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A novel [(NHC),CulBr (Cu(1)-NHC) complex promotes CuAAC reac-
tions in organic solvents, water, buffers and even complex biologi-
cal media in good yields. Encapsulation of the Cu catalyst in an
amphiphilic polymer enhances its performance in complex media,
increases catalyst stability in the presence of glutathione and
reduces cytotoxicity in HelLa cells.

Copper(1) catalysed azide-alkyne cycloaddition (CuAAC) has found
widespread application in the fields of organic synthesis,'
glycoscience,” polymers,® and functional (bio)macromolecules.”
CuAAC is one of the best C-N bond forming reactions for the
selective covalent functionalization of peptides, proteins and other
biomacromolecules and has been evaluated in drug delivery,” in
bioorthogonal chemistry,® and for various other biological
applications,”® resulting in a chemistry Nobel prize in 2022.”""
Despite its high appeal and convenience, CuAAC still possesses
limitations such as the need for excess reducing agent (Na-
ascorbate) to reduce Cu(u) to Cu(x), and for Cu(1) stabilising ligands
to enhance reactions rates."”>™"* CuAAC reactions work well in neat/
aqueous media,">™® but the performance of many Cu(r) complexes
in complex and cellular media is poor and their toxicity is high.
Despite these challenges, bio-orthogonal reactivity has been
achieved for Cu(i)-based systems using triazole-based ligands for
CuAAC and BTTAA ligands for NH insertion reactions.'>!
Recently, the addition of Cu(1) with N-heterocyclic carbene
(NHC) ligands attached to polymeric carriers showed good
biocompatibility and allowed the generation of hydroxyl radi-
cals in in vitro and in vivo conditions.”> The NHC ligand is a

Department of Chemical Engineering & Chemistry and Institute for Complex
Molecular Systems, Eindhoven University of Technology, P.O. Box 513,

5600 MB Eindhoven, The Netherlands. E-mail: a.palmans@tue.nl,
a.p.prakasham@tue.nl

t Electronic supplementary information (ESI) available: Experimental proce-
dures, characterization and spectroscopic data; 'H NMR, “C{'"H} NMR, and
MALDI-ToF-MS spectra, absorption and emission spectra of the precarbene
ligand (1) and Cu(1)-NHC complex (2), catalysis procedures, and 'H NMR,
c{'H} NMR and MALDI for the catalysis products are available in the electronic
supplementary information. See DOI: https://doi.org/10.1039/d5cc01891a

This journal is © The Royal Society of Chemistry 2025

* Harshit Singh

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Enhancing the CuAAC efficiency of a Cu())-NHC
complex in biological media by encapsulationf

and Anja R. A. Palmans ‘= *

perfect candidate for stabilizing the Cu(i) ion in CuAAC chem-
istry through its strong c-electron donation capability and
steric bulk, thereby overcoming the oxygen sensitivity of Cu(i)
species to form Cu(u). While efficient [(NHC),Cu]X type cata-
lysts have been reported for CuAAC reactions,”® many Cu-NHC
complexes require either stringent conditions (absence of air/
moisture) for the synthesis of the catalysts***® and/or need to
be activated by chemical,*® thermal,””*® photochemical® or
mechanical means®®*' to yield 1,2,3-triazoles (Table S3, ESIf).
Given the high activity of Cu(1)-NHC found in CuAAC reactions
in organic solvents, we here set out to develop Cu(i)-NHC
complexes for CuAAC reactions in water and in complex
cellular media. In this work, we report the synthesis of a new
Cu(1)-NHC complex, assess its catalytic activity in a variety of
media and in the presence of glutathione (GSH), and investi-
gate its compatibility with cells.

In order to stabilize the Cu(1) state, a bulky NHC ligand was
chosen having a steric 2,6-('Pr),-C¢H; group and an anthracene
pendant substitution on the N-atoms. The NHC ligand precur-
sor (1) was synthesised by the N-alkylation of 1-(2,6-diiso-
propylphenyl)-imidazole with 9-(bromomethyl) anthracene
(Fig. S1-S5, ESIT). Subsequent reaction of (1) with CuBr in the
presence of K,COj3 in acetone afforded the Cu(r)-NHC complex
(2) in quantitative yield as an off-white solid (Scheme 1).
Noticeably, the Cu(r) complex (2) is stable towards air and
moisture. The coordination of the NHC ligand to the Cu was
verified by the disappearance of the NCHN resonance and the
formation of the bis-NHC complex [(NHC),Cu]Br was corrobo-
rated by the m/z peak at 899.40 that corresponds to the [M-Br]"
molecular ion of the complex [CgoHgoCuN4]" through
MALDI-ToF-MS, in line with structurally similar complexes
(Fig. S6-510, ESIt).>* The Cu(1)-NHC complex (2) showed dis-
tinct absorption bands around 300-425 nm and weak fluores-
cence emissions around ca. 375-500 nm characteristics of
anthracene transitions in solution as well as in the solid state
(Fig. S11 and S12, ESIY).

