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ABSTRACT: Click chemistry has been established rapidly as one of the most valuable
methods for the chemical transformation of complex molecules. Due to the rapid rates, clean
conversions to the products, and compatibility of the reagents and reaction conditions even
in complex settings, it has found applications in many molecule-oriented disciplines. From
the vast landscape of click reactions, approaches have emerged in the past decade centered
around oxidative processes to generate in situ highly reactive synthons from dormant
functionalities. These approaches have led to some of the fastest click reactions know to
date. Here, we review the various methods that can be used for such oxidation-induced
“one-pot” click chemistry for the transformation of small molecules, materials, and
biomolecules. A comprehensive overview is provided of oxidation conditions that induce a
click reaction, and oxidation conditions are orthogonal to other click reactions so that
sequential “click-oxidation-click” derivatization of molecules can be performed in one pot. Our review of the relevant literature shows
that this strategy is emerging as a powerful approach for the preparation of high-performance materials and the generation of
complex biomolecules. As such, we expect that oxidation-induced “one-pot” click chemistry will widen in scope substantially in the
forthcoming years.

CONTENTS Author Information u
1 Introduction A Corresponding Author u
. . Authors u
1.1. Click Chemistry B
S . . Notes u
1.2. Oxidation-Induced Click Reactions C : :
133 f This Revi 5 Biographies u
-5 5COpe 01 This Review Acknowledgments u
2. Small Molecules D g
S . Abbreviations u
2.1. Oxidative Activation of the Alkyne D
52 Oxidative Activati f 13-Diool d General and Reagents u
e Di):aln:slve ctivation ot 1,5-Dipoles an E Used for Reaction Types Vv
3. Materials H References \"
3.1. Hydrogels H
32, Polymers 3 1. INTRODUCTION
3.3. Surfaces J - R
4. Bioconjugation Chemistry J Click chemistry is now a preferred approach for many bond-
4.1. Tyrosine J forming reactions. This is especially the case when large
4.1.1. Single Electron-Transfer Oxidation of molecules have to be joined or when molecules have to be
Substrates for Click Chemistry on Tyr K connected in heterogeneous systems such as the modi cation
4.1.2. Click Reactions Induced by Two-Elec- of surfaces. In the seminal Angewandte Chemie paper of
tron Transfer Oxidations 0 Sharpless and co-workers the concept of “click chemistry” was
4.1.3. Click Reactions Induced by Four-Elec- illustrated by the relative energy levels of chemical components
tron Transfer Oxidations p that participate in representative chemical transformations
4.2. Tryptophan Q (Figure 1A)." In this scheme, the process of petrochemical
4.3. Thiol-Containing Residues Q
4.4. Cysteine Q Special Issue: Click Chemistry
45. Methionine S .
4.6. Oxidative Installation of Click 1,3-Dipoles T Received:  November 1, 2020
4.6.1. N-Terminal Serine T
4.6.2. Protein-Bound Sialic Acids T
5. Conclusions and Outlook T

© XXXX The Authors. Published b )
American Chemical Societ¥ https://dx.doi.org/10.1021/acs.chemrev.0c01180

W ACS Publications A Chem. Rev. XXXX, XXX, XXX XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bauke+Albada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordi+F.+Keijzer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Han+Zuilhof"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Floris+van+Delft"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemrev.0c01180&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01180?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01180?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01180?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01180?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/chreay/current?ref=pdf
https://pubs.acs.org/toc/chreay/current?ref=pdf
pubs.acs.org/CR?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c01180?ref=pdf
https://pubs.acs.org/CR?ref=pdf
https://pubs.acs.org/CR?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

Review

pubs.acs.org/CR

Chemical Reviews
A
0 -1 ring acyl
3T opening chemistry
alkyne X o
/0<I1 or ﬂk or
catalyst -
;'_' g carbonyl
-1
A R-0-NH,
-3 \—2
E alkene
XH nOR
cracking }\/Q\Ju ﬂk
-2
PN
-3
alkane

B +30H +3 H
/\H/ N ~
—
(0] (0]

carboxylic acid amide
nucleophilic ? T
substitution
+1O +1 N
~N
2 7Y
/\/%< H H
- aldehyde imine
‘\:Nu
~OH P
-1 — -1 \ﬂ/
) alcohol ester o
/\/g\lu T
-2
PN
-3
alkane

C Aldol condensation: increased Ca acidity enables chemical deprotonation and C—C bond formation.

o) e ‘base

)J\’}H -
a’3

(0] O®
A
-3

enolate

OH O

7

o}
¢ Ko —
-3

Claisen condensation: oxidation of Cp followed by Ca decarboxylation enables biological C—C bond formation.

