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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.
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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 fine chemicals via a process of cracking
and catalysis, and three representative transformations of the heteroatom-containing derivatives. (B) Oxidation ladder of >-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 a-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 fine
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
exemplified 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%ly so, 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 artificial 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

Wide in scope

Simple reaction conditions
Readily available starting materials and reagents

High yielding No or benign solvent (e.g. water) that is easily

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

Nevertheless, approximately 20 years after the formal
definition of click chemistry, multiple click reactions fail to
match all qualifications. For example, despite being a game-
changer in the field 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 stereospecific. Therefore, the

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 wb97xd/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 (N;") 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 sufficiently chemoselective, a
one-pot procedure can be designed based on click reactions
that are orthogonal to the oxidation step, ie. oxidation-
orthogonal click reactions (cf. bio-orthogonal click reactions).

7034

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 's7! will still lead to efficient 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
effectively 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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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(VI)-
fluoride 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
stereospecific conversions'”'® and inverted drug discovery.'®
Similarly, in situ activation methods for click reactions different
from oxidation are not included.'”~**

The outline of this review is as follows. We first 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.
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Next, we will provide an overview of conditions that have been
established for the modification of polymers and of surfaces,
and we close this review with an analysis of the modification 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 specifically
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, ie., DBCO 1 (also known as DIBAC)* and
BCN 2,°° with two different 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™'s7!) 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

https://dx.doi.org/10.1021/acs.chemrev.0c01180
Chem. Rev. 2021, 121, 7032—7058
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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—Nj); that is, in that case BCN reacts 6 times faster than
DBCO.” Specifically, the rates between Ph—N; and DBCO or
BCN to produce SPAAC product 3b or 4b are 0.033 M™"s™"
or 0.2 M~1s7 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, i4.. 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, producing product 4c, proceeds with
a rate constant of 2—2.9 M~"s™..*’ 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 S. 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 differences in the rate
constants between benzyl azide and BARAC and DBCO (k =
0.96 M~'s7! and 031 M™'s7!, respectively,”” a 3-fold
difference); these two cyclooctynes also differ from BCN by
the presence of sp*-hybridized C atoms in the 8-membered
ring. Interestingly, the fluorescence of the hydrophobic cell-
permeable cyclooctyne $ 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 product 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 efliciently, 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 trifluor-
omethanesulfonate and cesium fluoride.

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
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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
SA). A similar approach was developed for BCN, but now
having both the azide and the alkyne-protected BCN in one
molecule 14, leading 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~ as a C—N—0O 1,3-dipole that reacts with unsaturated
C—C bonds in a reaction called strain-promoted alkyne—nitrile
oxide cycloaddition (SPANOC).””* In the presence of an
olefin, the oxidation with phenyliodine 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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(trifluoroacetate) (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—S 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-
s7'). The application to DIBO led to even higher rate
constants, of up to 3.9 M™'-s™!, which is ~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')—0") 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 nanoparticles46 or in proteins’’ (See section 4.6.).
Furthermore, nitrones can be used in the Kinugasa reaction
to form f-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-
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OH 2 and a cyclic nitrone, which is in the lower single-digit
range.51 The fixed E-configuration of the nitrone double bond,
the electronic influence of the substituents, and the additional
strain exerted by the five-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 sufficient. 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 uM—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° M1 33
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 filled the need for rapid click
conjugations is [4 + 2] cycloadditions of unsaturated C=C
and C=C bonds on 1,2,4,5-tetrazines (Tz, a.k.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. Specifically, 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~1s71°° which was only surpassed recently by reaction
of dipyTz with trans-1-sila-4-cycloheptene (k = 1.14 X 107
M_I-S_l).57

https://dx.doi.org/10.1021/acs.chemrev.0c01180
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Many current synthetic pathways include as a final step the
oxidation of dihydrotetrazine (e.g. DHTz 25) to its
corresponding Tz 26 (Figure 7A).58 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 flanked with alkyl or phenyl groups, it had poor stability
toward O,, but when Tz was flanked with carboxylic esters, it
displayed poor stability toward H,O and other nucleophiles. A
suitable balance was found in Tz that was flanked by 2-pyridine
substituents: both the DHTz 27 and Tz 28 were stable enough
in various organic solvents but also aqueous buffer 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 yuM of methylene blue catalyzed the complete
oxidation of 21 yuM 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 (4,,,, 665 nm), Rose
bengal (A,., = 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 4M and k= 27 s7").
We note that in this case the enzyme- cataéyzed reaction is the
rate- determmlng 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 olefin 3S5a/alkyne 3Sb to form
bicyclo[2.2.2]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. Specifically, 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 difference for IEDDA of these two
dienophiles with 4-tert-butyl-1,2-benzoquinone 34 is 1:110. In
contrast, the difference 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[6.1.0]nonene 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~ "s7". An in-depth study on the mechanism of SPOCQ
revealed that the observed differences in rates could be
explained by the differences in AH* values for the reaction
between 4-tert-butyl-1,2-benzoquinone and BCN 2, TCO 37
and DBCO 1 or 4.5, 7.3, and 12.2 keal/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 specific examples
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will be treated in detail: the preparation of hydrogels and
polymers and the chemical modification 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- responswe elements have been incorporated
for controlled release.”””> However, for several applications
such as injectables a spatiotemporal control of hydrogel
formation is highly beneficial.

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

I oH
AT /+o NEX X
HO_~ ~ N~ \%o\/ o Oh N k/\OH
T j/ " Sot + NH /\/
&/\\v/\ oH

DHPA-star-PEG (10 kDa)
40

Cr
0._o
Y W - FK\/\EO/\J,O
@.,,/o H\/\fo/\%o%o’f\/OMN o~
A 0 " ’f\/OMNH H
BCN-slar-PﬁG (10 kDa)

o7 >o”

crosslinking with:
1 eq NalO,
or
100-2000 units*mL""
mushroom tyrosinase

fluorescent hydrogel
1.0 equiv BCN-star-PEG
0.8 equiv DHPA-star-PEG
0.2 equiv Ng-coumarin

homogenous hydrogel
1-3 wt% polymer
(10-30 mg-mL"’

