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ABSTRACT: At its basic conceptualization, photoclick chemistry embodies a collection of
click reactions that are performed via the application of light. The emergence of this concept
has had diverse impact over a broad range of chemical and biological research due to the
spatiotemporal control, high selectivity, and excellent product yields afforded by the
combination of light and click chemistry. While the reactions designated as “photoclick” have
many important features in common, each has its own particular combination of advantages
and shortcomings. A more extensive realization of the potential of this chemistry requires a
broader understanding of the physical and chemical characteristics of the specific reactions.
This review discusses the features of the most frequently employed photoclick reactions
reported in the literature: photomediated azide−alkyne cycloadditions, other 1,3-
dipolarcycloadditions, Diels−Alder and inverse electron demand Diels−Alder additions,
radical alternating addition chain transfer additions, and nucleophilic additions. Applications
of these reactions in a variety of chemical syntheses, materials chemistry, and biological
contexts are surveyed, with particular attention paid to the respective strengths and limitations
of each reaction and how that reaction benefits from its combination with light. Finally, challenges to broader employment of these
reactions are discussed, along with strategies and opportunities to mitigate such obstacles.
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1. INTRODUCTION

Photoclick reactions combine high yields and selectivity with
the advantages of light-triggered conjugation. While these
chemistries fall into just a handful of diverse reactions, they do
not necessarily share much in common with regards to
mechanism for either their respective photochemical processes
or their subsequent coupling. It is rather their broad
applicability to diverse chemical requirements and their ease
of use that defines the category of “photoclick chemistry.”
While this classification originated in 2008 with the rise in
popularity of tetrazole−ene couplings, many reactions
described currently as “photoclick” have been in use for
decades earlier, and in 2013, Tasdelen et al. reviewed this
nascent field.1 Here, this review expands upon and updates that
survey to address recent advances in the field. A brief
introduction to click concepts and reactions as well as
photochemistry is presented along with a general description
of those features common to photoclick reactions. The
chemistry of those reactions most frequently described as
“photoclick” is then presented followed by a description of the
various fields and applications in which those reactions have
been used most effectively. Particular attention is given to the
specific features of each reaction and how those characteristics
are exploited for the respective applications of each chemistry.
The review concludes with a discussion of obstacles to broader
application of photoclick chemistry and an outlook for the
future of this category of reactions.

1.1. The Click Chemistry Paradigm

The concept of “Click Chemistry” is at once potentially
transformative and tantalizingly simple.2 At its most
fundamental, this philosophy could be summarized as chemists
should use reactions that work well. While this may seem
obvious, it is instructive for the community of researchers to
identify and give preference to those reactions that are typically
more “fool proof” than average so that those who seek to
replicate and build on others’ past achievements will start their
endeavors with the greatest potential for success.
When Sharpless and co-workers elucidated the philosophy of

“Click Chemistry,” they established criteria requisite for
inclusion in this elite class of chemical conjugations. Such
reactions, they proposed, should be “modular, wide in scope,
give very high yields, generate only inoffensive byproducts that

can be removed via nonchromatographic methods,” and be
carried out via processes that include “simple reaction
conditions. . .should be insensitive to oxygen and water. . .,
readily available starting materials and reagents, the use of no
solvent or a solvent that is benign or easily removed. . ., and
simple product isolation.”2 These criteria are summarized in
Table 1. Notable is the requirement of “modularity,” which
indicates the potential of the reactions to be used as part of a
strategy for generating complex molecular structures by the
independent synthesis and subsequent assembly of smaller
subunits. This requirement favors reactions between comple-
mentary reactive groups; many dimerization reactions may be
extremely efficient but do not otherwise result in modularity.
Modularity is also favored by reactions that are orthogonal to
other functional groups potentially present in the environment
in which the reaction is employed. While all of these click
chemistry characteristics are self-evidently beneficial to the
ease and success of synthesis of complex, conjugated products,
many of them are dependent on the context in which they are
employed. What may be an inoffensive, easily removed
byproduct in the synthesis of a small molecule, for example,
may be detrimental to the application of that chemistry in the
presence of living cells or organisms or polymeric species.
Conversely, those cells may well tolerate byproducts (thus
rendering them “inoffensive”) that would otherwise require
chromatographic separation.
As an illustration of the context dependence of the utility of

click reactions, one may consider the challenge of conjugating
or functionalizing macromolecules.3,4 In some cases, “click”
criteria are more easily met in the application of reactions to
the coupling of such compounds. A coupling between two
small molecules may result in a byproduct that is difficult to
separate from the desired small molecule product; the same
chemistry applied to the conjugation of two macromolecules
may result in the same undesired byproduct which, in this
latter case, is easily removed via a quick precipitation of the
desired high MW species in a poor solvent (e.g., methanol for
highly hydrophobic polymers or diethyl ether for hydrophilic
polymers). More frequently, however, the reactions often
referred to as “click” in the context of small molecule synthesis,
are less effective in macromolecular modification. The high
molecular weights of these compounds and the necessity of
significant amounts of solvent to dissolve them often preclude
the performing of any conjugations in anything but dilute
solutions.4 As a consequence, the polymer research community
has designated additional criteria for the designation of “click
reactions” for the purposes of polymer modification.3 These
are summarized in Table 1 and include amenability to scalable
purification, fast reaction time scales, successful reactions
under equimolar conditions, and suitability for generation of
polymer−polymer conjugates.

1.2. Photochemistry Introduction

The reactions designated in the literature as “photoclick”
proceed via various mechanisms; therefore, it is advantageous
to review the fundamentals of photochemistry to establish a
solid grounding for subsequent discussion of these reactions.
The electromagnetic spectrum encompasses radiative energy

with wavelengths from as small as one picometer to 100 000
km, a range of 17 orders of magnitude. This energy is
distributed in quanta referred to as “photons,” yet by
convention, the term “photochemistry” does not generally
include those reactions mediated by highly energetic ionizing
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radiation (below about 150 nm). Very long wavelengths
provide inadequate energy to initiate many chemical reactions
at all, and thus wavelengths exceeding that of the near-infrared
region of the spectrum are generally considered less
consequential to the study of photochemistry.
Whereas catalysts decrease the activation energy barrier for a

reaction to occur (Figure 1), photochemical reactions are

achieved by photoactivation of species “R,” providing the
reactant alterantive reaction pathways potentially exhibiting
lower energy barriers. For more detailed discussion of reaction
energy coordinate diagrams of photochemical processes, the
reader is directed to this 2016 review by Kar̈kas̈ et al.5 and
Turro, Ramamurthy, and Scaiano’s book on the principles of
photochemistry.6 This lends some significant advantageous
features of photochemical reactions. Many reactions that
would otherwise be extremely slow, with the exposure to an
appropriate wavelength of light, occur at relatively low

temperatures. This is of particular relevance in the manage-
ment of synthetic polymer waste; solar radiation of polymers
such as polybutadiene and polystyrene accelerates their
degradation.7 Another pertinent example especially relevant
to the discussion of photoclick reactions, is the decomposition
of tetrazoles to nitrile imides, which can be accomplished
thermally but may progress much more quickly and with much
lower energy input with exposure to appropriate wavelengths
of light.8

