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Photo-Accelerated Synthesis of Oligo(triazole amide)s

Alexandros Petropoulos, Laurence Charles, Jean-Michel Becht, Michael Schmitt,

Jacques Lalevée,* and Jean-Frangois Lutz*

A photo-assisted process is explored for improving the synthesis of
oligo(triazole amide)s, which are prepared by solid phase synthesis using a
repeated cycle of two reactions: amine-carboxylic acid coupling and
copper-catalyzed azide-alkyne cycloaddition (CuAAC). The improvement of the
second reaction is investigated herein. A catalytic system involving Cu(ll)Cl,,
N,N,N’,N"”,N"”-pentamethyldiethylenetriamine (PMDETA) and a titanocene
photoinitiator is explored for reducing the reaction time of CuAAC. This
catalyst is first tested on a model reaction involving phenylacetylene and ethyl
azidoacetate in DMSO. The kinetics of these model experiments are
monitored by "H NMR in the presence of different concentrations of the
photoinitiator. It is found that 30 mol% of photoinitiator leads to quantitative
reactions in only 8 min. These conditions are then applied to the solid phase
synthesis of oligo(triazole amide)s, performed on a glycine-loaded Wang resin.
The backbone of the oligomers is constructed using 6-heptynoic acid and
1-amino-11-azido-3,6,9-trioxaundecane as submonomers. Due to slow reagent
diffusion, the CuAAC step required more time in the solid phase than in
solution. Yet, one hour only is necessary to achieve quantitative CuAAC on the

1. Introduction

During the last two decades, important
efforts have been made for the synthesis
of molecularly-defined oligomers(!! with
precisely controlled monomer sequence,!?!
chain length,’! tacticity* and folding.®!
Besides their usefulness in established
areas such as drug delivery, antimicrobial
surfaces, adhesion and additives,>*8] these
“precision” polymers have also opened up
previously unknown applications for syn-
thetic polymers such as data storage,®!
anti-counterfeiting  barcodes!!**]  and
cryptography.l'7] Yet, in most cases, uni-
form oligomers are obtained via multistep
growth “polymerizations”."® In other
words, they are not obtained through a
simple one pot process but through the
repetition of coupling steps, which can
be performed on a solid-support, on a

resin, which is twice as fast as previously-reported conditions. Using these
optimized conditions, oligo(triazole amide)s of different length are prepared.
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soluble support or in solution. Therefore,
their synthesis remains time-consuming,
pricy and limited at best to multi-kilos
scale.l’?]

Among the various families of precision oligomers that have
been reported,[*®] oligo(triazole amide)s!?®! have been proven
to be useful for different applications. Their monomer se-
quences can be finely controlled using different types of build-
ing blocks with main-chain or side-chain functional groups.
Therefore, oligo(triazole amide)s can store information at the
molecular level.[1% The first proof-of-principle of a non-biological
macromolecule allowing digital storage was obtained with these
polymers.[2122] Furthermore, their monomer sequences can be
decoded by mass spectrometry.?}] Since oligo(triazole amide)s
contain amide and triazole groups that are peptide isosteres, 242!
they can also be derived into interesting peptidomimetics and
xeno nucleic acids.[?®! For example, the synthesis of peptide tria-
zole nucleic acids (PTzNA) has been reported.[?’]

Oligo(triazole amide)s are synthesized via a protecting-group
free iterative process of the AB + CD type, as defined in a re-
cent overview (Scheme 1a).[28] This strategy involves two types
of building blocks: a submonomer AB containing an acid (re-
active group A) and a terminal alkyne (reactive group B) and
a submonomer CD containing an azide (reactive group C) and
a primary amine (reactive group D). A repetitive cycle involv-
ing two successive orthogonal reactions, namely amidification
(step i) and copper-catalyzed azide-alkyne cycloaddition (CuAAC)
(step ii),[223%1 is used to build the triazole-amide backbone of
these polymers. Although orthogonal and useful, this chemistry