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 unitssmL™' and increased with
decreasing enzyme concentration to 1147 + 100 s with 100
unitssmL~" (based on rheological measurements). The

https://dx.doi.org/10.1021/acs.chemrev.0c01180
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mechanical properties of the formed gel were comparable to
other PEG-based hydrogels. That gelation was caused by the
cross-coupling of BCN to DOCA was confirmed by very slow
gelation when only DHPA-star-PEG was present (130 mg:
mL™’, 18 min for NalO, and 2 days for 25000 units:mL ™" of
mTyr). For comparison, gelation was much slower when the
SPAAC reaction was used: when the DHPA-star-PEG was
replaced with Nj-star-PEG, gelation was slower with 20 min
for 30 mg'mL™" and 6 h for 10 mg-mL™". Interestingly, when
nonequimolar amounts of functionalized star-PEG units were
applied, i.e., 0.8:1.0 of DHPA-star-PEG:BCN-star-PEG, an off-
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stoichiometric hydrogel was formed that contained remaining
BCN functionalities (Figure 9, inset lower right). These could
be derivatized with azide-functionalized dyes. Due to the
substantially higher reaction rate for the SPOCQ reaction
when compared to the SPAAC reaction, even a one-pot
procedure could be applied in which BCN-star-PEG (1.0
equiv) and DHPA-star-PEG (0.8 equiv) were mixed, after
which the N;-functionalized dye was added together with the
oxidizing agent.

https://dx.doi.org/10.1021/acs.chemrev.0c01180
Chem. Rev. 2021, 121, 7032—7058
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3.2. Polymers

The group of Fox explored how their light or enzyme-activated
tetrazine-based click reactions could be applied in polymeric
materials (Figure 10).” In a biphasic setup hydrophobic
trifunctional molecule 42 that contains a latent dihydrote-
trazine (DHTz) functionality and two sTCO moieties reacted
at the biphasic interface with water-soluble bis-tetrazine
monomer 43 under formation of a DHTz-functionalized
polymer fiber. Upon long-wavelength photocatalytic gener-
ation of reactive Tz moieties with either methylene blue or
rose bengal, sTCO-functionalized derivatives (44) containing
fluorophores, peptides, and even entire proteins could be
attached postsynthetically to the meter-long polymer fiber
(45). The authors note that the HRP-induced conversion of
DHT?z to Tz also works, but with limited efficiency, which was
most likely due to the heterogeneous system and the steric
difficulty of the enzyme active site to interact with DHTz
groups on the fiber. Functionalization via this click reaction of
the fibers with RGD peptides stimulated adhesion of fibroblast
cells that maintained a healthy morphology.*”

Apart from hydrogel-forming and soft polymers, oxidation-
induced click chemistry has also been applied for the synthesis
of harder polymers such as polystyrene. By means of an
appropriate design in the synthetic route, Boons et al. have
prepared copolymers that contained three clickable functional
groups: oxime, azide, and nitrones.”* All of these could be
derivatized with DIBO derivatives, and of these, the oximes
could be subjected to in situ oxidation with PIDA, after which
these could be clicked to DIBO moieties by means of
SPANOC. Kinetic analysis revealed that the SPANOC reaction
was 20 times faster than the SPAAC reaction. Even more, a
block copolymer that contained both azide and oxime groups
in segregated blocks could be subjected to sequential SPAAC
and SPANOC functionalization, resulting in polymers that self-
assembled into well-defined nanostructures. In a later study,
the same authors described how this in situ oxidative
installation of a 1,3-dipole followed by the SPANOC reaction
to a set of DIBO derivatives could be applied to end
functionalization of polymers.”> A more in-depth treatment of
the role of nitrile oxides and nitrones in polymer science can be
found elsewhere.”®

3.3. Surfaces

The heterogeneous nature that is associated with surface
modification has made it difficult to achieve complete surface
coverage. For example, most SPAAC reactions stall at
80%.””~"° For many applications, a high-yielding surface
modification is required as unreacted surface-bound sites
cannot be removed from the surface and can also not always be
“neutralized” so that they do not interfere with the application
of the surface. In pursuit of a method that led to complete
surface coverage, Zuilhof et al. studied the applicability of the
oxidation-induced SPOCQ_click reaction (Figure 11).% For
this, a surface was coated with catechol moieties and
subsequently oxidized to their corresponding ortho-quinones
in order to perform the SPOCQ reaction.”” Whereas the rate
constant for the solution-phase SPOCQ reaction is typically in
the order of 500—1000 M™'s™! for this reaction at the
interface a rate of 107* s™! was measured, which was still 2-fold
faster than the rate for the interfacial SPAAC reaction. It
turned out that the ~6 kcal mol™" higher activation enthalpy
for the SPOCQ reaction on the monolayer surface when
compared to the SPAAC reaction was compensated by the
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entropy of activation. Furthermore, it was shown that the rates
were influenced by the level of exposure of the quinone, with
very exposed quinones reaction 3-times faster than more
buried ones.

Quantitative modification of the monolayer was also
obtained when BCN was replaced with a cyclopropene
(cProp) moiety.®" It deserves to be mentioned that
comparison of the rates of the SPOCQ reactions of BCN 46
or cProp 47 with immobilized quinones with their soluble
counterparts revealed striking differences in the extent of
reduction of the reaction. Whereas the cProp—quinone
combination displayed a 4-fold lower reaction rate of the
heterogeneous system when compared to the homogeneous
reaction, this difference was 150-fold for the BCN—quinone
combination. Apparently, the small size of the cProp moiety is
advantageous in crowded environments as present on modified
surfaces or polymer brushes and is better able to keep up with
the rate of the reaction between soluble partners. Compat-
ibility of this click reaction with other surface-bound click
reactions, such as CuAAC and SuFEx, was also demonstrated.”

4. BIOCONJUGATION CHEMISTRY

Proteins are complex biopolymers that play pivotal roles in all
living organisms. In order to unravel the role of proteins in
relation to the inner workings of living systems, chemically
modified proteins have proven particularly useful.** In order to
prepare the desired chemically modified proteins, site-specific
modification of proteins has been developed so that uniform
bioconjugates are obtained.