Thus, the application of photochemistry can be exception-
ally energy efficient, but the advantages extend well beyond
this. The fact that chemical reactions can be performed at
lower temperatures and with the selection of particular and
appropriate spectra of light exposure provides a specific
selectivity or orthogonality to the performing of such reactions;
photoreactions can be performed with exposure at one
wavelength of light in the presence of other chemical moieties
that might be sensitive to the input of thermal energy or even
to other wavelengths of light.
The mediation of chemical reactions via light also provides

for temporal control. It should be noted that while a specific
photochemical reaction proceeds only upon exposure and is
arrested by the removal of the stimulus, downstream chemical
reactions may persist, potentially mitigating the absolute
temporal control over the reaction. For example, light may
release a photolatent catalyst that proceeds to facilitate the
reaction. When the light is turned off, the catalyst remains
potent. In such a case, temporal control only over commence-
ment of the desired reaction is realized, and cessation of the
reaction is determined by other aspects of the reaction
conditions.
A similar relationship with spatial control is also realized by

the application of photochemistry. As with temporal control,
spatial occlusion of light exposure provides dimensional
control over where the reaction takes place. This restriction
is most easily done in two dimensions, at interphases or with
three-dimensional projections of two-dimensional images.
Sophisticated manipulation of light by focusing, multiphoton
excitement, interference, etc., however, has allowed true three-
dimensional control over exposure in general and photoclick

Table 1. Original Criteria for Click Chemistry As Defined by Kolb et al.,2 Supplementary Criteria for Designation of Click
Reactions, as Proposed by Barner-Kowollik et al.,3 in the Context of Polymer Chemistry and Supplementary Criteria for
Designation of Photoclick Chemistry Recommended in This Work

Figure 1. Reaction coordinate plotted against energy for uncatalyzed,
catalyzed, and photomediated chemical reactions. Catalysts lower
activation energy barriers, facilitating increased reaction rates. In
photochemical reactions, absorbed photons put the absorbing species
in a higher energy state from which alternative chemical reaction
pathways may effectively proceed.
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chemistry in particular. As with temporal control, however,
spatial control may be limited by the persistence of products
from the photochemical reaction; photoactivated catalysts may
diffuse beyond the spatial limits of exposure, decreasing the
resolution of the physical boundaries of the reaction space.
For a photochemical reaction to take place, there must be a

species that absorbs photons of the wavelength of light to
which it is exposed. This guideline is often referred to as the
first law of photochemistry or the Grothuss−Draper law.9 The
second law of photochemistry or the Stark−Einstein law states
that one absorbed photon can excite only one molecule.10

Typically, one absorbed photon excites exactly one molecule,
though multiphoton activation, wherein the quick succession
of sequential absorption of lower energy photons activates a
single absorbing species, is an exception to this.
For single photon activation, however, it is the light dose,

rather than intensity, that dictates how many molecules will
become photoactivated. For the initial stage of the primary
photochemical processes, longer exposure times at lower
intensity are equivalent to shorter times at a higher intensity.
This outcome is limited though because reactions subsequent
to the primary photochemical event may have nonlinear
relationships with the concentration of light activated species.
As such, the end result often does not result in a proportional
relationship with light dose. The relationship describing the
amount of light of a particular wavelength (A) absorbed by a
chromophore is known as the Beer−Lambert law (eq 1),
wherein c refers to the concentration of the absorbing species, l
refers to the path length of the light, and ε refers to the
wavelength (λ) dependent extinction coefficient, a standard
measurement of how much light is absorbed by a given
concentration of absorbing species at a standard path length.
The extinction coefficient typically has units of L/(mole cm),

λ ε λ= · ·A c l( ) ( ) (1)

While the Beer−Lambert law indicates a linear relationship
between absorption and concentration, it should be noted that
this linearity does not always extend indefinitely. A variety of
factors cause nonlinear deviation at higher concentrations.11

The intramolecular or atomic photophysical processes that
occur following absorption of light are often portrayed in what
is known as a Jablonski diagram. A general Jablonski diagram
portrays the possible energy processes a light absorbing
molecule may undergo (Figure 2). Upon absorption of a
photon, a molecule or atom may move from its ground state,
So, to an excited singlet state, Sn. From higher singlet states (n
> 1), the excited species relaxes to its lowest excited singlet
state, S1, via a radiationless decay process designated “internal
conversion” or “IC.” The exitation energy lost in this process is
converted to thermal energy via vibrational relaxation. From
the S1 state, the remaining energy from the absorbed photon
may be dissipated via a number of means as the molecule
returns to its ground state. It may be released as a photon of
lower energy in the process of fluorescence, or it may be lost
via internal conversion to thermal energy. Alternatively, it may
undergo another radiationless decay process, “intersystem
crossing” or “ISC,” that moves the excited species to a triplet
state (Tn), from which it undergoes internal conversion to
reach its lowest excited triplet state (T1). This ISC process
results in the excited state molecule possessing two unpaired
electrons with the same spin. As returning to ground state So
from T1 requires a change in electron spin, this transition
generally takes more time. Because of the longer triplet state
lifetime, many photoreactions occur from the excited triplet
state. Indicative of this phenomenon is the difference between
radiative decay from the excited singlet state (fluorescence;
lifetime from <10−10 to 10−7 s),12 which occurs very quickly
following irradiation, and the radiative decay from the excited
triplet state (phosphorescence; lifetime from 10−5 to >103 s),13

which persists, frequently for minutes, following the cessation
of photoexposure.
An excited atom or molecule can undergo a combination of

radiative (fluorescence, phosphorescence) and nonradiative
(internal conversion and intersystem crossing) processes in its
pathway to return to the ground state. In addition, it may
undergo bond rearrangement, either intramolecularly or
intermolecularly, to generate new products. The fraction of
excited molecules that undergoes a particular process is
referred to as the quantum yield (φ) and is a measure of the

