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Polymer Chemistry

Extremely Rapid and Versatile Synthesis of High Molecular Weight Step
Growth Polymers via Oxime Click Chemistry

Joseph Collins,? Zeyun Xiao,? Andrea Espinosa-Gomez® Brett P. Fors,” and Luke A. Connal*®
® The Department of Chemical and Biomolecular Engineering, The University of Melbourne, Australia, 3010.

b Department of Chemistry and Chemical Biology, Ithaca, NY 14853, USA.

Extremely rapid step growth polymerization was achieved using an oxime click chemistry approach. The highly efficient
oxime reaction resulted in the synthesis of 35 kDa polymers within 5 minutes at 60°C and 32 kDa polymers within 13
minutes at room temperature and, by altering the monomer ratio, polymers were synthesized with controlled end-
group chemistry. Furthermore, the versatility of this chemistry was demonstrated by polymerisation of functional
(bipyridine and boronic acid functional) monomers. The very rapid formation, extremely benign reaction conditions,
functional group tolerance and high molecular weights obtained indicate the potential of oxime chemistry as a versatile
tool for step-growth polymer synthesis.

Step-growth polymerization is used to prepare some of the most important materials in modern society including
polyesters, polyamides, polyurethanes and polycarbonates; materials which are used as textiles, plastics and a
variety of other products.1 In modern society step-growth polymers have an enormous industrial, environmental,
economic and social impact. However, despite their importance, their synthesis still utilises relatively harsh
conditions; often requiring the use of high temperatures (above 250°C for the synthesis of polyethylene
terephthalate)2 or pressures, environmentally unfriendly materials or solvents (use of phosgene in polycarbonate
and polyurethane production),g’ * or the use of metallic catalysts.5 The development of new pathways to
synthesise step-growth polymers under more benign conditions promises massive economic and environmental
benefits and will greatly expand the scope of these important materials.

The introduction of click chemistry in 2001 by Sharpless et al.,6 traditionally used for the synthesis of small

molecules, has more recently been adopted by polymer chemists for the synthesis of high molecular weight step-
7-20 N . ; S . ; .

growth polymers. By definition, click reactions must be modular, wide in scope, give very high yields, generate

only inoffensive by-products and have a single reaction trajectory.6 These characteristics make click chemistry the

ideal choice for the synthesis of next generation step-growth polymers.

Currently, research on click-polymers is focused mainly on the copper catalysed azide-alkyne cycloaddition
(CuAAC)™™ and thiol-ene reactions,lz"16 although other click reactions have proven versatile tools for polymer
synthesis”"n. Generally, click polymerizations are reported to take anywhere from several hours to several days
and often require high temperatures (anywhere from 30 - 150°C) or, in the case of the CUACC reaction, the use of
metal catalysts. Recently, the Sharpless group reported a new, scalable and versatile example of step-growth
polymers being formed via the sulfate click reaction.”? The conditions for this polymerization are mild (2 hours at
150°C); however this inspired us to develop an efficient step growth polymerization with even less stringent
conditions.

The use of carbonyl chemistry, namely the formation of imine, hydrazone and oxime bonds, for materials
chemistry has grown in popularity due to the highly efficient reactions, biomolecular orthogonality and dynamic
nature of the bonds. Imine chemistry has been used for the functionalization of polymers23 and both imine and
hydrazone chemistry has been used for the development of dynamic polymers.lg’ 2

We identified the oxime click reaction as a potential means of rapid step-growth polymer synthesis under benign
reaction conditions. The oxime bond has found utility in bioconjugationz‘r"27 as it is highly efficient, biorthogonal,
occurs in aqueous solvents and forms water as the only by-product. Recently, oxime chemistry has been
developed for various materials science applications, such as drug deliveryzs’ % and surface patterning,go' * but
has found minimal use in polymer chemistry, being mainly utilised for hydrogel synthesisgz"34 and as a means of
functionalising polymer post—synthesis.35"37 The popularity of oxime chemistry in materials science is growing
quickly however due to the very high efficiency of oxime formation and the dynamic nature of the bond. Within
the last year, self-healing hydrogels,38 dynamic polymers39 and bio-adhesives have been developed which make
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use of the attractive properties of the oxime bond.*> # Herein, we report the utilization of the oxime click
reaction for spontaneous production of high molecular weight step growth polymers. The highly efficient oxime
reaction resulted in the synthesis of 35 kDa polymers within 5 minutes at 60°C and 32 kDa polymers within 13
minutes at room temperature and simply by altering the monomer ratio, polymers were synthesized with
controlled end-group functionality. Finally, functional group tolerance was demonstrated by successful oxime
bond formation and polymer synthesis in the presence of an acidic dialdehyde monomer, 3,5-diformylphenyl
boronic acid, and a basic dialdehyde monomer, 2,2-bipyridine-4,4-dicarboxaldehyde. The rapid synthesis under
extremely benign conditions demonstrates the efficiency of the oxime click reaction and indicates the potential of
oxime chemistry as a versatile tool for the development of environmentally friendly step-growth polymers.

