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(57) Abstract: Condensation of fluoro-substituted and silyl-substituted monomers provides polymers suitable for use, e.g., as engin-
eering polymers. A monomer composition is condensed in the presence of a bifluoride or poly(hydrogen tluoride) fluoride salt. The
monomer composition contains a compound of formula F-X-F and a compound of formula (R ');Si-Z-Si(R")s, and forms an alternat-
ing X-Z polymer chain and a silyl fluoride byproduct. X has the formula -A(-R*-A)n -; each A is SO,, C(=0), or Het; R* is an organ-
ic moiety; n is 0 or 1; Het is an aromatic nitrogen heterocycle; Z has the formula -L-R*-L-; each L is O, S, or N(R*); and each R* is
an organic moiety, and R* comprises H or an organic moiety.
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POLYMERIZATION OF SILYL- AND FLUORO-CONTAINING MONOMERS

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.S. Provisional Application Serial No.
62/182,755, filed on June 22, 2015, which is incorporated herein by reference in its entirety.

FIELD OF THE INVENTION
The present invention relates to polymers and methods of producing polymers. More
particularly, the invention relates to methods of producing polymers via catalyzed condensation

of fluorinated and silylated monomers.

BACKGROUND

Polymeric materials play an important role in modern materials science. Synthetic
condensation polymers (e.g., materials having organosulfone, organosulfate, organocarbonate,
organocarbamate, organourea, or organic ester-type polymeric backbones) are utilized in a
variety of products and industries, including, for example, packaging, high performance
engineering materials, medical prostheses and implants, optics, and consumer plastic goods.
There is an ongoing need for new methods of preparing polymeric materials, particularly solid
polymers (e.g., plastics), including materials for high value, specialty applications (e.g., medical
prostheses and implants, engineering materials, or optics). The polymerization methods and
polymers described herein address these needs.

Co-pending and co-owned International Application No. PCT/US2013/072871 to Dong
et al. (published as WO 2014/089078), filed on December 3, 2013, which is incorporated herein
by reference in its entirety, describes a method for polymerizing silyl and fluoro-containing
monomers catalyzed by basic catalysts, such as 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), 2-
fert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP). This
method, while providing a variety of useful polymers, but the level of catalyst needed for the
polymerization generally requires a purification process, such as an extraction or washing step,

to remove the catalyst from the polymer product.
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There is an ongoing need for new polymerization methods that are versatile and capable
of producing a wide variety of polymer structures, including materials formally considered to be
condensation polymers, under relatively mild and scalable conditions, and which do not require a
purification step to remove the polymerization catalyst. The methods described herein address

this need.

SUMMARY

Polymerization methods described herein provide a straightforward synthesis of
relatively high molecular weight polymers by catalyzed polymerization of activated fluoro-
substituted and silyl-substituted monomers under mild reaction conditions utilizing a
catalytically effective concentration of an acidic hydrogen fluoride-fluoride catalyst, such as
bifluoride (FHF") salt or poly(hydrogen fluoride)-fluoride salt (a "polyHF fluoride" salt), i.e., a
salt comprising the anion F(HF)y,, in which w is 1 or greater (also referred to herein as HF-
fluoride catalysts). Polymers are achieved at unexpectedly low catalyst loadings, such that the
catalyst can be left in the resulting polymer product without need for a purification step to
remove the catalyst. Fluorosulfate, fluorosulfonate, carbonyl fluoride, and certain heterocyclic
fluoride monomers can be reacted with silyl ether, silyl amine (particularly with C(=O)F
monomers), and silyl sulfide monomers under mild conditions to form a wide variety of
polymeric materials, including, e.g., polysulfates, polycarbonates, polysulfonates and related
materials.

The polymers described herein, such as the polysulfate polymers, typically are
thermoplastic materials that are readily moldable and thermoformable into a wide variety of
mechanical parts and structural components. The polysulfate polymers, and poly(bisphenol A
sulfate) polymers, in particular, are resistant to hydrolysis and aminolysis, in contrast to
bisphenolA polycarbonate, which readily hydrolyzes and readily degrades in the presence of
ammonia (aminolysis). The polysulfate polymers have relatively high dielectric constant, good
impact resistance, as well as tensile strength, modulus of elasticity, and elongation similar to
polycarbonates. Such polymers can be fabricated into sheets and films for use in packaging

materials, construction materials, and the like, and can be used in applications such as
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automotive and aircraft components (e.g., windscreens and the like), medical prostheses, safety
goggles, and containers (e.g., cups, bottles, and the like).

The polymerization methods described herein are particularly useful for preparing aryl
polysulfates, such as bisphenol polysulfates, under mild, high yielding conditions, to afford
polymers with molecular weights and physical properties suitable for, e.g., materials applications
such as engineering materials, packaging materials, and the like. One surprising advantage of
the HF-fluoride catalyzed polymerization is that the catalyst can be used at levels low enough to
allow the catalyst to remain in the polymer product without need for expensive purification steps.
This is in contrast to the basic catalysts of the prior art, which typically require a washing or
extraction step to remove the catalyst. Additionally, HF-fluoride catalysts such as
tris(dialkylamino)sulfonium bifluoride salts, surprisingly are one or more orders of magnitude
more efficient than the basic catalysts such as DBU and BEMP of the previously described
polymerization methods of Dong et al. referred to above, as evidenced by the rapidity with which
the monomers react to form a solid polymer product.

In one preferred embodiment, polysulfate polymers are prepared from aryl bis-
fluorosulfates and aryl bis-silyl ethers under mild reactions conditions, which are amenable to
bulk (i.e., solvent-free) polymerization. The polymer can be substantially linear or in some
embodiments can include or consist of cyclic polymer chains in which the end groups of a single
polymer chain have bonded together to form a large ring. Unlike the previously described
polymerization using basic catalysts, the methods described herein surprisingly achieve efficient
polymerization using mildly acidic bifluoride and polyHF fluoride catalysts, which can be
utilized at low enough loadings to be left in the resulting polymer without adverse effects on the
polymer properties.

In the methods described herein, the catalyst is added to a monomer composition
containing fluoro-substituted and silyl-substituted monomers, which results in condensation to
form a polymer chain and a silyl fluoride byproduct that is readily separable from the polymer
product. The monomer composition comprises at least one compound of formula F-X-F and at
least one compound of formula (R");Si-Z—Si(R");. Each R' independently is a hydrocarbyl
group; X has the formula —~A(—R*~A)n—; each A independently is SO,, C(=0), or Het, preferably

SO,; R” comprises a first organic moiety; n is 0 or 1; Het is an aromatic heterocycle comprising
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at least two carbon atoms and at least one nitrogen atom in a heteroaromatic ring thereof
(preferably 1,3,5-triazine), and when A is Het, the F substituent is attached to a carbon atom of
the heteroaromatic ring thereof; Z has the formula -L-R’~L—; each L independently is O, S, or
N(RY), preferably O; R’ comprises a second organic moiety, and R’ preferably comprises at least
one aryl or heteroaryl moiety; each L group preferably is directly bonded to an aryl or heteroaryl
moiety of R*; and each R* independently is H or a third organic moiety. Alternatively, the
monomer composition can comprise at least one compound of formula F-X—Z-Si(R"); in
addition to, or in place of, the combination of F—-X—F and (R");Si—Z-Si(R');. The monomers can
be prepared, e.g., as described in WO 2014/089078 to Dong et al., referred to above.

During polymerization, the respective A and L groups of the monomers together form an
X~Z polymer chain, and the F and (R");Si substituents form a silyl fluoride byproduct of formula
(R")3Si-F, which is ready separable from the polymer product and can be recycled. In preferred
embodiments, the polymers include relatively stable fluoro-substituted end groups, which can be
modified under selective reaction conditions, if desired.

The catalyst comprises an HF-fluoride salt of formula (R")(F(HF),,), wherein R" is an
organic cation or a chelated metal cation, and w is 1 or greater. As used herein, "organic cation"
refers to cationic species comprising one of more organic (carbon-hydrogen-based) moiety
bound to a positively charged heteroatom, such as S, N, or P, and includes various onium cations
such as quaternary ammonium cations, organosulfonium cations (e.g., sulfonium cations
comprising three groups, such as akyl, aryl aminoalkyl, and/or aminoaryl groups, bound to a
positively charged S, such as tris(dialkylamino)sulfonium), organophosphonium cations (e.g.,
phosphonum cations comprising four groups, such as alkyl, aryl, aminoalkyl, aminoaryl and/or
other substituent groups bound to a positively charged P), quaternized nitrogen heterocyclic
cations (e.g., nitrogen heteroaromatic compounds comprising at least one positively charged
nitrogen in the heteroaromatic ring, such as imidazolium cations in which both nitrogen atoms in
an imidazole ring are alkylated), as well as cationic polymers, including both insoluble and
soluble polymers (e.g., cationic polystyrene beads with appended quaternary ammonium groups).
Chelated metal cations preferably comprise a monovalent metal ion (e.g., an alkali metal such as
potassium and the like, or a monovalent transition metal, etc.) complexed with a chelating ligand,

preferably a neutral (non-charged) ligand such as a crown ether (e.g., 18-crown-6, 12-crown-4,



10

15

20

25

30

WO 2016/209920 PCT/US2016/038701

-5-

15-crown-5, dibenzo-18-crown-6, and the like) and/or an azacrown ether (e.g., diaza-18-crown-
6, and the like).

As used herein, "HF-fluoride" refers to anions comprising a fluoride anion bound to one
of more hydrogen fluoride molecules, e.g., in a chain such as bifluoride ion (FHF"), and having
the general formula F(HF),,, where n is 1 or greater, with w generally being in the range of 1 to
10 (e.g.,wisintherangeof 1t02,1to3, 1to4, 1,t05, 1to6, etc.). When wis 1, the HF-
fluoride ion is bifluoride, when w is greater than 1, the HF-fluoride is a polyHF fluoride.

In some embodiments, the HF-fluoride catalyst comprises an organosulfonium bifluoride
or polyHF fluoride such as tris(dialkylamino)sulfonium bifluoride salt of formula:

(R, N);S"(FHF)~ wherein each R* independently is an alkyl group comprising 1 to 20 carbon
atoms, or two R? groups together comprise a 4 or 5 carbon alkylidene group (e.g., -CH,-CR™;-
CH,-, or -CH,CR*,CR*,CH;- wherein each R" independently is H or alkyl) thereby forming a 5
or 6 membered ring with the N atom attached thereto; each R alkyl or alkylidene group includes
at least two hydrogen atoms on a carbon atom adjacent to the sulfur atom thereof, and each R*
independently can be linear or branched; or a polyHF fluoride analog thereof. The
tris(dialkylamino)sulfonium bifluoride salt can be prepared, e.g., by the methods described in
U.S. Patent No. 4,598,161 to Farnham et al., which is incorporated herein by reference in its
entirety.

Tris(dialkylamino)sulfonium bifluoride salts have been reported to catalyze a living
addition polymerization of olefinic monomers, such as methyl methacrylate, but heretofore have
not been described as catalysts for condensation-type polymerizations (i.e., polymerizations in
which a neutral molecule is produced from end groups of the monomers during formation of the
polymer chain), particularly silyl and fluoro containing monomers, as in the methods described
herein.

In other embodiments, the catalyst can be an organophosphonium bifluoride or polyHF
fluoride, such as tetrabutylphosphonium bifluoride or polyHF fluoride, (PhsP—N=PPh;")
bifluoride or polyHF fluoride, and the like.

In other embodiments, the catalyst can be a quaternary ammonium bifluoride or polyHF
fluoride, such as tetrabutylammonium bifluoride or polyHF fluoride, tetraethylammonium

bifluoride or polyHF fluoride, and the like.
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In other embodiments, the catalyst can be a quaternized heteroaromatic bifluoride or
polyHF fluoride, such as an imidazolium bifluoride or polyHF fluoride (e.g., N,N-
dimethylimidazolium bifluoride, N,N-di(isopropyl)imidazolium bifluoride, and the like).

In some other embodiments, the catalyst can be a polymer supported bifluoride or
polyHF fluoride, such as a quaternary amino-substituted polystyrene bifluoride or polyHF
fluoride.

In yet other embodiments, the catalyst can be a chelated metal bifluoride or polyHF
fluoride, such as potassium 18-crown-6, and the like.

Bifluoride salts can be prepared by reaction of corresponding onium halide salts (e.g., CI
or Br) with silver(I) bifluoride (AgHF,); see, Vergote et al., Chem. Fur. J. 2012, 18, p. 793-798).
Alternatively, the catalysts can be prepared by the reaction of corresponding onium halide salts
(e.g., Cl or Br) with anhydrous HF; see, (1) Matsumoto et al., Solid State Sci. 2002, 4, 23-26; (2)
Hagiwara et al., J. Fluorine Chem. 1999, p. 1-3.

The poly-HF bonded onium catalysts can be obtained via the reaction of corresponding
onium halide salts with anhydrous HF, as well; for selected examples, see, (1) Momota et al ,
Electrochim Acta. 1993, 38, p. 619-624; (2) Rozhkov et al. Tetrahedron 1975, 31, p. 977-981;
(3) Ballinger et al., Electrochim Acta. 19885, 30, 1075-1077; and references therein.

Polymer-supported F(HF),,” also has been described; see, Cousseau et al., B. Soc. Chim.
Fr. 1986, p. 910-915.

The silyl fluoride byproduct of the polymerization can be recycled by reaction with a salt
(e.g., a sodium or potassium salt) of a phenolic monomer precursor (e.g., bisphenol A) to form a
useful bis-silylated monomer (e.g., a bis-silyl bisphenol A) and a fluoride salt (e.g., sodium
fluoride). The bis-silylated monomer can be utilized in another polymerization reaction.

One embodiment of the polymerization method described herein involves reacting a bis-
fluorinated first monomer with a bis-silylated second monomer in the presence of an HF-fluoride
catalyst, such as a tris(dialkylamino)sulfonium bifluoride salt (e.g.,
tris(dimethylamino)sulfonium bifluoride; TASHF,), an organophosphonum bifluoride, a
quaternary ammonium bifluoride, a, polymer-supported bifluoride, a chelated metal bifluoride,
and the like, to form a polymer chain and a silyl fluoride byproduct. The fluoro substituents of

the first monomer are attached to an electron deficient group such as a sulfonyl, carbonyl or



10

15

20

25

30

WO 2016/209920 PCT/US2016/038701

-7 -

heteroaryl activating group (preferably sulfonyl), and the silyl substituents of the second
monomer are linked to an organic core moiety via an oxygen, sulfur, or nitrogen atom
(preferably an oxygen atom). When the first and second monomers are combined with the
bifluoride salt, the fluoride substituents of the first monomer react with the silyl substituents of
the second monomer to form a silyl fluoride, and the electron deficient activating groups of the
first monomer condense with the linking atoms of the second monomer to form a polymer chain.
The first monomer optionally can include an organic core group, as well.

In some embodiments, the method comprises the step of reacting a first monomer
composition comprising at least one compound of formula F-X-F (preferably FSO,F) with a
second monomer composition comprising at least one compound of formula
(R")3Si—Z-Si(R")3, in the presence of a tris(dialkylamino)sulfonium bifluoride salt, to form an
alternating X—Z polymer chain and a silyl fluoride byproduct of formula (R');Si—F. The X
portion of the first monomer has the formula —A(-R’~A)n—, wherein each A independently is
SO,, C(=0), or Het, preferably SO; R* comprises a first organic moiety; n is 0 or 1; and Het is
an aromatic heterocycle comprising at least two carbon atoms and at least one nitrogen atom in a
heteroaromatic ring thereof (preferably a 1,3,5-triazine), in which each F is attached to a carbon
atom of the heteroaromatic ring. Each R' of the second monomer independently is a hydrocarbyl
group (e.g., linear or branched alkyl, phenyl, and the like); Z has the formula -L-R’~L—, wherein
each L independently is O, S, or N(R"), preferably O; R’ comprises a second organic moiety and
R’ preferably comprises at least one aryl or heteroaryl moiety; each L group preferably is
directly bonded to an aryl or heteroaryl moiety of R*; and R* is H or a third organic moiety.
During polymerization, the respective F and (R');Si substituents of the first and second
monomers form the silyl fluoride, while the respective A and L groups of the first and second
monomers alternately condense to form the alternating X—Z polymer chain. When nis 0, each F
substituent of the first monomer is attached to the same A group.

Preferably, the first and second monomers are reacted in approximately equimolar
amounts or with an excess (e.g., 0.01 up to about 10 mol% excess) of the first (i.e., fluorinated)
monomer. The first and second monomers can be contacted with one another in neat (solventless
or bulk) form, or in a solvent (e.g., a halogenated hydrocarbon, acetonitrile (CH3CN), pyridine,

N,N-dimethylformamide (DMF), N-methylpyrrolidone (NMP), dimethylsulfoxide (DMSO) and
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the like), a combination of solvents (e.g., together or sequentially added), or a combination of
solventless and solvent conditions (e.g., sequentially). Some preferred solvents are polar aprotic
solvents, such as, e.g., acetonitrile, DMF, NMP, and DMSO. Typically, the polymerization is
performed at a temperature in the range of about 20 to about 250 °C for about 0.01 to about 48
hours, e.g., about 1 to about 24 hours, or about 0.25 to about 10 hours. In some preferred
embodiments the polymerization is carried out at a temperature in the range of about 180 to 200
°C. The polymerization reaction is surprisingly facile, and typically exhibits a relatively modest
heat of reaction.

The first monomer can be a single compound conforming to the formula F-X—F or a
mixture of compounds having different X groups. Similarly, the second monomer may be a
single compound conforming to the formula (R');Si-Z-Si(R"); or a mixture of compounds
having different R' groups, Z groups, or both. Such mixtures of monomers can be formulated in
any desired proportion and with any desired X and Z groups to impart desired properties to the
resulting polymer, such as a desired molecular weight, a desired molecular weight distribution,
desirable physical or mechanical properties (e.g., glass transition temperature, hydrolytic
stability, tensile strength, impact resistance, ductility, resilience, plasticity, and the like), or
biodegradability, for example.

In one embodiment, the first monomer has the formula F-A-F. In this embodiment, the
first monomer can be, for example, FSO,F, FC(O)F, or F—Het-F (preferably FSO,F). As
described herein, Het is an aromatic heterocycle comprising at least two carbon atoms and at
least one nitrogen atom in a heteroaromatic ring thereof, in which each F is attached to a carbon
atom of the heteroaromatic ring. An exemplary heterocycle is 1,3,5-triazine, and the F
substituents are covalently bonded to a carbon atom at two or more of positions 2, 4, and 6.
When a gaseous monomer such as FSO,F is utilized, the reaction can be performed in a reactor
capable of operating at pressures greater that one atmosphere, if desired.

In other embodiments, the first monomer is a material of formula F~A-R*~A-F. R*isa
first organic moiety, which can comprise or consist of an organic core material, such as a
hydrocarbon, a heterocycle, a carbohydrate, an amino acid, a polypeptide, a peptide analog, and
the like, or any combination of two or more thereof, while the A groups are selected from

sulfonyl, carbonyl, or heteroaryl (Het), preferably SO,, as described above. In some
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embodiments, R* can be represented by the formula —-L'-R’~L'—, in which each L'
independently is selected from the group consisting of O, S, and N(R*), preferably O; each R’
independently comprises the first organic moiety: and each R*independently comprises H or a
third organic moiety. Alternatively, or in addition, R* can be represented by the formula
LR’ in which each L' and R’ are as defined above.

A polymer produced by the present methods comprises a polymer chain that can be
represented by Formula (I): (-A(-R’~A)n—L-R’-L)x—, in which each A independently is SO,
C(=0), or Het, preferably SO,; each R” independently comprises the first organic moiety; each n
independently is O or 1; each Het independently is an aromatic heterocycle comprising at least
two carbon atoms and at least one nitrogen atom in a heteroaromatic ring thereof; each L
independently is O, S, or N(R*), preferably O; each R’ comprises a second organic moiety and
R’ preferably comprises at least one aryl or heteroaryl moiety; each L group preferably is
directly bonded to an aryl or heteroaryl moiety of R*; each R* independently is H or a third
organic moiety; and x is the average number of repeating units in the polymer and has a value of
at least 10 (e.g., 10 to 100,000 or more). The polymer chain includes at least one end group that
is derived from the first monomer, i.e., an end group including a moiety of formula E-A—, such
as E—A(-R’~A)n—, in which E preferably is a fluoro substituent (F), or E is a functional group
obtainable by nucleophilic displacement of F from the "A" moiety, such as azido, amino,
alkylamino, arylamino, alkoxy, aryloxy, alkylthio, and similar groups. In some embodiments, E
is selected from fluoro, OR®, NHR®, N(Rg)z, azido, CN, or SR® and each R® independently is an
organic moiety. When A is Het, each L group is attached to a carbon atom of the heteroaromatic
ring thereof.