Figure 2. General Jablonski diagram for the possible fates of photonic energy absorbed by a photoactivated molecule. Internal conversion is
denoted by IC; intersystem crossing, ISC; fluorescence, F; phosphorescence, P; absorbance, A. Also shown are the electron orbitals and spins.
Highest occupied molecular orbital is abbreviated HOMO and lowest unoccupied molecular orbital is abbreviated LUMO.
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efficiency of a given photochemical process relative to the light
absorbed. A quantum yield exists for every potential photo-
chemical process; however, some are frequently negligible.
Quantum yield can be defined in terms of the respective first-
order reaction rate constants “k” (Figure 3) and the lifetime of

the excited states “τ”, which is the inverse of the sum of all
possible reactions from that state (eqs 2 and 3, where
subscripts S, and T correspond to the singlet and triplet states,
respectively, and subscripts r1, ISC1, F, IC, r2, ISC2, P and Tr
correspond to the processes of reaction from the singlet state,
intersystem crossing to the triplet state, fluorescence, internal
conversion, reaction from the triplet state, intersystem crossing
to the ground state, phosphorescence, and energy transfer,
respectively). The quantum yield for any process is the
reaction rate constant of that process multiplied by the lifetime
of the excited state from which it occurs whether for
fluorescence (eq 4), a photochemical reaction from the triplet
state (eq 5), or any of the processes shown in Figure 3.

τ =
+ + +k k k k

1
S

r1 ISC1 F IC (2)

τ =
+ + +k k k k

1
T

r2 ISC2 P Tr (3)

ϕ τ= ·kF F S (4)

ϕ τ= ·krrxn2 2 T (5)

In addition to the photochemical processes mentioned
above, an excited atom or molecule can transfer energy to
another molecule or atom, resulting in that species being
elevated to a higher energy state despite having not directly
absorbed any photons (Figure 4). The newly excited atom or
molecule can undergo similar radiative and nonradiative decay
processes from its own excited state (Figure 3).
Photochemical reactions are broadly categorized into six

nondiscrete categories (Figure 5). Excited species undergo
bond breaking wherein the compound generates one or more
chemically distinct products. Examples of such reactions are
abundant in both the lab and in many day-to-day experiences.
Photolabile groups on reactive side groups during solid phase
peptide synthesis have been used for decades as orthogonal
protecting groups (Figure 6). Cleavage-type radical photo-
initiators are common both in research and in consumer

products (Figure 6). Beer and red wines are frequently stored
in green or amber tinted bottles to mitigate the UV-mediated
degradation of flavor compounds.
Bond breaking that results in subsequent intramolecular

reorganization of those bonds rather than the more permanent
scission thereof creates isomers of the ground state compound
in photoisomerization reactions. While azobenzene and its

Figure 3. Flowchart showing the processes that an absorbing
molecule may take with the accompanying potential products and
the reaction constants.

Figure 4. Jablonski diagram for photosensitization wherein an excited
molecule transfers energy from its high energy, excited state, to
another molecule, placing it in an excited state while the original
molecule relaxes to ground state.

Figure 5. Photoactivated species can participate or initiate chemical
reactions via one of these six general mechanisms.

Figure 6. Two examples of photomediated degradation including
photodeprotection of a carboxylic acid (top) and photomediated
cleavage of 1-hydroxycyclohexyl phenyl ketone.
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derivatives are among the most widely studied compounds
prone to photoisomerization (Figure 7), many people are

familiar with photochromic eyeglasses that change absorbance
characteristics in sunlight due to photoisomerization. Photo-
therapy to treat neonatal jaundice employs blue and green
lights to photoisomerize bilirubin to a more soluble form for
more efficient clearing from the bloodstream.14

In the presence of photoexcited species, bonds may break
and reform with other molecules to create new bonds in
photoinduced reactions. While many photoreactions lead
indirectly to bond formation (e.g., frequently cited as an
example of photochemistry in introductory chemistry text-
books, the chlorination of methane begins with the photo-
cleavage of Cl2 to Cl radicals), these are examples of bonds
forming as a result of the reactions of photogenerated species
rather than the reactions of photoexcited species themselves.
Among this class of directly photoactivated bond forming
cyclization reactions is the [2 + 2] cycloaddition. First
observed in 1908, this reaction consists of the reaction of a
photon-absorbing enone with an alkene.15 Frequently, the
enone provides the alkene in the reaction as well with the
resulting product being the dimer. The photomediated [2 + 2]
cycloaddition of pyrimidine nucleobases (thymine and
cytosine)16 is one of the mutagenic reactions in the DNA of
epidermal cells that has been implicated in the development of
melanomas (Figure 8).17

Not all photochemical processes that effect subsequent
chemical reactions involve the breaking or rearrangement of
covalent bonds within the chromophore itself. Molecules in the
S1 or T1 state have unpaired electrons in both higher and lower
energy orbitals (Figure 2), and they are more prone than their
ground state counterparts to participate in electron transfer
processes, either as an oxidant or reductant (Figure 9). The
donation of electrons or acceptance of electrons results in the
formation of a radical ion species without necessarily breaking
any chemical bonds. Although subsequent bond breaking is a
frequently observed consequence of the photoinduced electron
transfer, the photocatalysts is often regenerated by downstream
electrochemical processes.18

The internal conversion of photonic energy to heat
(photothermal) may also mediate chemical reactions among
other molecules within proximity without any chemical change
of the absorbing species. A common application of photo-
thermal effects involves the introduction of gold or silver

nanoparticles with high infrared and near-infrared absorbances
(Figure 10). Upon irradiation with NIR and IR light, the

nanoparticles absorb photons and release the acquired energy
via internal conversion to heat. While this heats up the average
temperature of the surrounding environment, the local
responses of temperature sensitive polymers (e.g., poly(N-
isopropylacrylamide)) have exhibited temperature dependent
responses corresponding to temperatures substantially higher
than that of the bulk medium, indicating highly localized
thermal effects of the light activated nanoparticles. Similar
effects are achieved with IR dyes. In general, photothermal
effects provide a means for initiating thermally sensitive
reactions via exposure to light.
Finally, as noted above, excited state species may transfer

that excitement to other molecules via photosensitization
whereupon those newly excited molecules may undergo any of
the above-mentioned photochemical and photophysical
reactions.
1.3. The Concept of Photoclick Chemistry

While conventional click reactions are often mediated by the
addition of catalysts or moderate heating, temporal control
over the reaction is frequently limited; once the reactants are
all in the reaction vessel, the reaction begins. Photomediated
reactions allow at least one element of temporal control over
the reaction and frequently, depending on the particular

Figure 7. Photoisomerization of azobenzene wherein high energy UV
light isomerizes the trans form to the cis form. Exposure to visible
light isomerizes the cis form to the trans form.