The aim of this research was to develop novel A-A/B-B step-growth polymers using highly efficient oxime click
chemistry. Monomer synthesis was achieved with simple, well-known chemistry. Propane-1,3-bishydroxylamine,
M1, was formed according to a reported literature procedure.42 Di-benzaldehyde tetraethylene glycol, M2, was
prepared via a carbodiimide coupling reaction between TEG and 4-formyl benzoic acid (see supporting
information for characterization). The combination of bis-hydroxylamine M1 with dialdehyde M2 resulted in the
formation of oxime linked step-growth polymers Pa-Pc (Scheme 1).

Scheme 1 Synthesis of Oxime Linked Polymers
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The oxime click reaction is very efficient. Without the addition of a catalyst or heat, the reaction between
monomers M1 and M2 yielded a 12 kDa polymer after 4 hours (Pa, Scheme 1 Condition A). SEC analysis revealed a
multi-modal trace for polymer Pa, indicating the formation of oligomers of various molecular weights and the
potential formation of cyclic products, with the average molecular weight being 12 kDa. (Figure S1). 'H-NMR
analysis of the polymer product confirmed the successful formation of the oxime bond, which appears as a singlet
at 8.1 ppm. The doublets at 8.03 and 7.63 ppm are attributed to the aromatic protons, while the signals at 2.15,
3.67, 3.81, 4.32 and 4.46 ppm are attributed to the methyl and ethyl groups of the polymer backbone chain
(Figure 1).
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Fig. 1 'H-NMR spectra of oxime-linked polymer, Pa. A strong oxime singlet peak can be seen at 8.1 ppm (a) arising
from the successful formation of the oxime bond.
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By measuring the relative intensity of the characteristic aldehyde peak at 10.07 ppm, corresponding to the
aldehyde proton on M2, 'H-NMR offers a facile means to monitor reaction kinetics. By following the attenuation
of the aldehyde peak the reaction was observed to reach complete conversion in only four hours (Figure S2). Size
exclusion chromatography (SEC) confirmed that the reaction was complete after 4 hours as no further increase in
polymer size was recorded (Figure S3). Therefore, SEC and '"H-NMR analysis support the formation of a 12 kDa
oxime-linked step growth polymer in extremely mild conditions (room temperature) and short reaction times (4
hours).

In order to synthesise high molecular weight polymers, aniline, which has been reported to significantly enhance
the rate of oxime bond formation,* was introduced as a catalyst. Both the monomer concentration and the
aniline concentration were investigated in order to optimize the synthesis to yield the highest molecular weight
polymer (Table 1).

Table 1 Oxime Polymerisation Optimization

[Monomer] Aniline Mn (kDa)m Dispersitym
(mmol/L) (mol%)

P1 5 20 1.5 1.5

P2 75 20 18 2.6

P3 150 20 27 2.6

P4 300 20 30 2.8

P5 150 2 20 2.7

P6 150 10 24 2.6

P7 150 20 27 2.6

P8 150 40 35 2.3

Experimental series optimizing monomer (P1-4) and aniline concentrations (P5-8) to yield the highest molecular
weight polymer. All reactions were undertaken at 60°C for 6 hours. ™' Mn and dispersity calculated relative to
polystyrene standards.

As the monomer concentration was increased from 5 — 300 mmolL™ an increase in polymer molecular weight
from 1.5 — 30 kDa was observed via SEC (Table 1. P1-4, Figure S4). In all cases the monomer ratios was maintained
at 1:1 and were reacted in the presence of 20% aniline over 6 hours at 60°C. It can be concluded that, in general,
an increase in monomer concentration results in an increase in polymer molecular weight. However, the polymer
molecular weight did not increase significantly between 150 and 300 mmolL™ (M, = 27 and 30 kDa respectively).
As the polymers were very similar in size, the optimum monomer concentration, which yields the highest
molecular weight polymer, was determined to be 150 mmolL™

