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The selective ligation chemistry of the stable norbornene (Nb) with an asymmetric tetrazine (Tz), accessi-
ble in a one-pot reaction is adapted to the ligation of polymer segments yielding block copolymers. The
Tz/Nb inverse electron-demand Diels—Alder reaction (IEDDA) is compared with the more classical azide
(Az)-norbornene Huisgen 1,3-cycloaddition (CA) to ligate end-functionalized polymers. An endo/exo-
norbornene end-functionalized polystyrene (PS; sx-Nb) and polyethylene glycols with either tetrazine or
aryl azido functionalities (PEGsy/sk-Tz, PEGsy/s-Az) are synthesized. While the Tz/Nb IEDDA proceeds
cleanly and leads to full conversion in stochiometric mixtures, the Az/Nb CA requires less effort but
suffers from slower coupling kinetics and some side reactions. The coupling of PS; 5,-Nb with PEGzy/s5,-
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well as slight decomposition of the Az-moieties. In contrast, the ligation of PS; sx-Nb with PEGzy/s5¢-Tz is
robust. The reaction, which is conveniently monitored by UV/Vis spectroscopy, yields the desired PS-
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Introduction

Since the advent of highly specific ligation reactions," the syn-
thetic toolbox for macromolecules with complex architectures
has been dramatically expanded through the exploitation of
effective segmental coupling strategies.”® Macromolecular
chemistry has benefited significantly from developments in
the biomolecular field providing peptide-ligation,'®'* antibody
conjugation'”> or DNA/RNA labeling strategies.">'* Such lig-
ation reactions are often bioorthogonal, stoichiometric, and
ultrafast, and examples range from metal catalyzed Huisgen
1,3-dipolar cycloadditions (CAs),">"” to thiol-ene’®'® or thiol-
quinone-Michael additions,*® to Staudinger ligation,”"** up to
Diels-Alder reactions,>** and strain- or light promoted 1,3-
cycloadditions.®?” The use of these chemistries has enabled
effective segmental coupling strategies, that combine ease of
analysis and purification of the polymer blocks prior to the
coupling with precise definition of the coupling sites in the
polymer precursor blocks.?® Thus, if provides access routes to
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block-PEG in high yields and may offer potential for easy scale-up.

block

11,31

various copolymers,> macrocycles,®® graft co-
polymers and molecular brushes.**** Molecular biology
requires ligation routes to proceed highly efficient under dilute
conditions, ideally tolerating all abundant biofunctionalities
and often targeting submicro- or nanomolar scales. In
polymer chemistry, however, the focus is on pragmatic coup-
ling reactions where availability and stability of the coupling
reactants at larger scales are important criteria. The highly
efficient inverse electron-demand Diels-Alder ligation
(IEDDA), in which tetrazines (Tz) react ultrafast with trans-
cyclooctenes,*** has been adapted by Du Prez and O’Reilly
et al. by replacing the latter with the readily available norbor-
nene (Nb) derivative.>*® The ligations of Nb-end-functional
polylactide®® or polystyrene (PS)*® with 3,6-di-2-pyridyl-1,2,4,5-
tetrazine-endfunctional polyethylene glycol (PEG) proceeded
highly rapid in a stoichiometric manner at room temperature
and could be easily monitored by the disappearance of the
pink Tz color.

Nb derivatives have been found to be less reactive than trans-
cyclooctene, but meet the criteria of stability and, most impor-
tantly, low cost accessibility. The electron rich 3,6-di-2-pyridyl-
1,2,4,5-tetrazine provides suitable coupling kinetics, but the
three step synthesis is tedious and may limit scalability.*

Here we report the adaptation of an asymmetric Tz deriva-
tive for polymer segment ligation by using Tz units accessible
in one-pot synthesis. Tz end-functional polymer blocks were
coupled to Nb end-functional polymers and the ligation was

This journal is © The Royal Society of Chemistry 2023
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compared to the polymer segment coupling of aryl-Az and Nb
derivatives, with both reactions requiring no additive or cata-
lyst. A series of chain-end-reactive PEGgs5-Tz/Az polymers
were coupled to an end-functional PS; 5.-Nb block to investi-
gate differences in coupling kinetics and to elucidate accessi-
bility, reactivity, stability and optimal reaction conditions

(Fig. 1).

Experimental section

See the ESIt for detailed synthesis procedure of each precursor
molecule, polymer and their analysis methods. Full UV/Vis,
NMR as well as SEC kinetics are also included.