Alternatively, or in addition, the polymer includes a polymer chain that can be
represented by Formula (IT): (-A—R’~A-L—R’-L)y—, wherein each A independently is SO,
C(=0), or Het, preferably SO,; each R” independently comprises the first organic moiety; each
Het independently is an aromatic heterocycle comprising at least two carbon atoms and at least
one nitrogen atom in a heteroaromatic ring thereof (preferably 1,3,5-triazine); each L
independently is O, S, or N(R*), preferably O; each R’ comprises a second organic moiety and
R’ preferably comprises at least one aryl or heteroaryl moiety; each L group preferably is

directly bonded to an aryl or heteroaryl moiety of R*; each R* independently is H or a third
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organic moiety; and y is the average number of repeating units in the polymer and has a value of
at least 10 (e.g., 10 to 100,000 or more). The polymer chain includes at least one end group that
is derived from the first monomer, i.e., an end group including a moiety of formula E-A—, such
as E-A—R’-A—, in which E preferably is a fluoro substituent (F), or E is a functional group
obtainable by nucleophilic displacement of F from the "A" moiety, such as azido, amino,
alkylamino, arylamino, alkoxy, aryloxy, alkylthio, and similar groups. In some embodiments, E
is selected from fluoro, OR®, NHR®, N(Rg)z, azido, CN, or SR® and each R® independently is an
organic moiety. When A is Het, each L group is attached to a carbon atom of the heteroaromatic
ring thereof.

In some other embodiments, the polymer includes a polymer chain that can be
represented by Formula (III); (-A-L'-R’-L'-A-L-R’-L)z—, wherein each A independently is
SO,, C(=0), or Het, preferably SO»; each R’ independently comprises the first organic moiety;
each Het independently is an aromatic heterocycle comprising at least two carbon atoms and at
least one nitrogen atom in a heteroaromatic ring thereof, preferably 1,3,5-triazine; each L and L'
independently is O, S, or N(R*), preferably O; each R’ comprises a second organic moiety and
R’ preferably comprises at least one aryl or heteroaryl moiety; each L group preferably is
directly bonded to an aryl or heteroaryl moiety of R*; each R* independently is H or a third
organic moiety; and z is the average number of repeating units in the polymer and has a value of
at least 10 (e.g., 10 to 100,000 or more). The polymer chain includes at least one end group that
is derived from the first monomer, i.e., an end group including a moiety of formula E-A—, such
as E—~A-L'-R°-L'-A—, in which E preferably is a fluoro substituent (F), or E is a functional
group obtainable by nucleophilic displacement of F from the "A" moiety, such as azido, amino,
alkylamino, arylamino, alkoxy, aryloxy, alkylthio, and similar groups. In some embodiments, E
is selected from fluoro, OR®, NHR®, N(Rg)z, azido, CN, or SR® and each R® independently is an
organic moiety. When A is Het, each L and L' group is attached to a carbon atom of the
heteroaromatic ring thereof.

In yet other embodiments, the polymer includes a polymer chain that can be represented
by Formula (IV): (-A-L'-R’~A-L—R’—L)m—, wherein each A independently is SO,, C(=0), or
Het, preferably SO,; each R’ independently comprises a first organic moiety; each Het

independently is an aromatic heterocycle comprising at least two carbon atoms and at least one
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nitrogen atom in a heteroaromatic ring thereof; each L and L' independently is O, S, or N(R"),
preferably O; each R’ comprises a second organic moiety and R’ preferably comprises at least
one aryl or heteroaryl moiety; each L group preferably is directly bonded to an aryl or heteroaryl
moiety of R’; each R* independently is H or a third organic moiety; and m is the average number
of repeating units in the polymer and has a value of at least 10 (e.g., 10 to 100,000 or more). The
polymer chain includes at least one end group that is derived from the first monomer, i.e., an end
group including a moiety of formula E~A—, such as E-FA—L'-R°-A—, in which E preferably is a
fluoro substituent (F), or E is a functional group obtainable by nucleophilic displacement of F
from the "A" moiety, such as azido, amino, alkylamino, arylamino, alkoxy, aryloxy, alkylthio,
and similar groups. In some embodiments, E is selected from fluoro, OR® NHR?, N(Rg)z, azido,
CN, or SR® and each R® independently is an organic moiety. When A is Het (e.g., 1,3,5-
triazine), each L and L' group is attached to a carbon atom of the heteroaromatic ring thereof.

In some other embodiments, the polymer includes a polymer chain that can be
represented by Formula (V): (—A-L-R’-L)p—, wherein each A independently is SO,, C(=0), or
Het, preferably SO;; each Het independently is an aromatic heterocycle comprising at least two
carbon atoms and at least one nitrogen atom in a heteroaromatic ring thereof; each L
independently is O, S, or N(R*), preferably O; each R’ comprises a second organic moiety and
R’ preferably comprises at least one aryl or heteroaryl moiety; each L group preferably is
directly bonded to an aryl or heteroaryl moiety of R*; each R* is H or another organic moiety;
and p is the average number of repeating units in the polymer and has a value of at least 10 (e.g.,
10 to 100,000). The polymer chain includes at least one end group that is derived from the first
monomer, i.e., an end group including a moiety of formula E-A—, in which E preferably is a
fluoro substituent (F), or E is a functional group obtainable by nucleophilic displacement of F
from the "A" moiety, such as azido, amino, alkylamino, arylamino, alkoxy, aryloxy, alkylthio,
and similar groups. In some embodiments, E is selected from fluoro, OR® NHR?, N(Rg)z, azido,
CN, or SR® and each R® independently is an organic moiety. When A is Het (e.g., 1,3,5-
triazine), each L group is attached to a carbon atom of the heteroaromatic ring thereof.

In yet other embodiments, the polymer can be represented by the Formula (VI):
(-A-R>-A-L-R*-L)a—(-A-L'-R’>-L'-A-L-R*-L)b—(A-L'-R*~A-L-R*-L)c- (-A-L-R’-L)d-, wherein

a, b, ¢, and d represent the average number of the respective repeating units in the polymer, and
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any of a, b, ¢, and d can be 0 or greater, so long as the sum of a, b, ¢, and d has a value of at least
10 (e.g., 10 to 100,000 or more), and the polymer includes at least one end group that is derived
from the first monomer, i.e., an end group of formula E-A—,

E-A-L'R’-A-, E-A-L'-R’-L'-A—, E-A-R’>-A—, or E-A(-R’~A)n—, in which E preferably is
a fluoro substituent (F), or E is a functional group obtainable by nucleophilic displacement of F
from the "A" moiety, such as azido, amino, alkylamino, arylamino, alkoxy, aryloxy, alkylthio,
and similar groups. In some embodiments, E is selected from fluoro, OR® NHR?, N(Rg)z, azido,
CN, or SR®, and each R® independently is an organic moiety. Each of A, L, L', R% R’ and R’
independently are defined as they are for the other polymer and monomer embodiments
described herein.

In some embodiments, at least a portion of the first monomer includes a branching
monomer of the formula F-X-F in which X includes an additional F substituent on a sulfonyl,
carbonyl or heteroaryl activating group, such that the additional F substituent also reacts with a
silyl substituent on an oxygen, sulfur or nitrogen atom linking group of the second monomer to
form the silyl fluoride, and the activating group of the first monomer condenses with the linking
group of the second monomer to introduce at least one branch point in the polymer.
Alternatively, or in addition, the second monomer can include a branching monomer in which Z
includes an additional silyl substituent attached to an oxygen, sulfur or nitrogen atom linking
group, such that the additional silyl substituent reacts with a fluoro substituent on a sulfonyl,
carbonyl, or heteroaryl activating group of the first monomer to form the silyl fluoride, and the
linking group of the second monomer condenses with the activating group of the first monomer
to introduce at least one branch point into the polymer.

In any of the polymerization methods and polymers described herein, each of the organic
moieties of the monomers, e.g., R', R% R’ R* R’, and R® independently can be selected from the
group consisting of consisting of a hydrocarbon, a heterocycle, a carbohydrate, an amino acid, a
polypeptide, a peptide analog, and a combination of two or more thereof. In some embodiments,
R%, R’ R* R’, and R® can include one of more substituent, e.g., hydroxyl, halogen, nitro,
—C(O)R®, —C(O)OR®, —C(O)N(R®),, —CN, —SO,R®, —SON(R®),, R° SO,N(R®)-, -N(R®)SO,R’,
—SO3R®, -N(R%),, -N(R®)OR®, -N(R®)C(O)R®, -N(R®)C(O)OR®, -N(R®)C(O)N(R),,
—~OC(O)N(R®),, —OC(0)OR’, azido, alkyl, cycloalkyl, alkenyl, alkynyl, alkoxy, fluoroalkyl,
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fluoroalkoxy, aryl, aryloxy, heteroaryl, poly(ethyleneoxy), alkynyl-terminated
poly(ethyleneoxy), a fatty acid, a carbohydrate, an amino acid, and a polypeptide; wherein each
R® independently is H, alkyl, or aryl, and v is 0, 1, or 2.

The present invention also provides polymers prepared by the methods described herein.
The polymers comprise a polymeric chain having a formula selected from the group consisting
of:

Formula (I): (<A(-R*~A)n-L-R’-L)x—;

Formula (IT); (-A-R*~A-L-R’-L)y—;

Formula (ITT); ((A-L'-R*-L'-A-L-R’-L)z—;

Formula (IV): (-A-L'-R>-A-L-R’-L)m- ;

Formula (V): (~A—L-R’-L)p—; and

Formula (VI):
(-A-R>-A-L-R*-L)a—(-A-L'-R*-L'-A-L-R*>-L)b—(A-L'-R’~A-L-R*-L)c—(-A-L-R*-L)d-, and at
least one end group derived from the first monomer, as described above, i.e., including at least
one functional group "E-A—" in which E preferably is a fluoro substituent (F), or Eis a
functional group obtainable by nucleophilic displacement of F from the "A" moiety, such as
azido, amino, alkylamino, arylamino, alkoxy, aryloxy, alkylthio, and similar groups. In some
embodiments, E is selected from fluoro, OR®, NHR®, N(R®),, azido, CN, or SR®, and each R®
independently is an organic moiety.

In the forgoing Formulas (I), (II), (II1), (IV), (V), and (VI), each A independently is SO,
C(=0), or Het, preferably SO,; each R” and R’ independently comprises a first organic moiety;
each Het independently is an aromatic heterocycle comprising at least two carbon atoms and at
least nitrogen atom in a heteroaromatic ring thereof (preferably 1,3,5-triazine); each L and L'
independently is O, S, or N(R™), preferably O; each R’ and R’ independently comprises a second
organic moiety; each R? independently is a third organic moiety; each of x, y, z, m, a, b, ¢, and d
is the average number of respective repeating units in the polymer chain; each of x, y, z, m, and p
has a value of at least 10 (e.g., 10 to 100,000 or more); and each of and a, b, ¢, and d can be O or
greater, so long as the sum of a, b, ¢, and d has a value of at least 10 (e.g., 10 to 100,000 or
more). Each of A, L, L', R%, R? and R’ independently are defined as described above for the

monomer formulas.
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In any of the polymers described herein each of the organic moieties, e.g., R>, R, R*, R’,
and R®, independently can be selected from the group consisting of consisting of a hydrocarbon,
a heterocycle, a carbohydrate, an amino acid, a polypeptide, a peptide analog, and a combination
of two or more thereof. Additionally, R% R’ R* R, and R® can be substituted with one or more
functional group. Non-limiting examples of such functional groups include e.g., hydroxyl,
halogen, nitro, ~C(O)R®, ~C(O)OR®, ~C(O)N(R®),, —CN, —SO,R®, ~SO,N(R®),, R°SO,N(R®)-,
“NR)SO,R®, ~SO;R®, -N(R®),, -N(R*)OR®, -N(R®)C(O)R®, -N(R*)C(O)OR®,
“NRHC(O)N(R®),, —OC(O)N(R®),, ~OC(0)OR?®, azido, alkyl, cycloalkyl, alkenyl, alkynyl,
alkoxy, fluoroalkyl, fluoroalkoxy, aryl, aryloxy, heteroaryl, poly(ethyleneoxy), alkynyl-
terminated poly(ethyleneoxy), a fatty acid, a carbohydrate, an amino acid, a polypeptide; wherein
each R® independently is H, alkyl, or aryl, and vis 0, 1, or 2.

In some embodiments, preferred monomers include bisphenol fluorosulfates (e.g.,
bisphenol A fluorosulfate, bisphenol AF fluorosulfate, bisphenol S fluorosulfate, and related
monomers with two phenolic groups tethered together) and bisphenol silyl ethers (e.g., bisphenol
A silyl ether, bisphenol AF silyl ether, bisphenol S silyl ether, and related monomers with two
phenolic groups tethered together).

Optionally, an end-capping monosilyloxy compound or monofluorosulfonyloxy
compound can be included in the monomer mixture to limit or control the molecular weight of
the resulting polymer by stopping chain growth at the fluoro or silyl end, respectively, of a
polymer chain.

Certain non-limiting embodiments of the methods and materials described herein are
illustrated below.

Embodiment 1 is a polymerization method comprising the step of combining a liquid
monomer composition and a catalyst comprising an HF-fluoride salt of formula (R")(F(HF),,"),
wherein R” is an organic cation or a chelated metal cation, and w is 1 or greater;

wherein the monomer composition comprises at least one compound of formula
F-X-F and at least one compound of formula (R");Si—Z—Si(R")s;

each R' independently is a hydrocarbyl group;

X has the formula —~A(—R*~A)n—;

each A independently is SO,, C(=0), or Het;
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R* comprises a first organic moiety;

nisOorl;

Het is an aromatic heterocycle comprising at least two carbon atoms and at least one
nitrogen atom in a heteroaromatic ring thereof, and when A is Het, the F substituent is attached
to a carbon atom of the heteroaromatic ring thereof;

Z has the formula —-L-R*—L—;

each L independently is O, S, or N(RY);

R’ comprises a second organic moiety;

each R* independently is H or a third organic moiety; and

wherein the F and(R");Si substituents form a silyl fluoride byproduct of formula
(R")3Si-F as the respective A and L groups of the monomers condense to form an X—Z polymer
chain.

Embodiment 2 is the method of Embodiment 1, wherein R” is selected from an
organosulfonium ion, an organophosphonium ion, a quaternary ammonium ion, a quaternized
nitrogen heteroaromatic ion, a cationic polymer, and a chelated metal ion.

Embodiment 3 is the method of Embodiment 1 or Embodiment 2, wherein R™ comprises
an organophosphonium ion.

Embodiment 4 is the method of any one of Embodiments 1 to 3, wherein R” comprises a
quaternary ammonium ion.

Embodiment 5 is the method of any one of Embodiments 1 to 4, wherein R” comprises a
quaternized heteroaromatic ion.

Embodiment 6 is the method of any one of Embodiments 1 to 5, wherein R™ comprises an
organosulfonium ion.

Embodiment 7 is the method of any one of Embodiments 1 to 6, wherein:

each R' independently is an alkyl or aryl group;

X has the formula —~A(—R*~A)n—;

each A is SOy;

R* comprises a first organic moiety;

nisOorl;

Z has the formula —L—R3—L—;
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each L independently is O; and

R’ comprises a second organic moiety comprising at least one aryl or heteroaryl group
directly bonded to each L.

Embodiment 8 is the method of any one of Embodiments 1 to 7, wherein the n is 0.

Embodiment 9 is the method of any one of Embodiments 1 to 8, wherein Het is a 1,3,5-
triazine.

Embodiment 10 is the method of any one of Embodiments 1 to 9, wherein the monomer
composition includes a compound in which X includes an additional F substituent on a sulfonyl,
carbonyl, or heteroaryl activating group, A, such that the additional F substituent also reacts with
a (R");Si substituent on an oxygen, sulfur or nitrogen atom linking group, L, to form a silyl
fluoride, and the activating group condenses with the linking group to introduce a branch point in
the polymer.

Embodiment 11 is the method of any one of Embodiments 1 to 10, wherein the monomer
composition includes a compound in which Z includes an additional silyl substituent, (R");Si, on
an oxygen, sulfur or nitrogen atom linking group, L, such that the additional silyl substituent also
reacts with a F substituent on a sulfonyl, carbonyl, or heteroaryl activating group, A, to form a
silyl fluoride and the linking group condenses with the activating group to introduce a branch
point in the polymer.

Embodiment 12 is the method of any one of Embodiments 1 to 11, wherein n is 1; R? is
—L'-R’-L'—; each L' independently is selected from the group consisting of O, S, and N(R*); and
each R* independently is H or the third organic moiety, and R® comprises an organic moiety.

Embodiment 13 is the method of any one of Embodiments 1 to 12, wherein n is 1; R? is
—L'-R°—; L' is selected from the group consisting of O, S, and N(R*); R* s H or the third organic
moiety; and R’ is an organic moiety.

Embodiment 14 is the method of any one of Embodiments 1 to 13, wherein the catalyst
comprises tris(dimethylamino)sulfonium bifluoride.

Embodiment 15 is the method of any one of Embodiments 1 to 14, wherein each A is

SO;.
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Embodiment 16 is the method of any one of Embodiments 1 to 15, wherein each R
comprises an aryl or heteroaryl moiety either directly bonded to an A group or bonded to A via
an oxygen atom attached to the aryl or heteroaryl moiety.

Embodiment 17 is the method of any one of Embodiments 1 to 16, wherein the polymer
comprises a polymeric chain represented by a formula selected from the group consisting of’
Formula (I): (<A(-R*~A)n-L-R’-L)x—;

Formula (IT); (-A-R*~A-L-R’-L)y—;

Formula (ITT); (-A L' R’-L'-A-L-R*-L)z—;

Formula (IV): (-A-L'-R>-A-L-R’-L)m- ;

Formula (V): (~A—L-R’-L)p—; and

Formula (VI):

(-A-R>-A-L-R*-L)a—(-A-L'-R*-L'-A-L-R*-L)b—(A-L'-R’~A-L-R*-L)c~(-A-L-R*-L)d—;
wherein:

each A independently is SO,, C(=0), or Het;

each L and L' independently is O, S, or N(RY);

each R? and R’ independently comprises a first organic moiety;

each R? comprises a second organic moiety;

each R* independently is H or a third organic moiety;

each n independently is O or 1;

each Het independently is an aromatic heterocycle comprising at least two carbon atoms
and at least one nitrogen atom in a heteroaromatic ring thereof, and when A is Het, the F
substituent is attached to a carbon atom of the heteroaromatic ring thereof;

each of X, y, z, m, and p is the average number of repeating units in the polymer and has a
value of at least 10; and

each of a, b, ¢, and d is the average number of respective repeating units, and
independently can be O or greater, provided the sum of a, b, ¢, and d is at least 10.

Embodiment 18 is the method of any one of Embodiments 1 to 17, wherein one or more
of the R, R>, R*, and R’, comprises a moiety selected from the group consisting of a
hydrocarbon, a heterocycle, a carbohydrate, an amino acid, a polypeptide, a peptide analog, and a

combination of two or more thereof.
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Embodiment 19 1s the method of any one of Embodiments 1 to 18, wheren one or miore
of R, R%. R, R*, and R’ is substituted by at least one substituent selected from the group
consisting of hydrexyl, halogen, nitro, —C{OIR®, —C{OIOR®, —-C{ON(R ). —CN,

—SO,R®, —SON(R®),, RISONRY-, NRHSOR®, —SO:R®, N(R%L -NREGORS,
NERGCIORE, NRHCIOMORE, NROCIOMNR ). —OC{OIN(R ), ~OC{MOR®, azido, alkyl,
eveloalkyd, alkenvl, alkynvl, alkoxy, thaoroalkyl, fluoroatkoxy, arvl, arvloxy, heteroarvi,
poly{ethyleneoxy}, alkynyl-fermunated polyv{ethyleneoxy), a fatty acid, a carbolivdrate, an amimo
acid, and a polypeptide; wherein each R® independently is H. alkyl, or arvl, and vis 0, 1. or 2.

Embodiment 20 1s the method of any one of Embodiments 1 {o 19, wheremn the monomer
composttion comprises (a} two of more different compounds of formula F-X-F, {b) two or niore
different compounds of forpmla (R\)ESi-Z-Si{R ), or (¢) ¢ combination of both {a) and (b).