A similar set of experiments were undertaken to determine the optimum aniline concentration that yields the
highest molecular weight polymer. A series of aniline concentrations, ranging from 2 — 40%, were investigated
using the monomer concentration previously optimized, 150 mmolL?, at 60°C for 6 hours (Table 1. P5-8). SEC
revealed that increasing the aniline concentration from 2 — 40% increased the polymer molecular weight from 20
— 35 kDa (Figure 2). The increase in polymer molecular weight resulting from an increase in catalyst concentration
was an unexpected result as only an increase in the rate of formation, not the final molecular weight of the
polymer, was expected to be effected by the catalyst concentration. However, an increase in Mw with catalyst
concentration has been reported for other step-growth polymerizations such as the sulfate polymerization
reported by Sharpless and co-workers®? and the polycondensation of bisphenol-A bischloroformate** as well as
various metal catalysed polymerizations.45' ¢ The optimal conditions for high Mw were determined to be 150
mmolL™" monomer concentration and 40% aniline which yielded a 35kDa polymer after 6 hours at 60°C (Scheme 1,
Pc).



Polymer Chemistry

40% / N

e o e ’ N

18 20 22 24 26 28 30 32
Elution Time (min)

Fig. 2 SEC traces of polymers formed using an increasing concentration of aniline. P5-2% aniline (solid line), P6-
10% aniline (dotted line), P7-20% aniline (dashed line), P8-40% aniline (dot-dash line). An increase in aniline
concentration from 2 — 40 mol% leads to a corresponding increase in polymer molecular weight from 20 — 35 kDa
(Table 1, P5-8). All reactions were undertaken over 6 hours at 60°C.

In order to determine polymer Pc’s acidic and hydrolytic stability SEC was utilised to measure the molecular
weight under accelerated acidic and basic conditions (0.1M acetic acid or 0.1M NaOH, 50°C) for one week. SEC
analysis revealed no change in molecular weight under acidic or basic conditions (Figure S5 and S6) indicating the
long-term stability of the oxime polymers. Comparatively, commercially available polycaprolactone (PCL) (44 kDa)
and polybisphenol A carbonate (PBA) (25 kDa) were found to degrade to 15 and 0.5 kDa respectively, after one
week under basic conditions but, similar to the oxime-polymer, remained stable under acidic conditions (Figure S5
and S6). The acid sensitivity of oxime linkages is well known?® 3% 3% %7 and the stability of Pc under acidic
conditions indicates a potential hydrophobic shielding of the oxime bond by the neighbouring aromatic benzene
ring which potentially hinders the approach of water/H;0" therefore preventing oxime degradation, though
further investigations are required to confirm this.

Differential scanning calorimetry (DSC) was used to analyse the thermal properties of Pc. The glass transition
point (Tg) was found to be at 20°C (Figure S7).

During the reaction optimization, polymerization was allowed to proceed for 6 hours. To further investigate the
kinetics of the reaction SEC was utilised to monitor the polymer molecular weight every hour for 6 hours in order
to determine the length of time required to achieve high molecular weight polymers. It was revealed that after
one hour at 60°C a 35kDa polymer had formed and no change in molecular weight was observed after this point
(Figure S8). This indicates that the reaction is complete within one hour at 60°C. Following this, the
polymerization reaction was analysed by SEC approximately 10 minutes after the initial mixing of reactants and it
was revealed that a 35 kDa polymer had formed within this time period (Figure S9) indicating an extremely rapid
rate of polymerization at 60°C. As the sample requires diluting by a factor of 9x for SEC analysis, the reaction is
essentially stopped and any time delay incurred by the SEC machinery can be ignored.

The speed of the reaction was investigated more accurately by 'H-NMR. The characteristic aldehyde and
hydroxylamine peaks, at 10.07 and 11.2 ppm respectively, indicate the relative concentrations of monomers M1
and M2 remaining in the reaction mixture. Once the peaks are no longer visible in the "H-NMR spectrum it can be
assumed that the monomer concentration is exhausted and that polymerization is near-complete. At time zero,
prior to the addition of aniline, both the aldehyde and hydroxylamine peaks are clearly visible in the reaction
mixture (Figure 3a). Five minutes after the addition of 40% aniline, essentially as fast as the sample can be
analysed, both peaks have completely disappeared and a strong oxime peak, at 8.1 ppm, has appeared (Figure
3b). The SEC and "H-NMR analysis confirm that at 60°C (40% aniline) the reaction shows extremely high
conversion to prepare a high molecular weight (35 kDa) oxime-linked step growth polymer in 5 minutes (Pc,
Scheme 1, Condition C). Although these results demonstrate high conversions and efficiencies under already
relatively benign conditions (60°C), we wanted to further establish the versatility of this chemistry under even less
stringent conditions.