At the moment, many methods exist that provide access to
the chemical modification of proteins with high precision.
Many of these rely on the installation of a uniquely reactive
amino acid residue in the protein structure, most notably on its
surface.”> However, when it comes to the precision
modification of native proteins for which bulk production
has been established, e.g. enzymes and antibodies, direct
derivatization of those biomolecules with moieties of interest is
much more demanding,

Whichever route is taken, one general restriction applies to
all proteins: their modification is performed under dilute
conditions, usually in the mM—uM range, and performed at
ambient conditions (pH 6—8, <40 °C, aqueous media).
Therefore, fast kinetics are required to obtain high conversions
and yields of bioconjugate products. This is even more so for
the modification of endogenous proteins in biological systems.

Whereas uncontrolled oxidation of biomolecules such as
proteinsm’85 and DNA®*® is undesired in most cases, a few
residues can be oxidized in a more controlled manner,”’
leading to derivatives that can be subjected to click chemistry
modification. The methods that have been developed for
proteinogenic amino acids, especially the sulthydryl-containing
cysteine (Cys, C) and the phenol-containing tyrosine (Tyr, Y),
will be reviewed below. A few examples also emerged targeting
the indole ring of tryptophan (Trg, W) and the thioether
moiety of methionine (Met, M).**™""

4.1. Tyrosine

The ionizable phenol ring of the tyrosine (Tyr) side chain (pK,
9.7—10.1) in proteins (e.g. 48) has become a valued partner
for tyrosine ligation reactions (TLRs) and oxidation-induced
click chemistry approaches in the past decades.”””* Not only is
Tyr sufficiently exposed to allow chemical modification,”* its
pH-dependent reduction potential facilitates modification with

https://dx.doi.org/10.1021/acs.chemrev.0c01180
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after which a hetero-Diels—Alder cycloaddition with acrylamide resulted in product 57.

redox-active molecules (Figure 12). On top of this, the
availability of chemical reagents and enzymes that can
oxygenate one of the two ortho positions of Tyr allows it to
be converted to the catechol functional group (as in 49) that
has the ability to undergo additional electrochemical trans-
formations (Figure 12).”>%° Specifically, this oxygenation of
Tyr gives access to an energy level that facilitates further
oxidation to an ortho-quinone (e.g. 50) that enables Michael
addition and cycloaddition chemistry.

4.1.1. Single Electron-Transfer Oxidation of Sub-
strates for Click Chemistry on Tyr. One of the earliest
strategies to utilize Tyr redox chemistry for protein
functionalization was the interior chemical modification of
the MS2 viral capsid using a hetero-Diels—Alder cyclo-
addition.”” Using a site-selective diazonium coupling reaction
with diazonium salt 51, the azo conjugate 52 of Tyr8S5 was
prepared (Figure 13). This could be converted into ortho-
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iminoquinone 53 by a reduction—oxidation combination. After
this, a hetero-Diels—Alder cycloaddition occurred in the
presence of N-(4-aminophenyl)acrylamide 54, and only
product 55 was observed. The authors specifically mentioned
that the (4 + 2) cycloaddition product 56 was not identified.
By controlling the pH of the various steps in the procedure,
>60% functionalization of the capsid protein with the
spontaneously oxidized product 57 was achieved in 4 h.

A few years later, Barbas and co-workers introduced an
aqueous ene-type conjugation procedure for Tyr residues.”®
The resulting conjugate displayed a higher stability than Tyr-
based conjugates that were obtained by earlier methods. As
such, its applicability in the generation of more complex
bioconjugates was demonstrated.”” Inspired by the high
reactivity of diazodicarboxylate reagents toward substituted
phenols,'* the redox-active cyclic diazodicarboxamide
PTAD'"" was developed for Tyr-specific bioconjugation
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coupling to the dimethylaniline-based radical transfer reagent (RTA, 62) (bottom).

reactions. Exposure of an equimolar mixture of N-acyl methyl
amides of His, Trp, Ser, Cys, Lys, and Tyr revealed exclusive
reactivity of Tyr, thereby revealing the chemoselectivity of the
reaction for phenol residues.' % Interestingly, this ligation
method for Tyr could be used in concert with SPAAC
conjugation for the preparation of densely cross-linked protein-
based hydrogels.'”® Unfortunately, the highly reactive PTAD
moiety decomposes to isocyanate byproducts that react with
nucleophilic amines (e.g. Lys re51dues and N-termini in
proteins), thereby restricting its scope.'”* To counter this,
the reduced form of PTAD (ie., its triazolidine-3,5-dione
derivative, PTAID) was applied. This nonreactive moiety
enabled functionalization with the integrin ay/;-binding cyclic
RGD peptide, yielding latent construct $8. For conjugation to
trastuzumab the PTAID-functionalized RGD peptide was
subjected to in situ oxidation by means of NBS/pyridine and
then applied to a phosphate-buffered solution of the antibody
(Figure 14A). This resulted in clean conjugation product 59
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where the RGD peptide was linked to exposed Tyr residues of
the antibody. Alternatively, oxidation of PTAID could also be
performed by 1,3-dibromo-5,5-dimethylhydantoin (DBH) and
applied as a Tyr modification reagent.'”’

Another means to overcome the instability of PTAD was
developed by Sato and Nakamura. Instead of using PTAD,
they resorted to the application of N-methyl derivatized PTAD
and a range of luminol derivatives. Especially this latter set of
derivatives proved useful. In the presence of hemin as a catalyst
and H,O, as oxidant, they found that N-methylated phthalic
hydrazide (NMPH, 60) gave >95% conversion for the
modification of the Tyr residue in angiotensin II (Figure
14B).'" For comparison, phthalic hydrazide itself modified
61% of the same peptide, and luminol modified even less, with
only 21%. Apparently, the generation of a soluble radical that
cross-couples to Tyr residues on proteins already facilitates a
significant level of control over the precision of the conjugation
chemistry. However, better control was achieved when the
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radical was generated on the protein surface. By using
photocatalyst 61 the oxidation of exposed Tyr residues to
their corresponding tyrosyl radicals (see Figure 12) resulted in
short-lived active species (20 ms) that rapidly cross-linked to a
radical transfer agent (RTA, 62), also known as tyrosyl radical
trapping (TRT) agents (Figure 14B). Especially when the
ruthenium-based photocatalyst was bound to a protein ligand,
the modification was restricted to the periphery of the
protein—ligand interface'’”'*” and not dictated by the
reactivity of the most accessible residues toward a soluble
radical. As such, this ligand-directed protein modification
offered specific advantages over methods that activate the
soluble label to initiate the oxidative cross-coupling. Due to the
cell permeability of a Ru(bipy); complex and TRT reagent, the
method was tested in intact erythrocytes, and intracellular
target-selective protein modification was shown. In a recent
study this chemistry was extended to immunohistochemistry
applications.'*®