(o}

o O

o

-CO,

OMS—enzyme N Q%]\S—enzyme

0]

N

(0] (0]
“s-engyme M S—enzyme

Figure 1. Schematic depiction of the changes in oxidation states of carbon atoms during various chemical transformations (formal oxidation states
are indicated in red). (A) Schematic depiction of the conversion of hydrocarbons to a representative set of ne chemicals via a process of cracking
and catalysis, and three representative transformations of the heteroatom-containing derivatives. (B) Oxidation ladder of 3-hybridized a carbon
atom when oxidized from sp-hybridization in an alkane and alcohol to sp?-hybridization in an aldehyde and carboxylic acid. (C) Reaction equations
of two classical C C bond-forming reactions (aldol condensation and Claisen condensation) enabled by the oxidation state of -carbon atoms.

cracking leads to an increase in the oxidation state of the
carbon atoms involved. The resulting raised molecular energy
levels pave the way for additional chemical transformations,
often aided by catalysts, to install heteroatoms or heteroatom-
containing functional groups. These functional groups serve as
an anchor point for follow-up conversions to generate ne
chemicals and other compounds of interest. In many cases, the
oxidation of organic molecules is allowing a variety of chemical
reactions, especially with electron-rich species. This is
exempli ed by the oxygenation of a hydrocarbon followed by
stepwise oxidation to its carboxylic acid (Figure 1B). In this
process, the sp>-hybridized carbon atoms that are formed in the
higher oxidation states, i.e. oxidation state +1 (in a carbonyl)
and +3 (in a carboxylic acid), under suitable conditions
become susceptible to nucleophilic attack, leading to the
formation of imines or amides, respectively. Besides the
increased reactivity of the atoms with higher oxidation state,
the electron-withdrawing nature of the introduced heteroatoms
may activate neighboring proton-containing (carbon) atoms
for deprotonation (Figure 1C), thereby generating electron-
rich species that can connect to electrophilic species such as
the electron-poor carbon atoms in carbonyl compounds, as for
example applied in aldol condensations. This chemistry is,
interestin%Iy s0, also extensively used by natural biosynthesis
pathways.” For example, both lipid and polyketide biosyn-
theses rely on Claisen condensation of carbonyl groups (C

O) (Figure 1C). As such, Nature uses oxidation to generate
more reactive carbon atoms to be used for the construction of

larger molecules and as such has been a tremendous source of
inspiration for the development of arti cial oxidation-assisted
ligation methods.

1.1. Click Chemistry

The concept of “click chemistry” was launched with a set of
criteria and characteristics for the process (Table 1).

Table 1. Summary of the Most Important Criteria and
Characteristics of Click Chemistry

Criteria Characteristics
Modular Simple reaction conditions
Wide in scope Readily available starting materials and reagents
High yielding No or benign solvent (e.g. water) that is easily

Stereospeci ¢
Ino ensive

removed
Simple product isolation
High thermodynamic driving force (>20 kcal/mol)

byproducts

Nevertheless, approximately 20 years after the formal
de nition of click chemistry, multiple click reactions fail to
match all quali cations. For example, despite being a game-
changer in the eld of chemistry, the extensive review on
copper-catalyzed alkyne azide cycloaddition (CuAAC) reac-
tions by Christensen and Meldal® teaches that the simplicity of
the reaction can be obscured by tedious optimization
procedures that are often required to obtain full conversion.
Similarly, few click reactions are stereospeci c. Therefore, the

B https://dx.doi.org/10.1021/acs.chemrev.0c01180
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Figure 2. (A) Concept of oxidation of organic substrates into clickable moieties. (B) Changes in shapes of the HOMO and LUMO orbitals as a
result of oxidation, based on wh97xd/6-311+G(d,p) calculations of energy-minimized structures.

list provided in Table 1 is nowadays regarded as an ideal set of
parameters of which most but not all are met by procedures
generally referred to as “click reactions”.