Figure 8. Photodimerization of thymine (shown) and cytosine in
DNA has been implicated in the development of skin cancer.

Figure 9. General scheme for photoredox reactions with oxidative
quenching shown on the left and reductive quenching shown on the
right. In oxidative quenching, the light-activated species loses an
electron to an oxidizer, gaining a net positive charge. The photoactive
species is regenerated by reduction. In the reductive quenching
mechanism, the photoactivated species accepts an electron from a
reducer, gaining a net negative charge. The photoactive species is
regenerated by oxidation.

Figure 10. Photothermal relaxation of gold nanoparticles, transition-
ing absorbed photonic energy into thermal energy via internal
conversion.
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reaction employed, a very high degree of both spatial and
temporal control over the reaction.
This combination of advantages leads to photomediated

click reactions being of particular benefit to a wide variety of
applications, including 3D printing, patterned surface chem-
istry modification, in situ hydrogel synthesis, and many more
described in the applications section of this review. It is not the
spatial and temporal control only, however, that dictates the
applications of photoclick reactions. High rates relative to
nonphotomediated reactions may also be reason to employ
photoclick chemistry in particular applications. There are,
however, contexts in which photoclick reactions may not be
appropriately suited and a better understanding of the features
of those reactions will foster informed decisions as to when
they can be effectively utilized.
1.3.1. One Photon, One Event vs One Photon Many

Events Reactions. In many photomediated reactions, photo-
latent catalysts are released upon exposure to an appropriate
wavelength of light, initiating the reaction. As one photon is
capable of activating one catalyst molecule which is in turn
capable of facilitating many reactions, this amplification is often
referred to as a “one photon, many events” chemistry. Without
a mechanism to consume or poison the catalyst, the reaction
will continue to completion even after the light is turned off. In
some recent examples, photolatent acids have been used to
deactivate base catalysts.19 Similarly, acid-catalyzed reactions
could be deactivated upon light exposure of endogenous
photolatent bases, thus providing alternative or additional
photoelements of temporal control.
Other photomediated reactions occur upon intramolecular

activation of the reacting species itself. This might be via
deprotection of a reactive functional group, allowing it to
participate in an otherwise precluded reaction or via direct
absorbance and excitation of that species (e.g., via 2,2-
cycloaddition). In these cases, one photon leads directly to
at most one reaction (a “one photon, one event” chemistry).
As might be expected, absent the photoamplification of a one
photon, many events type reaction, a one photon, one event
reaction necessarily requires a higher concentration of light-
absorbing, photoreactive species and therefore frequently
requires higher intensities and significantly longer exposure
times. Such reactions are also often subject to significant light
attenuation through the thickness of the exposed sample.20 As
a result, “one photon, one event” chemistries are frequently
limited to applications with thin geometries and frequently at
surfaces. There are advantages, however, to these one photon,
one event chemistries. The desired reaction occurs only upon
photon absorption so that the removal of the light stimulus
causes the reaction to cease, providing a high degree of
temporal and spatial control (subject to the practical depth of
cure limitations brought about by the relatively high
concentration of chromophores).
Radically mediated photoreactions, however, occupy some-

what of a middle ground in this trade-off between photo-
amplification of reaction and spatial and temporal control. A
single initiating radical in a chain reaction may propagate
hundreds or thousands of times, but its lifetime is functionally
short. While anionic or cationic catalysts and reaction
intermediates will not rapidly recombine with other molecules
of similar charge, radicals are prone to termination by
recombination and disproportionation. Whereas an anionic,
photogenerated catalyst, in the absence of a poison, will
continue to facilitate reactions indefinitely, actively propagating

radicals will terminate and the reaction will cease rapidly unless
radicals are replenished. In this way, radical reactions exhibit
the photoamplification effect of a one photon, many events
chemistry but with limited dark cure and maintenance of a
greater degree of spatiotemporal control.
Some related reviews on the subject of photomediated click

chemistry in particular fields of research have preferred
discussion primarily of those reactions that are self-sufficiently
photoreactive.21−23 Conversely, others have adopted a broader
view of the chemistry.1,24 This review favors the inclusion of
reactions that take advantage of the photoamplification of self-
perpetuating, photomediated reactions for their obvious
benefits in the contexts in which they are used. Click reactions
as a whole are put in the click category because of their
performance and utility. Similarly, with photoclick reactions,
their defining characteristic, provided that that they meet the
criteria for click reactions generally, is that they are mediated
by the application of light.

1.3.2. Light Attenuation. Despite the significant advan-
tages of photochemical reactions, there are significant intrinsic
challenges to effectively and practically conducting such
chemistry. Some of these challenges to the broad application
of photochemistry include the inescapable problem that the
absorbance of photons requisite for photoactivation prevent
photoactive molecules farther away from the incident light
from being activated themselves, creating a light gradient
through the exposed sample. While this is especially
consequential, as discussed above, in one photon, one event
reactions, it is an issue with one photon, many events reactions
as well. Light attenuation may cause inadequate light
penetration through the depth of a sample, preventing
anything but superficial conversion (Figure 11). Furthermore,

as chromophores are reacted, their absorption profiles often
change in disadvantageous ways; photodegradation products
may absorb more light than the species from which they
originated, blocking even more light from reaching the reactive
molecules below. This outcome makes scalability of reactions a
challenge. Options to mitigate such light attenuation include
stirring the reaction mixture to distribute either photoactivated
catalyst or to increase the median residence time near the
incident light of all molecules in the vessel. Flow photo-
chemistry, wherein the reactants are flowed through a thin,
transparent polymer tube while exposed to light, also increase
the time that molecules spend in proximity to the photo-

Figure 11. Hypothetical light intensity vs sample depth diagrams for a
reaction with high absorbance (left) and low absorbance (right) and
intermediate absorbance (middle). Linearity as described by the
Beer−Lambert is often not observed at high absorptions.11
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exposed surfaces. Frequently, however, mechanical agitation is
not an option. The choice, therefore, of excitation light
exposure is not trivial; sometimes choosing a light with an
emission that matches an absorption maximum is counter-
productive. A light source with a wavelength that overlaps with
the absorption spectrum of the photoactive molecule less than
perfectly may serve to better provide effective reaction through
the depth of the sample. While the attenuation of light may be
a difficult problem to overcome, it should be noted that
because of their high efficiency, click reactions are frequently
applied to situations where the complementary reactive groups
are in very dilute conditions, diminishing the light attenuated
by absorbing species. Reaction conditions, therefore, that
would disfavor reactions mediated via other means, may
promote effective photomediated reactions. For a more in-
depth description of the relationship between irradiation/
absorption overlap and depth of penetration, the reader is
referred to recent work by Barner-Kowollik and co-work-
ers.25,26

