—BB type step-growth synthesis of poly(m-phenylene oxides)
(mPOs) by nucleophilic aromatic substitution (SyAr) reactions. Previously, poly(1POs) have proven difficult
to synthesize, especially by SyAr, due to competing cyclooligomer (oxacalixarene) formation. We have found
that the linear (polymeric) vs cyclic (oligomeric) product distribution is strongly dependent on the
substitution pattern of the electrophilic monomer, and a model is described that predicts whether the reacting
monomers will kinetically favor formation of poly(mPOs) or oxacalixarenes. The polycondensation reaction
tolerates a range of functional groups on both reactive monomers, and the synthesized poly(mPOs) have high
thermal and aqueous stability but are readily depolymerized in polar aprotic media.

Introduction

The synthesis and properties of poly(phenylene oxides) (PPOs)
have been studied for over 50 years for their use as thermally
stable polymeric materials.! Research in this area has mostly
focused on para-linked systems, presumably due to their relative
ease of synthesis. PPOs are currently synthesized industrially
from 2,6-disubstituted phenols using copper as the oxidant,” but
they have also been polymerized using other oxidants' and
under Ullman'® conditions. Notably, although nucleophilic
aromatic substitution (SyAr) reactions are extensively utilized
for the industrial synthesis of many poly(aryl ethers) such as
poly(aryl ether sulfones), poly(ether ether ketones), and poly-
(ether imides),’ there are few reports of PPOs synthesized by
SNAr reactions.*

Far fewer examples of isomeric poly(meta-phenylene oxides)
(mPOs), which should be less prone to oxidation® than para-
PPOs, have been reported. Reports from the 1960s discuss the
synthesis of low molecular weight, unfunctionalized poly(mPOs)
by Ullman coupling.® A poly(mPO) containing a nitrile group on
every other monomeric unit synthesized by SNyAr is commercially
available from Idemitsu Kosan (PEN, poly(arylene ether
nitrile),” and this same polymer was also synthesized by Krichel-
dorf and co-workers by SyAr from a silylated 1,3-diphenol by
fluoride-catalyzed polymerization.® Although the tensile strength
and thermal stability are reported to make PEN suitable for use in
engineering applications, no other poly(mPOs) have since been
made available commercially or have appeared in the literature.

Our group’ and others'® have shown that condensation of a 1:1
molar ratio of nucleophilic m-diphenol monomers (1) and elec-
trophilic electron-deficient m-dihalide monomers (2) provides
extremely high selectivity for oxacalix[4]arenes (3) under equili-
brating (thermodynamic) conditions (Scheme 1). Under none-
quilibrating (kinetic) conditions, mixtures of 3, larger cyclic
oligomers (oxacalix[6]arenes, oxacalix[8]arenes, etc.), and linear
oligomers can be isolated.”™!°*"™ The relative absence of
reported poly(mPOs) synthesized by SnAr!! appears to primarily
reflect the propensity of these systems to form oxacalixarenes
even when reacted at high concentrations. During attempts to
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selectively synthesize large oxacalix[n]arenes, we discovered
an operationally simple, one-step AA—BB type step-growth
polymerization that yields poly(mPOs)'? in high yields and
containing diverse functionality. We herein describe the details
of our synthetic investigations in forming poly(mPOs). The
synthesized polymers exhibit high thermal stabilities under a
nitrogen atmosphere or in water but can be readily depolymer-
ized in polar aprotic solvents. Further, the success or failure of
SnAr-based polycondensation reactions to yield poly(mPOs)
has been found to depend on the substitution pattern on the
electrophilic m-dihalide monomer. We describe a model that
predicts, based on the conformational preferences of the
growing aryl ether chains, which systems can be driven to
favor the formation of poly(mPOs) over cyclic oligomers
(oxacalixarenes).