After the basic chemistry was established using peptides, the
shift to proteins was made. Sato and Nakamura also showed
for these much more complex biomolecules that in situ
activation of functionalized N-methyl luminol (NML)
derivatives by means of hemin (redox potential: —0.35 V)
and H,0, led to substantially cleaner modification of Tyr
residues when compared to the application of PTAD.'”> When
hemin was replaced with the heme-containing enzyme
horseradish peroxidase (HRP; oxidation potential 1.1 V'),
Tyr modification efficiencies were boosted substantially so that
the amount of catalyst that was needed to obtain >95%
conversion could be decreased from 10% (for hemin) to 0.1%
for HRP (Figure 15).""" Importantly, self-modification of HRP
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was not observed, probably due to the hidden nature of the
Tyr residues that are present in this enzyme. Also,
(uncontrolled) polymerization by competing Tyr-Tyr cross-
coupling reactions that were previously observed'''™"'® was
not observed in these experiments. Experiments with NADH
as activating agent revealed that HRP activates NML and not
protein-bound Tyr residues. Whereas the method based on
hemin required an excess of H,0,, which caused substantial
unwanted Cys and Met oxidation and protein aggregation, the
application of HRP allowed for a reduction of the
concentration of H,O, and resulted in cleaner conversions.
As a result, more complex proteins such as antibodies were
successfully subjected to the optimized modification con-
ditions.'*® Indeed, also for these large proteins, modification of
only the most exposed residues was observed. Even though
modification was observed for a Tyr residue in the
complementarity-determining region (CDR) (i.e, TyrS7) of
the antibody trastuzumab, this did not hamper antigen-binding
nor its biological activity. When an antibody that contained
more Tyr residues in the CDR was taken, i.e. rituximab
(contains five Tyr residues in the CDR), four of these were
modified. Remarkably, also this did not hamper its CD20
affinity.

Very recently the nonheme copper
(oxidation potential: 0.8—1.0 V') was
powerful catalyst for the tyrosine click reaction (Figure
15).""” The most important feature of this reaction is its use
of O, as oxidizing agent and that eflicient Tyr modification was
detected and no modification of other residues could be
detected. In a one-on-one comparison to HRP, conversions
with laccase were substantially better (i.e, 75% vs 95%),

enzyme laccase
discovered as a
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resulting in product 66.

although more double-modified Tyr was detected when laccase
was used (i.e., ratio of mono:bis = 1:0.06 vs 1:0.4,
respectively).

Apart from these biocatalytic methods for the activation
SET-mediated Tyr modification, electrochemical methods
were also described. For example, a so-called “e-Y-click”
method using urazoles and a potential of 0.36 V led to near
complete modification of multiple Tyr residues in peptides and
proteins, for example with carbohydrates (Figure 16)."'® This
method was also compatible with a two-step labeling
procedure in which the PTAD derivative contained an azide
that could be conjugated to a fluorescent dye by means of
SPAAC.
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Although enzymes are usually unmatched in their catalytic
potency, some of their functions can be imitated successfully
with artificial constructs. One of the most studied mimics of
horseradish peroxidase (HRP) is the hemin/G-quadruplex
(hGQ) DNAzyme complex (Figure 17A).1"0 Although the
redox potential hemin in a hGQ_complex is similar to that of
hemin (i.e., —0.35 V, for hemin bound to the telomeric G-
quadruplex [AGGG(TTAGGG),] repeat), the electrocatalytic
ability of hemin toward H,O, is significantly enhanced by the
presence of the GQ nanostructure.'”’ This is most likely due
to the participation of neighboring groups in the formation of
the catalytically active complex (i.e., compound I, Figure
17B)."*" The many GQ structures that are available and the
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ease by which they can be modified make this an ideal platform
to be applied in demanding protein modification settings.'**
Indeed, Keijzer'”’ and Masuzawa'>* recently showed that
hGQs have the ability to efliciently modify proteins with an
NML derivative 63. Whereas others have shown that, in the
absence of labels that can be cross-coupled to Tyr, Tyr-Tyr
cross-coupling'** or self-labeling of DNA can occur,'” this
was not seen when NML derivatives were applied. In the
presence of NML and H,0, most hGQ_structures reached full
conversion in 15—30 min, and depending on the type of GQ
different site-specificity of the modification was observed.
Lastly, a trigger-responsive element was introduced, so that the
protein modifying ability could repeatedly be switched ON and
OFF.

Whereas these SET approaches allow radical-based
oxidation-induced click reactions on Tyr, two-electron transfer
and four-electron transfer oxidations facilitate alternative
bioconjugation reactions. Most notably, depending on the
substrate that is subjected to these conditions, access is
obtained to very fast IEEDA cycloaddition reactions.

4.1.2. Click Reactions Induced by Two-Electron
Transfer Oxidations. The two-electron oxidation of
exogenous catechol derivatives to yield ortho-quinones
facilitates a click reaction to BCN-functionalized proteins.
This was first described using 3,4-dihydroxyphenylacetic acid
(DHPA) containing peptide 64 (Figure 18).126 This oxy-
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genated Tyr derivative can be converted into its corresponding
ortho-quinone by means of a two-electron transfer oxidation.
The reaction with BCN-functionalized biotin 65 formed two
isomers of the product 66 and even a small amount of the
decarbonylated retro-Diels—Alder aromatic product. The
observed efficiency of the conjugation reaction opens it up
for in-depth bioconjugation studies.