Results and discussion

Syntheses of polymers with Nb-, Tz- or Az-chain end
functionality

To investigate the block segment ligation, a series of different
polymers with the required chain end functionalities were syn-
thesized. A polystyrene (PS) with Nb at the a-chain end was
accessed by a Reversible Addition Fragmentation Transfer
(RAFT) controlled polymerization of styrene, using a Nb
bearing chain transfer agent (Nb-CTA).>” The PS was obtained
in a controlled manner and the CTA aminolysis proceeded
cleanly in the presence of hexylamine/ ¢-butyl acrylate to avoid
the side reactions during the Az ligation step.*® The PS; 5, -Nb
was isolated with M, = 1500 g mol™" and P of 1.08, as deter-

a) 1) NoHgeH,0, Zn(OTf),,
MeCN 60 °C, 24 h. OH
_N.
2) NaNO,, HCI, )N\' )

H,0, RT, 30 min. \N,N

b) 1) NaNOy, H,SO,, o
/@)L _ 0Gah /@)L
OH
T NN,
) 3 S

H,0, RT, 30 min. 3

c)
PEG

PS,

Fig. 1 Overview of synthetic pathway to (a) Tz-COOH and (b) Az-
COOH as well as (c) idealized polymer—polymer ligation of PS;s-Nb
with either PEGsy/sk-Tz (IEDDA) or PEGsy/sk-Az (CA). For full mecha-
nisms of IEDDA and CA, see ESI Schemes S10 and S11.}
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mined by size exclusion chromatography (SEC). "H-NMR spec-
troscopy revealed the high degree of Nb-functionalization. An
M, nmr Of 1850 g mol™* and a degree of polymerization of DP,,
= 14 was calculated by chain end group analysis comparing the
integral intensities of the Nb double bond protons at
6.19-5.87 ppm with the aromatic styrene signals at
7.45-6.27 ppm (ESI Fig. S147).

A polyethylene glycol (PEG)-attached peptide synthesis resin
(PAP resin) with w-amino functional PEG-segments used to
easily access the PEG-Tz and PEG-Az segments in a straight-
forward manner by simply coupling functional benzoic acid
derivatives with PyBOP/DIPEA peptide-synthesis protocols. The
required 4-(6-methyl-1,2,4,5-tetrazin-3-yl)-benzoic acid (Tz-
COOH) was readily accessible in a one-pot procedure from
4-cyanobenzoic acid, hydrazine monohydrate and acetonitrile,
giving the asymmetric tetrazine in 76% yields and 99% purity.
The benzoic acid derivative or the 4-azidobenzoic acid (Az-
COOH) was coupled to the supported PEG-NH, and a negative
Kaiser test for both coupling reactions proved the absence of
free amine groups on the resins, indicating a quantitative
functionalization of the PEG with Tz or Az. After liberation of
the PEG-Tz and the PEG-Az from the support, the resulting
polymers were isolated and 'H-NMR spectra confirmed the
successful introduction of both reactive functionalities (ESI
Fig. S16 and S18t). SEC measurements revealed a M,, = 3200 g
mol™ and P of 1.06 for the PEG;-Tz and M, = 3300 g mol™*
and D of 1.06 for the PEG;;-Az.

The strategy could be extended to solution protocols, where
a-methoxy-w-amino PEG (MeO-PEG;,-NH,) was coupled to the
two different benzoic acid derivatives (¢f ESIT). After 22 h of
coupling at room temperature, the product was purified by
careful precipitation, yielding PEG;,-Tz with M, = 4700 g
mol™ (P = 1.05) and PEGs;,-Az with M,, = 4800 g mol™* (P =
1.06). Both isolated products show a negative Kaiser test,
demonstrating  quantitative  functionalization of the
MeO-PEG-NH,, which is consistent with 'H-NMR analyses
showing the typical resonances for either Tz or Az moieties
(ESI Fig. S17 and S197).

Comparison between Nb-Tz and Nb-Az ligation

It is well known that polymer-coupling strategies suffer from a
reduced chain end reactivity.>® To validate the ligation chem-
istry and select appropriate conditions, model reactions were
studied (Fig. 2a). The coupling of low molecular weight com-
pounds Tz-COOH or Az-COOH with 5-norbornene-2-carboxylic
acid (Nb-COOH) takes place in DMF under air. Pseudo-1st-
order conditions were established by using excess Nb-COOH
(molar ratio of 1:1.6 Tz/Az: Nb) to obtain quantitative conver-
sion of the tetrazine and azido compounds. The coupling of
the asymmetric tetrazine could be conveniently monitored by
UV/Vis-spectroscopy at Amax = 538 nm, while "H-NMR spec-
troscopy was required to follow the disappearance of the aro-
matic Az-COOH resonances.