Embodiment 21 is the method of Embodiment 20, wherem the two or more different
compounds of formula (R1):Si-Z-SH{RY; differ by the selection of RY, Z, or both R and 7.

Embodiment 22 1s the method of any one of Embodments 1 {o 21, wheremn the monomer

composition comprises at least one compound of Formula VI and at least one compound of

Fornmila VHI:
- 5
: R\ij\ [ \j/R\ﬁ;f‘I
BN
RN = 7 NosiR Y,
Vik VI

Ry

\\f > \DSOQF {R‘l)SSiO"" =

FO,S0"

wherein each R* independently is an alkyl or arvl group, and each R® independently is a covalent
bt'}fld_, C{{lﬁz\iz C{ CF;}Q‘ 0 SQ}

Embodiment 23 1s the method of any one of Embodiments 1 to 22, wherein the hiqud
monomer mixfwe comprises a melted mixture of the monomers.

Embodument 24 15 the method of any one of Emboduments 1 to 22, wheren the hiqmd
monomer muxiure comprises a solution of the monomers m a solvent.

Embodiment 23 1s the method of Embodiment 23, wheremn the solvent 1s a polar aprotic
solvent.

Embeodiment 26 1s the method of any one of Embodiments 1 to 25, wherem the F-X-F

monomer comprises sulfinyl fluoride (FSOF).
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Embodiment 27 is the method of any one of Embodiments 1 to 26, wherein the F-X-F
monomer comprises a bisfluorosulfonyl monomer of formula F-SOz-CHZCHz-N(RI1)-CH2CH2-
SO,-F, wherein R" comprises an organic moiety.

Embodiment 28 is the method of Embodiment 27, wherein R** comprises a moiety
selected from the group consisting of a hydrocarbon, a heterocycle, a carbohydrate, an amino
acid, a polypeptide, a peptide analog, and a combination of two or more thereof.

Embodiment 29 is the method of Embodiment 27 or Embodiment 28, wherein R*! is
substituted by at least one substituent selected from the group consisting of hydroxyl, halogen,
nitro, ~C(O)R®, ~C(O)OR®, ~C(O)N(R®),, -CN, —SO,R®, —=SO,N(R®),, R° SO,N(R®)-,
“NR)SO,R®, ~SO;R®, -N(R®),,-N(R®)OR®, -N(R®)C(O)R®, -N(R®)C(O)OR®,
“NRC(O)N(R®),, ~OC(O)N(R®),, ~OC(0)OR?®, azido, alkyl, cycloalkyl, alkenyl, alkynyl,
alkoxy, fluoroalkyl, fluoroalkoxy, aryl, aryloxy, heteroaryl, poly(ethyleneoxy), alkynyl-
terminated poly(ethyleneoxy), a fatty acid, a carbohydrate, an amino acid, and a polypeptide;
wherein each R® independently is H, alkyl, or aryl, and vis 0, 1, or 2.

Embodiment 30 is the method of any one of Embodiments 1 to 29 wherein the polymer
product is isolated without purification such that the catalyst remains in the polymer.

Embodiment 31 is the method of any one of Embodiments 1 to 30 wherein the catalyst is
included at a concentration in the range of about 0.001 mol% to about 1 mol% based on the total
moles of monomers.

Embodiment 32 is the method of any one of Embodiments 1 to 31, wherein an end-
capping monosilyloxy compound or monofluorosulfonyloxy compound is included in the
monomer mixture to limit or control the molecular weight of the resulting polymer by stopping
chain growth at the fluoro or silyl end, respectively, of a polymer chain.

Embodiment 33 is the method of any one of Embodiments 1 to 32, wherein the catalyst is
generated in situ from a precursor compound.

Embodiment 34 is the method of any one of Embodiments 1 to 33, wherein the method is
performed at a temperature in the range of about 20 to about 250 °C.

In any of the embodiments described herein, one or more of the A groups (i.e., SO,
C(=0), or Het) of the fluorinated monomer, F-X-F, can be replaced with a group of formula

S(=0)=NR™), i.e., to form a monomer with a -S(=0)=NR'*)F functional group in place of an
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SO,F, C(=0O)F, or Het-F group. Optionally, the catalyst can be generated in situ from a precursor
compound, e.g., generation of TASHF, from TASF and water.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a typical reaction scheme for preparing a polysulfate polymer according
to the methods described herein.

FIG. 2 illustrates non-limiting examples of fluorosulfate and silylated monomers, which
can be utilized in the polymerization methods described herein.

FIG. 3 illustrates the effects of end-capping in the polymerization methods described
herein.

FIG. 4A illustrates additional polymers prepared according to the HF-fluoride catalyzed
polymerization methods described herein.

FIG. 4B illustrates additional polymers prepared according to the HF-fluoride catalyzed
polymerization methods described herein.

FIG. 5 illustrates effects of various catalyst and solvent combinations on the
polymerization process.

FIG. 6 illustrates additional exemplary polymerization reactions carried out according to
the methods described herein using sulfonylfluoride and silylated monomers.

FIG. 7 illustrates non-limiting examples of sulfonylfluoride and silylated monomers,
which can be utilized in the polymerization methods described herein.

FIG. 8 illustrates the reaction conditions and the GPC molecular weight data on the
resulting polymers (M,, PDI) from the polymerization reactions carried out using sulfonylfuoride

and silylated monomers in the polymerization methods described herein.

DETAILED DESCRIPTION

The present polymerization method can provide a wide variety of monomer structures,
functional substituents, and monomer-to-monomer linkages. In some embodiments, the
polymerization method comprises, consists essentially of, or consists of contacting at least one
bis-fluorinated first monomer, F-X-F, with at least one bis-silylated second monomer,

(R");Si—Z—Si(R")3, in the presence of a bifluoride or polyHF fluoride catalyst of formula
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(R")(F(HF),"), wherein R is an organic cation or a chelated metal cation, and w is 1 or greater.
The fluoro substituents of the first monomer are attached to a sulfonyl, carbonyl, or heteroaryl
portion of X, and the silyl groups of the second monomer are attached to an oxygen, sulfur or
nitrogen atom of Z. In the presence of the catalyst, a fluoro substituent of the first monomer
reacts with a silyl substituent of the second monomer to form a silyl fluoride compound. At the
same time, a sulfonyl, carbonyl, or heteroaryl group of the first monomer condenses with an
oxygen, sulfur or nitrogen atom of the second monomer to which the silyl groups was attached,
to thereby form a linear alternating polymer chain with X-Z repeating units.

The cation of the HF-fluoride catalyst can be an onium cation such as a quaternary
ammonium cation, an organosulfonium cation, an organophosphonium cation, a quaternary
ammonium cation, a quaternized nitrogen heteroaromatic cation, as well as a cationic polymer,
including both an insoluble and a soluble polymer (e.g., cationic polystyrene beads with
appended quaternary ammonium groups). The cation also can be a chelated metal cation,
preferably comprising a monovalent metal ion (e.g., an alkali metal such as potassium and the
like) complexed with a chelating ligand, e.g., a neutral (non-charged) ligand such as a crown
ether (e.g., 18-crown-6 and the like).

In some embodiments, the HF-fluoride catalyst comprises a tris(dialkylamino)sulfonium
bifluoride salt of formula: (R*N);S"(FHF)~ wherein each R independently is an alkyl group
comprising 1 to 20 carbon atoms, or two R* groups together comprise a 4 or 5 carbon alkylidene
group (e.g., -CH,-CR*,-CH;-, or -CH,CR*,CR*,CH;- wherein each R* independently is H or
alkyl) thereby forming a 5 or 6 membered ring with the N atom attached thereto; each R* alkyl or
alkylidene group includes at least two hydrogen atoms on a carbon atom adjacent to the sulfur
atom thereof, and each R? independently can be linear or branched; or a polyHF fluoride analog
thereof. The tris(dialkylamino)sulfonium bifluoride salt can be prepared, e.g., by the methods
described in U.S. Patent No. 4,598,161 to Farnham et al., which is incorporated herein by
reference in its entirety, e.g., hydrolysis, methanolysis, or pyrolysis of a
tris(dialkylamino)sulfonium difluorotrimethylsilicate. Tris(dialkylamino)sulfonium
difluortrimethylsilicates are well known in the art, and can be prepared according to the methods
described in U.S. Patent No. 3,940,402 to Middleton, which is incorporated herein by reference

in its entirety.
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The catalysts can be utilized at any catalyst loading that produces a polymer product; e.g.,
typically at a catalyst loading in the range of about 0.0001 mol% to about 10 mol% based on the
total moles of monomers, depending on the monomers being polymerized and the particular
bifluoride catalyst selected. In some embodiments the catalyst is utilized at a concentration in
the range of about in the range of about 0.001 mol% to about 1 mol% (e.g., 0.01 to about 0.1
mol%) based on the total moles of monomers.

Non-limiting examples of tris(dialkylamino)sulfonium bifluoride salts useful as catalysts
in the bifluoride catalyzed polymerization methods described herein include, e.g.,
tris(dimethylamino)sulfonium bifluoride, tris(diethylamino)sulfonium bifluoride,
tris(methylethylamino)sulfonium bifluoride, tris(n-propylamino)sulfonium bifluoride, tris(di-n-
propylamino)sulfonium bifluoride, bis(di-n-propylamino)(dimethylamino)sulfonium bifluoride,
bis(dimethylamino)(N-octadecyl-N-methylamino)sulfonium bifluoride, tris(piperidino)sulfonium
bifluoride, tris(pyrrolidino)sulfonium bifluoride, bis(dimethylamino)pyrrolidinosulfonium
bifluoride, bis(pyrrolidino)(dimethylamino)sulfonium bifluoride, tris(N-methyl-N-
octadecylamino)sulfonium bifluoride, tris(4-methylpiperidino)sulfonium bifluoride, and
bis(dimethylamino)(diethylamino)sulfonium bifluoride.

Optionally, the HF-fluoride catalysts can be utilized in combination with the basic
catalysts described in PCT/US2013/072871 to Dong et al. (published as WO 2014/089078), such
as 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), 2-tert-butylimino-2-diethylamino-1,3-
dimethylperhydro-1,3,2-diazaphosphorine (BEMP). Such combinations can be useful to
ameliorate the high reactivity of the HF-fluoride catalysts, e.g., to moderate the polymerization
rate, control the molecular weight of the polymer, and the like. For example, an amount (e.g.,
less than 90, 80, 70, 60, 50, 40, 30, 20, 10, 5, 3, or 1 mol % based on total moles of catalyst) of
the basic catalyst can be combined with the HF-fluoride catalyst, or can be added separately to
the monomer mixture, before or during the polymerization, and/or to curtail the polymerization
after it has proceeded to a desired degree of polymerization.

As described in detail herein, the first monomer can be represented by the formula
F-A(—R*-A)n-F, wherein each A independently is SO,, C(=0), or Het; R* comprises a first
organic moiety; nis O or 1; and Het is an aromatic heterocycle comprising at least two carbon

atoms (e.g., 2 to 4) and at least one (e.g., 1 to 4) nitrogen atoms in a heteroaromatic ring thereof.
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When A is Het, each F is attached to a carbon atom of the heteroaromatic ring. A particularly
preferred A group is SO,. When n is 0, the first monomer can be represented by the formula F—
A-F (i.e, FSOyF, FC(O)F, and F-Het-F). When n is 1, the first monomer can be represented by
the formula F~A-R’~A—F. In some embodiments, first organic moiety, R?, can be represented
by the formula -L'-R°-L'~ in which in which each L' independently is selected from the group
consisting of O, S, and N(R*); R’ comprises a first organic moiety, and R* is H or a third organic
moiety. In some other embodiments, the first organic moiety, R, can be represented by the
formula —L'-R°—, in which in which L' independently is selected from the group consisting of O,
S, and N(R*); R’ comprises a first organic moiety, and R* is H or a third organic moiety.

The second monomer, (R');Si—Z—Si(R')3, can be represented by the formula
(R")38i-L-R’-L-Si(R");, in which each L independently is O, S, or N(R*); R’comprises a second
organic moiety; and R* is H or a third organic moiety.

FIG. 1 illustrates the reaction of silyl and fluoro monomers in the presence of and HF-
fluoride catalyst, such as a tris(dialkylamino)sulfonium bifluoride salt to form a polysulfate
polymer. Non-limiting examples of some bis-fluorosulfate and bis-silylated monomers that can
be utilized in the methods described herein, are shown in FIG. 2. Other non-limiting examples
of fluorinated and silylated monomers that can be utilized in the bifluoride catalyzed
polymerization processes described herein include any of the specific monomer compounds
disclosed in WO 2014/089078 to Dong et al.

The X and Z portions of the polymer chain are connected to each other through a linkage
such as ~SO,—L—, -C(=0)-L—, —-Het-L—, -L'-SO,-L—, -L'-C(=0)-L-,
or —-L'-Het-L—, in which each L and L' independently is selected from the group consisting of
0, S, and N(R*); and each R* independently comprises H or an organic moiety. As described
herein, Z comprises an organic moiety bearing the oxygen, sulfur or nitrogen atoms, and X can
be the sulfonyl, carbonyl, or heteroaryl activating group, or alternatively, X can comprise an
organic core group bearing the sulfonyl, carbonyl, or heteroaryl activating groups. In some
polymer embodiments, the sulfonyl, carbonyl, and heteroaryl activating groups of X are attached
directly to a carbon atom of the first organic moiety (if present) in X. Alternatively, or in
addition, the sulfonyl, carbonyl, and heteroaryl groups of X can be attached to the organic moiety

thereof through a sulfur, oxygen, or nitrogen atom.
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The heteroaryl groups (also referred to herein as heteroaromatic groups, or "Het") to
which the fluoro substituents of the first monomer can be attached include any heterocyclic
moiety that comprises at least one nitrogen atom (e.g., 1 to 4 nitrogen atoms), and at least two
carbon atoms (e.g., 2 to 4 carbon atoms) in an aromatic ring (e.g., a S-membered aromatic ring or
6-membered aromatic ring), and the fluoro substituents are attached to carbon atoms in the
aromatic ring.

Non-limiting examples of suitable heteroaryl groups, Het, comprising a 6-membered
heteroaromatic ring include azabenzene heterocyclic groups such as a pyridine, a diazine (e.g., a
1.2-diazine, a 1,3-diazine or a 1,4-diazine), and a triazine (e.g., a 1,3,5-triazine); azanaphthalene
groups such as a 1-azanaphthalene (also known as a quinoline), a 2-azanaphthalene (also known
as an isoquinoline), a 1,2-diazanaphthalene (also known as a cinnoline), a 2,3-diazanaphthalene
(also known as a phthalazine), a 1,3-diazanaphthalene (also known as a quinazoline), a 1,4-
diazanaphthalene (also known as a quinoxaline), a 1,5-diazanaphthalene, a 1,6-diazanaphthalene,
a 1,7-diazanaphthalene, a 1,8-diazanaphthalene, a 1,3,5-triazanaphthaline, a 1,3,8-
triazanaphthalene, and a 1,3,5,8-tetraazanaphthaline (also known as a pteridine),
azaphenanthroline groups such as a 1,10-diazaphenanthroline; and the like. Non-limiting
examples of suitable heteroaryl groups, Het, comprising a 5-membered heteroaromatic ring
include a pyrrole, an imidazole, an oxazole, a thiazole, a pyrazole, an isoxazole, an isothiazole,
as well as condensed 5- and 6-membered heterocycles such as an indole, an isoindole, a
benzothiazole, a benzoxazole, a purine, and the like.

As described herein, the Z portion of the second monomer, and optionally, the X portion
of the first monomer can comprise any organic moiety (e.g., R%, R’, R* and R”) groups in the
formulas described herein, since the reactivity of the monomers toward polymerization primarily
is controlled by the bifluoride salt catalyst, and the combination of the activating sulfonyl,
carbonyl, and heteroaryl groups of the first monomer, the oxygen, sulfur and nitrogen atoms in
the second monomer, and the formation of the thermodynamically stable silyl fluoride byproduct
from the respective fluoro and silyl substituents of the first and second monomers.

The use of the terms "a" and "an" and "the" and similar referents in the context of
describing the invention (especially in the context of the following claims) are to be construed to

cover both the singular and the plural, unless otherwise indicated herein or clearly contradicted
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by context. The terms "comprising," "having," "including," and "containing" are to be construed
as open-ended terms (i.e., meaning "including, but not limited to") unless otherwise noted.
Recitation of ranges of values herein are merely intended to serve as a shorthand method of
referring individually to each separate value falling within the range, unless otherwise indicated
herein, and each separate value is incorporated into the specification as if it were individually
recited herein. All numerical values obtained by measurement (e.g., weight, concentration,
physical dimensions, removal rates, flow rates, and the like) are not to be construed as absolutely
precise numbers, and should be considered to encompass values within the known limits of the
measurement techniques commonly used in the art. All methods described herein can be
performed in any suitable order unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or exemplary language (e.g., "such
as") provided herein, is intended merely to better illuminate certain aspects of the invention and
does not pose a limitation on the scope of the invention unless otherwise claimed. No language
in the specification should be construed as indicating any non-claimed element as essential to the
practice of the invention.

As used herein, the term "organic" and grammatical variations thereof, in reference to a
group or moiety, refer to a material comprising carbon, typically in combination with at least
some hydrogen, and optionally including one or more other element, such as oxygen, sulfur,
nitrogen, phosphorous, a halogen, or another non-metal or metalloid element from groups II-A
(e.g.,B), IV-A (e.g., Si), V-A (e.g,, As), VI-A (e.g., Se) of the periodic table. The term
"organic" also refers to materials traditionally described as organometallic materials (e.g.,
comprising one or more main group of or transition metal atoms covalently bound to a carbon
atom), as well as materials that include metallic elements in a complex or as a salt with an
organic moiety. Non-limiting examples of organic moieties or groups include, hydrocarbons,
heterocycles (including materials comprising at least one saturated, unsaturated and/or aromatic
ring comprising at least one carbon atom, and one or more other elements), carbohydrates
(including sugars and polysaccharides), amino acids, polypeptides (including proteins and other
materials comprising at least two amino acid groups bound together via a peptide bond), peptide
analogs (including materials comprising two or more amino acids linked by a bond other than a

peptide bond, e.g., ester bonds), and a combination of two or more thereof.
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Additionally, the organic moieties R%, R’ R*, R’ and R® can be substituted with one or
more functional group. Non-limiting examples of such functional groups include e.g., hydroxyl,
halogen, nitro, ~C(O)R®, ~C(O)OR®, ~C(O)N(R®),, —CN, —SO,R®, ~SO,N(R®),, R°SO,N(R®)-,
“NR)SO,R®, ~SO;R®, -N(R?),, -N(R*)OR®, -N(R®)C(O)R®, -N(R*)C(O)OR®,
“NRHC(O)N(R®),, —OC(O)N(R®),, ~OC(0)OR?®, azido, alkyl, cycloalkyl, alkenyl, alkynyl,
alkoxy, fluoroalkyl, fluoroalkoxy, aryl, aryloxy, heteroaryl, poly(ethyleneoxy), alkynyl-
terminated poly(ethyleneoxy), a fatty acid, a carbohydrate, an amino acid, a polypeptide; wherein
each R® independently is H, alkyl, or aryl, and vis 0, 1, or 2.

The term "hydrocarbon" and grammatical variations thereof is well known in the art and
refers to an organic compound consisting entirely of hydrogen and carbon. Hydrocarbons can be
saturated (contain no multiple bonds), unsaturated (containing at least one double or triple bond,
or aromatic (containing an aromatic ring system such as a benzene ring, or a condensed aromatic
ring system such as a naphthalene, anthracene, and similar systems). Hydrocarbons can include
of linear chains of carbons atoms, branched chains of carbon atoms, rings of carbon atoms, or
any combination thereof. Non-limiting examples of hydrocarbons include alkanes, alkenes,
alkynes, cycloalkanes and alkyne-based compounds.

The term "hydrocarbyl" and grammatical variations thereof refers to univalent groups
formed by removing a hydrogen atom from a hydrocarbon, e.g. ethyl, phenyl.

The term "carbohydrate" and grammatical variations thereof is well known in the art
refers to, for example, polyhydroxylated compounds that formally have an empirical elemental
formula (CH,0)x in which x is >1. Non-limiting examples of carbohydrates include sugars (e.g.,
glucose, maltose), polysaccharides (e.g., starches, cellulose), and modified versions of sugars and
polysaccharides (e.g., comprising one or more functional group in place of or in addition to
hydroxyl groups, such as amino, ethers, esters), as well as deoxy sugars and deoxy
polysaccharides ( i.e., sugars and polysaccharides in which an OH has been replaced by an H),
and the like. The carbohydrates can be naturally occurring materials, synthetic materials, or a
combination thereof.