Under appropriate conditions the oxygenation of a phenol
can be halted at the stage of the catechol. In this, only the
oxidation state of one carbon atom next to the aromatic OH
group is increased (Figure 2). Interestingly, L-DOPA
derivatives can be generated on protein structures by means
of enzymatic oxidation of Tyr by tyrosinase or by means of
genetic incorporation of L-DOPA, although this last method
may suffer from protein misfolding and lower titers."””” When
proteins that contain an exposed Tyr residue are treated with
tyrosinase in the presence of ascorbic acid (HAsc), the
oxidation is halted at the L-DOPA state (these conditions limit
the diphenolase tyrosinase to its monophenolase activity). The
generated catechol moiety can be subjected to “click
chemistry” to boronic acids, although we apply a stricter
definition in this review.'”®

The high rates for this reaction also made it possible to
expose a BCN-functionalized protein 68 to the 1,2-quinone-
functionalized dye 69 (Figure 19), even though ortho-quinones
such as 70 readily react with naturally occurring nucleophiles
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such as amines (Lys, N-terminus) and thiols (Cys). Never-
theless, full and clean labeling of BCN-protein 67 to the
SPOCQ product 71 was obtained (Figure 19A)."*° The time-
resolved SPOCQ_ conjugation with the oxidized lissamine
rhodamine B label 72 is shown in Figure 19B. It also shows
that the reduced form of this label, i.e. 73, does not perform
the labeling reaction and that labeling with azide-functionalized
lissamine 74 is not only substantially slower but also fails to
lead to completion, even though a catechol-azide containing
bifunctional linker 75 could be used for the preparation of
dimers (Figure 19C).

Genetic incorporation of L-DOPA into the protein provides
the protein with a selectively oxidizable handle, effectively
inverting the reaction partners shown in Figure 19. In a
method developed by Lee et al. in 2018, L-DOPA 76 is
biosynthesized in E. coli from catechol 77 (8—10 mM),
pyruvate 78 (100 mM), and ammonia (25 mM) and directly
incorporated into their target protein (Figure 20).'*’ Mild

OH
OH
Q TPL OH aatRNA/aaRS
+ OH 4 NH; — —_—
OH o
0 78
H,N
R OH o

catechol pyruvate
76 77

NalOy,,
oH Cy5.5-DBCO79
S —
OH sPOCQ

Figure 20. Biosynthesis of L-DOPA 76 by tyrosine phenol-lyases
(TPL) from catechol 77, pyruvate 78, and ammonia, followed by its
genetic incorporation by means of an evolved aatRNA and aaRS$ pair.
The DOPA-derivatized protein was subjected to a SPOCQ_ with
Cy5.5-DBCO 79 in the presence of sodium periodate.

oxidation by NalO, in the presence of DBCO-CyS.5 dye 79
resulted in the generation of a protein—Cy5.5 conjugate 80 by
means of SPOCQ. Apparently, the competing DOPA
oligomerization observed by others'*’ is outcompeted by the
high rate of SPOCQ.

4.1.3. Click Reactions Induced by Four-Electron
Transfer Oxidations. In the presence of tyrosinase alone,
i.e. without the reducing agent ascorbic acid, phenol derivatives
are oxidized to their corresponding quinone, an increase in the
oxidation state of two neighboring oxygen-containing carbon
atoms (Figure 2). Alternatively, DOPA derivatives can be
oxidized by catechol oxidase (diphenolase activity)'*" or by
mild oxidizing agents such as NalO, (vide supra).'”” The

resulting ortho-quinone derivatives can be applied for a variety
of bioconjugation chemistries."*>”"** The most notable of
these are the Michael addition reaction of most nucleophiles to
the carbon atom at the §-position of the amino acid,"**~"*’
although a recent example emerged where it was shown that
Cys residues attach to the carbon atoms at the e-position (the
resulting Cys-Tyr protein—protein conjugates were quantita-
tively formed in 2 h)."*®

Alternative to the classic Michael-addition type of
conjugation reactions, the tyrosine-derived ortho-quinone was
recently uncovered as a potent partner in cycloaddition
chemistry. Due to the significantly lower orbital energy levels
of the quinone when compared to the phenol group (see
Figure 2), reaction rates are achieved that are 3 orders of
magnitude higher compared to SPAAC (k <2 M~'s7').

The concept of switching SPOCQ_partners between the
protein and the functional label is shown in Figure 21, i.e. by
generating the ortho-quinone on the protein and having the
dienophile on the label."*” In the presence of tyrosinase, a
deliberately positioned genetically encoded exposed Tyr
residue was oxidized to the corresponding ortho-quinone to
create an electron-deficient diene on the surface of the protein,
thereby facilitating the IEDDA cycloaddition with an electron-
rich alkyne. Using a hyperthermostable endo-f-1,3-glucanase
laminarinase A (LamA, 32 kDa) that contained a C-terminal
tetraglycyltyrosine extension, a one-pot procedure was
developed in which treatment with BCN-lissamine 81 (4
equiv) in the presence of mushroom tyrosinase (mTyr, 7.5%)
resulted in full protein labeling after 30 min. In the absence of
the G,Y-tag, no modification was observed.

For a much larger protein, trastuzumab (Tras, 150 kDa) was
selected and oxidation-induced SPOCQ was performed on the
antibody that contained a G,Y-tag on the C-terminus of the
light chain (ie, Tras[LC]G,Y). In this case, however, some
nonlabeled product remained, due to thwarted accessibility by
the strained dienophile, allowing competing Michael addition
from a neighboring nucleophilic residue. More recently, this
chemistry was extended to prepare monofunctionalized knob-
in-hole antibodies and antibody dimers.'*’ The application of
asymmetric antibodies facilitated efficient derivatization of the
C-terminus of the heavy chain with large structures such as
proteins by means of SPOCQ_chemistry.

To counter the competition of the Michael addition, Bruins
et al. applied cpTCO-functionalized dyes. In a head-on
comparison between exo-cpTCO—OH 39 and endo-BCN—
OH 2, the first reacted three times faster with a model quinone
than the latter (2900 M™"s™! vs 1112 M "s™'; see Figure
8)."*" With this reactive moiety in hand, it was possible to

Laminarinase A X= %

BCN-POE,-NH-lissamine

)
w, ‘

81

Figure 21. SPOCQ labeling of G,Y-tagged laminarinase A by reaction of BCN-modified reagent 81 with in situ generated 1,2-quinone on the
protein laminarinase A. Reproduced from Bioconjugate Chemistry.">* Copyright 2017 American Chemical Society.
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Figure 23. Metal-free oxidation-induced modification of Trp 84 with keto-ABNO 86.

reduce the quantity of oxidative undesired cross-linked
products by replacing BCN-lissamine with cpTCO-lissamine
and it was concluded that the oxidation of the exposed Tyr by
means of mTyr was the rate-limiting step. We note that, even
though the SPOCQ_cycloaddition is among the most rapid
click reactions that can be performed on enzymatically
generated dienes on proteins, the presence of nucleophilic
functionalities inside a cell prevents in vitro applications of this
ligation chemistry.