It should be noted, that the reaction of Nb with Az produces
triazolines, which can decompose partially to aziridines at
elevated temperatures, as described in the literature.***!
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Fig. 2 IEDDA versus CA ligation kinetics of (a) low molecular weight

compounds (Tz-COOH/Az-COOH + Nb-COOH) and (b) high molecular
weight polymers (PEG-Tz/PEG-Az + PS-Nb) monitored by spectroscopy
to determine pseudo-1%-order rate constants k (conditions: 1.6 : 1 molar
ratio of Nb : Tz/Az in DMF).

First, both tetrazine and azido compounds were found to
be stable at reaction temperatures of 80 °C for at least 10 h, as
no decomposition was observed. Remarkably, the Tz-COOH/
Nb-COOH ligation reaches at 80 °C reached 90% conversion
after 12 min, and quantitative coupling was achieved in less
than 1 h. In comparison, the Az-COOH/Nb-COOH coupling at
80 °C proceeds much slower. Note that the reaction rates were
quite similar to those of the Tz-COOH/Nb-COOH ligation at
room temperature, where 90% conversion was found after 3 h
and quantitative conversion after 6 h. Despite the fact that
azido compounds are readily accessible on a larger scale, e.g.
by halogen-azide exchange,’**> the Az-COOH/Nb-COOH coup-
ling proceeds very slowly at room temperature, approaching
full conversion after 7 days (ESI Fig. S27).

As expected, polymer-small molecule ligation is slower than
small molecule coupling due to steric effects, despite the use
of the same chemistry. It reflects the robustness of the chem-
istry, that the tetrazine/norbornene IEDDA proceeds at rather
similar rates regardless of whether the Tz is the polymeric or
the small molecule species (Fig. 2b). However, using a stochio-
metric ratio of the functionalities (Tz/Nb 1:1) at 80 °C, both
coupling reactions (PEG3-Tz + Nb-COOH or PS; 5,-Nb + Tz-
COOH) reach 90% conversion after about 15-20 h and quanti-
tative coupling is approached after 55 h. Increasing the tetra-
zine component to 10 equivalent excess accelerates the coup-
ling considerably and quantitative conversion of PS; 5,-Nb was
reached after 10 h (ESI Fig. S31). The polymeric PEG-Tz com-
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ponents show superior thermal stability compared to the
PEG-Az analog, which decomposes slowly and shows a 10%
decay after 6.5 days (Fig. 2b). The azido coupling reaction was
also much slower in this setting than the similar tetrazine liga-
tions. Within the entire set of Nb/Az reactions, quantitative
conversion was achieved only after 72 h, when 10 equivalents
excess of Az-COOH was reacted with PS; 5-Nb at 80 °C (ESI
Fig. S4t). The isolated reaction product of PS; 5.-Nb with Az-
COOH was analysed by MALDI-TOF-MS, suggesting the for-
mation of triazoline- and aziridine-linkages, where the former
series had higher signal intensity (ESI Fig. $371).*° It should
be noted, that the mass signal intensities in MALDI-TOF
spectra are not directly quantitative results. Furthermore, no
significant differences were found when the azido compound
was the low or high molecular weight moiety.

The optimized reaction protocols were finally extended to
conjugate polymer segments of PEGjys5-Tz and PS; 5-Nb to
obtain the desired PS-block-PEG copolymer as a model
amphiphile.

The use of 0.005 m polymer solutions in DMF, at 80 °C and
a molar ratio of functionalities of 1:1-ratio leads to the
expected reduction of the reaction rates as indicated by the
lower reaction constants (Fig. 3b). From the coupling kinetics,
the PEG-Tz ligates very well with PS; 5,-Nb, reaching 90% con-
version after 55-60 h and approaching quantitative reactions
after 4 days (Fig. 3b). The molecular weight of PEG-Tz in the
studied window of M,, = 3200-4700 has no dramatic effect on
the coupling kinetics. However, SEC-trace analysis (Fig. 3a and
ESI Fig. S33t) provided more insight into the evolution of the
ligation product, where the PEG-Tz/PS; 5, -Nb coupling seems
to be completed after about 57 h. Apparently, the resulting
PEGsy-block-PS; 5. shows the development of a slight bimodal-
ity. However, this was already detectable in the commercial
mPEG-NH, precursor polymer. The appearance of a bimodality
with the second peak located at twice the peak molecular
weight most likely indicates a minor co-initiation of the ethyl-
ene oxide polymerization by water leading to H,N-PEG;-NH,
after amination. This polymer would result in Tz-PEG;-Tz
with two PS; 5,-Nb attached. However, the overall dispersity of
the resulting PEG-block-PS remained rather low at ® = 1.15 and
confirming the validity of using this route for the synthesis of
well-controlled block copolymers.