The term "amino acid" and grammatical variations thereof is well known in the art and
refers to, for example, organic compounds comprising at least one amino group, and at least one

carboxylic acid group. Examples of amino acids include natural or synthetic alpha-amino acids
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(e.g., the common proteogenic amino acids, as well as non-proteogenic amino acids such as
ornithine, which can be chiral materials, e.g., levo or dextro stereoisomers, or mixtures thereof,
or achiral materials, depending on the structure), as well as compounds in which the amino group
and carboxylic acid group are separated by more than one carbon.

The term "polypeptide" and grammatical variations thereof is well known in the art and
refers to, e.g., materials including two or more amino acids (generally alpha-amino acids) joined
together by peptide (amide) bonds between the carboxylic acid group (typically an alpha-
carboxylic acid group) of one amino acid and the amino group (typically the alpha-amino group)
of another amino acid. As used herein, the term polypeptide also encompasses proteins, as well
as materials having a polypeptide core structure with additional functional or protecting groups
appended to the polypeptide backbone. The term "peptide analog" and grammatical variations
thereof refers to polypeptide-like materials in which one or more peptide bond is replaced by a
non-peptide linkage, such as an ester, an ether, and the like.

Molecular weight values such as number average molecular weight (M) and weight
average molecular weight (My,), as well as polydispersity index values ("PDI", i.e., M/M,) used
herein are based on either gel permeation chromatography (GPC) versus polystyrene standards,
unless otherwise specified. Molecular weight parameters for which there is no explicit
description or contextual implication of being GPC values should be interpreted as GPC-derived
values. The molecular weight values are reported in units of g/mol (also referred to as Daltons,
"Da") or Kg/mol (also referred to as kDa).

Surprisingly, the polymerization methods described herein can be performed under a
variety of relatively mild reaction conditions. The reaction routinely can be run at temperatures
ranging from ambient room temperature (e.g., about 20 to 25 °C) to about 200 °C. When the
polymerizations are performed without solvent (neat), a temperature sufficient to melt the
monomers may be desired. Preferably, the first and second monomers are reacted in
approximately equimolar amounts (based on the moles of F and silyl substituents present) or
with an excess (e.g., 0.01 up to about 10 mol% excess) of the fluorinated first monomer.

As described herein, the first and second monomers can be contacted with one another
neat or in a solvent. Non-limiting examples of suitable solvents include a halogenated

hydrocarbons (e.g., dichloromethane, chloroform, carbon tetrachloride, perchloroethane,
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chlorofluorocarbons, fluorocarbons, and the like), ethers (e.g., diethyl ether, tetrahydrofuran,
dimethoxyethane, and the like), esters (e.g., ethyl acetate), nitriles (e.g., acetonitrile, and the
like), ketones (e.g., acetone, methylethylketone), pyridines (e.g., pyridine, picolines, and the
like), amides (e.g., NMP, DMF, acetamide, dimethylacetamide, and the like), sulfoxides (e.g.,
DMSO, and the like), and sulfones (e.g., sulfolane, dimethylsulfone, and the like). Preferably,
the solvent is non-aqueous and aprotic. For example, the solvent can be a polar aprotic solvent
such as, e.g., an amide, a nitrile, a sulfoxide, a sulfone, and the like. If desired, mixed solvent
systems can be used, or the polymerization reaction can be performed sequentially in different
solvents or in a combination of solventless and solution conditions (e.g., beginning in one
solvent (or solventless) and completing the polymerization in another solvent). In some
preferred embodiments the monomers are reacted neat in a melt phase.

The silyl fluoride byproduct of the polymerization is readily separable from the polymer
product by any of a number of methods that are well-known to those of ordinary skill in the
chemical arts. For example, the silyl fluoride can be removed by distillation or evaporation
either at ambient atmospheric pressure or reduced pressure, depending of the boiling point of the
silyl fluoride. Alternatively, or in addition, silyl fluoride byproducts, which tend to be relatively
nonpolar, can be removed from the polymer product by washing with a solvent that will dissolve
the silyl fluoride but not the polymer product (e.g., a hydrocarbon solvent). The silyl fluoride
byproduct also can be recycled by reaction with a salt of a bis-phenolic monomer precursor (e.g.,
bisphenol A) to form a bis-silyl ether-type monomer.

The polymeric materials obtained from the methods described herein preferably have a
degree of polymerization (i.e., average number of monomer units) of at least about 10 and more
preferably greater than 10 (e.g., 10 up to about 100, 200, 300, 400, 500, 1,000, 10,000, 100,000
or greater).

In the methods described herein, the first and second monomers can each comprise a
single monomeric material, or a combination to two or more monomeric materials, either as a
mixture or added sequentially to the polymerization reactions. For example, the first monomer,
F-X-F, can comprise a combination of two or more monomeric materials with different X
groups. Similarly, the second monomer, (R');Si-Z—Si(R")s, can comprise a combination of two

or more monomeric materials having different R' groups, different Z groups, or both. Such
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combinations of monomers can be formulated in any desired proportion, as described herein, or
can be separately added to the polymerization mixture. The polymers resulting from such
combinations of monomeric materials can include randomly distributed repeating units or can
include blocks of repeating monomer units of the same structure, or both random and block
segments, depending on the relative reactivity of the various monomers, as well as on whether
the different monomeric materials were mixed together initially, or were contacted in a serial
fashion, or some combination of mixed and serial addition.

As a non-limiting example, a mixture of first monomers can include 90 mole percent
(mol%) of F-SO,—F and 10 mol% of F—SO,—~CH,—Ph-SO,-F. Reaction of this mixture of first
monomers with a second monomer of formula Me;Si—O—Ph—CMe,;—Ph—0O-SiMes, would then
provide a polymer of empirical formula: -(SO,—~O-Ph—CMe,—Ph—0O-)e—(SO,—~CH,-Ph-SO,-0—
Ph—CMe,—-Ph—O-)f—, and having an approximate ratio of e:f of about 9:1 with the SO,—O-Ph—
CMe,—Ph-O and SO,—CH;-Ph—-S0O,-0-Ph—CMe,—Ph—O repeating units likely distributed in a
random manner throughout the polymer chain. Alternatively, block copolymers can be formed
by contacting an amount (e.g., 9 moles) of a single first monomer composition, F—-SO,-F, and a
greater molar amount (e.g., 10 moles) of single second monomer composition, Me;Si—O—Ph—
CMe,—Ph—0O-SiMes, to form a first uniform polymer chain segment, —(SO,—~O-Ph—CMe,—Ph—
O-)e, and then an amount (e.g., 1 mole) of a different first monomer, F—-SO,~CH,—Ph—-SO,-F,
sufficient to react with the remaining amount of the second monomer to form a second polymer
chain segment (e.g.,—(SO,—CH;—Ph—S0,-0-Ph—CMe,—Ph—0O-)f), resulting in a block copolymer
having block segments in an approximate molar proportion of a:b (i.e., about 9:1 in this
example). As will be understood by those of ordinary skill in the polymer art, the second
monomer also or alternatively can comprise multiple compounds having different Z groups, to
produce polymers having multiple combinations of repeating units, for example, a polymer of
the general formula —(X'-Z")o—(X'-Z*)B-(X*-Z" W—(X*~Z")5 . . . — (X'-Z")o—, in which a, B, 7, §,
and o are proportional to the relative amounts of each different first and second monomer
present in the polymerization reaction mixture.

In some embodiments, at least a portion of the first monomer includes a branching
monomer of the formula F-X-F, in which X includes an additional F substituent on an activating

group selected from SO,, C(=0), and Het as defined elsewhere herein, such that the additional F
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substituent also reacts with a silyl substituent of the second monomer to form a silyl fluoride, and
the additional activating group condenses with an L group of the second monomer to introduce at
least one branch point in the polymer. For example, the first monomer can comprise or consist
of a branching monomer having an organic core group, such as a phenyl group, substituted by
three activated fluoro substituents, such as 1,3,5-tris-fluorosulfonylbenzene, or 2,4,6-trifluoro-
1,3,5-triazine, in which the triazine is both the activating group (Het) and the organic core group.
Additionally, or alternatively, the second monomer can include a branching monomer with an
additional silyl substituent attached to an oxygen, sulfur or nitrogen atom. Reaction of the
branching second monomer also results in the introduction of at least one branch point into the
polymer, by condensation of the oxygen, sulfur or nitrogen atom with a sulfonyl, carbonyl or
heteroaryl activating group of the first monomer, and concomitant reaction of the fluoro and silyl
substituents to form a silyl fluoride, as described herein.

In any of the polymerization method embodiments described herein, the organic moieties,
e.g., R:L R’ R*, R’ and R®, can be selected from the group consisting of a hydrocarbon, a
heterocycle, a carbohydrate, an amino acid, a polypeptide, a peptide analog, and a combination
of two or more thereof. In some embodiments, R', R% R’, R*, and R, can include one of more
substituent, e.g., hydroxyl, halogen, nitro, ~C(O)R®, ~C(O)OR®, —C(O)N(R®),, —-CN, —SO,R®,
—SOyNR®),, R°SON(R®)—, -N(R®)SO,R®, ~SO3R®, -N(R®),, -N(R*)OR®, -N(R*)C(O)R®,
“NR®C(0)OR®, -N(R*)C(O)N(R®),, ~OC(O)N(R®),, ~OC(O)OR’, azido, alkyl, cycloalkyl,
alkenyl, alkynyl, alkoxy, fluoroalkyl, fluoroalkoxy, aryl, aryloxy, heteroaryl, poly(ethyleneoxy),
alkynyl-terminated poly(ethyleneoxy), a fatty acid, a carbohydrate, an amino acid, a polypeptide;
wherein each R® independently is H, alkyl, or aryl, and v is 0, 1, or 2.

Fluoro-substituted end groups of the polymer products, when present, can be used to
functionally modify the ends of the polymer chain, e.g., by nucleophilic displacement of the F
substituent by an oxygen, nitrogen, or sulfur-based nucleophile. This end group modification
can be performed in the polymerization mixture at the end of the polymerization process (e.g.,
when the polymerization is performed in solution), or the resulting fluoro-capped polymer can be
reacted with a nucleophile in a separate reaction after the initially formed polymer has been

isolated. Non-limiting examples of suitable nucleophiles for displacement of the F substituent
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include hydroxy-substituted materials (e.g., alcohols and phenolic compounds), amines, azide,
thiols, and the like.

In some embodiment, the polymers prepared by the methods described herein comprise a
polymeric chain having a formula selected from the group consisting of:

Formula (I): (<A(-R*~A)n-L-R’-L)x—;

Formula (IT); (-A-R*~A-L-R’-L)y—;

Formula (ITT); (-A L' R’-L'-A-L-R*-L)z—;

Formula (IV): (-A-L'-R>-A-L-R’-L)m- ;

Formula (V): (~A—L-R’-L)p—; and

Formula (VI):
(-A-R*-A-L-R*-L)a~(-A-L'-R*-L'-A-L-R*-L)b—(A-L'-R*-A-L-R*-L)c—(-A-L-R*-L)d-.

In the forgoing Formulas (I), (II), (II1), (IV), (V),and (VI), each A independently is SO,
C(=0), or Het, preferably SO,; each R” and R’ independently comprises a first organic moiety;
each Het independently is an aromatic heterocycle comprising at least two carbon atoms and one
to four nitrogen atoms in a heteroaromatic ring thereof, in which each L is attached to a carbon
atom of the heteroaromatic ring; each L independently is O, S, or N(R*), preferably O; each R’
independently comprises a second organic moiety; and each R* independently is H or a third
organic moiety. In Formulas (I), (I), (IIT), (IV),and (V) each of x, y, z, m, and p is the average
number of repeating units in the polymer and has a value of at least 10 (e.g., 10 up to about 100,
200, 300, 400, 500, 1,000, 10,000, 100,000 or more). In Formula (VI) each of a, b, ¢, and d is
the average number of respective repeating units and independently can be O or greater, provided
the sum of a, b, ¢, and d is at least 10 (e.g., 10 up to about 100, 200, 300, 400, 500, 1,000,
10,000, 100,000 or more). The polymer chains in Formulas (I), (I), (II), (IV),and (V) includes
at least one end group, an preferably two end groups, which are derived from the first monomer,
i.e., an end group including the moiety E-A—, in which E preferably is a fluoro substituent (F), or
E is a functional group obtainable by nucleophilic displacement of F from the "A" moiety, such
as azido, amino, alkylamino, arylamino, alkoxy, aryloxy, alkylthio, and similar groups. In some
embodiments, E is selected from fluoro, OR®, NHR®, N(R®),, azido, CN, or SR®, and each R®

independently is an organic moiety as described herein for R, R, R’, R*, and R’.
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An example of one class of polvimers that can be produced by the methods described
herein 13 a poly{organosulfate), such as a polv{bisphenol sulfate), as described in detail 1n the
Examples herein. In one embodiment, the poly(bisphencl sulfate) is represented by Fornmla
(IV) wherein each A iz SOy, and each L is O and each R’ is a compound of formula:
—Ph-C(R")Ph— . in which each Ph is a 1,4-phenylene group, and each R’ is H, (C-Cy) atkyl
{e.g.. methyl, ethyl. and propvl), or a halogenated (C1-Cy) alkyl {e.g., trifluoromethyl).

In any of the polvmers deseribed herein the organic moieties, e.g., RY, R?, R* R, and RS,
can be selected from the group consisting of consisting of a hydrocarbon, a heterocyele, a
carbohtydrate, an amino acid, a polypeptide, and a combination of two or move thereof.
Additionally, B2 R, R, and R” can be substituted with at least one functional group. Non-
limiting examples of such functional groups include e g, hydroxyl, halogen nitro, —C{OIRS,
—CIOYORE, —C{OMI(R Y, —ON, —SO.R®, —SONR,, R® SO NERY-, NRHSOR®, —SO:R",
“N{R%),, NRHOR®, NERHCIOIRE, N(RHCIOIORS, NROICIOMNIR ), “OCIOIN(RY),,
—OC(OORS, azide, alkyl, eycloalkyl, atkenyl, alkoynyl, alkoxy, fluorcalkyl, fluoroatkoxy, aryl,
arvioxy, heteroaryl, poly{ethyvleneoxy), alkyoyi-ternunated polyv{ethyleneoxy), a fafty acid. a
carbobydrate, an amino acid, and a polypeptide; wherein each R® independently is H. alkyl, or
aryl. andvis 0, 1, or 2.

In a preferred emtbodment, the first and second monomers can conprise a bisphencl-fype
compound i which two phenolie groups {capped with either a flucrosulfonyl or silvl group) are
tethered together by a lmbang bond or ludomg group (e.g., oxygen, sulfur, nifrogen, carbonyl, or a
saturated or unsaturated alkviene group, which can be substituted or unsubstituted), e.p., a fust

monomer of Formula VI and a second monomer of Formula VHI

2 - 2
Ex"\\’,\\VR\\ @ {’_ﬂ-’ \] -~ R\Ej”\\ﬂ\
~F N Nos0F R/ wsio” S N0siR)

FO,807
Vi Vil

wherein each R' independently is a hydrocarbyl group, and R® independently is a
covalent bond, C{UH;x), C{CF3), or SOa.

A preferred polyimer 1s a compound of Formula IX:
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IX
wherein t 15 the average nmumnber of monomer units and s at least 10 {e.g.. 10 up to about 100,
2440, 300, 400, 560, 1,000, 10,000, 100,000 or more)}, and E 15 F or 18 a funchional group
obtainable by nucleophilic displacement of F from the "A" moiety, such as azido, amino,
alkviammo, arviamino, atkoxy, arvioexy, alkyvlthio, and sinular groups. In some embodmnents, E
is selected from fluoro, OR?, NHR®, N(R*}, azido, ON, or SR, and each R® independently is an

. . . e onlop2 pl opd 5
organic moiety as deseribed heremn for R°. R R R and R

Certam aspects and features of the methods and polymers described herein are further
illustrated m the following, non-limiting examples.
General Information:

1, PF and PC NMR spectra were recorded on Bruker AV-400 at room tenperature
widess otherwise noted. Chemical shiufts (3} are expressed m parts per nullion {ppmy}. Proton
magnetic resonance { H NMR) spectra were recorded at 400 MHz. Fluorine magnetic resonance
{"F NMR) spectra were recorded at 376 MHz. Carbon magnetic resonance (©C NMR) spectra
were recorded at 100 MHz. Molecular weight and PDI {polvdispersity mdex} were deternuned
by GPC on a Waters 1515 system {MZ-GEL SDPLUS column, 500 A, 1,000 A, 10,000 A; RI
2414 refractive index detector) calibrated with polystyrene standards, eluting with HPLC grade

DMF with 0.05 % by weight {wi%) of LiBr as a modifier (flow rate: 0.8 mL/min}.

EXAMPLE 1. Catalyst Preparation:

14, Onium biftuoride catalysis

Omium bifluorides can be obtamned via amon exchange reaction of correspondmg onnun
halide salts {C1 or Br salts) with silver(I} bifluoride {AgHE») (see, Vergote et al.,, Cham. Eur. L
2012, 1R, p. 793-798). Alternatively onmum bifluoride catalysts, especially the ammontum

bifluonide and mudazohum bifluoride salts, ¢an be prepared via the reaction of corresponding
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onium halide salts with anhydrous HF (see, (1) Matsumoto et al., Solid State Sci. 2002, 4, p. 23-
26; (2) Hagiwara et al., J. Fluorine Chem. 1999, p.1-3).
1A(i). Tris(dialkylamino)sulfonium bifluoride
Tris(dialkylamino)sulfonium bifluoride salts can be made by via Farnham’s procedure
(see, Farnham et al., U.S. Pat. No. 4,598,161).
For example, tris(dimethylamino)sulfonium bifluoride has been prepared as follows:
SN H0 SN

I I
§* - [F2Si(CHg)sl - .8  HFy
\ITl T/[ 251(CH3)s3] T L(CHo)aST,0 \,Tj 'Tl/ 2

Tris(dimethylamino)sulfonium bifluoride (TASHF ). In a 10 mL plastic bottle (PP,
polypropylene) equipped with a TEFLON-coated stirring bar, about 1.122 g (4.07 mmol) of
tris(dimethylamino)sulfonium difluorotrimethylsilicate (TASF, Middleton et al., U.S. Pat. No.
3,940,402) was dissolved in 1.0 ml of distilled acetonitrile under nitrogen at ambient
temperature. About 0.06 mL (3.3 mmol) of distilled water was added while stirring, whereupon
rapid formation of an oily material was observed. The acetonitrile was evaporated and the
resulting solid product was stirred overnight in about 10 mL of anhydrous tetrahydrofuran
(THF). The THF solvent was later removed via syringe and the crude product was rewashed with
another 10 mL THF, twice. Solid TASHF, was obtained by drying the crude product at ambient
temperature under vacuum for about 3 days, to afford about 793 mg of TASHF,; (96.0% yield).
F NMR (376 MHz, Acetonitrile-ds) 5-149.81 (m). "H NMR (400 MHz, Acetonitrile-ds) & 2.88
(s).

1A(i). Tetraalkylphosfonium bifluorides

Tetrabutylphosphonium bifluoride has been prepared as follows:

AgHF,
- AgCl
Tetrabutylphosphonium bifluoride. In a 10 mL plastic bottle (PP, polypropylene)

[(C4Hg)4P]*CI- [(C4Hg)4PI™HF "

\J

equipped with a TEFLON-coated stirring bar, about 147.4 mg (0.5 mmol) of
tetrabutylphosphonium chloride was dissolved in 5.0 mL of distilled acetonitrile under nitrogen.
Silver bifluoride (73.4 mg, 0.5 mmol) was then quickly added to the stirring solution. The

reaction was maintained at room temperature (25 °C) for 30 minutes with stirring. Solid silver



10

15

20

25

WO 2016/209920 PCT/US2016/038701

-35-

chloride completely precipitated on the bottom of the bottle after the stirring was discontinued,
and the upper layer acetonitrile solution of tetrabutylphosphonium bifluoride (0.1M) can be used
directly in the polymerization reactions described herein without further purification. "H NMR
(400 MHz, Acetonitrile-ds) §2.15 — 2.06 (m, 8H), 1.58 — 1.42 (m, 16H), 0.96 (t, /= 7.1 Hz,
12H); "’F NMR (376 MHz, Acetonitrile-d5) § -156.51 (m, 2F); °C NMR (101 MHz,
Acetonitrile-d3) 6 23.54 (d, /= 15.7Hz), 22.90 (d, /=4.7 Hz), 17.91 (d, /= 48.1 Hz), 12.59.