Experimental Section

General Reaction Procedure for Poly(mPO) Formation. Un-
der an inert atmosphere, 1.35 mmol of m-diphenol 5 (1 equiv),
1.35 mmol of the aryl m-dihalide 6 (1 equiv), and anhydrous
DMSO (2.0 mL) were combined. Upon reaching solution
homogeneity, 2 g of freshly, finely ground anhydrous K,CO;
(10 equiv) was added, and the flask was immediately placed in an
oil bath at 100 °C. The reaction was stirred vigorously and
quenched after 40 min by first adding additional DMSO (8 mL)
and then precipitating the polymer into 100 mL of water. After
thorough stirring to break up any large solid particles, the
precipitate was collected by filtering the solution through a
pad of Celite. The filter cake was then washed with acetone,
dissolved in methylene chloride, filtered to remove the Celite,
and concentrated in vacuo.

Results and Discussion

Poly(mPQO) Synthesis. We have previously shown that
condensation of m-diphenol orcinol (5a) with either 4,6-
dichloropyrimidine (6a) or 2,6-dichloropyrazine (7) under
thermodynamic SyAr conditions produces the correspond-
ing oxacalix[4]arenes in high yield, while kinetic condi-
tions furnish mixtures of linear and cyclic oligomers.”®
While investigating alternative kinetic reaction conditions,
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Scheme 1. Oxacalix[4]arene Formation under Thermodynamic Control
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we noticed a divergence in reactivity between electrophiles
4,6-dichloropyrimidine (6a) and 2,6-dichloropyrazine (7).
When employing electrophile 7, increasing the reaction
concentration and using excess base continued to furnish
oligomeric mixtures (vide infra). However, conditions of
high concentration and excess base using isomeric 4,6-di-
chloropyrimidine (6a) at short reaction times preferentially
formed a different product than previously observed. NMR
and GPC'? analysis revealed that this product was poly-
(mPO) 8 (Scheme 2). Optimized polymerization conditions
were found to require 10 equiv of base and a concentration of
675 mM, both with respect to the concentration of orcinol
(5a). While the use of excess base is important for reaction
efficiency, variation of the base identity (Cs,COs, CsF, or
K,CO3) did not have a significant deleterious effect on the
yield of 8. A concentration of 675 mM was considered
optimal because this was the maximum concentration at
which the reaction could be effectively stirred in order to
obtain consistent results.'* The temperature was also opti-
mized to minimize the formation of the corresponding
oxacalix[4]arene 9°° (from 6a + 5a), which is formed pre-
ferentially at higher temperatures (i.e., above 100 °C) at short
reaction times. DMF solvent could also be substituted for
DMSO with a negligible effect on the yield of the polymer
formed."
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Kinetic studies were performed to ascertain the optimal
time for polymerization. The reaction shown in Scheme 2
was conducted containing an internal standard and ana-
lyzed at different time points.'® "H NMR (Figure 1'”) and
GPC (Figure S1) analysis show that at short reaction
times a significant amount of dihalogenated linear trimer
(A, Figure 1) and linear low molecular weight polymer
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Figure 1. '"H NMR spectra of the polymerization reaction from
Scheme 2 analyzed at different reaction times. The spectral region
shown corresponds to the shifts for the red proton. Oxacalix[4]arene (9),
poly(mPO) (8), pyrimidine end groups of linear oligomers (A), and
internal pyrimidine groups of linear oligomers (B) are labeled.

(B, Figure 1) are formed with no evidence of any remaining
monomer 6a. As the reaction proceeds to the intermediate
time points, one distinct 'H resonance corresponding
to poly(mPO) 8 predominates. At the later time points
the polymer degrades, and increasing amounts of oxacalix-
[4]arene 9 are observed. Performing the reaction at 10-fold
dilution for 20 h under the otherwise optimized condi-
tions exclusively yields oxacalix[4]arene 9 (Figure S3),
indicating that not only time but also concentration,
and hence polymer solubility, is extremely important
in governing the product obtained from the reaction.
On the basis of the kinetic data, a 40 min reaction time
was identified as optimal to achieve a high polymer to
oxacalix[4]arene ratio while also minimizing the presence
of linear oligomers.