Page 4 of 11



Page 5 of 11

Polymer Chemistry

Aniline

« )L
AN

(b) {O.oﬂ}

Q o

’ HOA
wfhon " |

12.0 11.5 11.0 10.5 10.0 9.5 9.0 85 80 7.5
ppm

Fig. 3 (a): 'H-NMR spectra of polymerization reaction mixture at 60°C recorded at time zero, before the addition
of aniline. The aldehyde and hydroxylamine peaks are clearly visible. (b): '"H-NMR spectra of polymer reaction at
60°C recorded 5min after the addition of 40% aniline. The rapid disappearance of both the aldehyde and
hydroxylamine peaks and the appearance of a strong oxime peak at 8.1 ppm, indicate that polymerization
reaction is near-complete after 5min at 60°C.

(a

The same experiments were undertaken at room temperature in order to determine the possibility of retaining
the extremely rapid rate of polymerisation and high molecular weight without heat. Approximately 10 minutes
after the initial mixing of reactants at room temperature SEC analysis revealed that a 32 kDa polymer had formed
(Figure S10) and no change in polymer size was observed after 10 minutes (Figure S10). Again, this demonstrates
the high efficiency of oxime click chemistry and its utility to make high molecular weight polymers under
extremely mild and benign conditions.

"H-NMR analysis was utilised to more accurately probe the speed of the reaction. Again, the aldehyde and
hydroxylamine peaks, at 10.07 and 11.2 ppm respectively, are visible prior to the addition of aniline. Compared to
the polymerization at 60°C, the rate of disappearance of the aldehyde and hydroxylamine peaks at room
temperature is slightly slower. 'H-NMR spectra taken 3 minutes and 8 minutes after the addition of 40% aniline
show a decrease in the relative intensity of the aldehyde and hydroxylamine peaks but they remain visible.
Between 8 - 13 minutes after the addition of the aniline the aldehyde and hydroxylamine peaks disappeared and
a strong oxime peak, at 8.1 ppm appeared (Figure S11). SEC and 'H-NMR analysis confirm that a 32 kDa polymer
can be formed in between 8 — 13 min at room temperature (Pb, Scheme 1, Condition B).

The reduction in temperature led to a small decrease in polymer size, from 36 to 32 kDa, and a slight increase in
reaction time from 5 minutes to between 8 — 13 minutes. The extremely rapid formation of high molecular weight
polymers under very benign conditions demonstrates the efficiency of the oxime bond formation and
effectiveness of the aniline catalyst.

By using a small excess of monomer M1 or M2, polymers were formed with either hydroxylamine or aldehyde
functionality capping each end. The ability to control the end-group functionality of the polymer creates versatile
and bio-relevant functional handles to create polymer conjugates. By using a small excess of the benzaldehyde
monomer, M2, 1.1x that of the hydroxylamine monomer M1, the polymer was formed with aldehyde groups
capping each end. SEC analysis of the crude reaction mixture indicated a polymer molecular weight of 28 kDa. This
reduction in molecular weight is consistent with step-growth polymerization using monomer ratios other than
1:1. Through simple precipitation into water, high molecular weight polymers, terminated with aldehyde
functionality, were easily isolated. The "H-NMR spectra of the polymer product, following multiple precipitations,
shows a small aldehyde peak at 10.07 ppm (Figure 4). The integration of the aldehyde peak, when compared to
the integration of the polymer back-bone peaks, gives a polymer molecular weight of between 30-35 kDa and
indicates that the precipitations are significantly fractionating the as synthesised polymer. The molecular weight
of the precipitated polymer calculated by "H-NMR agreed with the molecular weight measured by SEC, 35 kDa,
(Figure S12) and confirms that the polymer is capped on both ends by the aldehyde monomer.
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Fig. 4 'H-NMR spectra of an aldehyde-terminated polymer formed from a reaction with a 1.1 equivalent of
aldehyde monomer (M2). The polymer molecular weight calculated from integration of the aldehyde peak (30 —
35kDa) agrees with the SEC analysis (37 kDa, Figure S8) confirming the formation of an aldehyde terminated
polymer

The same procedure was repeated with a 1.3 equivalent of the hydroxylamine monomer, 1. Again, the polymer
molecular weight was reduced, 17 kDa (Figure S13) as expected and through precipitation the isolation of high
molecular weight polymers terminated with hydroxylamine functionality were easily obtained. Following multiple
precipitations, 'H-NMR analysis revealed a small hydroxylamine peak and two small triplet peaks remaining,
which correspond to the methyl groups of M1 on the terminal ends of the polymer (Figure S14). The integration
of these peaks was used to calculate a molecular weight of the precipitated polymer of approximately 35. The
size calculated by "H-NMR agreed with the measured size determined by SEC, 30 kDa (Figure S13) and confirmed
the formation of a hydroxylamine terminated polymer.