Alternative to the application of NalO, or the enzyme
tyrosinase, Tyr can also be oxidized to its corresponding ortho-
quinone by means of Fremy’s salt (i.e., ON(SO;K),, 82)."**'*
Recently, this chemo-oxidation reaction was described in the
context of protein bioconjugation chemistry to perform strain-
promoted oxidation-controlled quinone click reactions with
BCN and DBCO, such as 83 (Figure 22)."** For the first step,
the oxidation of Tyr to its quinone, the chemical oxidation was
6-fold faster than the enzymatic version (i.e., 0.57 M~ 1s™* vs
3.16 M~"s7"). Since oxidation is the rate-limiting step in the
overall SPOCQ process, it might be beneficial in certain cases
to apply this chemical method for Tyr oxygenation and
oxidation, although undesirable oxidation of other amino acid
side chains could be an issue.

It is clear that oxidation-induced click reactions on tyrosine
have become a powerful and multifaceted tool in the field of
bioconjugation chemistry. These methods complement
approaches that utilize the unique nucleophilic reactivity of
the Tyr side chain for protein conjugation chemistry: sulfur-
fluoride (and its derivatives) exchange (SuFEx),"*> Mannich-
type electrophilic aromatic substitution,'**'*” alkylation with
z-allyl complexes,'*® and covalent complexation with metal
complexes.'*”'*” Altogether, Tyr has emerged besides Cys and
Lys as the third-most important proteinogenic residue for
controlled chemical modification.

4.2. Tryptophan

Apart from the oxidation-mediated functionalization of Tyr, of
the other three aromatic residues (i.e., His, Phe, and Trp) only
Trp has been subjected to oxidative modification. Specifically,
the chemoselective oxidative Trp modification has been
achieved with 9-azabicyclo[3.3.1]nonane-3-one-N-oxyl (keto-
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ABNO)."" As this method obeys many of the characteristics
associated with oxidation-induced click chemistry, we include
it in this review. Following a serendipitous finding that showed
modification of Trp with keto-ABNO in the presence of Cul/
NO,,"*? optimized conditions that contained 1 equiv of keto-
ABNO 85, 0.6 equiv of NaNO,, and 0.1% AcOH resulted in
95% modification of Trp residue 84 in 30 min under ambient
conditions (Figure 23). Under these conditions keto-ABNO
85 was oxidized to its corresponding oxoammonium cation 86,
which reacted as an electrophile with carbon-3 of the indole
ring of Trp 84. Hydration resulted in a stable end-product 86
that was observed by LC-MS, as confirmed by the crystal
structure of the Trp-modified lysozyme. The keto group in the
conjugated product was successfully subjected to a second
modification reaction with hydroxylamine. Other elegant
methods for the modification of Trp, but that do not classify
as click chemistry, can be found elsewhere.'>*~'**

4.3. Thiol-Containing Residues

Both sulfur-containing canonical amino acid residues can be
used for oxidation-induced chemical modification. Of these
two, cysteine (Cys, C) is the most-applied residue for protein
conjugation chemistry. It is mostly modified via classical
alkylation or disulfide bond-forming strategies or via
desulfurization approaches that yield dehydroalanines that
have unique reactivity for cross-coupling conjugation chem-
istry, but some methods rely on the oxidative modification of
Cys. The other sulfur-containing residue, methionine (Met,
M), has recently also been subjected to oxidative modification
that has been referred to as click chemistry.

4.4. Cysteine

The sulthydryl group of cysteine can easily be oxidized.
Methods to study the rich chemical biology that is associated
with the eight distinct oxidation states (from —2 to +6) of
sulfur is extensively reviewed elsewhere.'*”'® In short, the
oxidative post-translational modifications (oxPTMs) of Cys
involve reactions with reactive sulfur species to yield
persulfides and disulfides, with reactive oxygen species to
form sulfenic acid, sulfenic acid, and sulfonic acid, and with
reactive nitrogen species to form S-nitrosthiols and sulfona-
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mides. The difference in the biochemistry of these various
stages of Cys oxidation has been the driving force behind the
development of probes that, ideally, react with only one of
those oxPTMs in order to study their biological function (i.e.,
sulfenomics'®"). Alternatively, the specific oxidation states of
Cys are harnessed for immunological techniques.'®” Of these
various oxidized Cys residues sulfenic acid has proven to be the
most suitable residue for oxidation-induced click chemistry
ligation approaches, and it complements the ligation
techniques that use the sulfhydryl of Cys.'®®

The mono-oxidized form of Cys, its sulfenic acid (see Figure
2), is a key regulator for protein function, catalysis, and
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signaling. Often, Cys sulfenic acid represents an early oxidation
product of the reaction of Cys with reactive oxygen species and
reactive nitrogen species and can be considered as a biomarker
for oxidative stress. These residues are formed through the
oxidation of the thiolate side chain by H,0,.'** Apart from the
importance of the compounds acidity for this reaction,
evidence suggests that a suitable microenvironment can
enhance the reactivity 10°-fold.'®® Sulfenic acid exists in two
tautomeric forms: proton on sulfur [R-SH(=O)] or on
oxygen [R-S-OH], the latter of which is favored (Figure
24).% In Cys sulfenic acid, the S-atom exhibits both
electrophilic and weak nucleophilic character and it can react
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with a variety of probe molecules. Also, it can react with the
backbone amide nitrogen to form a cyclic sulfonamide'®” or
with an adjacent thiol to form an intramolecular disulfide,'*®
thereby preventing further oxidation to sulfinic and sulfonic
acid.

Many sulfenic acids are thought to be short-lived species,
thereby imposing serious demands on the reactivity of the
probe molecules. The earliest 1,3-diketone }l)robes (eg
dimedone or 5,5-dimethyl-1,3-cyclohexanedione)'*” displayed
reasonable reactivity (k ~ 0.8 min~') despite being more
reactive at lower pH values. At physiological pH values, linear
1,3-diketone probes display an improved reactivity (k ~ 3.8
min~"), even though this is still slow compared to the rate by
which sulfenic acids are sometimes formed (depending on the
protein microenvironment the rate of oxidation by H,0, can
vary from 1—108 M~"s™1)."”° A quest for more reactive probes
that are still chemoselective for sulfenic acids was initiated by
several researchers.