With the perspective of utilizing the Cu(1)-NHC in biocon-
jugation reactions, we here set out to test benzyl azide and
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Scheme 1 Synthesis of Cu()-NHC complex (2).

phenylacetylene as model substrates in the CuAAC reaction
using 0.5-2.5 mol% Cu(1)-NHC (2) to yield 1,4-substituted 1,2,
3-triazole (3a) (Table S1, ESIt). The reaction was initially
performed in water, in which (2) did not dissolve, at 37 °C.
With a catalyst loading of 1 mol%, the 1,2,3-triazole (3a) was
isolated in 90% yield in 2 h, while lower loading of 0.5 mol%
catalyst gave 69% yield (Table S1, entries 1-3, ESIt). The Cu(i)-
NHC (2), also gave high yields using a lower temperature of
20 °C, and with reduced reaction times of 1 h and 10 minutes
(Table S1, entries 4-6, ESIT). Mixing of the two substrates in
neat conditions, without water in the presence of Cu(i)-NHC
(2), quantitatively offered 3a. The absence of Cu-complex (2) in
the reaction did not give 3a (Table S1, entry 9, ESIt), which
highlights the importance of Cu(1) catalysts in the CuAAC
reactions. To ascertain uniform conditions in all catalysis
reactions, we selected 1 mol% catalyst loading, T'= 37 °C and
2 h reaction time as the optimum conditions.

With these conditions, we screened the activity of (2) in
various solvents (Table 1). Interestingly, Cu(i))-NHC (2) per-
formed well in various organic solvents, namely, the non-
polar  toluene to polar dichloromethane (DCM),

Table 1 Solvent scope of CUAAC reaction using Cu()—NHC (2)?

/N N
N Cu(l)-NHC /N" >N
/B + =——pn Ph _
Ph Solv, 37°C,2h
(3a)

Entry Catalyst (mol%) Solvent Yield” (%)
1 1 ‘BuOH 99
2 1 THF 86
3 1 DCM 99
4 1 ACN >99
5 1 Toluene >99
6 1 H,0:DMSO° 98
7 1 DMF 36
8 1 H,0 90
9 1 NaOH (0.1 M) 92
10 1 PBS 90
11 1 Tris (0.5 M) 88
12 1 RPMI 83
13 1 DMEM 81
14 2.5 DMEM 97

“ Conditions: azide (0.25 mmol) alkyne (0.3 mmol), solvent (0.5 mL),
37 °C, 2 h. ? Isolated yield. © H,0:DMSO (9: 1).
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tetrahydrofuran (THF), acetonitrile (ACN), and also protic
‘BuOH and water:DMSO mixtures (Table 1, entries 1-6). In
DMF, in contrast, only 36% of 3a was isolated. Notably, the
reaction proceeded in good yield in basic NaOH (0.1 M)
solution (92%), and in basic buffers, PBS (90%) and Tris
(88%) (Table 1, entries 9-11). Remarkably, the Cu(i))-NHC (2)
effectively catalysed the cycloaddition of benzyl azide and
phenylacetylene in biological cell culture media such as RPMI
(Roswell Park Memorial Institute 1640) and DMEM (Dulbecco’s
modified Eagle’s medium), affording high yields >80%
(Table 1, entries 12-14).

We further assessed the functional group tolerance by
screening a wide variety of substrates in the CuAAC reaction
using Cu(1)-NHC (2). For this purpose, various substituted
alkynes were reacted with benzyl azide (eqn (1)) and azido-
methyl pivalate (eqn (2)) in water at 37 °C (Table 2). As was
evident from the substrate scope, the electron withdrawing or
donating substituents on the phenylacetylene did not show
significant differences in yield (all above 87%). Also, both
azides gave good yields of the respective 1,2,3-triazoles (for
example, 4-Br (3b) vs. 4-OMe (3i) entries 2 and 9). Interestingly,

Table 2 Substrate scope of CUAAC reaction using Cu()-NHC (2)?