In order to demonstrate the versatility of this highly efficient chemistry we decided to make a series of functional
co-polymers. Co-polymers were synthesised with an acidic dialdehyde monomer, 3,5-diformylphenyl boronic acid,
and a basic dialdehyde monomer, 2,2-bipyridine-4,4-dicarboxaldehyde (Figure 5). A series of co-polymers were
prepared with varying co-monomer compositions; co-polymer products being denoted Pgigy10, Pgipy20 and Pgipyso
for the 10, 20 and 30 mol% 2,2-bipyridine-4,4-dicarboxaldehyde functionalised co-polymers respectively, and
Pgoron10, Peoron20 aNd Pgoronzo fOr the 3,5-diformylphenyl boronic acid functionalised co-polymers.
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Fig 5. Synthesis of highly functionalised oxime polymers through the incorporation of 2,2-bipyridine-4,4-dicarboxaldehyde
(dark blue square), 3,5-diformylphenyl boronic acid (light blue hexagon) or both. The functional group tolerance of
oxime formation is demonstrated by the successful polymer synthesis in the presence of acidic and basic
functionalities.

The incorporation of 10, 20 and 30 mol% of 2,2-bipyridine-4,4-dicarboxaldehyde into the oxime co-polymer
(Pgipy10, Pgipy20 @and Pgipy30 respectively) was confirmed by 1H-NMR, 13C-NMR, SEC and UV-Vis spectroscopy,
indicating that oxime bond formation and the subsequent co-polymer synthesis is tolerant to basic functionalities.
For ease of characterisation co-polymer synthesis was undertaken with no aniline present at 60°C. "H-NMR
analysis was used to confirm the incorporation of 2,2-bipyridine-4,4-dicarboxaldehyde into the co-polymer as two
new doublets and a singlet appear at 8.67, 7.55 and 8.52 ppm respectively which are attributed to the aromatic
protons of the bipyridine ring and a new peak at 8.14 ppm appears which is attributed to the bipyridine oxime
proton (Figure 6, peaks a, b, c and d respectively, Figure S15). The relative percentage of 2,2-bipyridine-4,4-
dicarboxaldehyde was increased from 10 to 20 to 30 mol% and the complete integration of the higher ratios of
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co-monomer was confirmed by '"H-NMR (Figure S15). The integration of the characteristic bipyridine peaks
increased from 0.2 to 0.4 to 0.6 as the 2,2-bipyridine-4,4-dicarboxaldehyde ratio was increased from 10 to 20 to
30 mol% (Figure 6 boxed insert, peaks a, b, c and d) and indicates 100% incorporation of the 2,2-bipyridine-4,4-
dicarboxaldehyde co-monomer. Due to the extremely high efficiency of oxime formation, precise control over the
degree of incorporation of functional co-monomers into the co-polymer can be achieved stoichiometrically.
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Fig. 6 '"H-NMR spectra of Pgjpy10. New peaks attributed to the bipyridine group; a, b, c and d can be seen at 8.67,
8.52, 8.14 and 7.55 ppm respectively. Boxed insert shows the increase in intensity of peaks a, b, c and d as the
bipyridine incorporation is increased from Pgijgy10 t0 Pgipy20 and Pgipyso.

Further confirmation was performed using BC_NMR. Analysis of Pgi,30 indicates the successful incorporation of
the 2,2-bipyridine-4,4-dicarboxaldehyde co-monomer into the polymer as new peaks at 149.6, 145.6, 141.1, 120.8
and 119.3 ppm appear which are attributed to the carbons in the bipyridine ring and a new peak at 156.3 ppm
appears which is attributed to the oxime carbon. (Figure S16).

Visually, the oxime polymers turn from colourless to a purple colour upon 2,2-bipyridine-4,4-dicarboxaldehyde
incorporation. The colour change was observed by UV-Vis spectroscopy where a new absorbance peak at 330nm
was detected which was attributed to absorbance by the bipyridine. The absorbance band increases in intensity
going from Pgipy10 tO Pgipyao and to Pgipy3e further confirming the increase of co-monomer incorporation (Figure
517).