1.2. Oxidation-Induced Click Reactions

Oxidation of an organic substrate in order to induce click
chemistry has emerged as an appealing approach. Although
many click chemistry building blocks can be generated in situ
by means of addition of heteroatoms along the pathways
described (e.g. when the Nu: is an azide anion (N5 ) in Figure
1A), the ability to “activate” one of the substrates by means of
oxidation in the presence of the other substrate is an attractive
alternative, especially if isolation of intermediates is not
required. If the oxidation is su ciently chemoselective, a
one-pot procedure can be designed based on click reactions
that are orthogonal to the oxidation step, i.e. oxidation-
orthogonal click reactions (cf. bio-orthogonal click reactions).

Since oxidation often leads to functional groups with enhanced
reactivity, the rate of the induced click reaction needs to
outcompete potential undesired side reactions. For example,
for a relatively stable moiety such as a nitrile oxide, a rate
constant k > 1 M s will still lead to e cient click
conversion to the targeted product. However, for the more
reactive ortho-quinones, the rate constants for any click
reaction need to be at least 2 orders of magnitude higher to
e ectively suppress competing Michael addition. Fortunately,
these high reaction rates also pave the way for the application
under high dilution in heterogeneous media (e.g. in serum or
inside cells)." Therefore, the oxidation of certain organic
substrates to higher energy levels enables unique “click-type”
reaction pathways that rapidly lead to desired products without
competing side reactions. Figure 2A provides an overview of
organic molecules used in one-pot oxidation-induced click-

https://dx.doi.org/10.1021/acs.chemrev.0c01180
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Figure 3. SPAAC between an aliphatic or aromatic azide and DBCO (A; R =-CH,CH,NH,) or BCN (B). Panel C points to a signi cant change
of the relevant energy levels (by extension of the -system) by oxidation and thereby to the observed increased rate of SPAAC (DMP = Dess

Martin periodinane).

chemistry approaches by change of oxidation state. It also
shows how oxidation changes the shape of the HOMO and
LUMO orbitals of some of these organic molecules (Figure
2B).

1.3. Scope of This Review

This review focuses on one-pot oxidation and click approaches
that have been developed in the past decade (i.e., from 2010
2020). As such, the concept distinguishes itself from
approaches involving prior oxidation of one of the substrates
before click reaction, as for example to ensure sulfur(\V1)-

uoride exchange (SuFEx): despite being directly connected to
the sulfur atom in its highest oxidation state, procedures in
which oxidation and SuFEx occur in one pot have yet not been
reported. For the interested reader we refer to the following
papers on the growing applications of SUFEx chemistry® for the
preparation of advanced materials,®’ in drug discovery,®® and
chemical biology*® ** or the latest discoveries that reveal
stereospeci ¢ conversions™**> and inverted drug discovery.*®
Similarly, in situ activation methods for click reactions di erent
from oxidation are not included.*’” %3

The outline of this review is as follows. We rst cover
various oxidation-induced one-pot click reactions that have
been described for small molecules. Due to the broad
compatibility of most small molecules to harsh reaction
conditions, a wide range of oxidation conditions is tolerated.

Next, we will provide an overview of conditions that have been
established for the modi cation of polymers and of surfaces,
and we close this review with an analysis of the modi cation of
large biomolecules (proteins).

2. SMALL MOLECULES

In situ oxidation of small molecules in order to induce a click
reaction is often applied to uncover parameters speci cally
associated with the intended transformation (i.e., kinetics,
solvent compatibility, scope, etc.). The resulting proof-of-
concept conditions can consequently also be applied to larger
molecules as well as complex biomolecules.

2.1. Oxidative Activation of the Alkyne

As a framework for our review we consider the strain-
promoted alkyne azide cycloaddition (SPAAC).?* For this [3
+ 2] cycloaddition, wherein the azide (R N) and the alkyne
react as a 1,3-dipole and a dipolarophile, respectively, we have
compared the rate constants for two of the most used
cyclooctynes, i.e., DBCO 1 (also known as DIBAC)® and
BCN 2,%° with two di erent azides (Figure 3A and B). The
reaction rates between benzyl azide (Bn Nj) and DBCO or
BCN to produce product 3a or 4a are 0.24 M %s ! and 0.07
M Ls 1 respectively, revealing a 3.4 times higher rate of
DBCO over BCN in this reaction. Interestingly, an inverse
order of reactivity is apparent for the aromatic phenyl azide

D https://dx.doi.org/10.1021/acs.chemrev.0c01180
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Figure 4. Photoinduced preparation of benzyne 12, an in situ generated oxidized version of benzene, and its SPAAC with benzylazide.