Ph/\N/N\\N
Cu(l)-NHC —
PhFNS + }QR‘ L— Equation 1
- H,0,37°C,2h
7N\
7R
3(ad)
o 5
o= g MINAC /NN A
0 0/\N3 — R? Ho37C.2n By (¢) Equation 2
RZ
4(a-h)
S.no. 3(aj)R'= vield’” (%) 4(a-h) R* = Yield” (%)
1 H (3a) 90 Ph (4a) 82
2 4-Br (3b) 94 3,5-F,-Cc¢Hj; (4b) 92
3 3,5-F, (3¢) 96 3-Me-C¢H, (4¢) 96
4 3,5-(CF;), (3d) 87 4-OMe-C¢H, (4d) 90
5 3-OH (3e) 92 3,5-(OMe),-C¢H; (4€) 90
6 3-COOH (3f) 94 CH,Ph (4f) 94
7 4-NH, (3g) 90 CH,OPh (4g) 96
8 3-Me (3h) 90 CH(OEL), (4h) 93
9 4-OMe (3i) 92
10 3,5-(OMe), (3j) 88

“ Azide (0.25 mmol), alkyne (0.3 mmol), Cu())-NHC 1 mol%, H,O
(0.5 mL), 37 °C, 2 h. b Isolated yield.

This journal is © The Royal Society of Chemistry 2025
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alkynes bearing phenol (3e), carboxylic acid (3f) and aniline (3g)
also gave good yields of the corresponding 1,2,3-triazole pro-
ducts. Moreover, both benzylic and aliphatic azide gave good to
excellent isolated yields of 1,2,3-triazoles 3(a-j) and 4(a-h).
Interestingly, both liquid as well as solid substrates (in the
case of 3b, 3(f-g), 3j, 3(m-n), 4e, 5(a-b), and 6(a—c)) resulted in
high isolated yields, which is remarkable in view of the catalyst
being a solid in water.

The scope of functional group tolerance was further
assessed in Table 3. The reaction with a bis-alkyne and a highly
functional 5-bromo-3-ethynylpyrazin-2-amine afforded the
respective triazoles (3m; 82%) and (3n; 81%) in good yields.
Cu(1)-NHC (2) promoted the cycloaddition of benzyl azide with
aliphatic alkynes having a free alcohol (30), acid (3p), NHBoc
(3q), Si(*Pr); (3r) or ether (3t) substituent in good yield. Notably,
the formation of 3q, from N-Boc-propargylamine in DMEM
proceeded smoothly using 2. We further extended the applic-
ability of the Cu(1))-NHC complex (2) in the synthesis of galac-
tose derived triazoles 5(a-b) and the anthracene derived
fluorescent triazoles 6(a-c) in good yields. Reaction of phenyl
azide and benzylacetylene provided the expected product in
86% yield (Table 3). Most importantly, the purification of the
end products mostly involved a simple extraction using EtOAc
or Et,O, followed by washing with Et,O or cold pentane,
respectively, to remove traces of alkynes and to get the clean
triazole products. In a few cases, a simple filtration type column
was used to obtain pure triazoles.

All liquid substrates (azide and alkyne) underwent smooth
conversion to product triazoles in both water and DMEM. In
contrast, the solid substrates resulted in full conversion to

Table 3 Substrate scope of CUAAC reaction using Cu()-NHC (2)7

N,
o~
\}N\
Br
HaN
2 NJ

LN N =N, a
NN NN = a S
= = pn M- >_< >_<N;N

Ph 0,

(3k) 98% 3 9a% (3m)? 82%
(]
(3n) 81%
o o ‘N\,N\\g R N\/EN& NN
E% e T =
92% (3p) 88% (3q)° 90% (3r) 72%

(30)

NG LN F
Ph/\N R N o N\ N .
\_«,\ S—os( N Ve
Et0 N//N ] F N
(3s) 88% W

(3t) 80% AcO . mg&/ome
M:_%Z‘”g;y (5b)? 88%
a (]
7a)¢ 86%
(ea)d 93% (6b 90% (sc)d 93% (7a)° 86%