Finally, SEC was utilised to determine whether the bipyridine incorporation had any effect on the molecular
weight of the co-polymers. Surprisingly, the addition of 10 mol% bipyridine (Pg;py10) increased the co-polymer
molecular weight from 12 kDa for the uncatalysed polymerisation (Pa) to 34 kDa (Figure S18). A further increase
in bipyridine mol% increased the co-polymer molecular weight to above that of the original aniline catalysed
polymer, P8 (35 kDa) to 55 kDa for Pgjpy0 and 106 kDa for Pgi,y30 (Figure S18). It is interesting to observe the
increase in co-polymer molecular weight as the bipyridine incorporation is increased which is believed to be
attributed to the more electron deficient dialdehyde. The electron withdrawing bipyridine ring increases the
partial positive charge on the carbonyl carbon making the nucleophilic attack by the hydroxylamine nitrogen more
favourable. The increase in the rate of oxime and hydrazone formation due to increasing the electron
withdrawing substituents of the reacting aldehydes and ketones has been reported before*® *® and allows for the
synthesis of high molecular weight polymers without the aniline catalyst.
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The functional group tolerance was demonstrated further by the successful incorporation of 3,5-diformylphenyl
boronic acid into the oxime co-polymer at 10, 20 and 30 mol% (Pgoron10, Peoron20 @Nd Pgoronzo respectively) which
was confirmed through 1H-NMR, 13C_NMR and SEC analysis and indicates that oxime formation and subsequent
polymer synthesis is tolerant to acidic functionalities. The '"H-NMR analysis of Pgoron10, Peoron20 @aNd Pgoron3o reveals
clear differences in the shape and integration of the peaks in the aromatic region when compared to the un-
functionalized polymer, indicating the overlap of proton signals and the incorporation of phenyl boronic acid
(Figure S19). To confirm the phenyl boronic acid incorporation, Pggronzo Was analysed by 13C_NMR which revealed
new peaks at 145, 134.2 and 132.2 ppm which are attributed to the aromatic ring carbons of phenyl boronic acid
and a new peak at 148.5 ppm which is attributed to the new oxime carbon (Figure S20). The B¢ signal for the
ipso-position carbon, the carbon attached to the boronic acid, could not be identified in CDCl; due to the line
broadening resulting from the short relaxation time of boron, which has been previously reported.50

SEC was used to calculate the molecular weight of Pgoron10, Peoron20 aNd Pgoronzo Which were found to be 26, 20 and
18 kDa respectively (Figure S21). It can be seen that at low phenyl boronic acid ratios there is an increase in co-
polymer molecular weight when compared to Pa (12 kDa). However, increasing the boronic acid ratio decreases
co-polymer molecular weight.
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Fig. 7 C-NMR spectra of P1g/10. Identification of characteristic peaks attributed to both the bipyridine and phenyl boronic acid
indicate the successful incorporation of both functionalities.

The power of this reaction was further demonstrated by the formation of oxime co-polymers in the presence of
both acidic and basic co-monomers. The highly functional co-polymer product, denoted P,o/;9, Was synthesised in
the presence of 10 mol% 3,5-diformylphenyl boronic acid and 10 mol% bipyridine-4,4-dicarboxaldehyde with
successful incorporation of both functional co-monomers being confirmed by '"H-NMR (Figure S22) and Be.NMR
analysis (Figure 7). The characteristic bipyridine peaks are easily identifiable in the '"H-NMR spectra (Figure S22,
peaks I, m, n and 0) as is the splitting of the aromatic peaks (Figure S22, peaks f, g and h) by the phenyl boronic
acid. The *Cc-NMR clearly demonstrates the phenyl boronic acid incorporation (Figure 7, peaks m, n, o and q) and
the bipyridine peaks (Figure 7, peaks I, p, r, s, t and u), indicates the successful formation of the highly
functionalised polymer, P1q/10. SEC was used to calculate the molecular weight of P;o/,0 which was found to be 28
kDa (Figure S23), which lies in-between Pgyon10 (26 kDa) and Pgigy10 (34 kDa). The demonstrated functional group
tolerance of oxime-based polymers confirms the high selectivity and orthogonality of oxime formation and the
possibility of oxime step-growth polymer synthesis in the presence of various functional groups. The high
efficiency of oxime bond formation allowed for 100% incorporation of different, functional monomers and gives
total control over the degree of polymer-functionalization through simple, stoichiometric control. The
incorporation of multiple, chemically-distinct monomers allows for the facile synthesis of highly functionalised
polymeric materials possessing many different chemical moieties for further post-modifications.
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Conclusions

The oxime click reaction is an extremely rapid and versatile chemistry to prepare high molecular weight step-
growth polymers. The ideal monomer and catalyst concentrations were identified, 150 mmolL™ and 40 mol%
respectively, these conditions resulted in the synthesis of 35 kDa polymers in 5 minutes at 60°C and 32 kDa
polymers in under 13 minutes at room temperature. To the best of our knowledge these are some of the fastest
step-growth polymerization conditions ever reported. Furthermore, by using a small excess of either the aldehyde
or hydroxylamine monomer, polymers were formed with hydroxylamine or aldehyde functionalities capping each
end. The functional group tolerance of the new oxime-based materials was demonstrated by successful synthesis
in the presence of an acidic and a basic dialdehyde indicating the potential for the facile production of highly
functionalised polymeric materials. We believe that these results indicate the great potential of oxime click
chemistry as a new means for the synthesis of complex, high molecular weight step-growth polymers under
extremely benign conditions.