(Ph N%z; that is, in that case BCN reacts 6 times faster than
DBCO.“" Speci cally, the rates between Ph N3 and DBCO or
BCN to produce SPAAC product 3b or 4b are 0.033 M !

or 0.2 M s ! respectively (in CH;,CN:H,O = 3:1).?" DFT
calculations indicated that Ph N; and BCN react via an
inverse-electron demand (IED) mechanism controlled by
HOMOgcn/LUMO,,4. Based on this, an electron-poor
azide was designed that resulted in one of the fastest SPAAC
reactions: the reaction between BCN-OH 2 and 4-azido-1-
methylpyridinium iodide, producmg7product 4c, proceeds with
a rate constant of 2 29 M ! This has been the upper
limit of SPAAC for a while.

Very recently, it was shown that the SPAAC rate can be
further increased by a delicate combination of substituents on
the aromatic rings of DIBO derivative 5. Oxidation of the
alcohol moiety in DIBO to its corresponding carbonyl in 6
(ak.a. keto-DIBO) led to a faster formation of 7 than of 8 from
5 (Figure 3C).? As a result of this oxidation, the reaction rate
increased 3.5 7-fold, to a rate constant of 3.5 M s % This
enhancement is analogous to the di erences in the rate
constants between benzyl azide and BARAC and DBCO (k =
096 M *s ! and 031 M s ? respectively”® a 3-fold
di erence); these two cyclooctynes also di er from BCN by
the presence of sp?hybridized C atoms in the 8-membered
ring. Interestingly, the uorescence of the hydrophobic cell-
permeable cyclooctyne 5 increased as a result of its oxidation
to 6 (= 0.13) and decreased again after SPAAC, which
allowed for its use for imaging in protozoan parasites.”®

Whereas above-mentioned nonoxidized alkynes are stable
enough to allow prolonged storage, more reactive and
intrinsically unstable alkynes can be obtained by in situ
activation methods from oxidized species. By clever design of a
synthetic procedure to oxidize substituents on the benzene ring
of 9 to diazobenzene 10, which was converted in a series of
steps to benzoic acid derivative 11, a 3product was obtained that
could be photoactivated (Figure 4).*° Irradiation of 11 led to
disintegration and produced benzyne 12, which is an oxidized
form of benzene. In the presence of benzylazide, benzyne 12
underwent SPAAC e ciently, and conversions were typically
complete within 3 15 min. This method complements
alternative methods developed by Larock,* Moses** Fer-
inga,*® and Reddy,** in which click chemistry is induced by in
situ benzyne generation from 2-(trimethylsilyl)phenyl tri uor-
omethanesulfonate and cesium uoride.

A direct method for the oxidative activation of a precursor
molecule to a strained alkyne involves protection of the
acetylene moiety as a cobalt hexacarbonyl complex (Figure 5).
As such, orthogonality between the reactivity of a terminal
alkyne and a strained alkyne was obtained that allowed the

O)s 1) CuSO,, NaAsc, BnN, N" N
rt, 16 h =
B ——
2) TMANO, pMOBnN;, o~
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Figure 5. Oxidative removal of a dicobalt hexacarbonyl complex from
a strained alkyne to facilitate CUAAC conjugation on a distal alkyne
(A) or azide (B). In blue, the one-pot oxidation-induced click reaction
is shown, leading to SPAAC and CuAAC products 14 and 16.

combination of CUAAC with SPAAC in a two-step approach.*®
After CUAAC derivatization of the terminal alkyne in 12,
oxidative conditions were applied to remove the cobalt
protecting group from the strained internal alkyne. This
deprotection procedure could be performed in the presence of
an azide, resulting in a one-pot oxidation-induced derivatiza-
tion of the cycloheptyne to form SPAAC product 13 (Figure
5A). A similar approach was developed for BCN, but now
having both the azide and the alkyne-protected BCN in one
molecule 14, Ieadlng to the tandem CuAAC-SPAAC product
15 (Figure 5B).% As such, the protection of strained alkynes as
metal complexes has emerged as an appealing strategy to
increase orthogonality in the reactivity of alkynes.*’

2.2. Oxidative Activation of 1,3-Dipoles and Dienes

Whereas the N N N 1,3-dipole of azides is usually not
obtained by oxidation,*® some other 1,3-dipoles that react with
strained unsaturated C C bonds can be accessed via this
route. This is especially the case for the C N O 1,3-dipole
found in nitrile oxides and nitrones.