1.3.3. Other General Challenges in Photoclick
Chemistry and Proposed Criteria for Designation.
Atom economy is defined as the ratio of the molecular weight
of the product of a chemical reaction to the sum of the
molecular weights of the reactants. Relatively high atom
economy, while not explicitly described in the seminal paper
describing click chemistry, is often intuited as a requisite or at
least preferred feature, given the established criteria related to
byproducts.27,28 The applicability of this metric varies with
context. In many applications of click chemistry (e.g.,
polymeric and biomacromolecular conjugations), reactants
have substantial molecular weights. So long as the molecular
weight of the conjugated macromolecules is many times that of
any byproducts, the atom economy will necessarily be high,
even with a sizable number of unutilized atoms. While atom
economy, as defined, may not reflect actual atom utilization
efficiency in such contexts, the general feature of generating
smaller (or zero) byproducts is a useful one. Yet another
important, and related, consideration is the size of the reactive
moieties and their contribution to the molecular weight of the
product. This is particularly true in the case of photochemical
reactions where, in order to modulate light absorbance
characteristics, red-shifting substituents are appended to
chromophores, considerably increasing the molecular weight
of the reactive group. Reactive handles that make up significant

fractions of the molecular weight of the reactants can change
the physical and biochemical properties of those compounds
themselves: physical and biochemical properties, the main-
tenance of which may be integral to their function in the
desired context. Solubility of polymers and proteins may
change; new interactions with other components in complex
systems may be introduced. Additionally, it should be noted
that typically, if not always, larger and more complex reactive
moieties represent a more significant synthetic challenge. For
these reasons, the size of reactive functional groups is a valid
consideration for designation as photoclick chemistry.
Another challenge to the effective application of photo-

chemical techniques is the availability of instrumentation
required for carrying them out. Hot plates and thermometers
are ubiquitous in chemistry laboratories. High powered light
sources of discrete or variable wavelengths and radiometers are
less so. Though as LEDs of various wavelengths and intensities
have become more available in recent years, the difficulty in
obtaining adequate photochemistry instrumentation has been
substantially mitigated.
High energy (low wavelength) photons can have deleterious

health effects on researchers exposed to them including acute
injury (e.g., sunburns, temporary blindness) and disease due to
cumulative exposure (e.g., development of macular degener-
ation, skin cancers). As a result of these hazards, additional
PPE is recommended for those employing light-mediated
chemistry, including tinted safety glasses, face shields, photo-
exposure cabinets, etc., but even with such supplementary
protection, chemists who perform photochemical reactions
should be cognizant of the specific hazards of the particular
wavelengths and intensities of light that they employ. It should
also be noted that it is not only the chemist who is susceptible
to deleterious effects of light. High doses of high energy light
can damage other chemical compounds and moieties present
in the reaction mixture as well. For these reasons reactions that
require low wavelengths of UV light, high intensities, or long
exposure times, may not adequately meet the spirit of the
original click classification criteria.
The incorporation of photochemistry into the philosophical

framework of “click” chemistry introduces new considerations,
it is beneficial to consider how photoclick may correlate with
the original criteria of “click chemistry.” While the application
of light generally has proven an invaluable tool in synthetic
organic chemistry, polymer chemistry, and biochemistry,

Figure 12. Number of journal articles published by year on photoclick chemistry, divided by class of reaction. *Indicates 1,3-dipolar cylcoadditions
other than azide−alkyne cycloadditions.
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Table 2. A List of General Reaction Schemes of Photomediated Reactions Designated As “Photoclick” in the Literature,
Grouped by Reaction Mechanisma
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stringent application of standards must be applied to the
characterization of “photoclick” chemistry to prevent the
phrase from becoming just another synonym for “useful
reaction.” Just as click reactions are supposed to avoid
hazardous reactants, which increase the likelihood of undesired
side reactions and present a hazard to the chemist performing
the reaction, photoclick chemistry should similarly avoid
hazardous reaction conditions like high doses of low
wavelength light. Additionally, click reactions originally were
intended to employ widely available or easily synthesized
reagents and catalysts. If a corollary between the initiating
chemical and physical stimuli can be made, then broad
accessibility of light instrumentation and mild exposure
conditions to carry out the reaction would be necessary for a
reaction to qualify as “photoclick.” For these reasons, it is
proposed that additional criteria be met for a reaction to
qualify as a “photoclick” reaction (Table 1).
In the present body of literature on the subject, photoclick

reactions generally fall into four general categories: 1,3-
dipolarcycloadditions, Diels−Alder and inverse electron
demand Diels−Alder additions, radical alternating propagation
and chain transfer reactions, and nucleophilic addition
reactions. Figure 12 demonstrates the increasing popularity
of photoclick reactions generally and of the specific
subdivisions as well. This plot was generated from results by
the SciFinder (American Chemical Society) search feature
with queries of ‘“[chemistry]” + “photo” + “click” to generate
an index of publications, which were then individually

examined to verify applicability and to avoid duplicates in
counting. As there may be a good number of publications with
these various chemistries that may not explicitly employ the
term “photoclick,” the numbers represented here are
necessarily an undercount. However, it is believed that the
trends are accurate. With this increase in use and research into
these reactions, a thorough examination of their relative
strengths and limitations should serve to direct their
application to those contexts to which each reaction is most
suited.

2. PHOTOCLICK REACTIONS

The characterization of “photoclick chemistry” was first applied
to the tetrazole−ene reaction in 2008.29,35 Since then, the
designation has been applied to a number of other photo-
mediated reactions. Table 2 shows the general reaction
schemes for the most common photoclick reactions along
with relevant features of those reactions, such as the role the
chromophore plays in the reaction, typical wavelengths, and
reaction durations. The table also indicates whether the nature
of each reaction is one photon, one event or photoamplified
(one photon, many events), which, to a great extent,
determines appropriate applications for these reactions. The
remainder of this section follows the organization of this table
by discussing each reaction in detail and how it meets or fails
to meet the photoclick classification, depending on the
reaction and the conditions under which it is implemented.