The preparation of (Ph;P=N-PPh3)" HF; (0.2 M stock solution). To a well stirred
solution (suspension) of AgHF; (10 mmol) in CH3CN (45 mL) in a 100 mL plastic bottle (the
bottle was covered by aluminum foil to avoid light) sealed with a rubber septum was added a
solution of (Ph;P=N-PPh;)" CI" (10 mmol) in CH;CN (5 mL) over about 5 minutes by syringe
under argon atmosphere. The mixture was allowed to stir at room temperature for 30 minutes,
and then sonicated at room temperature for another 30 minutes. The sonicated solution was then
centrifuged (2000 rpm), and the supernatant containing the desired catalyst as a 0.2 M stock
catalyst solution was transferred under argon by syringe into a plastic bottle containing
microwave oven activated molecular sieves to keep the solution dry.

1B. Onium polyHF fluoride catalysts

Onium polyHF fluoride catalysts ( i.e., R'F(HF),,, w > 1) can be obtained via the
reaction of corresponding onium halide salts (e.g. Cl or Br salts) with anhydrous HF (e.g., see,
(1) Momota et al., Electrochim Acta. 1993, 38, p. 619-624; (2) Rozhkov et al. Tetrahedron 1975
31, p. 977-981; (3) Ballinger et al., Electrochim Acta. 1985, 30, p. 1075-1077; and references

2

therein).

1C.  Polymer-supported F(HF),’

Polymer-supported F(HF),,” can be prepared e.g., as described in Cousseau et al., B. Soc.
Chim. Fr. 1986, p. 910-915.
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EXAMPLE 2. Polymerization Procedures:

2A. Exemplary Poly(Bisphenol A Sulfate) Preparation.

2A(i). Preparation of propane-2,2-diylbis(4,1-phenylene) difluorosulfonate (BPA-
OSO:F) from WO 2014/089078 to Dong et al.

A 2-liter single-neck round-bottom flask was charged with bisphenol A (114.9 g, 0.5
mol), CH,Cl, (DCM; 1 L) and triethylamine (Et;N;174 mL, 1.25 mol, 2.5 equivalents). The
mixture was stirred at room temperature for 10 minutes (min). The reaction flask was then
sealed with a septum, the atmosphere above the solution was removed with gentle vacuum, and
SO,F; gas (sulfuryl fluoride, VIKANE) was introduced by needle from a balloon filled with the
gas. For large scale reactions such as this, depletion of the sulfuryl fluoride from the balloon is
easily observed, and more reagent is introduced with a fresh balloon when required. For small
scale reactions, SO,F; is used in excess. These reactions can be easily followed by thin layer
chromatography (TLC).

The reaction mixture was vigorously stirred at room temperature for about 2 to 4 hours,
monitoring by GC-MS and TLC. After completion, the solvent was removed by rotary
evaporation, the residue was dissolved in ethyl acetate (EtOAc; 1 L), and the solution was
washed with IN HCI (2 x 500 mL) and brine (2 x 500 mL). The organic phase was dried over
anhydrous Na,SO, and concentrated. The resulting solid was dried under high vacuum at about
60 °C overnight to afford BPA-OSO,F as a white crystalline solid in quantitative yield (typically
about 197 g, 100% yield). Melting point (MP) 48-49 °C. '"H NMR (400 MHz, CDCl3) § 7.34-
7.32 (m, 2H), 7.28-7.26 (m, 2H), 1.72 (s, 3H); °C NMR (101 MHz, CDCl3) § 150.4, 148.2,
128.7, 120.5, 42.9, 28.4, 30.7; ’F NMR (376 MHz, CDCl;) § +37.0; GC-MS (tg): 7.2 min; EI-
MS (m/z): 392 [M]".

2A(ii). Preparation of (propane-2,2-diylbis(4,1-phenylene))bis(oxy))bis(tert-
butyldimethylsilane (BPA-OTBS) from WO 2014/089078 to Dong et al.

Ina 2L flask, 88.4 grams (2.6 eq. , 1.3 mol) of imidazole was added to a solution of
bisphenol A (114.2 gram, 0.5 mol) in DCM (1000 mL), this solution was stirred at room
temperature for about 10 min. Next, 181 gram of #-butyldimethylsilyl chloride (TBSCI; 2.4
equivalents, 1.2 mol) was dissolved into 200 mL of DCM, and the resulting TBSCI solution was

added to the bisphenol A over about 30 minutes by an addition funnel. The reaction was stirred
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at room temperature for about 24 howrs, and the reaction was pionttored by TLC or GUMS.
Then the DUM solvent was removed by rotary evaporation, 1000 mL of FtOAC was added to re-
dissolve the residue, the EOA¢ solution was washed twice with 300 mL saturated sodium
bicarbonate solution, twice with 500 ml. brime, and then the organie phase was dnied over
anhvdrous Na;SOy. The solvents were removed by rotary evaporation. The resulting product
was dried vader high vacunm at about 70 °C for about 24 hours. The pure bis-TBS husphenol A
compound, BPA-OTRS, was obtamed as a white sohid {about 225 grams, 98.5% vield} without
need for further purification before polvmerization reaction. MP 78-80 °C: 'HNMR: {(400MHz.
CDCls, 23°Cy: o 7.10-7.07(m, 4H), 6.76-6.73 {m, 4H}, 1.65{s.6H), 1.01{s, 18H)}, .22(s, 12H}.
BONMR: (100MHz, CDChL, 23 °Ck: § 1532, 143.7, 127.7, 1192, 41.7, 31.1, 25.7, 182, -

<

d \){_.-‘

ﬁf\q/\\ﬂ % ) E"\T 7 TASHE, 002% to %) | JO” jij
S~ # S07NF SN osag 130°C, 1.5 h O F 704

To a 15 ml dry glass bottle equipped with TEFLON-coated sturing bar, was added 913.6
mg (2.0 mmol} of monomer A-A {O,O-bis-{tert-butyldimethyisilvlbisphenclA) and 784.8 mg
{2 0mmol} of the other monomer B-B (O (Y-bix-{flucrosulfonvlbisphenolA). The botile was
screw sealed with a PTFE/Sdicone sephun-contaming cap and the atmosphere on the bottle was
replaced with nitrogen by evacuation and re-pressurization with nitrogen. The sealad bottle was
then placed in a 130 °C o1l bath whereupon both monomers melted under stirrmg. About 12 gL
of acetonitrile solution of is{dimethvlamino¥sulfonium biftuonde (TASHF;, 0.1M, 0.0012
mmol, 8.03 mol%e loading based on reaction siles} was injected via syringe to mitiate the
polvmenzation. Heating was continued for 1.5 howrs, and then about 4 mL of DMF was added.
The solution was then slowly poured mmto about 120 mL of vigorously stirrimg methanol {room
temperature}. A white fibrous powder formed mumediately as the DMF solution contacted the
methanol. The powder was collected via filtration and was further dried under vacuwum before
analysis.

In one polymerization run, 0.4 mbL {0.04 ;mol, 1 mole percent {moi%s) based on total
moles of monomers) of the TASHF, solution was utilized, which 1z a sinular molar concentration

to the lowest effective amonnt {about 1 nwl®%) of BEMP basic catalyst, which can switably
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polvmerize the monomers according to the method of WO 2014/08%078 to Dong et al.
Swprisingly, the monomer mixture mmnediately polymerized and solidified upon addition of the
catalyst sclution.

In another run, 0.04 mb (0.004 mmol, 0.1 mol®s based on total moles of monomers) of
the TASHF; solufion was utilized, which 13 10 fimes less than the lowest effective BEMP
concenfration. In this case, the monomer muxture polymerized and solidified in about one
minute. TBSF byproduct begin to reflax m about the first second, whereas 1 mol% BEMP
requires about S minutes or more {fo mitiate refluxing of the TBSF, which mdicates that 0.1
mol26 of TASHF: catalyst {on a total monomer basis), sweprsingly provides a reaction rate that
is at least about 40 fimes preater than the rate achieved BEMP at 1 mol%.

In a third ron, the catalyst loading was dropped to .03 mol% (abouti2 ulL of the .10M
TASHF5) at the same monomer concardration, i which case the monomers polymerized and
sohidified m about 7 to about & nunutes.

A proton NMR spectrum of the bisphenol A polysulfate product obtamed from the 0.1
mol¥ TASHE, run was consistent with the proton NMR of the polymer produced from the same
monomers using | mwol®s BEMP on a 100 gram scale, which 1s reported in WO 2014089078 o
Dong et al.

Selected polymers prepared following procedures described above include:
/‘“\\‘\

PN L«f N P4

Sy e 0 NN 0

ol xxlowmkj \UJ-OS

Q 0

4]

'H NMR (500 MHz, Methylene Chloride-d3) § 7.45 — 7.41 {m, 4H), 7.39 — 7.29 (m, 12H), 2.40 —
2.34 (m. 4H), 1.77 (s, 6H), 1.68 — 1.57 (m., 6H); °C NMR (126 MHz, Methvlene Chioride-c)
150,08, 14BE7, 148,62, 148,13 12018, 128,82, 12117, 12097, 4628 43.08, 3742, 30.87,

2644, 2311 M =93 KDa; PDI = 1.7, T, {DSOY= 1084 °C; T; (TGA} = 365.7 °C.
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HNMR {5300 MHz, Methylene Chionde-c¢h} & 7.41 — 7.34 (m, 8H}, 7.11 — 7.08 {m, 4H), 2.45 -
2.40 {m, 12H), 1.81 {s. 6H), 1.74 (s, 6H); “C NMR (126 MHz, Methylene Chloride-ds) & 150.15,
149,71, 148.95 14699, 131.45 128,76, 12R30, 121.33_ 4313, 30.91, 30.86; Mn = 57 KDa; PDI
=17 T (DSCy= 1161 °C; T, (TGAY = 319.8 °C.

'K\T'S\Ef«"’“ 'j/ \( 9
L ,\\vl,,,, -s o—L \)- S

a
f

-¢F} 1, 12H), 1.79
{m, 6HY: HC‘ NMR {126 MHz, Methviene Chlonde-dh) 6 130.23, 150.04, 148 81, 135.35, 133.06,
128.91, 122.46, 120,98, 43.14, 30.89; Mn = 18 KDa: PDI = 1.3; T, (DSC) = 66.0 °C; T; (TGA) =
3335°C.
FiC !GF&

AN ”\
—I T r/«mf}—g

O=

"
'H NMR (500 MHz, DMF-d7) 8 7.85 — 7.80 (m, 4H), 7.76 — 7.72 {m, 4H); °F NMR (376 MHz,
DMF-d;) & -63.85; °C NMR (126 MHz, DMF-d7) 8 151.31, 132.93, 132.64, 124.47 (q, /= 285.4

Hz), 122,16 Mn = 84 KD PDI = 1.6, T, (D8O = 106 8 °C, T (TGAY = 397.7 °C..

: ¢ G
O f \ ,‘" \ 0-%
4
—_ —_ 6 .

*H NMR (500 MHz, DMF-d7) 6 8.12 — 8§01 {m, 4H), 7.76 {p. /= 6.5, 5.4 Hz, 4H}; Be NMR

{126 MHz, DMF-d7) 6 150.68, 139.47, 129.64, 12225, Mn = 79 KDa:; PDI = 1.7, T, {DSC} =
120.4 °C; T: (TGA) = 3509 °C.
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¢}
'H NMR (500 MHz, DMF-¢5) 8 8.53 {d. J= 2.5 Hz, 2H), .38 (d, /= 9.0 Hz, 2H), 7.88 (dd, J =
9.0, 2.5 Hz, 2H) ¥C NMR (126 MHz, DMF-d5) § 149.50, 134.61, 131.60. 131.51, 121.56,
119.73; Mo = 64 KDa; PDI = 1.7: T, (DSC) = 100.2 °C; T, (TGA) = 356.5 °C.

2R. Procedure for synthesizing Poly-2,2-Bis{i-hydroxyphenylipropane-2',2°-

{phenylazanediviibistethane-1-sulfonate}

NE &
[ PR PRy,  HE: \(‘f’\
. o 5 o ™ o,
8 R Y] j\\«"SOEF \X; 2.5% mod 00 Q;Q {/ \E d F‘ \%:
RS N - R4 o4t g
j\ + 5{ B \H i g,.‘_w\v,-*\Nx\\ mG Ay R,
Yy By ,j e DWF {53, 50°C
&;—J |s0” T oyas 24 hows /Ji)
k&“ B

To an oven dried test ube with stir bar was added 2. 2-(phenylazanediviibis{ethane-1-
sulfonyl finonide} (0.5 mmol) and TBS-tusphenol A (0.5 mnol). The fube was purged tluee
times with argon and then charged with DMF (0.1 mL) and (Ph:P=N-PPhy)" HFy {0.2 M, 62.5
pl, 2.5 mol%e m acetomtrile). The puxture was heated at 50 °C with stirnag for 24 hours under
argon atmosphere, and then an addiiional 1 mL of DMF was then added to the reaction solution,
which was then added slowly by pipette utto a flask contanung methanol (30 mlL) with
vigorously stirring fo precipitate the deswed polyimer. The precipitate was then isolated by
filtration, washed with MeOH (20 mL), and dried under high vacwmun pump at 60 °C to provide
230 mg of white solid (vield: 92%). 'H NMR (300 MHz, Chloroform-¢) & 7.29 {m, 2H), 7.20 (4,
J=88Hz 4H), 7.11 (d, F=8.8 Hz, 4H}, 6.87 {m, 1H), 6.75 (m, 2H), 4.02 {t, J= 6.8 Hz, 4H),
3.52{1, /=068 Hz, 4H), 1.64 {5, 6H}). GPC {Mn: 24829; Mw: 33436; PDI: 1.35).
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2B{i}. Alternate Procedure for syrthesizing Poly-3,2-Bis(4-hydroxyphenylipropane-

2,2 (phenylazanediy)bis{ethane-I-sulfonate}

& =) 1V
) ‘ . PryP-N=PPhy HF, o - PN PN
}‘L‘.‘gb.\f/\\N/\\(,SD‘EF }" 1 25% ;\SO \\/ /( |! L//
E\ AN | - \f"\N - o g v 6
| j TBSDJ. o 078 80 90 OMF (30} tx
v i mip ﬁ 3 "

To an oven dried test fube with stir bar was added 2.2 -(phenylazanediyiibis{ethane-1-
sulfonyi uonide} (0.5 mmol) and TBS-bigphenol A (0.5 mumol). The tube was purged three
tintes with argon and then charsed with DMF (0.1 mL) and (PhsP=N-PPh:) HF2 (0.2 M, 65 uL,
1.25 mwol?s 18 acetontirile). The mixture was heated to 80 °C with sturing for 10 nunuies under
argon atmosphere, and then an additional 1 mL of DMF was added fo the reachion sohation,
which was then added slowly by pipette mto a flask confaiming methanol {50 mL) with
vigorously stirring to precipitate the desired polvmer. The precipitate was then solated by
filiration, washed with MeOH (20 mL), and dried under high vacuuwm pump at 60 °C {o provide
247 mg white sohid (yield: 99%). 'H NMR {600 MHz, Methylene Chlonde-d»} & 7.31 — 7.24 {m,
2H), 722 (d. =88 Hz 4H), 7.10(d, /=88 Hz, 4H), 6.89 — 6.79 {(m, 1H}, 6.77 - 6.70 (m, 2H),
3.99 {t,J=6.9 Hz, 4H), 3.51 {t, 7= 6.8 Hz, 4H}, 1.64 (s, 6H):"C NMR (151 MHz, Methylene
Chionde-h) 0 1300, 147.5, 145.5, 130.5, 1290, 122.1, 1194, 113.7 48.1,46.9, 432, 31.1; GPC
{Mn: 34K PDI: 1.6).

2€. Procedure of synthesizing Poly-2,2-Bis(4-hydroxyphenyljpropane-2,2'-{prop-2-yn-

Iyvlazanediviibis {ethane-1-sulfonate)

& &
PmP"'N‘PPh—, HFy y
\ EN \ N
N { \/\ 5% i A o N )
3 5 l o7 S N"\V’S vl N
X SRF (5M), 80°C \ - o
~3 ';/‘“\...\.E‘ P
24 howrs e
,;;{/

t
To an oven dried fube with stir bar was added 2 2-{prop-2-yn-1-yvlazanediylibis{ethane-

i-sulfonyl fluoride) (0.5 mmol} and TBS-bsphenol A (0.5 mmol}. The tube was purged three
times with argon and then charged with DMF {0.1 niL) and (PhaP=N-PPh;)" HFy {0.2 M, 62.5

pl. 2.5 mol%e in acetomtrile}. The muxture was heated at 80 °C with stiring for 24 hours under
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argon atmosphere, and then ap additional 1 mL of DMF was added o the reaction solution.
Afterwards, the solution was slowly added by pipette into a Hask containing methanol (S0 mi)
with vigorously stitning fo precipitate the desired polymer. The precipitaie was then isolated by
filiration, washed with MeQOH (20 mL}, and dried under high vacuum pump at 60 °C to afford
201 mg of a pale vellow solid {vield: 87%). 'H NMR (300 MHz, Chloroform-d} 8 7.25 (d, J=
& 8 Hz, 4H), 718 (4, J=RQ 8 Hz, 4H), 3.50 {m, 6H), 3.24 (m 4H), 2.34 {4, 7= 24 Hz, 1H} 1.67
{s, 6H). GPC {Man: 26829; Mw: 40259, PDL 1.50}.

20, Alternate Procedure of synthesizing Poly-2,2-Bis(d-hydroxyphenyllpropane-
2°%,2 -{prpp-2-yu-I-ylazanedivi)bis{ethane-1-suifonate)

b pat 3‘1
- PhaP-N=PPhy HE, oo & N
= O R ;
-8 M R 1.25% by (R /j/ | .
Fae\,\/\§»V-SD¢F+ /E\TM @ 4 SV..\NC\J,S\ o g
- o - 1309C
\\‘\\\S TBS0 oTes B min AN n

To an oven dried test fube with stiv bar was added 2,2 -{prop-2-va-1-
vlazanediyl)bis{ethane-1-sulfonyl fluoride} (1.5 mmol) and TBS-bisphenol A {0.5 mmol). The
tube was purged three times with argon and then charged with (PhsP=N-PPh:) HF, {{.2 M, &5
gL, 1.25 nwol® 1 acetonttrile}. The mixhure was heated to 130 °C with stuning for 60 onnutes
under argon atmosphere, and then an additional 1 ml. of DMF was added to the reaction
solution, which was then added slowly by pipette into a flask containing methanol {50 mL} with
vigorously stirring to precipitate the desired polymer. The precipitate was then 1solated by
filtration, washed with MeOH (20 ml.)}, and dried wnder high vacwum pumap at 60 °C fo provide
204 mg of a pale vellow solid {vield: 88%6). "H NMR (600 MHz, Chloroform-#) 3 7.23 (d,.J =
&3 Hz 4H), 716 {d. J=R 4 Hz, 4H). 3.47 {s, 2H), 344 (1, /=72 Hz. 4H}, 318 (1. J= 7.2 Hz,
4H). 2.29 (s, 1H), 1.65 {5, 6H); “C NMR (151 MHz, Chloroform-d} § 149.4, 147.1. 128.5. 121.8,
77.2,74.9, 48.6,47.8, 42.8, 42.4, 30.9; GPC {Mu: 16K; PDL 1.2},



WO 2016/209920 PCT/US2016/038701

- 43 -

2D, Procedure for synthesizing Poly-2,2-bis{i{-hydoxyiphenyllmethanone-2’,2°-
{phenylazanedivl}ibisfethane-I-sulfonate}

® =7
PhyP-N=PRhy HE, 9.0 f\,) /’\,

o

FOS. oy SOF ﬁ ])L A~ 0.5% s % J\f ,,L
ﬁ\ | Es0n [\’f ores o0 CEMEGM /J\
o 86 min ﬂ i

o
To an oven dried test fube with stir bar was added 2.2’ -{phenylazanedivijbis{ethane-1-

5  sulfonyl fluonde) (0.5 nuncl) and bis{4-((teri-butvidimethylsitvloxyiphenylimethanone (0.5
mmol}). The tube was purged three timnes with argon and then charged with DMF (0.1 mL) and
{Ph3p:N-PP}13}+H:F3_ (0.2 M, 26 gL, 0.5 mwol% in acetonitrile). The mixture was heated to 80 °C
with stirring for 50 munutes nnder argon atmosphere, and then an additional 1 mi of DMF was
added to the reaction solution, which was then added slowly by pipette mto a Hlask contamming

10 methanol (50 mL) with vigoronsly sturing to precipitaie the desired polymer. The precipitate was
then isolated by filtration, washed with MeOH (20 mL}, and dried under high vacuun pump at
80 °C to provide 236 mg white solid (vield: 97%). "H NMR (600 MHz, DMSO-4) 8§ 7.82 (d, J
=8.7Hz, 4H), 749 (d, /= 8.9 Hz, 4H), 7.24 {(dd, 7=8.8, 7.2 Hz, 2H), 6.77 — 6.73 (m, 3H), 3.99
{t, /= 6.8 Hz, 4H), 3.92 (t. J= 6.8 Hz, 4H); *C NMR (151 MHz, DMSO-dg) 193.30, 151.62,

S 14532, 13543, 131.82, 12963, 12224, 117.59, 112,35, 47.60, 44 97 . GPC {Mn: 27K; PDL
1.4}y

2E. Procedure for synthesizing Poly-{1,4-dikydoxyibenzene-2°2'-

{phenylazanedivijbis(ethane-1-snifonate}

&

PlrisP-M= pr, HF; o o
FOeB. e o _80F " )
~ T Ay AVTES (26% 8 X
N G ;0

. -
2 * & M = \ b
@ Tasn” "fJ M WF (54 "L‘%. 7
P 10 min L i

To an oven dried test fube with stir bar was added 2.2’ -(phenviazanedivi)bis{ethane-1-
sulfonyl fmoride} (0.5 mmol) and 1 4-bis{{tert-buiyldimethvisitvhioxyibenzene {0.5 mmol}. The
tube was purged thyee tunes with argon and then charged with DMF (.1 oL} and (PluP=N-

PPhsY HF: (0.2 M, 65 pL, 1.25 mol% in acetonitrile}. The mixiure was heated to 80 °C with
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sturmg for 10 aunntes under argon atimosphbere, and then an additional 1 mL of DMF was added
to the reaction solution, which was then added slowly by pipette into a flask contaming methanol
{50 mL} with vigorously stirring to precipifate the desired polymer. The precipifate was then
wsolated by filtration, washed with MeOH (20 mL}, and dried under high vacoum pump at 60 °C
to provide 176 mg whate solid {(vield: 92%:. 'H NMR {460 MHz, DMSO-dg} & 741 (s, 4H), 7.24
{dd. J=RB, 7.2 Hz, 2H). 6.76 — 6.74 {m, 3H}, 3.97 (1. J=6.7 Hz, 4H), 3.86 {t, /=6.9 Hz, 4H}.
B NMR (151 MHz, DMSO-de) 5 146,98, 145.29, 129,63, 123.93, 117.56, 112.30, 47.20, 4491,
GPC {(Mn: 28K; PDL 1.2).