Due to the high reactive nature, nitrile oxides are generally
prepared by in situ oxidation (Figure 6A). When this is done
with a mild reagent such as a hypervalent iodine species, oxime
17 can be converted to nitrile oxide 18 to produce R C
N* O asaC N O 13-dipole that reacts with unsaturated
C Cbonds in a reaction called strain-promoted alkyne nitrile
oxide cycloaddition (SPANOC).**“% In the presence of an
ole n, the oxidation W|th phenyllodlne bis(acetate) (PIDA)
provided isoxazoline 19.* Analogously, the presence of a
terminal alkyne in combination with phenyliodine bis-

https://dx.doi.org/10.1021/acs.chemrev.0c01180
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Figure 6. Click reactions of 1,3-dipoles with unsaturated C C bonds. (A) One-pot oxidation of oximes 17 to nitrile oxide 18 and subsequent
SPANOC with ole ns (to form isooxazoline 19), with terminal alkynes or internal alkynes to form isoxazoles (20 and 21). (B) SPANC of nitrone
22, which can be obtained by means of in situ oxidation, with DBCO derivative 23 to form isoxazoline 24.

(tri uoroacetate) (PIFA) provided isoxazole 20.*” The PIDA-
induced oxidation activation was also compatible with click
chemistry of DIBO-functionalized molecules.”* Even the
oxidative cycloaddition of oximes to maleimides in the
presence of a catalytic amount of iodonium species has been
described.*® Interestingly, the reaction rate of SPAAC could be
increased in this manner for the strained alkyne BCN-OH 2:
complete conversion to tricyclic construct 21 was observed
within 2 5 min. The rate constant 1.8 M s ! is
approximately 10 times higher than the reaction of BCN 2
with benzyl azide under identical conditions (k  0.18 M ™.
s ). The application to DIBO led to even higher rate
constants, of up to 3.9 M s % whichis 60 times higher than
the reaction between DIBO and Bn-N; under the same
conditions.

Although nitrones are typically not prepared in situ, and
hence would fall outside the scope of this review, the in situ
preparation of nitrones at the N-terminally positioned serine
residue in proteins that is mentioned toward the end of this
review is facilitated by oxidation (vide infra). Therefore, we
include this short treatment of the use of nitrones in click
reactions. When the nitrogen atom of the C N O-based 1,3-
dipole contains a carbon substituent, a nitrone moiety (i.e., the
(R C N*(R) O) is obtained that also undergoes click
chemistry (Figure 6B). Nitrones are not only of biomedical
relevance,** they can conveniently be obtained by means of
oxidation of amines or imines* and can be readily introduced
on nanoparticles*® or in proteins®’ (See section 4.6.).
Furthermore, nitrones can be used in the Kinugasa reaction
to form -lactams.*® However, a variety of nitrones such as 22
has been subjected to strain-promoted alkyne nitrone cyclo-
addition (SPANC) with DBCO 23, yielding the formation of
isoxazoline 24. Rate constants of the reaction of strained
alkynes with nitrones are 1 60 M s ! which are
substantially higher than with nitrile oxides and azides.***°
Also, they tend to be higher than the reaction between BCN-

OH 2 and a cyclic nitrone, which is in the lower single-digit
range.”" The xed E-con guration of the nitrone double bond,
the electronic in uence of the substituents, and the additional
strain exerted by the ve-membered ring were mentioned as
probable causes for the enhanced rates, and the term “doubly
strain-promoted” was introduced.*’

For many chemical transformations the rates of unactivated
1,3-dipolar cycloaddition reactions are su cient. However,
restrictions imposed on conjugation reactions in complex or
stringent settings usually demand higher rates. For example,
the concentrations of biomolecules of interest in cytoplasm are
in the order of M nM, and in order to achieve full
conversion bimolecular rate constants of at least 10* M *.s ?
are required.>” Only such rate constants provide the ability to
compete with enzymatic rate constants (10° 10° M ts 1).°3
Up to now rates based on 1,3-dipolar cycloaddition reactions
fall short of this demand (vide supra), and conjugation
methods were pursued that are associated with high kinetics
while still leading to clean conversions. In principle, already
adding one extra atom to the number of three that form 1,3-
dipoles, thereby moving to dienes that can be formed by four
atoms, makes available additional means to pursue oxidation-
induced click chemistry. These are described below.