Poly(mPQO) 8 can be easily separated from oligomeric
contaminants and oxacalix[4]arene 9 by precipitation in
water and washing the solid residue with acetone before
isolating the white, filmy polymer in 93% yield and purity
>95%. Analysis of the acetone wash reveals predominantly
oxacalix[4]arene 9. The synthesis of poly(mPO) 8 was also
conducted on a 13.5 mmol scale (10-fold increase) and
purified by column chromatography with only a minor loss
of the polymer on the silica.'®

The substituents on both the m-diphenol and 4,6-dichlor-
opyrimidine monomers were varied to explore the scope of
this poly(mPO) synthesis (Table 1). The 5-position func-
tional group on the m-diphenol can be changed to an
alternative hydrocarbon (R; = n-pentyl, 10, 87%), electron
withdrawing (R; = CO,Me, 11, 92%), or electron donating
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Figure 2. Mesopore GPC traces of the reactions of 5a with 6a (top) and
7 (bottom) analyzed after 8 min reaction times. Oxacalix[4]arene 9,
poly(mPO) 8, and oxacalix[4]arene 15 are labeled.

Table 1. Scope of Synthesis and Yields of Various Poly(mPOs) from
Substituted m-Diphenols (5) and Dichloropyrimidines (6)“

Ry R

’
N/gN + KZCO3 (10 equiv)
M\ DMSO (675 mM)
Cl Cl HO' OH 100 °C
6 5 40 min
isolated
m-diphenol pyrimidine poly(mPO) R, R,  yield (%)
5a 6a 8 CH; H 93
5b 6a 10 n-pentyl H 87
5¢ 6a 11° CO,CH; H 92
5d 6a 12¢ OCHj; H 91
5b 6b 13 n-pentyl SCHj3 87

5a 6¢ 14 CH; Ph 93

“Reaction conditions unless otherwise noted (10 equiv of K,COs,
DMSO, 40 min, 100 °C).'®” Reaction was run for 3 h. © Reaction was run
for 10 min at 80 °C.

(R; = OMe, 12, 91%) substituent without significant de-
crease in yield. Incorporation of a diphenol substituted with
a hydrocarbon chain such as in olivetol (5b) is useful for
providing additional solubility to the polymer backbone.
The observed rates of polymerization and equilibration
correlated with the nucleophilicity of the m-diphenol mono-
mer, and therefore time and temperature were altered ac-
cordingly to optimize kinetic poly(mPOs) formation. The
reaction time was lengthened (3 h) for the electron-poor m-
diphenol Sc¢, while both a lower reaction temperature (80 °C)
and shorter reaction time (10 min) was optimal for the
electron-rich m-diphenol 5d. Furthermore, substitution is
also tolerated at the 2-position of the pyrimidine electrophile
(R, = SMe, 6b, 87% or Ph, 6¢, 93%) using the standard
reaction conditions, forming poly(mPOs) 13 and 14, respec-
tively. Thus, a variety of pyrimidine-containing poly(mPOs)
are accessible under AA—BB type SNAr conditions.

Effect of Electrophile Substitution. When 2,6-dichloropyr-
azine (7) is reacted with 5a under the optimized conditions
for the formation of 8, none of the corresponding poly(1PO)
is observed. GPC and "H NMR (Flgure S4) analysis of the
reaction mixture analyzed at § min, 30 min, and 20 h reac-
tion times indicates that a mixture of cyclic and linear
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Chart 1. Trimers 16—19 Synthesized from Orcinol 5a and Electrophiles
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oligomers is formed, with oxacalix[4]arene 15 predominating
both kinetically and thermodynamically. Figure 2 contains
the GPC traces at 8 min reaction times for the condensation
of 5a with either 6a (top) or 7 (bottom).'® It is evident that,
even at short reaction times, pyrimidine 6a favors the
formation of polymer while pyrazine 7 favors the formation
of cyclic and linear oligomers.