2F. Procedure for synthesizing Poly-2,2-bis(4-hydroxy}-1.1-biphenyl-2°,2°-

{phenylazanedivl}bis{ethane-1-sulfonate}

FO,8 R N"’A\v’ BOLF ff\F/U‘f o :: 2!:;:\ e (?\ 'ffG E:\ '9 =, =
l\ N A N N . S\\f«‘wN/\ \/3\0_“ {: :} /\'\ 'g}_ o
(\] - | 30 °C DAF (548 . RS
LA TBEO” ™ 10 min | a
P ;

To an oven dried test fube with stir bar was added 2.2 -(phenylazanediyiibis{ethane-1-
sulfonyvl flnoride} (0.5 mmol) and 4 4-bix{(tert-butyldumethyisilyljoxy}-1.1"-biphenyl (0.5
mnmol). The tube was purged three timnes with argon and then charged with DMF (3.1 mL) and
{:Pth:N-PPhg}%HFg_ {0.2 M, 65 gL, 1.25 mol¥ m acetonsirile). The mixhie was heated to 80 °C
with sturing for 10 nunutes under argon atmosphere, and then an additional 1 mi. of DMF was
added to the reaction solution, which was then added slowly by pipette mto a Hask confaming
methanol (50 mL) with vigorously stirring to precipitate the deswed polymer. The precipitate was
then 1solated by filiration, washed with MeOH {20 mL)}, and dried uader high vacuum pump at
60 °C to provide 227 mg white solid {yield: 99%). "H NMR (400 MHz, DMSO-ds1 8 7.74 {(d. J
=83Hz 4H), 741 (d, /=82 Hz 4H), 724 (. J=78 Hz, 2H}), 6.77 - 6.72 {m, 3H), 399 (1, J =
6.9 Hz, 4H), 3.87 {t, J= 6.8 Hz. 4H); PC NMR {151 MHz, DMSO-d) 148.38_ 145.35, 137.98,
120,63, 128.53, 122,65, 117.52, 112.28, 47.27_45.01; GPC (Mn: 36K; PDI: 1.5}
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2G. Procedure for synthesizing Poly-2,2-bis{i{-hydroxyiphenyllsulfane -2°,2°-
{phenylazanedivl}ibisfethane-I-sulfonate}

Ph ;‘B P o S
3 N=P HF‘@ RNl
. ) N N
f"U:?&‘‘v"‘“N""\*’*’SQ a 125% WP Q‘”"O ,E [

[sns! e LT,
RS &
| - grpg 50 °C DMF ,J\\
= 10 min | 0
e

To an oven dried test tube with stir bar was added 2.2°-{phenviazanedivi)bis{ethape-1-
sulfonyl fluonde) (0.5 nunol) and as{4-{(tert-butyldimethylstivhoxy iphenylisuliane (8.5 mmol}.
The mbe was purged three {nnes with argon and then charged with DMF (0.1 mL) and {(Ph;P=N-
PPha}’HF» {0.2 M, 65 uL., 1.25 mol® m acetomitrile}. The nuxture was heated to 80 °C with
strrig for 10 munutes under argon atmosphere, and then an additional 1 mb of DMF was added
to the reaction solution, which was then added slowly by pipette mto a flask confaining methanol
{30 mL) with vigorously stirring {o precipitate the desired polymer. The precipitaie was then
wsolated by filtration, washed with MeOH (20 ml), and dried under Ingh vaconm pump at 60 °C
to provide 243 mg white solid (vield: 99%). 'H NMR (600 MHz, DMSO-dq) 3 740 (4, /=
Hz, 4H) 7.32(d.J=88Hz, 4H), 721 (dd..J=88, 72 Hz, 2H), 6 85 - 656 (m. 3H), 3.94 (1, /=
6.9 Hz, 4H), 3.83 (.= 6.9 Hz, 4H); PC NMR (151 MHz, DMSO-dg} 8 148.00, 14529, 133.52,
132,44, 129.60, 123,41, 117.53, 112.28, 4726, 44.94; GPC {Mn: 29K; PDL 1.5},

2H. Procedure for synthesiging Poly-2,2-bis(4-hydroxylphenyljoxy-27,2°-
{phenyiazanediylibis{ethane-F-sulfonaie}

@ 5]
, P P-N=PPhy HE; o PNPINPEN
FQS sy SOF o 1 260 Q.0 Q.0 I \E X
I O p O
= ’ ]\ B0 O OMF {50
| TREO™ > Fiarpg 0T OME M) N
e 10 min ﬂ i a

N
To an oven dried test fube with stir bar was added 2.2’ -{phenylazanediyiius{ethane-1-

sulfonyl fluoride) (0.5 mmol} and {{oxyhis(4,1-phenylene}ibis(oxy ) ibs(tert-butvidimethvisilane}
{0.5 nunal). The tube was purged three times with argon and then charged with DMF {0.1 mlL)
and {PhyP=N-PPh; ) HF; (0.2 M, 65 pL., 1.25 mol% in acetonitrile}. The mixture was heated to
30 °C with stirring for 10 mumates under argon atmosphere, and then an additionsl 1 ml of DMF

was added fo the reaction solution, which was then added slowly by pipette mio a flask
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containing methanol (30 mbL} with vigorously sturing to precipitate the desired polvimer. The
precipitate was then isolated by filtvation, washed with MeOH (20 ml), and dried under high
vacuum pump at 60 °C to provide 235 mg white solid (vield: 99%). "H NMR (600 MHz,
DMSQ-dg3 8 7.35(d, 7=9.0Hz 4H), 7.24(dd, J= 8.8, 7.2 Hz, 2H), 7.10(d, 7= 9.1 Hz, 4H),
6.88 — 6.63 {m, 3H), 3.96 (1.J= 6.9 Hz, 4H), 3.83 {t, /= 6.9 Hz, 4H). *C NMR (151 MHz,
DMSO-dg) 8 155.08, 14533, 129,62, 123,93, 12000, 117.32, 11228, 47.03, 44 9R; GPC (Mn:
38K; PDL 1.7).

2L Procedure for synthesizing Poly-2,2-(3,3-bis{4-hydroxyjphenyllisobenzofuran-
1{3IH}-onej -2, 2’ -(phenyiazanediyl)bis(ethane-1-sulfonate)

k rﬁ EhaP-N=FPh, HES PPN

FOS. A, L SOF ro Q.0 Q0
S ’JQ\ e 1.25% - Si‘*’/\N ﬁ\;s_&aa, A /L u\&» -
X - O/[ I 80 °C DMF (58

[\;J Tes Omn {J\“ .
o

To an oven dried test tube with stir bar was added 2,2 -{phenvlazanaedivl)bis{ethane-1-
sulfonyl fluonide) (0.5 nunol} 3 3-bs{4-{{tert-butvldimethyvisitvlioxyiphenviisobenzofuran-
H{3H)-one {{.5 munol). The tube was purged three times with argon and then charged with DMF
{0.1 mL) and (PhyP=N-PPhs) ' HF, (0.2 M, 65 pL, 1.25 mol® in acetonitrile). The mixture was
heated to 80 °C with stirring for 10 minutes under argon atmosphere, and then an additional 1
ml of DMF was added to the reactinn solution, which waxs then added slowly by pipette info a
flask containing methanol {30 mL} with vigorously stiiring to precipitate the deswed polymer.
The precipatate was then isolated by filtration, wasbed with MeOH (20 mL}, and dred under
high vacuum pump at 60 *C fo provide 292 mg white solid (vield: 99%). 'H NMR (600 MHz,
DMSO-d5) 8 7.95{(d, J=7.6 Hz, 2H}, 783 (., /=74 Hz, 1H), 769 (1, /=74 Hz 1H), 741{d, 7
=89 Hz 4H), 733 (d, J=89Hz 4H)}, 7.15(d, /=73 Hz, 2H), 6.84 - 6.61 (m, 3H). 390 {1, J=

6.9 Hz, 4H), 3.80 (t, J = 6.7 Hz, 4H). C NMR (151 MHz, DMSO-ds} § 168.33, 150.65, 148.65,

14523, 13934, 13537, 130.34, 129.55, 12853, 125,84, 12439, 12417, 12249 117.48, 11224,
89.65, 47.24, 4492, 40.06.; GPC (Mu: 33K; PDI: 1.5},
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2.1, Procedure for synthesizing Poly-2,2-Bis(4-hydroxyphenyliperfluoreopropane-2°,2°-
{phenylazanedivl}ibisfethane-I-sulfonate}

Falt CF;

" PhaP-N=PPh, NF,
¢ . Fal CFy ¥ e 0 i
F'J:{SN/\N»’\V..S@ F E & 25% v L Q\;O J\/,\/KCL
' o O
s g0 ep SAE)
f:] 507 “V’ orgs 0 COMEEN

To an oven dried test fube with stir bar was added 2.2’ -{phenylazanedivijbis{ethane-1-

sulfonyl flnoride) (0.5 mmol) and {({{perfnoropropane-2 2-divibis(4,1-
phenylene hbis{oxy hbis{tert-butyldimethylsilane) (0.5 nunel}. The tube was purged three times
with argon and then charged with DMF {0.1 mL) and (PhsP=N-PPh} HF; (0.2 M, 15 uL, 0.25
mol?s in acetonttrile). The mixture was heated to 80 °C with sturing for 10 nunufes under argon
atmosphere, and then an addifional 1 mL of DMF was added to the reaction solution, which was
then added slowly by pipetie inte a flask contaming methano} (30 mid} with vigorously sturing to
precipiiate the desired polymer. The precipitate was then 1solated by hiltration, washed with
MeOH (20 mbL), and dried under high vacuum pump at 60 °C to provide 298 mg white sohid
{yield: 9825). 'H NMR {600 MHz, DMSO-ds) & 745 (4, J=9.1 Hz, 4H), 7.41 {d, J=9.5 Hz,
4H), 7.21(dd, J=84,70Hz, 2H), 682 - 6.69{m, 3H}. 397 (1, =68 Hz, 4H};, 3.90(t. J=64
Hz, 4H). *C NMR (151 MHz, DMSO-de) 149.19, 14530, 131.62, 130,78, 129.57. 122,48,
117.55, 11234, 48,668, 47,53, 45,01, 30.68; GPC (Mn: 36K; PDL 1.5}

2K, Procedure for synthesizing Poly-2,2-Bis{i-hydroxyphenylipropane-2°,2°-{3’-

ethynyiphenylazanediyl}bis(ethane-1-sulfonate}

PhyP-NePPhg HF, f\,, N
FOR8. oy oSO ‘ Q e

G 5 U&] 0 KG Q\\ I [ L
LJ SV’\N"’A‘\;""‘@ \‘f/ i O
[H\ 880 Vf’ otgs  POTCOMPGM) A

~T
B8 min i b
nd \\\ | ?/;5\

To an oven dried test tube with stir bar was added 2 2-{(3-

ethynylphenvllazanediviibis{ethane- I-sulfonyl fluoride} (0.3 nunol} and TBS-bisphenocl A {65
mmol}. The tube was purged three times with argon and then charged with DMF (0.1 mlL) and
{PhaP=N-PPh;) HF; (0.2 M, 26 L, 0.5 mol® in acetonifrile). The mixture was heated to 80 °C
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with stirring for 10 nunutes under argon atmosphere, and then an additional 1 mi of DMF was
added to the reaction solution, which was then added slowly by pipette mto a Hask contamning
methanol (50 mL) with vigorously stirving to precipitate the desired polvmer. The precipitate was
then isolated by filtration, washed with MeQH (20 mL}, and dried vader high vacuum pump at
60 °C to provide 244 mg white solid {vield: 93%). 'H NMR (600 MHz, DMSO-ds} 8 7.28(d, J=
9.0 Hz, 4H), 725 - 7.19 {m, SH), 6.89 - 6.&1 {m, 2H}, 6.77(dd, J=8§.7. 2.7 Hz, 1H), 4.07 (s,
1H), 3.94 (1, /= 6.8 Hz, 4H), 3.80 {, J= 6.7 Hz, 4H}, 1.62 (s, 6H}. " NMR ¢151 MHz. DMSO-
dey O 148.88, 146,54, 145,45, 12985, 12817, 12291, 121,70, 120.84, 115.03, 113,08, 84.09,
80.10, 47.08, 44.92, 4218, 30.27. GPC {Mn: 21K PDL 1.3).

2E. Procedure for synthesiging Poly-2,2-Bis{4-hydroxyphenvijpropane-2°,2°-{4’-

methoxyiphenylazanedivijpis(ethane-1-sulfonate}

@ & E{
. Ph}va:pPhg HF; /.\,« ey
FOS o S S0F X 19% 8.0 %P [ ] Efl
_ /@ | \j\ b\x/\N“A\z"S‘O" e ~F Ny
X R 20 °C DMF {5M
||/J\J Tese N Fhgrgg WL DMEEN A
L 80 min i
i P
OMe
T

To an oven dried test tube with stir bar was added 2 2'-{(4-
methoxylphenyllazanediyhbis(ethane-1-sulfonyvl fluornide) (0.5 mmol} and TBS-bisphenol A (0.3
nunel). The tube was purged three times with argon and then charged with DMF (0.1 mL) and
{PhsP=N-PPhs) HF: (8.2 M, 50 uL, 1.0 mol® in acetonitrile). The mixture was heated to 80 °C
with stirring for 10 minutes under argon atmosphere, and then an addittonal 1 ml of DMF was
added fo the reaction solution, which wax then added slowly by pipetie mio a flask containmg
methanol (30 L} with vigorously sturmg to precipatate the desired polymer. The precipitate was
then isolated by filtvation, washed with MeOH {20 mL), and dried under high vacuum pump at
60 °C to provide 241 mg white solid (vield: 91%4). 'H NMR (600 MHz, Methylene Chioride-ds}
8 7.22{(d, J=88Hz 4H), 7.09(d,.J=8.7Hz, 4H), 6.86(d,7=9.1 Hz, 2H), 6.80 (d. /=9.1 Hz,
2H), 3.85 ¢t, J= 7.0 Hz, 4H), 3.73 {s, 3H), 3.45 (1, J= 7.0 Hz. 4H), 1.65 (s, 6H). ®C NMR (151
MHz, Methylene Chlonide-dh) & 13473, 14998, 147 30, 13985, 128.93, 122.10, 118.20, 115,79,
56.10, 48.40, 48.09, 4317, 31.05. GPC (M 353K PDIL: 1.3).
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23{. Pracedure for synthesizing Poly-2,2-Bis{4-bydroxyphenylpropane-2°,2°-{
benzofdff1,3jdioxol-Y-viazanediyl}bis(ethane-I-sulfonate}

@ =
) PhyP-H=PPhy HF; o
FORB. oy SO AV % 1.0 “, |
| po ‘ﬁ/\j S N N \’; ,‘ e /;/ \
[ \«i U ormsg N NFhgrgs 90 OMF (M) L
P - B in [
V0 ™,
Of iR
O““J

To an oven dried test tube with stiv bar was added 2.2-(benro{d}{1 3 |dioxol-3-
viazanedivibis(ethane-1 -sulfonyl Buoride) (0.5 mmol} and TBS-bisphenol A (0.5 mmol}. The
tube was purged three tinies with argon and then charged with DMF (0.1 mL) and {PhyP=N-
PPhs) HF, {0.2 M, 50 uL, 1.0 mol®% in acetonitrile). The mixture was heated to 8¢ °C with
stirring for 10 nunutes under argon atmosphere, and then an additional 1 mbL of DMF was added
to the reaction solution, which was then added slowly by pipeite mto a Hlask contamnng methanol
{50 mL) with vigorously stirring to precipitate the desived polymer. The precipitate was then
isolated by filtration, washed with MeQOH (20 mL)}, and drted under bigh vacuun: puiop at 60 7C
fo provide 237 mg white solid (vield: 87%). '"H NMR (600 MHz, Meflivlene Chloride-éb} § 7.23
{d, J=8.8 Hz, 4H}, 7.10(d, 7=88 Hz, 4H), 6.72 (d. /=84 Hz, 1H), 6.45{d, J= 2.5 Hz, 1H),
624 {dd, J=R84, 25Hz, I1H), 587 (s, 2H). 3.83 {1, 7= 6.9 Hz, 4H), 345 {t. J=06.9 Hz, 4H),
1.65 (s, 6H). PC NMR (151 MHz, Methvlene Chloride-cb) § 149.99, 149.67, 147.50, 142.48,
141,45 128.96, 122,00, 109.36, 101.94, 9935, 48.36, 48.25, 4318, 31.05. GPC {(Mn: 28K; PDL
1.3}

2N, Pracedure for xynthesizing Paly-2,2-Bis{4-hydroxyphenylipropane-27°,2°-{
piperagine-1,.4-divl)bis{ethane-I-suilfornute)

@ <)
PP N=PPH M j)‘
308 1.25% ,
(N o8 j J} ’ i r—Ni L“' \(\
ot f/‘\

¢
230 5
3'_‘023"{\“\.’“ THST GTBS 129 :;n (Ii

To an oven dried fest fube with stir bar was added 2 2'-{piperazine-1 4-divlins{ethane-1-
sulfonyl flnonide} (0.5 mmol) and TBS-bisphenol A (0.5 nunol). The tube was purged three
times with argon and then charged with DMF (0.1 mL) and {PhsP=N-PPhs) HF: (0.2 M, 65 uL,
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1.25 mol% in acetonitrile). The nuxture was heated to 80 °C with stirring for 10 minutes under
argon atmosphere, and then an addifional 1 ml. of DMF was added to the reaction solntion,
which was then added slowly by pipetie info a flask containmg methanol {50 mL) with
vigorously stirring to precipitate the desired polymer. The precipitate was then 1solated by
filtration, washed with MeOH (20 ml.), and dried under high vacwum puap at 60 °C to provide
202 mg white solid (vield: 82%). 'H NMR {600 MHz, Chloroform-d} 8 7.23 {d, J = 8.5 Hz, 4H},

7.16(d, J=85Hz 4H)}, 342 (1, J=7.5Hz 4H), 297 {1, /= 7.5 Hz, 4H}, 2.56 {m, 8H}, 1.66 (s,
6H). “C NMR {151 MHz, Chloroforni-) § 149.34, 147.05, 12845, 121.71, 77.37. 52.71. 51.64,
48.04, 4552, 42.76, 30.89. GPC (Mun: 12K; PDL 1.2}

20 Procedure for synthesizing Poly-2,2-Bis{4d-hydroxyphenyljpropane-2°,2°-
{{thiophen-2-yimethyiiazanediy}bis{ethane-1-sulfonate}

LY
1%
. Fhal N PRy, ‘**: 9 4 56 s ’%,\\
FOR8. e o SIF ; i W; \\Sf ,L | |
1 2 Ji\ | b Brar gy S \/Ao
+ =
kT f\‘ TR # & OTRE 138 C l\fﬁ:ﬂ\
,}' &G min :1: “55 B

To an oven dried test tube with stiv bar was added 2 2'-{{thuophen-2-
vimethvllazanedivl jbis{ethane- I -sulfony! fluoride} (0.5 nunol) and TBS-bisphenol A {0.5
numel). The tube was purged three times with argon and then charged with (PhaP=N-PPh3) BFy
{0.2 M. 65 gL, 1.25 mol% i acetomtrile). The nuxtare was heated to 130 °C with stirning for 60
minufes under argon atmosphere, and then an additional 1 mL of DMF was added fo the reaction
solution, which was then added slowly by pipette into a flask containing methanol {50 mL}) with
vigorously stirring to precipitate the desired polymer. The precipitate was then isolated by
filtration, washed with MeOH (20 ml.), and dried under high vacumm purap at 60 °C to provide
224 mg of a pale vellow solid (vield: 86%). 'H NMR {600 MHz, Chloroforne-¢} § 7.23 — 7.18
{m, SH). 7.14 — 7.05 (m, 4H), 6.99— 6.89 (m, 2H), 3.91 {s, ZH), 340 (t, J=72 Hz, 4H), 3.17 (L,
J=7.2 Hz, 41, 1.64 {s, 6H). C NMR (151 MHz, Chloroform-d} 8 149.40, 147.06, 140.185,
128,53, 127.07, 12698, 126.00, 121.71, 52 .97, 48.66, 47.94, 42 80, 30.93; GPC (Mn: 12K; PDI:
1.2}
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2P. Procedure for synthesizing Poly-2,2-Ris{4-hydroxyphenyiipropane-2°,2°

(burylazanedivlbisiethane-1-sulfonate) & o -
. S PN=FPh, HE o, oo f\r)( |f§5“\

N o R TR \_E,»f.--} 2P
F*Jaﬁv‘\tff“\«(soz‘“ . ﬁj)([f SN 1:28% R T 2 W W N
Tase” N ures e \

80 min 1 n
"~ .