One set of reactions that lled the need for rapid click
conjugations is [4 + 2] cycloadditions of unsaturated C C
and C C bonds on 1,24 5-tetrazines (Tz, ak.a. s-
tetrazines).”*> These inverse electron-demand Diels Alder
(IEDDA) cycloadditions are among the fastest man-made
ligation reactions known to date, with rates that outcompete
those for many enzymes. Speci cally, the reaction of trans-
cyclooctene sTCO (aka cpTCO) and dipyridyl-tetrazine
(dipyTz) proceeds with a second order rate constant of 3.3 x
10° M s 1°° which was only surpassed recently by reaction
of dipyTz with trans-1-sila-4-cycloheptene (k = 1.14 x 10’
M Ls 1)'57
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Figure 7. (A) Classical synthesis of 1,2,4,5-tetrazine (Tz, 26) by means of oxidation of dihydrotetrazine (DHTZz, 25). (B) One-pot in situ oxidation-
induced click chemistry activates DHTz 27 by forming Tz 28, which rapidly undergoes an IEEDA cycloaddition reaction with sTCO-dye 29 to

form adduct 30.
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Many current synthetic pathways include as a nal step the
oxidation of dihydrotetrazine ge.g. DHTz 25) to its
corresponding Tz 26 (Figure 7A).>® In most cases the Tz is
isolated before it is subjected to a click reaction. However, the
group of Fox recently showed that this oxidation can also be
performed in situ, resulting in a one-pot oxidation-induced
click reaction.>® Using a clever combination of starting
materials, a DHTz/Tz pair was selected that is stable in the

reduced and in the oxidized state. For example, when DHTz
was anked with alkyl or phenyl groups, it had poor stability
toward O,, but when Tz was anked with carboxylic esters, it
displayed poor stability toward H,O and other nucleophiles. A
suitable balance was found in Tz that was anked by 2-pyridine
substituents: both the DHTz 27 and Tz 28 were stable enough
in various organic solvents but also aqueous bu er conditions
that contained serum. As such, the in situ oxidation of DHTz
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27 involving a variety of photosensitizer dyes was studied. Of
these, 4 M of methylene blue catalyzed the complete
oxidation of 21 M DHTz to Tz in 200 s upon irradiation
with 660 nm light, whereas under ambient light, the conversion
was substantially slower and only half of DHTz was oxidized to
29 after 2 h. Instead of methylene blue ( . 665 nm), Rose
bengal ( ma = 550 nm) could also be used, for example to
avoid spectral overlap with a STCO-functionalized dye 29. As
an alternative to light-induced oxidation, complete oxidation of
DHTz 27 to Tz 28 was observed in 10 min by means of
horseradish peroxidase (HRP) in the presence of 2 mM H,0.,.
Interestingly, other heme enzymes were not able to catalyze
this oxidation, and without hydrogen peroxide, the oxidation
by HRP occurred even faster (Ky, =100 M and kg, = 27 s 1).
We note that in this case the enzyme-catalyzed reaction is the
rate-determining step. Other chemical®® ®* and electro-
chemical®*® methods for oxidation have also been applied
for the in situ formation of Tz but not in combination with a
one-pot click reaction. For example, 3,6-dichlorotetrazine was
used as an organocatalyst in an aerobic oxidative-catalyzed
nitroso-Diels Alder reaction between arylhydroxylamines and
dienecarbamates, but a detailed treatment thereof is outside
the scope of this review.*®