Considering the analogous ligation of PEG-Az and PS; -
Nb, which in any case proceeds much slower than the tetrazine
variant, a pronounced effect of the PEG molecular weight on
the coupling kinetics was evident. While PEG;-Az reacted
quantitatively with PS; 5-Nb after 170 h, PEGs-Az barely
reached 80% conversion (Fig. 3b). MALDI-TOF-MS of the reac-
tion product from PEG3-Az and PS; 5,-Nb, confirmed the suc-
cessful ligation. However, due to the complexity of two folded
distributions, the resolution could only provide evidence of
triazoline-linkages (ESI Fig. S381). SEC was consistent with the
kinetics, but also revealed a slightly bimodal ligation product
PEGs;)-block-PS, 51 (Fig. 3c). The lower degree of bimodality
could be a result of the incomplete conversion, as the ABA tri-
block is expected to be formed slowly and preferentially at

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Polymer—polymer-ligation of PEGs,-Tz/Az with PS; 5.-Nb. (a) SEC-traced of the evolution of the PS, 5,-Nb PEGs,-Tz conjugation showing the dis-
appearance of the PS; s,-signal and shift of the PEGs-signal; (b) time vs. conversion plot of polymer—polymer-ligation of PEGzs,-Tz/Az with PS; 5,-Nb
monitored by UV/Vis and 1H-NMR-spectroscopy,' (c) SEC-traced of the evolution of the PS; 5,-Nb PEGg,-Az conjugation showing the disappearance of
the PS; 5, -signal and shift of the PEGs-signal. [Conditions]: 1: 1 ratio of PS; s,-Nb: PEGsy/s5,-Az/Tz in DMF at 80 °C, DMAc GPC, 50 °C, DMAc + LiBr.

high conversion for steric reasons. This would be consistent
with "H-NMR spectroscopy, which shows that after 160 h of
coupling of PS; 5,-Nb with PEG5,-Az, the resonances of Nb are
still at 6.09 ppm and no complete conversion has occurred
(ESI Fig. S20 and S21%).

In contrast to that, the "H-NMR of the final coupling
product PEGsy-block-PS; 5 from the Tz/Nb ligation shows the
absence of the typical Tz- and Nb-resonances at 8.66 and
6.09 ppm, respectively (ESI Fig. S22 and S23ft). This demon-
strates the efficiency of the Nb/Tz IEDDA compared to the ana-
logous Nb/Az CA chemistry.

Finally, to confirm the ligation of both PEG and PS blocks a
diffusion-ordered spectroscopy (DOSY**) NMR analysis was
performed, comparing the starting polymers with each of the
resulting ligation products (ESI Fig. S24-S327%). Significant
shifts in the diffusion coefficients were observed for both lig-
ation types and no signals from unreacted precursors were
observed within the error of the method (ESI Fig. S29 and
S327). Due to the increase in molecular weight from the PS; 5;-
Nb to the PS-block-PEG product the diffusion coefficient
increases from log D = —=9.6 m”* s™* (PS; 5,-Nb) to —9.9 m” s™*
(PSy.5k-h-PEGs) and —10.0 m> s (PSy5-h-PEGs), which
clearly underlines the successful ligation reactions.

Conclusion

A polymer ligation chemistry for segment-segment coupling
was adapted, taking advantage of the easy accessibility of
asymmetric tetrazine (Tz) moieties and demonstrating the
ability to effectively ligate to a stable and commercially avail-
able norbornene (Nb) derivative. The strategy was compared to
the alternative route of reacting azido- (Az) with norbornene
derivatives. The Nb/Tz chemistry followed an inverse electron-
demand Diels-Alder (IEDDA) mechanism, which shows advan-
tages over the Nb/Az cycloaddition (CA). Stochiometric IEDDA
ligation of PEG-Tz and PS-Nb allowed for quantitative solution
coupling, resulting in the expected PEG-block-PS copolymer. In
contrast, the analogous Nb/Az CA route suffered from signifi-

This journal is © The Royal Society of Chemistry 2023

cantly slower coupling kinetics of the PEG-Az and PS-Nb,
which plateaued at incomplete conversion.
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