“ Azide (0.25 mmol), alkyne (0.3 mmol) Cu(1)-NHC 1 mol%, H,0O
(0.5 mL), 37 °C, 2 h, isolated yield. ? Azide (0.625 mmol), alkyne
(0.25 mmol) () -NHC 2 mol%.  In DMEM 89% yield at 2.5 mol%
catalyst. ¢ Azide (0.125 mmol), alkyne (0.15 mmol), (2) 1 mol%.
¢ Rection performed in 2-Me-THF.
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Fig. 1 Encapsulation of Cu()-NHC (2) in an amphiphilic polymer (8)
ensures full conversion of solid substrates in complex media.

product only in water, but not in biological media, as seen
for 9-(azidomethyl)anthracene and phenylacetylene that gave
only ~43% and 57% conversion to the product (6b) in DMEM
and RPMI, respectively (Fig. S131, ESIT). Remarkably, the addi-
tion of an amphiphilic heterograft polymer (8) containing
randomly distributed hydrophilic and hydrophobic grafts,**°
aided the reaction in DMEM to reach completion in 2 h at
37 °C. This is a result of the hydrophobic interior formed after
collapse of the polymer in aqueous media, which increases the
local concentration of the reaction components in the media
through a micellar-type encapsulation (Fig. 1).

The generality of the catalyst was tested in the multicompo-
nent click reaction of halides in the presence of NaN; and
phenylacetylene (in situ azide formation) using the Cu(1)-NHC
(2) (Table S2, ESIt). As anticipated, the reaction of benzyl
bromide and benzyl chloride gave triazole in 73% and 41%
yields, respectively, at 37 °C in 2 h. Overnight stirring provided
complete conversion to the product (Table S2, ESIT).

We also tested the applicability of the Cu(1)-NHC (2) in the
presence of glutathione (GSH), a biologically abundant (up to
10 mM) thiol nucleophile in cells that poison metals.*®*”
Surprisingly, 2 catalysed the formation of 3a in the presence
of 10 mM concentration of GSH, while it gave no product at
15 mM GSH. Remarkably, almost full activity of the Cu(1)-NHC
(2) was retained when encapsulated in the amphiphilic polymer
(8) when 15 mM GSH was present in the reaction mixture.
Likely, the hydrophobic micro-environment prevents the GSH
inhibition of Cu (Table 4). These interesting results prompted

Table 4 CuAAC reaction in the presence of glutathione (GSH)?

Cu(l)-NHC P N
GSH N~ >N
SN — " Ph _
PH H,0,37°C,2h
(3a)
Entry Cu(1)-NHC (2) (mol%) GSHC (equiv.) Polymer Yield® (%)
1 1° 1 — 80
2 14 1 — 81
3 1¢ 2 — 83
4 14 3 — n.d/
5 1% 3 Yes 75
¢ Conditions: azide (0 25 mmol), alkyne (0.3 mmol), Cu() -NHC

1 mol%, H,0 (0.5 mL). ” Isolated yield. © GSH added after Cu(1). * GSH
added before Cu(i). ¢ With respect to Cu(i). 2 equiv. GSH = 10 mM. / Not
detected. Polymer 1.25 pmol (1:20:2000, polymer: catalyst: substrate).

Chem. Commun., 2025, 61, 9697-9700 | 9699
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us to check the cell viability of Cu(1))-NHC (2) in the presence of
HeLa cells. Using a CCK8 assay showed that Cu(i)-NHC (2)
encapsulated in the polymer (8) was not toxic up to 24 h and up
to an 18 pM concentration (Fig S13, ESIT). In contrast, Cu(i)-NHC
(2) alone was toxic starting from 3 puM, highlighting that encap-
sulation safeguarded the Cu(i) catalyst in the hydrophobic interior
of the polymer, thus reducing Cu(i) toxicity. The analysis of the
leached-out copper from the polymer using ICP-OES showed a
remarkable encapsulation efficiency of 99% (Fig. S129, ESIY).

In summary, the novel Cu(1)-NHC complex efficiently cata-
lyzed CuAAC reactions for a wide range of azides and alkynes in
organic and aqueous solvents. Importantly, high conversions
are obtained in complex biological media. The use of an
amphiphilic polymer accelerated the CuAAC reaction in
complex media for solid substrates. Moreover, the polymer
encapsulated Cu())-NHC performed very well even in the
presence of 15 mM glutathione and was less toxic to HeLa
cells. Currently, the application of Cu(1)-NHC in the synthesis
and modification of complex (bio)macromolecules is underway
in our laboratory.
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