Table 2. continued

aThe chromophore in each reaction is indicated in blue. Included in the table are relevant features: typical wavelengths at which the corresponding
reaction is conducted, typical duration of reaction, and whether the reaction is photoamplified (PA), photocatalyzed but not amplified (PC), or
whether the reaction is a one photonone event process (1P1E).
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2.1. Dipolar Cycloadditions

Among click reactions generally and photoclick reactions more
specifically, 1,3-dipolar cycloadditions constitute a significant
number of reactions so categorized. The generalized
mechanism of a 1,3-dipolar cycloaddition involves electron
rearrangement of a 1,3-dipole and an unsaturated dipolar-
ophile, resulting in the generation of a five-membered ring
(Figure 13a).
2.1.1. Azide−Alkyne Cycloaddition. The classic example

of such a reaction is the 1,3-dipolar cycloaddition between an
azide dipole and an alkyne dipolarophile. This reaction is also
known as the Huisgen azide−alkyne cycloaddition in
recognition of the work performed by Rolf Huisgen on these
cycloaddition reactions.58 In the absence of a catalyst, the
azide−alkyne cycloaddition is accomplished by overcoming the
activation barrier thermally. The elevated temperatures
required for reaction and the nonregiospecificity of the
product (thermal cycloadditions result in approximately
equivalent yields of 1,4-substituted and 1,5-substituted
products, Figure 13b,c), however, disqualify the solely
thermally mediated reaction from a click designation.
The copper catalyzed variant of the 1,3-dipolar cycloaddition

between an azide and an alkyne (CuAAC) is currently
probably the most recognized click reaction. Terminal alkynes
and azides are frequently readily available or easily prepared
(although caution is recommended in the synthesis of organic
azides as low C:N ratio compounds can pose an explosion

hazard). Whereas the thermal Huisgen azide−alkyne cyclo-
addition is relatively sluggish and results in a mixture of
regioisomers, catalysis by copper(I) results exclusively in the
1,4-product with a rate of reaction 107 or 108 times as high as
that of the uncatalyzed reaction.59 Since its introduction in
2001,59 the CuAAC reaction has been a flagship for click
reactions, having been successfully employed in a wide variety
of conditions and frequently resulting in high conversions.
Moreover, as azides and alkynes are generally not particularly
reactive toward many of the most common functional groups
employed in the biochemical and materials laboratories, the
CuAAC reaction is tolerant of many reaction environments
that might preclude the performance of other coupling
chemistries.
While copper(I) salts can be used directly as catalysts, the in

situ reduction of copper(II) allows for facile aqueous reactions
via the inclusion of water-soluble copper salts (most frequently
CuSO4) and a reducing agent (e.g., sodium ascorbate).
Frequently, the reducing agent is included in large excesses
to disfavor the otherwise rapid oxidation of the Cu(I) back to
Cu(II). For a similar reason, chelating ligands have been used
to maintain effective Cu(I) concentrations. These strategies
greatly mitigate the reactions’ otherwise sensitivity to oxygen.
While a common class of Cu(I) ligands for the CuAAC
reaction include multifunctional tertiary amines, triazole rings
have proven among the more effective ligands. Indeed, the
products of CuAAC reactions may serve as ligands during the

Figure 13. (a) General mechanism for 1,3-dipolar cycloaddition wherein rearrangement of electrons between a 1,3-dipole and dipolarophile results
in generation of five-membered ring structure. (b) 1,3-Dipolar cycloaddition between an azide (1,3-dipole) and alkyne (dipolarophile) (Huisgen
azide−alkyne cycloaddition), resulting in 1,4 regioisomer, and (c) the cycloaddition, resulting in the 1,5-regioisomer.

Figure 14. (a) Original proposed mechanism for Cu(I) catalysis of azide−alkyne cycloaddition. Adapted with permission from ref 60. Copyright
2002 John Wiley and Sons. (b) Updated mechanism for Cu(I) catalyzed azide−alkyne cycloaddition, indicating concerted effect of two copper
atoms reflecting low experimental yields of copper(I)-acetylide in reactions without exogenous Cu(I). Adapted with permission from ref 61.
Copyright 2013 AAAS.
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progression of the reaction. Despite its seeming ubiquity, the
precise mechanism for the copper catalyzed cycloaddition
remains somewhat of a mystery. The mechanism proposed by
Rostovtsev et al. in 2002 suggests a single copper atom
facilitates the formation of cyclic intermediates and ultimately
the triazole (Figure 14a).60 Subsequent experiments by
Worrell, Malik, and Fokin,61 however, demonstrated that
copper coordination to the alkyne was insufficient to explain
the increased cycloaddition rates by measuring reaction
kinetics of a preformed s-bound copper(I)-acetylide with an
organic azide in the presence or absence of an exogenously
added copper(I) catalyst. The reaction occurred to an
appreciable rate only in the presence of catalysts suggested a
two-copper atom mechanism for the cycloaddition (Figure
14b).
Azide−alkyne cycloadditions may also be catalyzed with

ruthenium(II) complexes, resulting in the 1,5-substituted
triazoles rather than the 1,4-substituted triazoles of the copper
catalyzed cycloadditions or the mixture resulting from
thermally mediated reactions.62 Furthermore, whereas the
CuAAC reactions are exclusive to terminal alkynes, the
RuAAC reaction may be performed with internal alkynes.
However, the RuAAC reaction may require elevated temper-
atures or longer reaction times, and the ruthenium catalysts
necessary for these reactions are more expensive or difficult to
acquire than are the simple copper salts and vitamin C so
frequently used in CuAAC reactions.62 For these reasons, and
perhaps suffering from generally unfavorable comparisons to its
copper catalyzed counterpart, RuAAC reactions are seldom
referred to as “click reactions”.
One additional advantage of employing a copper(I) catalyst

is the copper(II) species serving as a latent catalyst, activated
by the application of a reducing agent. As described prior, this
is typically achieved by physically mixing in the exogenous
electron donor, although latent catalyst may also be activated
electrochemically.63