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Scheme 1. a) General strategy for the iterative solid-phase synthesis of oligo (triazole amide)s. The blue hemisphere represents a cross-linked polystyrene
solid support. Coupling steps (i) and (i) are repeated n times to achieve an oligomer of size n. In order to prepare alkyne-terminated oligomers, an
additional step (i) is performed before cleavage from the solid-support (iii). Experimental conditions: i) HATU, DIPEA, 2,6-lutidine, DMF, ii) Cu(Il)Cl,,
PMDETA, Speedcure VLT, hv @ 395 nm, DMSO, iii) TFA, DCM. (b) Proposed mechanism of the photoinduced synthesis of triazoles in the presence of

a titanocene photoinitiator (Speedcure VLT).

remains rather slow compared to other multistep processes that
have been reported.!''*!] The reasons for this are chemical (i.e.,
reactivity of the selected reacting groups), physico-chemical (e.g.,
diffusion of the reactants in the mesh when a solid-support is
used) and technical (i.e., purification times after each repeated
step). For instance, CuAAC is a time-consuming step. Originally,
a Cu(I) catalyst was used for these syntheses and overnight reac-
tions were needed to complete the CuAAC step (ii).120%] In sub-
sequent reports, Cu(lI) catalysts were used, which permitted to
reduce the coupling time of step (ii) to ~2 h.[?’] This remains
long in comparison with coupling steps in the minute-range that
are used in other iterative syntheses.®!l In this context, the aim
of the present work was to explore the potential benefits of photo-
assisted CuAAC for the synthesis of oligo(triazole amide)s.!3*-3]
Photons are traceless reagents that can specifically initiate pho-
tochemical reactions. In this context, photo-chemistry could help
to accelerate synthesis but may also be employed as useful trig-
ger to achieve sequence control.’”] Among all the photo-CuAAC
conditions that have been studied,**¢! we selected a near-UV
approach induced by a photoinitiator.*®] The use of photoinitia-
tors for the indirect photolysis of the Cu(Il) complex is generally
preferred over the direct photolysis, in which a ligand-to-metal
charge transfer takes place, because of its higher rate.*] Addi-
tionally, the photoinduced generation of Cu(l) is able to provide
spatial and temporal control over the reaction, which is of rele-
vance for materials science applications.3¢! Moreover, the use of
cheap Light Emitting Diodes (LEDs) is also interesting to control
the synthesis. This system was tested herein for the solid-phase
synthesis of oligo(triazole amide)s.

Macromol. Rapid Commun. 2024, 2400759 2400759 (2 of 6)

2. Results and Discussion

2.1. Model Reactions in Solution

At first, model reactions involving phenylacetylene and ethyl azi-
doacetate (Figure 1) were investigated in order to select suit-
able CuAAC coupling conditions for the solid-phase synthesis
of oligo(triazole amide)s. The choice of these model substrates
enables a clear kinetic study of the reaction through 'H NMR
spectroscopy (Figure S1, Supporting Information) in contrast to
the monomers used in the solid-phase synthesis of oligo(triazole
amide)s. Ideally, photo-induced CuAAC shall be performed at
room temperature in a solvent allowing both a good swelling
of the resin/®! and the homogenous solubilization of all reac-
tants (i.e., monomer, catalyst/ligand complex and photoinitia-
tor). It is true that there are various solvents in order to per-
form the CuAAC reaction, with the most common one being a
1:1 mixture of H,O/t-BuOH. However, these two solvents have
poor swelling properties on the Wang resin*! used in this work.
Hence DMSO was found to be the best compromise and was
therefore chosen as the reaction medium. Among the numerous
UV and visible light photoinitiators tested over the years to pro-
mote the CuAAC reaction, Yagci and coworkers achieved rapid
reaction completion while employing a series of different type
I or type II photoinitiators.*] The most notable result was ob-
tained using a titanocene photoinitiator, demonstrating faster re-
action times and near quantitative yields.*®! Titanocene is cate-
gorized as a Type I photoinitiator which absorbs photons of ap-
propriate energy after irradiation, and subsequently undergoes a