ACKNOWLEDGMENT

This work was supported by the Victorian Endowment for Science Knowledge and Innovation (LAC).

Notes and References

1. M. E. Rogers and T. E. Long, Synthetic Methods in Step-Growth Polymers, Wiley, 2003.
2. K. Ravindranath, Mashelkar, R. A., Chem. Eng. Sci., 1986, 41, 2197-2214.
3. S. Fukuoka, Kawamura, M., Komiya, K., Tojo, M., Hachiya, H., Hasegawa, K., Aminaka, M.,

Okamoto, H., Fukawa, I., Konno, S., Green Chem., 2003, 5, 497-507.
4, G. Rokicki, Parzuchowski, P. G., Mazurek, M., Polym. Adv. Technol., 2015, 26, 707-761.
5. R. H. Grubbs, Tumas, W, Science, 1989, 243, 907-915.
6 H. C. Kolb, Finn, M.G., Sharpless, K.B., Angew. Chem. Int. Ed., 2001, 40, 2004-2021.
7 H. B. Tinmagz, Arslan, 1., Tasdelen, M.A., J. Polym. Sci., Part A: Polym. Chem., 2015, 53, 1687-

1695.

8. J. H. Tan, McMillan, N.A.J., Payne, E., Alexander, C., Heath, F., Whittaker, A.K., Thurecht, K.J.,
J. Poly. Sci., Part A: Polym. Chem., 2012, 50, 2585-2595.

9. S. Binauld, Damiron, D., Hamaide, T., Pascault, J-P., Fleury, E., Drockenmuller, E., Chem.

Commun., 2008, 4138-4140.

10. J. A. Johnson, Finn, M.G., Koberstein, J.T., Turro, N.J., Macromol. Rapid Commun., 2008, 29,
1052-1072.

11. E. Schwarts, Breitenkamp, K., Fokin, V.V., Macromol., 2011, 44, 4735-4741.

12. C. Wang, Podgorski, M., Bowman, C.N., Mater. Horiz., 2014, 1, 535.

13. A. B. Lowe, Polym. Chem., 2010, 1, 17-36.

14. S. P. S. Koo, M. M. Stamenovi¢, R. A. Prasath, A. J. Inglis, F. E. Du Prez, C. Barner-Kowollik, W.
Van Camp and T. Junkers, J. Polym. Sci., Part A: Polym. Chem., 2010, 48, 1699-1713.

15. K. Killops, Campos, L.M., Hawker, C.J., J. Am. Chem. Soc., 2008, 130, 5062-5064.

16. J. Xu, Boyer, C., Macromol., 2015, 48, 520-529.

17. D. D. McKinnon, Domaille, D.W., Cha, J.N., Anseth, K.S., Chem. Mater., 2014, 26, 2382-2387.

18. M. Tasdelen, A., Polym. Chem., 2011, 2, 2133.

19. G. S. Williams, Lehn, J.-M. P., Proc. Natl. Acad. Sci. U.S.A., 2004, 101, 8270-8275.

20. N. Boehnke, Cam, C., Bat, E., Segura, T., Maynard, M.D., Biomacromol., 2015, 16, 2101-2108.

21. S. Binauld, Damiron, D., Connal, L.A., Hawker, C.J., Drockenmuller, E., Macromol. Rapid
Commun., 2011, 32, 147-168.

22. J. Dong, Sharpless, B., Kwisnek, L., Oakdale, J.S., Fokin, V.V., Agnew. Chem. Int. Ed., 2014, 53,
9466-9470.

23. E. R. L. Brisson, Z. Xiao, L. Levin, G. V. Franks and L. A. Connal, Polym. Chem., 2016, DOI:
10.1039/C5PY01915..



24.

25.
26.

27.

28.

29.

30.

31.

32.

33.
34.

35.
36.
37.
38.
39.

40.

41.
42.

43,
44,

45.
46.

47.

48.

49.
50.