Another [4 + 2] IEEDA cycloaddition reaction is the
reaction between an ortho-quinone (e.g. 31) and a cyclooctyne
(32) under formation of diketone 33 (Figure 8A) or between
ortho-quinone 34 and ole n 35a/alkyne 35b to form
bicyclog2.2.2]octadiene diketone 36a or 36b (Figure
8B).°" Applications of this reaction in more complex settings
will be treated below; here we focus on the model studies that
were used in order to determine the rates, scope, and
limitations of this conversion. Speci cally, the model substrate
4-tert-butyl-1,2-benzoquinone 34 was used to determine the
reaction rate constants with various strained alkenes and
alkynes (Figure 8C). The di erence for IEDDA of these two
dienophiles with 4-tert-butyl-1,2-benzoquinone 34 is 1:110. In
contrast, the di erence in reactivity between TCO 37 and
BCN 2 when it comes to IEEDA with tetrazines is 440:1. The
reaction of quinone 34 with endo-BCN 38 is 2 3 times faster
than exo-BCN 2 and is the fastest recorded reaction of a
quinone with alkynes. As such, it can compete with
nucleophiles such as Ac-Cys-OH, which reacts with 34 with
rates that are in the same order of magnitude as BCN
(unpublished results). However, by isomerization of the Z-
bicyclo[6.1.0Jnonene to E-alkene, under formation of exo-
cpTCO 39, a highly strained system was obtained that resulted
in an even faster strain-promoted oxidation-controlled cyclo-
alkyne quinone (SPOCQ), with rates constants of 2900 +
115 M s 1 An in-depth study on the mechanism of SPOCQ
revealed that the observed di erences in rates could be
explained by the di erences in H values for the reaction
between 4-tert-butyl-1,2-benzoquinone and BCN 2, TCO 37,
and DBCO 1 or 45, 7.3, and 12.2 kcal/mol, respectively.®®
Computational investigations revealed that secondary orbital
interactions enhance the reactivity of alkynes in IEDDA with
ortho-quinones.”

3. MATERIALS

The observation that many click reactions proceed with near-
complete conversion has triggered the application of this type
of reaction in demanding settings. For the preparation or
functionalization of advanced materials, two speci ¢ examples

will be treated in detail: the preparation of hydrogels and
polymers and the chemical modi cation of hard surfaces.

3.1. Hydrogels

The water-swollen networks of cross-linked hydrophilic
polymers have given such hydrogels advantageous properties
for (injectable) drug delivery, for the immobilization of
biomolecules, and as a matrix for regenerative medicine.
Most hydrogels are prepared prior to their application,
although trigger-responsive elements have been incorporated
for controlled release.”>"> However, for several applications
such as injectables a spatiotemporal control of hydrogel
formation is highly bene cial.

In order to work reliably, the formation kinetics of the
polymers have to be very fast. This inspired the group of Van
Hest to develop oxidation-induced click chemistry recently
emerged as an approach to prepare activatable cross-linking
hydrogels.”® For this, star-shaped PEG units (10 kDa) were
functionalized with 3,4-dihydroxyphenylacetic acid (DHPA, in
40) or with BCN (in 41) (Figure 9). Upon in situ oxidation of

,,,,,,,,
N N
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HO_ o~ \%o\/ So T~ AN /\
I‘ j T So T O+ - NH /\/
DHPA-star-PEG (10 kDa) g Ax g
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0._o
/ W - FK\/\E ~Jo
@.,,/o HAOS\%O%O%\/OMN o~
H o " ’f\/OMNH H
BCN-slar-PﬁG (10 kDa) 0 o~

crosslinking with:
1 eq NalO,

or , fluorescent hydrogel
100-2000 units*mL" 1.0 equiv BCN-star-PEG

mushroom tyrosinase 0.8 equiv DHPA-star-PEG
0.2 equiv Ng-coumarin

homogenous hydrogel
1-3 wt% polymer
(10-30 mgmL"!

of each monomer)

Figure 9. Hydrogel formation as a result of the oxidation-induced
SPOCQ reaction between DHPA-functionalized (red, 40), BCN-
functionalized (black, 41), and star-PEG units. The bicyclo[2,2,2]-
octadienenone that connects the hydrogel monomers is highlighted.
The inset (right bottom) shows the hydrogel that contains a SPAAC-
linked dye on the BCN-functionalized ends that remained using
nonequimolar amounts of BCN-star-PEG and DHPA-star-PEG.

the catechol to its ortho-quinone (2-(3,4-dioxocyclohexa-1,5-
dien-1-yl)acetic acid, DOCA), a highly reactive diene was
generated that rapidly performed a cycloaddition reaction to
BCN-functionalized PEG units (Figure 9). In the presence of
NalO, gel formation was almost instantaneous, and in the
presence of mushroom tyrosinase (mTyr) the gelation time
was 65 + 8 s for 2000 unitsmL ! and increased with
decreasing enzyme concentration to 1147 + 100 s with 100
unitsmL ! (based on rheological measurements). The
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