2.1.1.1. Photo CuAAC and PcAAC. By photochemical
means, however, the reducing agent can be generated in situ by
activating endogenous photoactive species. In 2006, Ritter and
König reported the photoreduction of Cu(II) with the visible
light exposure of riboflavine tetraacetate in the presence of an
electron donor trimethylamine.64 To an equimolar solution of
alkyne and organic azide (200 mM in acetonitrile) was added 8
mol % CuCl2, 10 mol % TEA, and 4 mol % of the photoactive
riboflavine and exposed to visible light irradiation of
unspecified intensity. The resulting Cu(I) was capable of
catalyzing the CuAAC reaction between an alkyne and an
organic azide to above 80% conversion in 20 min. Aqueous
reactions were similarly performed with CuSO4 in place of the
CuCl2 and benzyl alcohol replacing the triethylamine,
achieving lower conversions with longer exposure, reportedly
due to the water-promoted disproportionation of Cu(I) to
Cu(0) and Cu(II). This was supported by the observation that
in aqueous systems, the reaction was arrested upon
termination of light exposure, indicating consumption of the
catalytic species.
Tasdelen and Yagci were able to generate Cu(I) catalysts by

the direct photoactivation of a Cu(II)Cl2 PMDETA (pentam-
ethyldiethylenetriamine) ligand complex.30 This reaction was
achieved with exposure to low intensity (3 mW/cm2), low
energy ultraviolet radiation (350 nm). Despite relatively low
concentrations of reactants (0.2 mM in DMSO) and Cu(II)
(20 μM), high conversions (93−99%) were reached for a

variety of alkynes with benzyl azide at room temperature and
open to air. Reaction times varied from 120 to 600 min.
Adzima et al. took a different approach to the photo-

reduction of Cu(II), taking advantage of the vast work that had
been completed in the fine-tuning of radical-generating
photoinitiators.31 Specifically, they employed a cleavage-type
radical phosphine oxide photoinitiator (phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide) to generate radical frag-
ments that subsequently reduced Cu(II) by direct electron
donation from a radical initiator (Figure 15).

This reaction was performed both in model, monofunctional
studies, as well as with multifunctional alkynes and azides,
resulting in network photopolymerization. The authors noted
two seemingly contradictory observations. First, relatively short
irradiation times generated enough catalyst to continue the
reaction for hours following the shuttering of the light. For
example, in one reaction that exhibited only 5% conversion
when exposure ceased at 5 min reached approximately 75%
after 100 min, indicating the presence of a long-lived catalytic
Cu(I) species. Second, the authors demonstrated a relatively
high degree of spatial control over photomasked reactions of
multifunctional reactants on surfaces with features as small as 4
μm obtained. While the observation of the long dark-reaction
of previously irradiated reaction would suggest that the Cu(I)
would have sufficient lifetime to diffuse away from the
photoexposed regions into masked regions and catalyze
reaction there as well, this “dark reaction” apparently did not
happen. The failure to do so was explained by the formation of
Cu(I) ligands with the triazole products of the photoCuAAC
reaction, which remained effective catalysts, but within a 3D
network, prevented the diffusion of Cu(I) outside of the
irradiated regions. The autoligandization then demonstrated
benefits of photogenerated radical and general photolatent
catalyst mediated reactions, high resolution spatial control, and
postirradiation dark reaction. While initial studies of this photo
CuAAC reaction reported reaction times on the order of 1 h,
subsequent papers have demonstrated much improved kinetics
on the order of seconds to minutes under modest irradiation
conditions (e.g., 10 mW cm−2, 365 nm).65 The copper ligand
and anion have significant effects over the reaction kinetics.66

While preligation of copper with multifunctional aliphatic
tertiary amines, such as tetramethylenediamene (TMEDA)
and greatly improved reaction rates, pyridine-based ligands
showed little improvement. Meanwhile, copper salts with
halide anions proved substantially more effective in initiating
systems than those with organic anions such as triflates and
bistriflimides. Initiator and copper concentrations also have
significant effects on the reaction rate, although recent reports
have indicated limits to this relationship. El-Zaatari et al. noted
that by increasing the copper and initiator concentrations, the
reaction reached a threshold at which it transitioned from a

Figure 15. Photogeneration of Cu(I) via direct donation of electron
from photogenerated radicals. Also depicted is the disproporationa-
tion, resulting in regeneration of Cu(II) and the formation of
Cu(0).31
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first-order to a zero-order reaction with respect to copper and
initiator concentrations. This outcome indicated that side
reactions, such as the disproportionation of copper (Figure
15), that are negligible at relatively low catalyst concentrations,
likely become significant as those concentrations increase.67

The properties of the radical photoinitiator exhbit significant
influence over this reaction, which have been explored in great
depth in the context of radical chain addition polymerizations
and in radical addition, chain transfer reactions. More attention
is given to these compounds in section 2.3.
The reduction of copper was also carried out with

photoinduced electron transfer (PET) catalysts.68 Cleavage
type photoinitiators are generally limited to UV and lower
wavelength visible light initiators; however, the application of
PET catalysts, with their more varied absorption spectra,
provides the benefit of being able to conduct the photoinitiated
CuAAC reaction with substantially longer wavelength
exposure. Kutahya et al. demonstrated effective catalysis of
the CuAAC reaction using a NIR cyanine-based PET catalyst
with a barbital group in the meso position (Figure 16).68

Exposure of the PET catalyst to 790 nm light at 100 mW/cm2

in the presence of a phenyl acetylene and benzyl azide in
equimolar ratios and with PMDETA achieved complete
conversion within 2 h. Effective polymer−polymer coupling
was also demonstrated via this NIR PET-catalyzed CuAAC in
the reaction between a 3000 g/mol polystyrene and a 4000 g/
mol polycarpolactone. The product, analyzed by gel perme-
ation chromatography, demonstrated the expected molecular
weight and a low dispersity, indicating efficient coupling with
relatively little unreacted starting material.
Another means by which the CuAAC reaction may be

photomediated is by the photodeprotection of an otherwise
unreactive alkyne. Because only terminal alkynes are reactive in
CuAAC reactions, reversible protection of the terminal alkyne
with a photoremovable group (generally a nitrobenzyl
moiety69) allows researchers to conduct photomediated
CuAAC reactions. Tebikachew et al. generated terminal
alkynes by the photolysis of nitrobenzyl arylpropiolates and
subsequent decarboxylation in the presence of copper
catalysts.70 While the description of this reaction as “photo-
click” may not be accurate (the wavelength of light employed
in this reaction was very low, thermal input was needed for
decarboxylation, and the atom economy is poor), it does
represent an unusual approach to carrying out these
conjugations and deserves mention.
Copperless photoredox azide−alkyne cycloaddition has been

recently demonstrated by Wu et al. in a process they have
called “photocatalyzed azide−alkyne cycloaddition” or
PcAAC.32 While photoredox catalysts are used in this
PcAAC reaction, rather than the photoreduction of copper(II)