The dual, tautomer-induced reactivity of sulfenic acids with
on the one hand nucleophiles and on the other hand
unsaturated systems via a concerted cycloaddition mechanism
to give sulfoxide adducts'”' yielded probe molecules that
displayed a hi%h reactivity toward strained alkenes and alkynes
(Figure 25)."” Specifically, the reaction between Cys sulfenic
acid and BCN proceeded with a rate that is 2 orders of
magnitude higher than with dimedone (k ~ 28.7 + 0.6 M™"s™"
for BCN-OH 2 and the fluorogenic sulfenic acid derivative of
anthraquinone Fries acid, vs 0.05 M™"s™! for a dimedone-
based probe with model protein sulfenic acids) (Figure 25A).
In comparison, trans-cyclooctene 88 is five times less reactive
than dimedone (k ~ 0.01 M™'s™') (Figure 25B). The
reactivity of BCN to azides and sulfenic acids has inspired
the application of bifunctional BCN derivative 89 for the
imaging and enrichment of Cys sulfenic acids in biological
samples (Figure 25C). One bifunctional linker 89 has been
reacted with one equivalent of sulfenic acid, allowing the other
strained alkyne on 90 to be subjected to a subsequent SPAAC
conjugation. A major disadvantage of the application of BCN,
however, is that it also reacts with nucleophilic thiols,'”?
although this depends on the reactivity of the Cys and is not as
rapid as the reaction of Cys with DBCO'”* or the reaction of
BCN with persulfides (k ~ 19 M~":s™").'”> One major benefit
of strained alkenes/alkynes over dimedone probes is that the
former do not react with sulfenamides.'’® By applying
moderately strained alkenes such as norbornenes (91) under
formation of sulfoxide adduct 92, a balance between high
reactivity and high selectivity was struck that allowed bypass of
off-target reactions (Figure 25D)."”7 More recent develop-
ments were focused on the application of norbornene probes
such as 93 and 94 in cells (Figure 25E)."”®

For a long time, dimedone-derived probes offered the best
selectivity for studying cysteine sulfenic acids in cells. By means
of a systematic variation of dimedone-inspired carbon-centered
nucleophiles, highly reactive probes were identified that
displayed interesting cellular labeling.'” In this search, it was
found that with less strain, norbornene was more selective than
cyclooctynes.”””'”” The straightforward synthesis and mod-
ification of the norbornene core facilitates additional
functionalization with handles that enable follow-up exper-
imentation. This enabled cellular evaluation of the occurrence
of sulfenic acid in cell lysates and cells.'”® In a head-to-head
comparison between norbornene and dimedone different
labeling profiles indicated a higher selectivity of the former.

Tests in living HeLa cells that were treated with norbornene
probe 94 for 2 h at 37 °C, after which the cells were incubated
for 2 h with H,0,, showed that labeling increased with
increasing concentrations of H,0,. Proteomic analysis of the
labeled proteins revealed 148 new protein members of the
sulfenome, evidently showing that these norbornene-based
probes are complementary to previously reported probes.®

One of the latest developments utilizes the reactivity of
sulfenic acid modifying trans-cyclooctenol (SAM-TCO)
derivative (such as 95) that (i) contains a strained E-alkene
that reacts with sulfenic acid to form [3.3.1]oxabicycle 97 after
intramolecular nucleophilic attack and ring opening of 96, (ii)
facilitates in situ quench of the remaining SAM-TCO 95 with a
methyltetrazine (MeTz) derivative, and (iii) contains an alkyne
as handle for secondary labeling of the reacted sulfenic acid-
containing proteins by means of CuAAC to form biotin-labeled
product 97, for example.'®' The combination of the high in
vitro reaction rate of 95 and sulfenic acids of 750 M~'-s™" and
the even higher reaction rate constants of the IEEDA between
95 and MeTz enable time-resolved chemoproteomic profiling
of sulfenylation in cell lysates.

The higher oxidized forms of Cys, i.e. its sulfinic acid (pK, ~
2) and sulfonic acid (pK, < 2), exhibit decreased reactivity in
comparison to the lower oxidation states, and only a handful of
chemical probes have been designed for conjugation to these
moieties.”> Although electrophilic aryl nitroso compounds
reacted with sulfinic acids—and the labile N-sulfonyl hydroxyl-
amine could be intramolecularly trapped as N-sulfonylbenzi-
soxazolone—their high reactivity to thiols limits their
applicability to samples in which sulfthydryl groups are first
blocked with alkylating agents such as iodoacetamide or N-
ethyl maleimide. Better selectivity was obtained by reaction
with S-nitrosothiols, but since the thiosulfonates that are
formed readily exchange, free thiols must first be alkylated with
iodoacetamide.'® Sulfinic acids also react with N-ethyl
maleimide, and the products are only stable at pH < 6,
which limits practical applications for bioconjugation purposes.

4.5. Methionine

Although methionine can be oxidized to its sulfoxide, this
product is rather inert and has not been used for click
reactions. Inspired by the reaction of Met with cyanogen
bromide, alkylation of Met was tuned so it could be applied on
polypeptides.'*>'** Alternatively, a hypervalent iodine reagent
was developed by the group of Gaunt and was found to yield
fast, selective, and click-like bioconjugation products that
enabled secondary protein functionalization strategies.'®
Recently, a robust method for the selective modification of
Met by means of an oxidative sulfur imidation reaction with
oxaziridine derivatives 98 was reported (Figure 26).'* The
method not only worked for the modification of Met residues
in isolated proteins (with k = 18.0 + 0.6 M™"s™!) but also

R o
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Figure 26. Oxidative Met derivatization with oxaziridine 98 leading to
functionally derivatized N-transfer product 99.
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facilitated the identification of hyperreactive Met residues in

whole proteomes. Depending on the presence of water,

preferential formation of the N-transfer product 99 was

observed over O-transfer-product 100. Recently, this chemistry

was also employed for the functionalization of peptides and
. . 18 187

proteins with “°F.

4.6. Oxidative Installation of Click 1,3-Dipoles

So far, we have covered approaches in which oxidation
activates one of the two reaction partners for the click reaction.
Below, we briefly mention two approaches in which mild
oxidation is used to introduce a moiety in proteins that
facilitates introduction of a clickable nitrone moiety in a one-
pot procedure.