Polymer Chemistry

K. Fukuda, M. Shimoda, M. Sukegawa, T. Nobori and J.-M. Lehn, Green Chem., 2012, 14,
2907-2911.

S. Ulrich, Boturyn, D., Marra, A., Renaudet, O., Dumy, P., Chem. Eur. J., 2014, 20, 34-41.

Y. Zeng, Ramya, T.N.C., Dirksen, A., Dawson, P.E., Paulson, J.C., Nat. Methods, 2009, 6, 207-
209.

K. Christman, Broyer, R.M., Tolstyka, Z. P., Maynard, H.D., J. Mater. Chem., 2007, 17, 2021-
2027.

B. Liu, Chen, H., Li, X., Zhao, Y., Liu, Y., Zhu, L., Deng, H., Li, J., Guo, F., Zhu, X., RSC Adv., 2014,
4,48943.

Y. Jin, Song, L., Su, Y., Zhu, L., Pang, Y., Qiu, F., Tong, G., Yan, D., Zhu, B., Zhu, X,,
Biomacromol., 2011, 12, 3460-3468.

K. Christman, Broyer, R.M., Schopf, E., Kolodziej, C.M., Chen, Y., Maynard, H.D., Langmuir,
2011, 27, 1415-1418.

T. Pauloehrl, Delaittre, G., Bruns, M., Meibler, Borner, H.G., Bastmeyer, M., Barner-Kowollik,
C., Agnew. Chem. Int. Ed., 2012, 51, 9181-9184.

G. N. Grover, Lam, J., Nguyen, T.H., Segura, T., Maynard, H.D., Biomacromol., 2012, 13, 3013-
3017.

G. N. Grover, Braden, R.L., Christman, K.L., Adv. Mater., 2013, 25, 2937-2942.

Z. K. Zander, Hua, G., Wiener, C.G., Vogt, B.D., Becker, M.L. , Adv. Mater., 2015, DOI: DOI:
10.1002/adma.201501822.

M. R. Hill, Mukherjee, S., Costanzo, P.J. Sumerlin, B.S., Polym. Chem., 2012, 3, 1758-1762.

S. Mukherjee, Bapat, A.P., Hill, M.R., Sumerlin, B.S., Polym. Chem., 2014, 5, 6923-6931.

J. Liy, Li, R.C., Sand, G.J., Bulmus, V., Davis, T.P., Maynard, H.D., Macromol., 2013, 46, 8-14.
S. Mukherjee, Bapat, A.P. Hill, M.R. Sumerlin, B.S., Soft Matter, 2015, 11, 6152-6161.

S. Mukherjee, Brooks, W.L.A., Dai, Y., Sumerlin, B.S., Polym. Chem., 2016, DOI:
10.1039/C5PY02046H.

G. N. Grover, Garcia, J., Nguyen, M.M., Zanotelli, M., Madani, M.M., Christman, K.L., Adv.
Healthcare Mater., 2015, 4, 1327-1331.

S. Ghosh, Cabral, J.D., Hanton, L.R., Moratti, S.C., Acta Biomater. , 2016, 29, 206-214.

F. Taraballi, L. Russo, C. Battocchio, G. Polzonetti, F. Nicotra and L. Cipolla, Org. Biomol.
Chem., 2014, 12, 4089-4092.

A. Dirksen, Hackeng, T.M., Dawson, P.E., Angew. Chem. Int. Ed., 2006, 45, 7581-7584.

H. R. Kricheldorf, S. B6hme, G. Schwarz and C. L. Schultz, Macromol. Rapid Commun., 2002,
23, 803-808.

A. Yokoyama, Miyakoshi, R., Yokozawa, T., Macromol., 2004, 37, 1169-1171.

X. X. Zhang, Sadighi, J.P., Mackewitz, T.M., Buchwald, S.L., . Am. Chem. Soc., 2000, 122,
7606-7607.

V. A. Polyakov, Nelen, M.I., Nazarpack-Kandlousy, N., Ryabov, A.D., Eliseev, A.V., J. Phys. Org.
Chem., 1999, 12, 357-363.

E. T. Kool, Park, D-.H., Crisalli, P., J. Am. Chem. Soc., 2013, 135, 17663-17666.

B. M. Anderson, Jencks, W.P., J. Am. Chem. Soc., 1960, 82, 1773-1777.

S. Bruns, Sinnwell, V., Voss, J., Magn. Reson. Chem., 2003, 41, 269-272.

10

Page 10 of 11



Page 11 of 11

GRAPHICAL ABSTRACT FIGURE

o, [l

I L}

&‘\O/V/y

2 0 hours 5 min

Polymer Chemistry

High Molecular Weight
Benign Reaction Conditions

[~ A )
AGrarA,

n

Functional Group Tolerance

11