To an oven dried test nbe with stir bar was added 2. 2-(butylazanedivl}bis{ethane-1-
sulfonyl finonide} (0.5 mmol) and TBS-tusphenol A {05 muool). The fube was purged thuee
times with argon and then charged with {Ph;P=N-PPhs) HFy (0.2 M, 65 pL, 1.25 mol% in
acetonitrile). The mixture was heated to 130 *C with sturmg for 60 mmutes under argon
atmosphere, and then an addifional 1 mL of DMF was added to the reaction solution, which was
then added slowly by pipette inte a flask contaming methanol {50 mL} with vigorous strring to
precipitate the desired polymer. The precipitate was then isolated by filtration, washed with
MeOH (20 mL)}. and dried under high vacuum pump at 60 °C {o pmvide 197 mg of a pale yellow
solid (vield: 8296}, 'H NMR (600 MHz, Chloroform-¢) § 7.23 {d. J= 8 8 Hz, 4H), 7.15{d. J =
8.8 Hz, 4H), 3.40(t, J=7.0Hz, 4H}, 3.1 1{t, J= 70 Hz 4H), 2.57 - 245 (m, 2H), 1.65 {(x, 6H}),
1.47 - 1.42 (m, 2H), 1.36— 1.25 (m, 2H), 0.8 (. J= 7.4 Hz, 3H). “C NMR (151 MHz,
Chloroform-d} & 149,40, 147.05, 128,533, 121.74, 5378, 48.55, 48.01, 42.82, 30.94, 20,45, 2926,
14.08; GPC {Mn: 20K; PDIL: 1.3},

20. Procedure for synthesiging Poly-2.2-Bis{d-hydroxyphenylipropane-2° 2 -{{furan-3-

PhyfbaPPry, HE, o o oo & \1]/ |,§,h‘
razsw"\\r’”‘\ ,quI' Q/ \[ 1.25% ‘ %@\NA\,};\O D I{»)\f}
L. J 130 °C L\‘
TS “oTas o 2
Q &0 min O:«} 3

To an oven dried test tube with stiv bar was added 2. 2-({fiwan-2-
vimethvljazanedivljbus{ethane-1-sulfonyl fluoride) (0.3 nunol) and TBS-bisphenol A (0.5
mmol). The tube was purged three tHmes with argon and then charged with (PhsP=N-PPhs) HF,
{0.2 M, 65 gL, 1.25 mol% in acetontirile}. The mixture was heated to 130 °C with sturing for 60
nunutes under argon atinosphere, and then an additional 1 mL of DMF was added to the reaction

sohition, which was then added slowly by pipetie mito a flask contamning methanol {50 mL} with
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vigorons stirring fo precipiiate the desired polymer. The precipiiate was then solated by
filtration, washed with MeOH (20 mL), and dried vander high vacunm pump af 60 °C to provide
209 mg of a pale vellow solid (vield: 83%). 'H NMR (600 MHz, Chloreform-¢) § 7.34 {d. J =
20Hz 1H), 7.22(d, J=8.8Hz 4H), 7.14(d, 7=8.7THz 4H) 631{(dd,.7=32, 1.9 Hz, 1H),
623(d,/J=32Hz 1H}).376(s, 2H), 339 J=70Hz 4H} 3.15(t, /=70 Hz, 4H), 1.65 (s,
6H}. C NMR (151 MHz, Chloroform-7) 3 150.58, 149.37, 147.10, 142.82, 128.50, 121.74.
110,04, 109.77, 4995 48.71, 48.00, 42.79, 30.91; GPC (Mn: 20K; PDIL: 1.3}

2R. Procedure for synthesizing Poly-2.2-Bis(4-hydroxyphenyliprepane-2°,2°-((2-{ 1 H-

indel-3-ylethyljazanediyl}bis{ethane-1-sulfonate}
e

Py P-N=FPhy HF,
ro&a\/\b’w\ ~SUF 1.25% u ‘3 -.m /( (\
L i J” " Koy
38 9
TS 018\, )
_—~\ 53 L iy

HN z g™
HN f_}

To an oven dried test tube with stir bar was added 2. 2-{{2-{1 H-mndol-3-yljethyl)
azanedivlbis{ethane-1-sulfonyl flucride) (0.5 momol) and TBS-hzsphexmi A {0.5 mumwol). The tube
was purged three times with argon and then charged with (PhaP=N-PPha) HF, (0.2 M, 65 uL,
1.25 mol% i acetonstrile). The nuxture was heated to 130 °C with stiming for 60 minutes under
argon atmosphere, and then ap additional 1 mL of DMF was added to the reaction sohition,
which was then added slowly by pipette mto a flask confaimung methanol {50 mL) with vigorons
stirring to precipiate the desired polymer. The precipitate was then isolated by filtration, washed
with MeOH {20 mL)}, and dried under high vacuum pump at 60 °C to provide 241 mg of a pale
vellow solid (vield: 85%). 'H NMR (600 MHz, DMSO-de) 8 10.77 {s. 1H), 748 (4, J=7.9 Hz,
1H), 7.30(d, J=8.1Hz 1H), 724 (8, J=85Hz 4H), 720(d. /=89 Hz 4H), 7.15(d. /=24
Hz, 1H), 7023, J=74Hz 1H, 6% (. J=73Hz 1H}, 368, J=72Hz 4H), 3.13{t. J=
7.2 Hz, 4H), 2.81 (s, 4H), 1.58 (s, 6H}. PC NMR (151 MHz, DMSO-d5) & 148.77, 146.70,
136,13, 128,13, 127,15, 12272, 121,72, 120,82, 11B.23, 118,13, 111.98, 111.31, 53.35, 47.59,
46.96, 42,14, 40.06, 30.26; GPC {Mun: 31K; PDI: 1.5}
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258, Procedure for synthesizing Poly-2,2-Bis{d-hydroxyphenyiipropane-27,2"-((3,4-

PP NePPhy HF, A

T LR o L] £ \.
FORB "’/\N e B F 1 25% n pe L{\ & | I i
I\l T "=y N e \_Je"\ N ,-‘3\ '\\}/" N
N N P
‘ L
L

dimethoxyphenethyliazanediylbis{ethane-1-sulfonate}

A 1300
% TR807 N erps Hote
3 e 80 min 1 -
9N p
N owe L
Obde T Cibde

To an oven dried test tube with stir bar was added 2. 2'-{{(3,4- OMe
dimethoxvphenethvhazanediviibis{ethane-1-sulfonyl fluonde) {0.5 nunol) and TRS-bisphenol A
{0.5 mmol). The tube was purged three times with argon and then charged with {PhaP=N-PPh;)"
10 HFE {02 M, 65 ul, 1.25 mol®% m acetoniirile). The mixture was heated to 130 °C with stirning
for 60 minutes under argon atmosphere, and then an additional 1 mL of DMFE was added to the
reaction solution, which was then added slowly by pipette mnto a flask contaming methanol {50
mL} with vigorous sturing to precipitate the desired polyvmer. The precipitate was then isolated

by filiration, washed with MeOH (20 mL), and dried under lugh vacuum punp at 63 °C to

15 provide 235 mg of a pale vellow solid {vield: 80%). "H NMR (600 MHz, Methylene Chioride-dy)
67.274d, J=85Hz 4H}, 7.164{d, 7 =89 Hz 4H), 6.77 - 6,70 (o, 3H), 3.78 {s. 6H}), 341 {1, /=
7.0 Hz, 4H), 317, J=7.0 Hz, 4H), 2.80- 2.77 {m, 2H}, 2.75 - 2.64 {m, 2H), 1.67 (s, 6H).

BC NMR (151 E&"XHL Methvlene Cldoride-o2) & 149,94 149,66, 14828, 14751, 132.65, 12891,
2283, 120018, 11297 112,19, 5634, 56,30, 49.02_ 4838, 43,16, 33.85, 31.03; GPC (Mu: 11K
20 PDIL 1.2}%

2T, Procedure for further modification of Poly-2,2-Bis(4-hydroxyphenyljpropane-

2837 {3 —ethynyviphenylaranedivi}bis{ethane-I-snlfonateiby CuAAC reaction

o o s j% ,»‘\.E s Cut 5% mad }‘ S /
WO 8¢ N R 17 R N, Y

5‘-\,}' \N/ ™ )\O

~
1 Sodium Ascnmoate 205
i n = DMBO D r
i ~\\: o i N\:N
~N e
)
25 To an oven dried test fube with stir bar was added Poly-2.2-Bis{4-
bhydroxvphenylipropane-2°,2° {3 -ethynviphenvlazanedivhbis(ethane- 1 -sulfonate) {0.5 mmeol}

and Benzylazide {0.55 nunol). The tube was purged three times with argon and then charged
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with DMSO (5 mL) Cul (0.025 mmol), BTTP (0.05 mmol), and sodium ascorbate (0.1 mmol).
The mixture was heated to 50 °C with stirring for 12 hours under argon atmosphere, and then
added slowly by pipette into a flask containing methanol (50 mL) with vigorous stirring to
precipitate the desired polymer. The precipitate was then isolated by filtration, washed with
MeOH (20 mL), and dried under high vacuum pump at 60 °C to provide 263 mg of a pale yellow
solid (yield: 80%). "H NMR (600 MHz, Methylene Chloride-d,) & 7.77 (s, 1H), 7.54 — 6.87 (m,
16H), 6.67 (d, J= 8.1 Hz, 1H), 5.49 (s, 2H), 4.03 (t, J = 6.6 Hz, 4H), 3.54 (t, J = 6.6 Hz, 4H),
1.59 (s, 6H). °C NMR (151 MHz, Methylene Chloride-ds) § 149.98, 148.29, 147.46, 146.00,
135.60, 132.95, 131.01, 129.58, 129.16, 128.95, 128.56, 122.07, 120.77, 116.64, 113.33, 110.54,
54.65, 48.18, 46.87, 43.13, 31.01; GPC (Mn: 22K; PDI: 1.3).

EXAMPLE 3. Catalyst Evaluations

3A. Catalyst Evaluation (Solvent-free condition, Table 1)

In Table 1, the performance of different bifluoride-type catalysts are demonstrated for
catalyzing the BPA-based polymerization reactions. All the reactions were performed under the
general solvent-free condition described above (2.0 mmol scale, 130 °C, 1.5 h, N, atmosphere),
and all the catalysts used were dissolved in acetonitrile with the same concentration (0.1 M). The
“-onium” cation played a crucial rule on adjusting the reactivity of corresponding bifluoride
catalysts. TASHF, provided the lowest catalyst loading of 0.02 mol% without significant loss of
molecular weight, and therefore can serve as a leave-in catalyst to avoid the need for further
purification after the polymerization process. Imidazolium catalysts such as 1,3-bis(2,6-
diisopropylphenyl)imidazolium bifluoride also exhibited excellent reactivity with a 0.1 mol%
catalyst loading, but further reducing the catalyst loading caused a significant decrease on the
molecular weight of the resulting polymer. Among the phosphonium bifluorides evaluated,
tetrabutylphosphonium bifluoride afforded the highest catalytic efficiency with a 0.5 mol%
loading, but still underperformed TASHF; and its imidazolium analogue Tetraethylammonium
bifluoride was ineffective at catalyst loadings of less than 1 mol% at which point it provided
BPA-polysulfate with a M, of 63817 g/mol. Other bifluoride sources, including NH; HF ",
AgHF, and the KHF, plus 18-crown-6, provided oligomers under reaction conditions used for

the evaluations.
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Table 1. Catalyst Evaluation {Solvent-free Condifion).

PCT/US2016/038701

N
NOF - N
! catalyst R Sy
s e 2Ry Pl - ﬁ )\f N &
i 7 + i [' | solvent-free D«ﬂ\y !\;-;,\h o-il ¥ THSF
TRSO A “:’,"(\O'TBS FOQSOK\"ﬁ/ o \DSO;}F 18050, 1.5 h 1] b
Entry Catalyst Catalyst loading M PD1
H \‘Pz; s 0.5 mol%e 85046 187
‘\N N N -
I
2 “f;’('g Hr P 0.03 mol®s 73836 205
N - S “ -
N ]
| |
S— - [ =
3 No Hrl 0.02 mol%s 10268 243
N A
RN
|
4 e 1.0 mol®: F7327 1.87
Py "N\f‘ N “Pr-i e
a2
5 NNe 0.1 mol®s 73227 1.86
2SR U]
HFR‘C)
6 P ey 1.0 moi®s 54477 1.73
N
1]
Ph. N, O
P HE
h !é'h
7 Ph \z*?ph 3.1 mold R085 1.38
1
Pho N __D
Py HF
FhL S
8 " Ma 0.5 moi?s 47135 2.11
M "‘\/j) .«\"_\
N HF;G
G P @ | £ .53 moide 15902 1.39
pr-F Ny
£h
10 Eu:NHFE 1.0 molde 63817 1.56
11 NHHE, 1.0 mol% Oligomer
12 KHF: + 18-crown-6-ether 1.0 nwolbe Oligomer
i3 AgHF; 1.0 moPe Oligomer
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3B. Catalyst Evaluation (FIG. 5 and Table 2).

In FIG. 5 and Table 2, the performance of different bifluoride and polyHF fluoride-type
catalysts are demonstrated, for catalyzing the BPA-based polymerization reactions. All the
reactions were conducted in dry solvent N-Methyl-2-pyrrolidone (NMP, [C] =2.0 M, 2.0 mmol
scale, 130 °C, 1 h, reaction protected under N, atmosphere). All catalysts explored were
dissolved in dry acetonitrile with the same concentration (0.1 M). The “-onium” cation played a
crucial rule in adjusting the reactivity of corresponding bifluoride. TASHF, provided the lowest
catalyst loading of 0.05 mol% (0.02 wt%) without significant loss of molecular weight, and
therefore can serve as a leave-in catalyst that avoids further purification after the polymerization.
Imidazolium catalysts such as 1,3-bis(2,6-diisopropylphenyl)imidazolium bifluoride also
exhibited excellent reactivity with a 0.1 mol% catalyst loading. As depicted in Table 2, polyHF

fluoride catalyst also exhibited excellent catalytic efficiency in promoting the polymerization.



WO 2016/209920 PCT/US2016/038701

- &7

Table 2. Poly-HF Fluonide Catalvsts Evaluation.

N/
/ RN
| \""\Y%‘ A \, cemrenm | Y
L) ﬁ\ NMP (2.0M) o~ NFhog
TBSO ~ OTBS F03$0 Q30F 6 2
Catalyst {rondition Cai%s{ﬁi;z}sﬁmg Hin (D) o
2 Ph o PORy
. & 0.26% 12 18
PhyP it PRIy "
Kby & $.50% B03BY i
BB HiEe & 0.25% 54387 17
10 & §.28% 328 15
" \\ & {.28% o 18
K ::"'
i3 pBuMN* HoFy & B.50% sronr 16
aBudl Hfy A 3% 88837 15
Condition & SMP (2.08), 130 50, { houny
Condiion B Solventdrae, 1307, 1 hour;
20 3C. The Impact of Water on BPA-Polysulfate Polymerization.

In the sindies smnmarnized m Table 3, exogenous waler was miroduced to the acetonitrile
solution of TASHF, before 1t was emploved to mutiate the polymerization of BPA-based
monomers. All the reactions were performed under the standard 2.0 mmol scale reaction
condiiion except that TASHFE; was emploved with (.5 mol%s calalyst loading. The ratio of

25  TASHFHO vaned from 1.3 to 1: 20 so as to evaluate the potential nupact of water on the

polymerization reactions. A notable slow-down of the imtialization rate was obsarved, which has
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a positive correlation relationshup with the anount of water mtroduced. In addition, as more

water was added, molecnlar weight of corresponding polymer decreased.

Table 3. The Impact of Water on BPA-Polysulfate Polymenzation.

AV _ oatalyst Xy

N N X \\» JI\ 5

| | + 1 solvant ffae o
TBS0 " N #oras FDgSQ 0soF  130°C,158h

Enfry Catalyst Catalyst loading M. PDI
1 Ne 18 .5 mol2 85046 1.87
“~ .8 s
NN
I
2 ":@ e 0.5 mol% 46150 1.90

TV o) | (TASHRYHO = 1:5)

. - \E@ ﬁFae (.5 mol%s 26454 155
i {(+H,0) | (TASHF/H,O0 = 1:11}
4 \h'i'; HEs (.5 mol%s Oligomer
™., 8T
N
|

{(+H,0) | {(TASHF/H;O = 1:20)

A

EXAMPLE 4. Effects of the End-Capping.

To assess the effects of adding an end capping reagent, which also sumulates the potential
effects of mcluding an excess of one monomer relative to the other monomer, either monomer A-
A or monomer B-B was partually replaced by double amounts of a third reactant which has an
wdentical (but only one) functional group A or B. Once the thud reactant (the end-capping
reagent) forms a sulfate bond with its connterpart, the chain growth ceases on that side of the
growing polvmer chain. All the reactions were performed on the standard 2.0 mumol scale

reaction condition with 0.02 mol%s of TASHF; loading.
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In Table 4, the silyl ether-functional BPA monomer (as the limiting monomer) varied
from 95 mol% to 99.75 mol% with reference to the moles of fluorosulfate-functional BPA
monomer. Accordingly, the end-capping reagent, tert-butyldimethyl(4-(2-phenylpropan-2-
yl)phenoxy)silane, varied from 10 mol% to 0.5 mol%.

In Table 5, the fluorosulfate-functional BPA monomer was varied from 95 mol% to
99.75 mol% with reference to the moles of silyl ether-functional BPA monomer. The end-
capping reagent, 4-(2-phenylpropan-2-yl)phenyl sulfurofluoridate, varied from 10 mol% to 0.5
mol% instead.