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 1. Evolution of reaction kinetics of a model photo-assisted CUAAC
reaction as a function of photoinitiator concentration: 10 (black squares),
20 (red circles) or 30 (blue triangles) mol% of Speedcure VLT. Reactions
were carried out under irradiation at 395 nm with an irradiance of 40 mW
cm™2 at room temperature in DMSO-dg. Initial concentration of pheny-
lacetylene and ethyl azidoacetate were 0.2 mm. Yields were calculated from
TH NMR measurements.

homolytic Ti—C bond cleavage, generating carbon and titanium-
centered radicals responsible for the reduction of Cu(II) to Cu(I)
(Scheme 1b).13¢4%] The efficiency of titanocene and its derivatives
in radical generation after irradiation has led to their wide use

www.mrc-journal.de

in photopolymerization related studies.[*1*] To verify these find-
ings, two substrates namely phenylacetylene and ethyl azidoac-
etate were selected as the model click components, and photoin-
duced CuAAC reactions were conducted using Speedcure VLT
(i.e., fluorinated derivative of titanocene) as the photoinitiator
with a Cu(II)Cl,/PMDETA complex as the copper source. Photo-
assisted reactions were carried out in DMSO under irradiation at
395 nm(40 mW cm~?). Speedcure VLT has a significant absorp-
tion maximum at 395 nm, ensuring the efficient generation of
free radicals.

A control experiment was first conducted in the absence of
irradiation but under the same experimental conditions (mod-
els reactants, Cu(II)Cl,/PMDETA complex and Speedcure VLT).
As expected, no reaction occurred, even after a prolonged period
(Figure S2, Supporting Information), highlighting the necessity
of light irradiation for the promotion of the CuUAAC reaction.
Figure 1 shows the evolution of the photoinduced CuAAC reac-
tion kinetics as a function of Speedcure VLT concentration. All
reactions were performed in DMSO-d, and the kinetics were fol-
lowed through 'H NMR spectroscopy. In the work of Yagci and
coworkers a yield of 89% for the reaction in solution was achieved
in 10 min while using 10% mol of the photoinitiator,**] which is
not in agreement with this work, probably because the efficiency
of the CuAAC reaction also depends on the molecular structures
of the chosen reactants. After employing higher photoinitiator
concentrations under identical experimental conditions, quanti-
tative yields were successfully reached in shorter times. Specif-
ically, a yield of 99% was achieved in 8 min when 30% mol of
Speedcure VLT was employed, paving the path for application in
the solid-phase synthesis of oligo(triazole amide)s.

2.2. Oligomer Synthesis on Solid Phase

Oligo(triazole amide)s of different length were synthesized us-
ing 6-heptynoic acid (AB submonomer) and 1-amino-11-azido-3,

Table 1. Characterization of the different oligo(triazole amide)s synthesized in this work.

Oligomer structure?) m/zy, M/Zeyp Yield [%]
P1 510.2922 510.2920) 98
(0]
HO\H/\NJ\/\/—(_\‘N%\/O)\/\NJ\/\/——
o H N=N 3
P2 418.7475 418.7481°) 98
o
HO\n/\ NJ\/\/—(_\N%\/O NJ\/\/——
o |H N=N 3
i 2
P3 581.8452 581.8457¢) 93

o |H

"o NW N%VOV}NEK/\E
3 |H

% The listed yields include the whole distribution of the oligomer sample; ®) Detected as [M+H]*;
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Detected as [M+2H]**.
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Figure 2. a) Positive mode ESI-MS spectrum of oligomer P2. Grey stars designate peaks from chemical noise. Circles, diamonds, and squares indicate
truncated chains with -OH, -NH, or alkyne w-end groups, respectively. b) MS/MS of oligomer P2 obtained by collision-induced dissociation of the [P2

+ 2H]?* precursor ion at m/z 418.7.