CHs

Linear trimers 16—19 (Chart 1) were synthesized to probe the
differential reaction outcomes using electrophiles 7 and 6a.
The two electrophilic oligomers were terminated in chloro-
pyrimidine (16) or chloropyrazine (17) with orcinol (5a) as
the central unit. The two nucleophilic oligomers contained
either pyrimidine (18) or pyrazine (19) as the central unit. We
expected that combining electrophilic and nucleophilic tri-
mers would remove a kinetic pathway for oxacalix[4]arene
formation, biasing the production of either poly(mPOs) or
larger cyclic oligomers. Trimers 16 and 18 or 17 and 19 were
combined under the optlmlzed SNAT polymerization condi-
tions and analyzed by "H NMR (Figure S5 for 16 + 18 and
Figure S6 for 17 + 19) and GPC (Figure S7). Each reaction
produced similar product mixtures as the analogous reac-
tions using monomeric species.'” The results from the reac-
tion between 16 and 18 were consistent with a step-growth
polymerization to form poly(mPO) 8. However, in the
pyrazine-containing systems, where oxacalix[4]arene 15 is
predominantly formed, a kinetic cyclization pathway must
be available even when starting with preformed trimers 17
and 19. This pathway is most likely due to facile backbiting
of the nucleophilic end of the requisite linear oligomeric
chain on an internal pyrazine ring. While similar reactivities
have been well documented in SyAr-based polycondensa-
tion reactions with structurally related poly(aryl ethers),?
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Figure 3. (A) X-ray crystal structure of trimers 16 and 17. (B) Conformational preferences of dimers 20 and 21 from DFT calculations. (C) Mechanistic
hypothesis for diverging kinetic SyAr pathways for the reaction of nucleophilic m-diphenols (dark rings, 1) and electrophilic aromatic m-dihalides (light

rings, 2).

backbiting ring closure has not previously been documented
as an operative mechanistic pathway in oxacalixarene synth-
esis. Such a reaction pathway has the potential to signifi-
cantly impact the reaction outcomes of fragment-coupling
macrocyclization strategies that target large oxacalix-
[n]arenes as well as mPO polymerizations.

Modeling and Theory. It remained unresolved why the
seemingly similar electrophiles 2,6-dichloropyrazine (7) and
4,6-dichloropyrimidine (6a) would exhibit such markedly
different reaction paths under high concentration kinetic
SnAr conditions. A comparison of the X-ray crystal struc-
tures of trimers 16 and 17 provided initial insight that
conformational differences of the linear oligomeric chains
may be the source of the divergent reactivity (Figure 3A).
While significant effort has been expended to determine
oxacalix[4]arene conformation,”!” little has been disclosed
with regard to ordering effects that control the conforma-
tions of the linear aryl ether precursors. In the solid state,
trimer 16 adopts a conformation that orients the ring nitro-
gen over the adjacent aromatic ring while also maintaining
conjugation between the bridging oxygen atoms and the
pyrimidine rings (Figure 3A, N,—C3—0,—C;5 dihedral angle
of 15.38°). This preference causes an extended conformational
bias for the trimer and orients the reactive chlorine atoms far
apart in space. Strong conjugation between the bridging
oxygen atoms and the pyrimidine rings is evident from
analysis of the shortened C—O bond lengths (1.36 A). Trimer
17 also adopts a solid-state conformation that places the ring
nitrogen over the adjacent aromatic ring (N;—C;—0;—Cj5
and N3—C;,—0,—C,y dihedral angles of —33.11° and 31.41°,
respectively). However, for 17 this preference positions the
chlorine atoms in close proximity, in a conformation that
resembles the published solid-state structure of the corre-
sponding oxacalix[4]arene (Figure S8).”°

Molecular mechanics (MMFF94x) and DFT (B3LYP/6-
311+G**) calculations were conducted on dimeric species 20
and 21 and are in agreement with the observed solid-state
conformational preferences for 16 and 17 (Figure 3B). Both