Each experiment was run twice (“1st try” and “2nd try”), an average M, was thereafter
obtained and its correlation relationship with the ratio of limiting monomer was established in
FIG. 3. In both cases, the M, of BPA-polysulfate decreased as the ratio of the limiting monomer
was reduced (the ratio of corresponding end-capping reagents was increased correspondingly). In
each case, however, the M,, was higher when silyl ether-functional BPA was in excess. These
results demonstrate that the M,, of sulfate polymer was adjustable simply by adding an end-

capping reagent.
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W \ oo T
R Ny P cataiyst
N
3

Yy : N ~
1

: Polvauifale

13, 1S
sodvert fras

N S
NEINOTES FOSQT
QARG GARRANZ 2A00801

Entry  GQAGISM QAGDHO2 GADOSH TASHF, (0.1 Min CHLON) Repaats §in / Dispersity Mr
2.0 mmol) toading based on reaction shes} {averags)

1 H5.0% 1.0 10.0% 0.02% {8 uf} it try 24014 143
23843
86.4% 1.4 % 0.02% (2 ul 2nd by 2ATTLIAZ

]
«
~4
<2
B
=
toe]

8.0% $.002% {8 ui} 18ty 38470 f2.58
38876
97N 1.0 5.0% 0.03% (& ul} 2odd By 33882 /1.

in
=

3 98.0% 1.0 30% £.08% (8 ul} Yetdry 53305 /4.7

-k
~4
P

50838
99.0% 1.0 205% 0.03% (B uly 2 by 4BATE 1228

4 88.5% pRY 1.8% £.02% (8 uly 1stiny 840384 /1

o
&

57462
005% 1.0 §.0% .02% (8 u) 2nd tty 50228/ 2.37

& e8.75% ERY £.8% 0.02% (8 ul} sty 84484 /2,28
B44840
o98.75% 1.0 0.5% 0.08% {8 ul and oy 25000 /200

& ERE 1.0 & 0.02% {8 uf} FO20R 243 FO288

{af For this eniry, the M oblained from "the tst iy’ was used for companson instead of the average Mn
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v \}’j \"{l talvat
o K M N N o N A oalalye
/\xg-/ YT . f YN v T - A Polysulfate
A R . N R N L 13050, 158
g e Med 2 N 080 L2 ~ £y N
TRRG™ o188 FOSG OB0F QBOF Salven free
GAROSH GADG402 GAGDOY
Enty  GAS0SH 3AR0402 GARO7( TASHF, (0.1 Min CHGN) Rapasts Mn # Disparsity Mo
{2.0 mmal {ioading based on reaction sites} {average)
1.0 95.0% 10.0% Q0% 8 il 15t by 25604 /1,43 .
2631
10 95.0% 10.0% {00% {8 ul) 2nd fry 19857 7 1.5¢
2 140 87.0% 5.0% QL8% 8 il sl by 267787154 _
25420
18 87.0% §.0% Q0% 8 ¢l 2nd iy 24081 /1,48
3 148 S&.0% 2.0% 0.02% {8 ub sty 41956 /1.80 N
44482
14 85 0% 2.0% G.02% Byl Ing by 450968 {173
4 1.0 98.5% 10% QOB Wy sty 49918 71.88
50027
140 99.5% 1.8% QUS% B ¢ 2nd iy 515307158
5 18 95 75% 0.5% 0.02% 8 4l sty 44122 /1.88
48282
18 88.75% $5% {00% @ ub Znd iy 43442 71,87
& 14 1.0 i QL8% 8l 68 /243 0268

In Tables 4 and 5, "ul" stands for microliter (uL).

4A. End-capping Reagents.

The end-capping reagents “GA00601” and “GA00701” were prepared via the reported
procedure in Dong, J. J.; Sharpless, K. B. et al., Angew Chem. Int. Ed. 2014, 53, 9466-9470; and
WO 2014/089078 to Dong et al.

4A(i). tert-Butyldimethyl(4-(2-phenylpropan-2-yl)phenoxy)silane.

(GA00601). 4-(2-phenylpropan-2-yl)phenol (21.2 g, 0.1 mol) and imidazole (8.85 g, 0.13
mol) were dissolved in 100 mL of CH,Cl; in a 1L round-bottomed flask equipped with a stirring
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bar. ferf-Butyldimethylsilyl chloride (18.1 g, 0.12 mol, dissolved in 50 mL of DCM) was added
portion-wise to the reaction, which quickly resulted in the generation of a white precipitate. The
reaction mixture was stirred for 3h, filtered to remove all solids (imidazole-HCI) and
concentrated in vacuo. The resulting oil was dissolved in 200 mL of EtOAc and briefly washed
with saturated aqueous NaHCOs (100 mL, twice), saturated aqueous NaCl (100 mL, twice), and
was then dried over Na,SOs. Filtration and removal of the volatiles under vacuum provided final
product as a colorless oil (29.7 g, 91%). "H NMR (400 MHz, Chloroform-d) & 7.35 — 7.23 (m,
4H), 7.21 (td, J= 6.5, 2.0 Hz, 1H), 7.17 — 7.08 (m, 2H), 6.81 — 6.76 (m, 2H), 1.71 (s, 6H), 1.03
(s, 9H), 0.24 (s, 6H); >C NMR (101 MHz, Chloroform-d) § 153.37, 151.04, 143.34, 127.93,
127.75, 126.77, 125.50, 119.28, 42.36, 30.94, 25.72, 18.20, 4.35; GC-MS (EI) m/z = 326.1 [M]"

4A(ii). 4-(2-phenylpropan-2-yl)phenyl sulfurofluoridate.

(GA00701). 4-(2-phenylpropan-2-yl)phenol (21.2 g, 0.1 mol) and triethylamine (15.2 g,
0.15 mol) were dissolved in CH,Cl, (200 mL) in a 500 mL round-bottomed flask equipped with
a stirring bar. The headspace of the reaction vessel was evacuated and filled with sulfuryl
fluoride gas introduced via a needle attached to a balloon. The reaction was allowed to stir at
room temperature for 4h, at which time GC-MS analysis indicated complete conversion. The
reaction mixture was then concentrated in vacuo, re-dissolved in 200 mL of EtOAc and washed
sequentially with 0.6M HCI (100 mL, three times), 100 mL sat. NaHCO; (twice), 100 mL sat.
NaCl (twice), and dried over Na,SO,. Filtration and removal of the volatiles provided the
product as a colorless oil (27.9 g, 95%). "H NMR (400 MHz, Chloroform-d) & 7.38 — 7.31 (m,
4H), 7.28 — 7.22 (m, 5H), 1.73 (s, 6H); "’F NMR (376 MHz, Chloroform-d) § 37.12 (s, 1F); °C
NMR (101 MHz, Chloroform-d) & 151.67, 149.49, 148.00, 128.81, 128.27, 126.70, 126.09,
120.25 (d, J = 1.1 Hz), 42.96, 30.74; GC-MS (EI) m/z = 294.1 [M] .

EXAMPLE S. Exemplary Polymerization Reactions.

Additional polymerization reactions were carried out according to the methods described
herein following the reactions schematically illustrated in FIG. 4A (Reactions A, B, C) and FIG.
4B (Reactions D and E). The reaction conditions and GPC molecular weight data on the
resulting polymers (My, My, PDI) are shown in Table 6. In Table 6 the catalysts utilized in the

polymerization reactions are:
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#h N
, >§/ \\\"pf; H??; Cat(i) g ¢ Qq KHE, | Cat(i)
Fh l [ Ph . o o
5 Ph Ph L_o._A
(\omo” M“, in siftu generated TASHF, from
i;é‘\,d\,a N KHE; | Cat(ii) TASF and trace water in reaction  Cat (iv)
0 \VJO\___HP».\/] solvent
Table 6. Additional Polvmernization Results
Ex. Ne. Reaction  Conditions MV PP

5{a) A 10 mol% Cat(i). neat 26223/41868 1.597
monomers, 120 °C, 30 nun

5b) A 10 mpl%s Cat{sy, 1M DMF 29858/59380 1.989
solution, rt, overnight

S{(c) A 10 mol® Cat{nt), IM DMF 23834741588 1.745
sohstion, 1t, 12 his

3(d) A 10 mol% Cat{iu}, IMDMF  28326/56493 1.994
solution, 1t, 12 hss

S{e) B 10 mol% Cat{iv}, 2M DMF 24601748471 1.970
solution, rf, 24 hrs

5(f) C 10 mol® Cat{yv), 2M DMF 23D48/38737 1.618
solution, 1t, 24 hrs

Sg) D 10 mol% Cat(iv), 2M DMF  28448/45625 1.604
solution, rt, 24 hrs

5{h} E 10 mol% Cat{iv}, 2M DMF 25619/43350 1.692
solution, rf, 24 hrs

i3 As can be seen from the dafa and wformation m FIG. 44, FIG. 48, and Table 6, the

polymerizations all provided polvmers with PDI of about 1.6 fo about 2, with M, values i the
range of about 24,000 to 30,000 g'mwol and M, values of about 39 000 to 60,000 g/meoel, from five

different monomer paws. Reactions B, C, D, and E demonstrate that TASHF, generated /v sity
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from TASF and trace water in the reaction solvent also surprisingly efficiently catalyzes the

polymerization reaction.

EXAMPLE 6. Additional Exemplary Polymerization Reactions.

Additional polymerization reaction were carried out according to the methods described
herein following the reactions schematically illustrated in FIG. 6 and the monomers were
described but not limited in FIG. 7. The reactions conditions and GPC molecular weight data on
the resulting polymers (M,, PDI) are shown in FIG. 8. The results shown in FIGS. 6-8 were
obtained by using (PhsP=N-PPhs) HF, (0.25 mol% to 1.25 mol%) as catalyst.

As can be seen from the data and information in FIG. 6, FIG. 7, and FIG. 8, the
polymerizations all provided polymers with PDI of about 1.2 to 1.7, with M,, values in the range
of 12,000 to 38,000 g/mol.

All references, including publications, patent applications, and patents, cited herein are
hereby incorporated by reference to the same extent as if each reference were individually and
specifically indicated to be incorporated by reference and were set forth in its entirety herein.

Preferred embodiments of this invention are described herein, including the best mode
known to the inventors for carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary skill in the art upon reading the
foregoing description. The inventors expect skilled artisans to employ such variations as
appropriate, and the inventors intend for the invention to be practiced otherwise than as
specifically described herein. Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permitted by applicable
law. Moreover, any combination of the above-described elements in all possible variations
thereof is encompassed by the invention unless otherwise indicated herein or otherwise clearly

contradicted by context.
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We claim:

1. A polymerization method comprising the step of combining a liquid monomer
composition and a catalyst comprising a salt of formula (R")(F(HF),"), wherein R is an organic
cation or a chelated metal cation, and w is 1 or greater;

wherein the monomer composition comprises at least one compound of formula
F-X-F and at least one compound of formula (R");Si—Z—Si(R')s;

each R' independently is a hydrocarbyl group;

X has the formula —~A(—R*~A)n—;

each A independently is SO,, C(=0), or Het;

R* comprises a first organic moiety;

nisOorl;

Het is an aromatic heterocycle comprising at least two carbon atoms and at least one
nitrogen atom in a heteroaromatic ring thereof, and when A is Het, the F substituent is attached
to a carbon atom of the heteroaromatic ring thereof;

Z has the formula —-L-R*—L—;

each L independently is O, S, or N(RY);

R’ comprises a second organic moiety;

each R* independently is H or a third organic moiety; and

wherein the F and(R");Si substituents form a silyl fluoride byproduct of formula
(R")3Si-F as the respective A and L groups of the monomers condense to form an X—Z polymer

chain.

. . + . . .
2. The method of claim 1, wherein R is selected from an organosulfonium ion, an
organophosphonium ion, a quaternary ammonium ion, a quaternized nitrogen heteroaromatic

ion, a cationic polymer, and a chelated metal ion.

3. The method of claim 1 or claim 2, wherein R™ comprises an organophosphonium

ion.
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4. The method of any one of claims 1 to 3, wherein R” comprises a quaternary
ammonium ion.

5. The method of any one of claims 1 to 4, wherein R comprises a quaternized
heteroaromatic ion.

6. The method of any one of claims 1 to 5, wherein R” comprises an
organosulfonium ion.

7. The method of any one of claims 1 to 6, wherein:

each R' independently is an alkyl or aryl group;

X has the formula —~A(—R*~A)n—;

each A is SOy;

R* comprises a first organic moiety;

nisOorl;

Z has the formula —-L-R*—L—;

each L independently is O; and

R’ comprises a second organic moiety comprising at least one aryl or heteroaryl group

directly bonded to each L.

8. The method of any one of claims 1 to 7, wherein the n is 0.
9. The method of any one of claims 1 to 8, wherein Het is a 1,3,5-triazine.
10.  The method of any one of claims 1 to 9, wherein the monomer composition

includes a compound in which X includes an additional F substituent on a sulfonyl, carbonyl, or
heteroaryl activating group, A, such that the additional F substituent also reacts with a (R');Si
substituent on an oxygen, sulfur or nitrogen atom linking group, L, to form a silyl fluoride, and

the activating group condenses with the linking group to introduce a branch point in the polymer.
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11.  The method of any one of claims 1 to 10, wherein the monomer composition
includes a compound in which Z includes an additional silyl substituent, (R");Si, on an oxygen,
sulfur or nitrogen atom linking group, L, such that the additional silyl substituent also reacts with
a F substituent on a sulfonyl, carbonyl, or heteroaryl activating group, A, to form a silyl fluoride
and the linking group condenses with the activating group to introduce a branch point in the

polymer.

12. The method of any one of claims 1 to 11, whereinn is 1; R?is —Ll—RS—Ll—; each
L' independently is selected from the group consisting of O, S, and N(R*); and each R*

independently is H or the third organic moiety, and R’ comprises an organic moiety.

13. The method of any one of claims 1 to 12, wherein nis 1; R* is -L'-R’—; L' is
selected from the group consisting of O, S, and N(R*); R* s H or the third organic moiety; and R’

is an organic moiety.

14. The method of any one of claims 1 to 13, wherein the catalyst comprises

tris(dimethylamino)sulfonium bifluoride.
15.  The method of any one of claims 1 to 14, wherein each A is SO,.

16. The method of any one of claims 1 to 15, wherein each R* comprises an aryl or
heteroaryl moiety either directly bonded to an A group or bonded to A via an oxygen atom

attached to the aryl or heteroaryl moiety.

17. The method of any one of claims 1 to 16, wherein the polymer comprises a
polymeric chain represented by a formula selected from the group consisting of:
Formula (I): (<A(-R*~A)n-L-R’-L)x—;
Formula (IT); (-A-R*~A-L-R’-L)y—;
Formula (ITT); (-A L' R’-L'-A-L-R*-L)z—;
Formula (IV): (-A-L'-R>-A-L-R’-L)m- ;
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Formula (V): (~A—L-R’-L)p—; and
Formula (VI):
(-A-R>-A-L-R*-L)a—(-A-L'-R*-L'-A-L-R*-L)b—(A-L'-R’~A-L-R*-L)c~(-A-L-R*-L)d—;

wherein:

each A independently is SO,, C(=0), or Het;

each L and L' independently is O, S, or N(RY);

each R? and R’ independently comprises a first organic moiety;

each R? comprises a second organic moiety;

each R* independently is H or a third organic moiety;

each n independently is O or 1;

each Het independently is an aromatic heterocycle comprising at least two carbon atoms
and at least one nitrogen atom in a heteroaromatic ring thereof, and when A is Het, the F
substituent is attached to a carbon atom of the heteroaromatic ring thereof;

each of X, y, z, m, and p is the average number of repeating units in the polymer and has a
value of at least 10; and

each of a, b, ¢, and d is the average number of respective repeating units, and

independently can be O or greater, provided the sum of a, b, ¢, and d is at least 10.

18. The method of any one of claims 1 to 17, wherein one or more of the R*, R, R*,
and R’, comprises a moiety selected from the group consisting of a hydrocarbon, a heterocycle, a
carbohydrate, an amino acid, a polypeptide, a peptide analog, and a combination of two or more

thereof.

19. The method of any one of claims 1 to 18, wherein one or more of R}, R*, R, R,
and R’ is substituted by at least one substituent selected from the group consisting of hydroxyl,
halogen, nitro, ~C(O)R®, —C(0)OR®, —C(O)N(R®),, —CN, —SO,R®, —~SO,N(R®),, R°SO,N(R®)-,
“NR)SO,R®, —SO;R®, -N(R®),, -N(R®)OR®, -N(R®)C(O)R®, -N(R®)C(O)OR?,
“NRHC(O)N(R®),, —OC(O)N(R®),, ~OC(0)OR?®, azido, alkyl, cycloalkyl, alkenyl, alkynyl,
alkoxy, fluoroalkyl, fluoroalkoxy, aryl, aryloxy, heteroaryl, poly(ethyleneoxy), alkynyl-



LA

10

v ]
Lh

Lo
e

WO 2016/209920 PCT/US2016/038701

60 -

termninated poly{ethyvleneoxy}, a fatty acid, a carbobydrate, an amino acid, and a polypeptide;

. 5 - . . .
wherem each R independently is H, alkyvl, orarvl and vis 0, 1, or 2.

20. The method of any one of clanns 1 {o 19, wheremn the monomer composition
congwises (&) two or more different compounds of fornmla F-X-F, (b} two or more different

compounds of formula {Ri}gSi—Z—Si{ Ri_}g; or {c} ¢ combination of both {a) and (b}).

2L The method of clamm 20, wherein the two or more different compounds of formula

{RI_}-}Si—Z—Si{RIh differ by the selection of Rl, Z, or both R!and Z.

22 The method of any one of claims 1 to 21, wherein the monomer composttion

comprises at least one compound of Formula VII and at least one compound of Formula VIL

0S0,F  (R':8107
Vit VIR

OSKR s

. i . . G . A -
wherem each R independently 1s an alkvl or arvl group, and each R independently 13 a covalent

bond, C{CH:),, C(CF};}& or SO,

23 The method of any one of claims 1 to 22, wheremn the hiquid monomer nuxture

comprizes a melted mixture of the monomers.

24, The method of anv one of clasns 1 10 22, wheremn the hquid monomer mixture

comyprises a solution of the monomers i a solvent.
25. The method of clamm 24, wherein the solvent s a polar aprotic solvent.

26. The method of anv one of claums 1 to 25, wherein the F-X-F monomer comprises

sulfuryl fluonde (FSOLF).
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27. The method of any one of claims 1 to 26, wherein the F-X-F monomer comprises
a bisfluorosulfonyl monomer of formula F-SOZ-CHZCHZ-N(RI1)-CH2CH2-SOZ-F, wherein R'!

comprises an organic moiety.

28. The method of claim 27, wherein R"' comprises a moiety selected from the group
consisting of a hydrocarbon, a heterocycle, a carbohydrate, an amino acid, a polypeptide, a

peptide analog, and a combination of two or more thereof.

29. The method of claim 27 or claim 28, wherein R is substituted by at least one
substituent selected from the group consisting of hydroxyl, halogen, nitro, -C(O)R®, <C(O)OR®,
—~C(O)N(R®),, -CN, —SO,R®, —=SO,N(R),, R°SO,N(R®)—, -N(R®)SO,R®, ~SO;R®, -N(R®),,—
N(R®)OR®, -N(R®)C(O)R®, -N(R®)C(0)OR®, -N(R*)C(O)N(R®),, ~OC(O)N(R®),, ~OC(O)OR,
azido, alkyl, cycloalkyl, alkenyl, alkynyl, alkoxy, fluoroalkyl, fluoroalkoxy, aryl, aryloxy,
heteroaryl, poly(ethyleneoxy), alkynyl-terminated poly(ethyleneoxy), a fatty acid, a
carbohydrate, an amino acid, and a polypeptide; wherein each R® independently is H, alkyl, or

aryl,andvis 0, 1, or 2.

30. The method of any one of claims 1 to 29, wherein the polymer product is isolated

without purification such that the catalyst remains in the polymer.

31.  The method of any one of claims 1 to 30, wherein the catalyst is included at a
concentration in the range of about 0.001 mol% to about 1 mol% based on the total moles of

monomers.

32.  The method of any one of claims 1 to 31, wherein an end-capping monosilyloxy
compound or monofluorosulfonyloxy compound is included in the monomer mixture to limit or
control the molecular weight of the resulting polymer by stopping chain growth at the fluoro or

silyl end, respectively, of a polymer chain.
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33.  The method of any one of claims 1 to 32, wherein the catalyst is generated in situ
from a precursor compound.
34.  The method of any one of claims 1 to 33, wherein the method is performed at a

5  temperature in the range of about 20 to about 250 °C.
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