4.6.1. N-Terminal Serine. In the absence of a functional
proteinogenic side chain, an N-terminus-positioned serine
(Ser) or threonine (Thr) residue can be used for the oxidative
modification of proteins.'**'*” Alternatively, (protein-bound)
sialic acids have been used for oxidative modification (vide
infra)."”> When an N-terminal Ser or Thr is not present,
pyridoxal phosphate (PLP) can be used to oxidize the C, atom
of the terminal amino acid to its corresponding aldehyde. This
moiety possesses unique reactivity toward nucleophiles and
allows the introduction of clickable moieties. However, this
approach is more abundantly applied for the installation of
additional functionalities by means of oxime or hydrazone
ligation (k < 10" M™"s™! and k < 10> M™":s™", respectively),
using the small family of Pictet—Spengler ligation reactions
(e, normal Pictet—Spengler reaction,"”" the iso-Pictet—
Spengler reaction with k ~ 10 M~":s™! at pH 4.5,'"” and the
hydrazino-iso-Pictet—Spengler ligation with k ~ 4.2 M™"s™" at
pH 6'”*), and the trapped Knoevenagel ligation (k = 0.39 M-
s71)."* As such, the pyrodoxal phosphate method resembles
the application of formylglycine (fGly)—which is generated by
the chemoenzymatic oxidation and hydrolysis of a Cys residue
in the consensus sequence Cys-Xaa-Pro-Xaa-Arg (where Xaa is
a random amino acid residues) that is targeted by the
Formyglycine Generating Enzyme (FGE)—as a handle for
protein modification.'”®
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The glyoxyl-terminated protein that is generated by the
chemical oxidation of an N-terminal Ser residue has provided
direct access to SPANC modification. In a one-pot, three-step
procedure, the N-terminal serine residue of interleukin-8 (IL-8,
101) was oxidized by NalO, to its aldehyde, which then could
be converted into a nitrone by treatment with a cocktail of p-
MeOCH,SH, MeNHOH-HCI, and p-anisidine (Figure
27A)."°° This introduced a SPANC handle into the protein,
which then could be derivatized with a moiety that contained
DBCO 102, yielding PEGylated IL-8 103."”” This method also
worked in a heterogeneous system where anti-HER2 scFv 104
was conjugated to nanoparticles (NPs) that were coated with a
BDCO-functionalized polymer, yielding functionalized hybrid
materials that were able to target HER2-positive breast-cancer
cells (Figure 27B)."”” Interestingly, the original procedure
caused unwanted nanoparticle agglomeration, which was
avoided by adjusting the reaction conditions slightly. By
adding the DBCO-functionalized NPs to in situ-formed
nitrone, NP aggregation was avoided and the coated NPs
105 were obtained. Due to the mild oxidation conditions that
were used, SPANC could be combined with subsequent
azide—alkyne click chemistry in order to facilitate dual
functionalization.'”®

4.6.2. Protein-Bound Sialic Acids. Although proteino-
genic amino acids offer various entries into oxidation-induced
click reactions (vide supra), other protein-bound functionalities
can be utilized for this chemistry as well. Inspired by the
application of sialic acids on glycoproteins,'”” Boons et al.
developed a method for the one-pot oxidation-induced
SPANOC reaction to derivatize these carbohydrates.*
Specifically, the sialylated protein fetuin was treated with
NalO, for S min, after which the resulting aldehyde was
converted into an oxime by means of exposure to hydroxyl
amine. Following a short oxidation treatment with PIDA, the
resulting nitrile oxide was clicked to a DIBO-functionalized
biotin.

5. CONCLUSIONS AND OUTLOOK

The applicability of click reactions is largely determined by the
combination of scope, efficiency, ease of use, and the potential
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to avoid competing chemistry. In this regard, a particularly
appealing chemical approach involves the augmentation of
reactivity, which is induced within a mixture of chemical
components. By careful design of reagents, such activation can
be readily achieved via the mild and controlled in situ oxidation
of one of the components. This review has outlined the rapid
rise of such oxidation-induced “one-pot” click reactions and its
enormous potential to be applied in fields as diverse as
bioconjugation, hydrogel formation, and surface modification.
As the field has not yet reached a mature status, its true value is
expected to become more apparent in forthcoming studies,
both at a fundamental level and in further applications. In
particular, the identification of oxidative conditions that are
fully compatible with the integrity of the various components
that are involved in the click reaction, i.e. develop “oxidation-
orthogonal click reactions”, is most important to bring this
field to an even further fruition.
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ABBREVIATIONS

General and Reagents

ABNO  9-azabicyclo[3.3.1]nonane-3-one-N-oxyl
BARAC biarylazacyclooctynone
BCN bicyclononyne
cpTCO  cyclopropyl-trans-cyclooctene
Cys cysteine
DBCO  dibenzoazacyclooctyne
DHPA  3,4-dihydroxyphenylacetic acid
DHTz  dihydrotetrazine
DIBAC see DBCO
DIBO  dibenzocyclooctyne
DOCA  2-(3,4-dioxocyclohexa-1,5-dien-1-yl)acetic acid
GQ G-quadruplex
hGQ hemin/G-quadruplex
His histidine
HRP horseradish peroxidase
L-DOPA 1-3,4-dihydroxyphenylalanine
Lys lysine
Met methionine
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NML N-methyl luminol

PEG polyethylene glycol

Phe phenylalanine

PIDA phenyliodine bis(acetate)

PIFA phenyliodine bis(trifluoroacetate)

PTAD  phthalic acid diazodicarboxamide

RTA radical transfer agent

Ser serine

sTCO  see cpTCO

TCO trans-cyclooctene

Trp tryptophan

Tyr tyrosine

Tz tetrazine

Used for Reaction Types

CuAAC  copper(I)-catalyzed alkyne—azide cycloaddition

IEDDA  inverse electron-demand Diels—Alder

SPAAC  strain-promoted alkyne—azide cycloaddition

SPANC  strain-promoted nitrone-azide cycloaddition

SPANOC strain-promoted nitric oxide-azide cycloaddition

SPOCQ  strain-promoted oxidation-controlled quinone cy-
cloaddition

SuFEx sulfur(IV)-fluoride exchange
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