dimers were calculated to energetically prefer orienting the
ring nitrogen atoms, rather than a carbon atom bearing a
hydrogen, over the adjacent aromatic ring (by 1.46 kcal/mol
for 16 and 1.78 kcal/mol for 17) while maintaining conjuga-
tion between the bridging oxygen atom and the electrophile-
derived ring. The higher steric bulk of the C—H bond versus
the nitrogen lone pair appears to be dominating factor in this
conformational preference.”’ For pyrimidine-containing
dimer 20, the halogen on the electrophilic end is oriented
away from the reactive phenol on the nucleophilic end
(herein referred to as an anti-conformation). Conversely,
pyrazine-containing dimer 21 is lowest energy when the
halogen on the electrophilic end is oriented in close proximity
to the reactive phenol on the nucleophilic end (herein re-
ferred to as a syn-conformation). Repetition of a syn-con-
formation would give rise to a polymer with a highly coiled
local conformation, and the above experimental evidence
suggests that backbiting cyclization to form the correspond-
ing oxacalix[4]arene and other cyclic oligomers is competi-
tive with chain growth. In contrast, polymer chains that
contain electrophiles with an anti-conformational bias will
adopt an extended local structure, minimizing backbiting at
high electrophile concentrations and favoring chain growth
to form poly(mPOs).

More Evidence of Steric Control. Extension of our hypoth-
esis, that kinetic product selectivity correlates with linear
oligomer conformational preference, leads to the prediction
that electrophiles substituted with sterically bulky groups
at the 4- and 6-positions,** or bearing a ring nitrogen at the
2-position, will bias coiled linear oligomers (syn-conforma-
tional bias) and kinetically favor backbiting-induced oxaca-
lixarene formation. Analogously, electrophiles bearing
sterically bulky groups at the 2-position, or bearing ring
nitrogens at the 4- and 6-positions, will bias extended linear
oligomers (anti-conformational bias) and kinetically favor
poly(mPO) formation. It is also consistent that, while
4,6-disubstituted electrophiles are common in oxacalix-
[4]arene synthesis,”!* there are no literature precedents of
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Figure 4. TGA of poly(mPOs) 8, 10—14, 27, and 28.

Scheme 3. Syntheses of Poly(mPQOs) 27 and 28
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oxacalix[4]arene formation by SnAr using 2-substituted
electrophiles. However, the literature does contain one ex-
ample of an oxacalix[6]arene' formed in modest yield as
well as the one previously reported poly(nPO) (227 and 23%),
synthesized from 2-subsituted electrophiles.

As a test to our hypothesis of electrophile-dependent
polymerization, and to further expand the scope of accessible
poly(mPOs), the 2-substituted electrophiles 2-nitro-1,3-
difluorobenzene (24) and 2,6-difluorobenzonitrile (25), and
one previously reported’® 4,6-substituted electrophile,
2,3,5,6-tetrachloropyridine (26), were reacted with olivetol
(5b), and the product distributions were analyzed. As ex-
pected, polymer formation was efficient using 2-substituted
electrophiles 24 or 25, and poly(mPOs) 27 and 28 were
isolated in 91% and 90% yield, respectively (Scheme 3). Also
consistent with our prediction, 2,3,5,6-tetrachloropyridine
(26) kinetically and thermodynamically formed the corre-
sponding oxacalix[4]arene (and other oligomeric species)
and did not form polymer as analyzed by "H NMR (Figure
S9) and GPC (Figure S10).'® Thus, in accordance with our
electrophile-dependent model, base-induced AA—BB type
SnAr-based polycondensation reactions can be used to
produce a wide variety of poly(mPOs).

Thermal Degradation and Stability. As previously stated,
PPOs have traditionally been synthesized as thermally stable
materials." > The thermal stabilities of poly(mPOs) 8,
10—14, 27, and 28 were analyzed by TGA (Figure 4) and
DSC (Figure S11) under nitrogen up to 600 and 400 °C, res-
pectively. These temperature ranges allow for comparisons
to the previously published poly(mPOs) 227 and 23% (Table 2)
as well as the industrially produced PPO, poly(2,6-dimethyl-
1,4-phenylene ether), which has a T, of 205 °C and a T}, of
267 °C with a critical temperature of 428 °C,? and to other
non-halogen-containing PPOs that show good stability at
400 °C but significant weight loss above 400 °C.3*