6,9-trioxaundecane (CD submonomer) as building blocks. As
shown in Scheme 1a, these two submonomers were linked to
each other on a solid support through successive amidification
(step (i)) and photoinduced CuAAC (step (ii)) reactions, afford-
ing amide and triazole linkages respectively. All oligomers were
prepared on a commercial glycine-loaded Wang resin. In line
with previous experiments, a control experiment was conducted
in the absence of light and CuAAC did not occur. Step (i) involv-
ing function A (carboxylic acid) of building block AB and func-
tion D (amine) of building block CD was carried out following
a previously published protocol.l?”] Step (ii) was performed in
DMSO using the same conditions (30 mol% Speedcure VLT) as
for the model reaction experiments described above. However, a

Macromol. Rapid Commun. 2024, 2400759 2400759 (4 of 6)

longer reaction time was selected for performing step (ii) on a
solid-support. Indeed, it is well-known that solid-phase reactions
usually require longer times than their liquid-phase counterparts
due to the limited diffusion of the reactants in the mesh of the
solid-support. Furthermore, in the present case, the yield of the
photo-assisted reaction might also depend on the penetration of
light in the resin microbeads. Therefore, preliminary tests were
performed in order to determine the optimal LED irradiation du-
ration for step (ii). An oligomer consisting of five building blocks
was synthesized with the duration of each step (ii) being kept at
40 min. After cleaving the oligomer from the solid-support and
conducting MS analysis, it was found that a non-negligible quan-
tity of the 3-building block oligomer was present in the sample,

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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indicating that the CuAAC reaction had not reached completion.
The optimal irradiation duration was finally found to be 1 h (in-
stead of 8 min for the model reaction performed in solution).
All oligomers were synthesized by performing a given number
of iterative cycles, followed by a terminal step (i) in order to
prepare alkyne-terminated oligomers. Afterward, the oligomers
were cleaved from the solid-support (step (iii) in Scheme 1a) and
analyzed by electrospray ionization high-resolution mass spec-
trometry (ESI-HRMS) and NMR (Figure S3, Supporting Infor-
mation). Table 1 shows the molecular structure of the different
oligomers prepared in this work.

In all cases, the targeted structures were obtained. Figure 2
shows the ESI-MS and MS/MS spectra obtained for oligomer
P2. The targeted oligomer was clearly identified, even though
small peaks due to other species can also be detected. The major-
ity of these oligomeric species are not related to photo-assisted
step (ii). Due to the presence of OH-terminated impurities in
the commercial batch of 1-amino-11-azido-3,6,9-trioxaundecane,
some OH-terminated sequences were detected (indicated by cir-
cles in Figure 2a). In addition, NH,-terminated sequences can be
observed due to incomplete step (i) (indicated by in Figure 2a).
A small fraction of shorter chains with terminated alkynes (in-
dicated by squares in Figure 2a) was also observed. Comparable
results were obtained for longer oligomers such as P3 (Figure S4,
Supporting Information).

3. Conclusion

In summary, a photo-assisted protocol was investigated for the
synthesis of molecularly-defined oligo(triazole amide)s. In par-
ticular, safe and cheap light irradiation was explored to improve
CuAAC, which is a time-limiting step for the preparation of these
oligomers. At first, a model reaction in solution was explored
in order to find experimental conditions that are efficient and
suitable for solid-phase iterative synthesis. A Cu(II)Cl,/PMDETA
complex in conjunction with a titanocene photoinitiator was se-
lected. It was found that in presence of 30 mol% of the pho-
toinitiator, the model reaction proceeds quantitatively in ~8 min.
Therefore, these conditions were selected for solid-phase synthe-
sis and applied for the preparation of oligo(triazole amide)s of
different sizes. All oligomers were obtained in high yields and
exhibited a uniform molecular structure, as evidenced by mass
spectrometry analysis. Perhaps more importantly, the CuUAAC
step could be completed in only one hour on the resin, which
reduces by half the coupling time as compared to previously re-
ported protocols.””] These results indicate that light-assisted syn-
thesis is a promising strategy for improving the preparation of
oligomers by multistep growth “polymerizations”. Indeed, light-
assisted protocols may potentially be applied to accelerate syn-
thesis of a wide variety of sequence-defined oligomers."! Ulti-
mately, such strategies may also lead to efficient iterative synthe-
ses that are fully controlled by light.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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