Figure 4 shows that all poly(mPOs) synthesized exhibit
thermal stabilities above 300 °C by TGA. The thermal
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Table 2. Properties of 2-Substituted Poly(mPOs) 22, 23, 27, and 28

Rz
O ; O

poly(mPO) R; R, T, (°C) Ty (°C) T4 (°C) reference
22 CN H 148 340 4807 7

23 CN H 147 335  notreported 8

27 NO, n-pentyl 65 91 305

28 CN n-pentyl 79 206 430°

“5% weight loss temperature in air. ”5% weight loss temperature
under nitrogen.

stabilities appear to have a correlation to molecular
weight?® (Figure S12) regardless of the substitution on the
polymer backbone. The higher molecular weight orcinol-
derived poly(mPOs) 8 and 14 showed no phase transitions
by DSC and less than 5% weight loss at 420 °C by TGA.
Lower molecular weight poly(mPOs) 11 and 12, bearing
carbomethoxy and methoxy functionality, respectively,
also showed no phase transitions by DSC but displayed
reduced thermal stability by TGA with decomposition
occurring at 321 °C for 11 and 350 °C for 13. The olive-
tol-derived poly(mPOs) were the only polymers to exhibit
phase transitions by DSC, most likely because the n-pentyl
hydrocarbon side chains facilitate polymer reorganization.
Poly(mPOs) 10, 13, 27, and 28 were found to have T, values
of 76, 46, 91, and 206 °C, respectively. The 2-substituted
poly(mPOs) exhibit additional features (Table 2) that
the pyrimidine-containing polymers do not. Poly(mPO)
27 has a T, at 65 °C, and poly(mPO) 28 has a T, at 79 °C
and a T, at 133 °C. The T, and T, values observed for
poly(mPOs) 27 and 28 were expected to be lower than that
for 22 and 23 because of the n-pentyl side chain. Thus, by
tuning the appended side chains and possibly the molecular
weight, a wide range of poly(mPOs) may be synthesized to
exhibit desired thermal and other physical properties.

The chemical stability of poly(mPO) 8 was also investigated
in alkaline solutions. Under conditions similar to those used
for the polycondensation, poly(mPQO) 8 was placed in a flask
with DMSO and 4 equiv (relative to the repeat units) of
K,COs. This heterogeneous solution'* was heated to 100 °C
for 24 h, at which point '"H NMR analysis (Figure S13)
revealed complete conversion to oxacalix[4]arene 9. However,
when poly(mPO) 8 is combined with 10 equiv of NaOH in
water and heated at 100 °C for 7 days, quantitative recovery of
poly(mPO) 8 was observed. These results indicate that poly-
(mPO) 8 can depolymerize in polar aprotic solvents to the
thermodynamically more stable oxacalix[4]arene 9 but display
robust aqueous stability even in a highly alkaline solution.

Conclusions

We have shown that base-induced SyAr polycondensation
reactions can be used to generate a range of poly(mPOs),
including those containing heteroaromatic rings in the polymer
backbone. Mechanistic investigations have also revealed that
successful polymerization requires the use of electrophilic mono-
mers that enforce an extended local conformational bias (anti-
conformation) to minimize cyclooligomer production through
competing backbiting cyclization. Local conformational prefer-
ences of the growing oligomeric chain correlate with the sub-
stitution pattern of the electrophilic monomer, and a model has
been described that allows facile prediction of reaction outcomes
for a given electrophilic substrate. As reported for many other
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AA—BB polycondensation processes,”>* we found that in

certain cases (i.e., syn-biased systems) the observed product ratios
do not follow classical theory? for the relationship between
concentration and the resulting macrocycle to polymer ratio.
Depending on the substitution pattern on the electrophilic
monomer, macrocycle formation is kinetically driven to favor
macrocycles regardless of concentration.

The synthesized poly(mPOs) display a wide range of thermal
behavior, including in several cases high thermal stabilities, and
robust resistance to aqueous basic conditions. Future work will
focus on extending the scope of materials available through our
method, controlling and optimizing the molecular weights of
desirable polymers, as well as optimizing the thermal and
oxidative stabilities of these materials.
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