to copper(I), the excited photocatalysts oxidizes the alkyne,
generating a radical cation, which is a much more reactive
dipolarophile than the original alkyne that reacts with the azide
to form a radical cation triazole that is subsequently reduced,
regenerating the photocatalyst (Figure 17). While the reaction

rates achieved were modest compared to those in which
photoreduced copper served as the catalyst, near quantitative
yields in model reactions between phenylacetylene and benzyl
azide were achieved in as little as 6 h under visible light
irradiation. Sunlight also proved an effective light source. In
contrast to thermally mediated azide−alkyne cycloadditions,
complete regioselectivity was observed, with only the 1,4-
disubstituted triazole recovered. The reaction was carried out
in DCM and DMF as well as in aqueous solutions and open to
air, demonstrating insensitivity toward oxygen and water.
According to the authors’ data, the most effective photocatalyst
screened for the PcAAC was bis(1-phenylisoquinoline)-
(acetylacetonate)iridium(III), although significant reaction
was achieved with 2,4,6-tris(4-methoxyphenyl)pyrylium tetra-
fluoroborate as well, demonstrating for the first time a
completely metal-free photomediated azide−alkyne cyclo-
addition without employing ring-strained cycloalkynes.
Photothermal initiation of click reactions is not especially

common in the literature. A likely reason for this is the
avoidance of relying on highly thermally dependent reactions.
Typically, for any reaction to be considered “click”, it must
exhibit a considerable thermodynamic driving force, a feature
even suggested by the moniker “click” as if a gentle push over
the energy barrier causes all reactants to simply click into place.
Thus, any more than a little added energy to overcome an
activation barrier would seem to exclude reactions from a
designation as “click” altogether. Photothermal effects,
however, potentially being extremely localized, may provide
the thermal energy necessary for overcoming the activation
barrier of a reaction while heating the bulk reaction medium
less than would otherwise be required. While photothermal-
mediated click reactions are sparsely reported, there are
examples. Sun et al. demonstrated a synergistic photothermal
and hot electron mechanism for the reduction of Cu(II) to
Cu(I) sufficient to catalyze the azide−alkyne cycloaddition
between benzyl azide and phenylacetylene within 90 min with
exposure to visible light (420−780 nm).71 Hot electrons refer
to electrons that have a higher kinetic energy and therefore a

Figure 16. Cyanine-based PET catalyst with a barbital group in the
meso position employed in the NIR mediated reduction of Cu(II) to
Cu(I) and successful catalysis of CuAAC reaction.68

Figure 17. PcAAC mechanism: the photomediated azide−alkyne
cycloaddition by direct photooxidation of alkyne and subsequent 1,3-
dipolarcycloaddition and regeneration of photocatalyst. Adapted with
permission from ref 32. Copyright 2020 John Wiley and Sons.
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higher effective temperature of the electrons despite a lower
bulk temperature of the material.
2.1.1.2. Photomediated Strain Promoted Azide−Alkyne

Cycloaddition (SPAAC). In no small part because of the desire
to perform click reactions in the presence of living cells and
because of the toxicity of copper, strain promoted azide−
alkyne cycloadditions have received considerable attention
over the past decade.72−74 Cyclooctyne, the smallest, stable,
and isolable cycloalkyne, undergoes significant release of ring
strain when the alkyne, with a preferred bond angle of 180° but
exhibiting a bond angle of 163° in its eight-membered ring, is
converted to a triazole ring, eliminating the triple bond (Figure
18).75

Electron withdrawing fluorine atoms further destabilized the
alkyne, contributing to greater reactivity in the absence of any
catalyst. Greater destabilization still was achieved via a series of
dibenzoannulated cyclooctynes with additional ring strain
imparted by the presence of multiple sp2 hybridized atoms in
the cycloalkyne ring (Figure 19). Azides and alkynes are
generally less reactive toward many functional groups found in
the biological context. For this reason, the azide−alkyne
cycloaddition reactions have found substantial application in
selective labeling of biological structure and macromolecules.
Diminishing the stability of alkynes by introducing ring strain,
for example, not only increases its reactivity toward azides but
toward other functional groups as well. Thiols, for example, are
slow to react with most linear, terminal alkynes in the absence
of radicals, catalysts, or elevated temperatures but will readily
and spontaneously react with cyclooctyne at room temper-
ature.47,48 This example demonstrates the difficult trade-off
between reactivity and selectivity. Click reactions are supposed
to be both fast and specific. Achieving both is not a trivial
matter.
Cyclopropenones, upon exposure to UV light, decompose

into one molecule of carbon monoxide and an alkyne. Highly
ring-strained themselves, the conversion of a cyclopropenone
to the strained triple bond of a cyclooctyne is still an
energetically favorable reaction, allowing for the photo-
deprotection of strained cycloalkynes for subsequent, sponta-
neous reaction in azide−alkyne cycloaddition (Figure 20).33 It

should be noted that as in the case of the thermally mediated
Huisgen azide−alkyne cycloaddition, a mixture of regioisomers
is obtained from the copper-free SPAAC reaction, whether
photomediated or spontaneous.
Generally, cyclooctynes are considered the smallest stable

cycloalkynes that can be isolated and stored without
decomposing. Cyclopropenones serve as a temporary protect-
ing group, the removal of which generates, in situ, cycloalkynes
that may be relatively short-lived. In the presence of their
reactive azide complement, however, the rate of cycloaddition
far exceeds the rate of decomposition, producing the desired
product in high yields. A particularly effective example of this
ability to generate protected, otherwise unstable cycloalkynes
was demonstrated by Sutton et al. in their synthesis of a
photocaged cyclooctadiyne (the Sondheimer diyne, Figure
21).64 This protected diyne is, as would be expected,
difunctional, although the quantum yield for the first and
subsequent cyclopropenone decompositions are not equal, that
for the first decarbonylation is approximately 10 times that of
the second at a wavelength of 350 nm. This allows for the
selective, sequential reaction of the resulting alkynes with
complementary azides.76,77

Cycloheptynes (employing heteroatoms such as sulfur,
selenium, or silicon, in the alkynyl ring) can also be synthesized
to yield even more reactive alkynes. However, working with the
highly unstable cycloheptynes can be difficult. Similar to the
work with the cyclopropenone-protected octadiyne, cyclo-
propenone-protected dibenzosilacycloheptynes have been
synthesized by Martińek et al. that exhibit very good quantum
yield (>0.50) and subsequent cycloaddition reaction rates
(Figure 21).34

The direct photolysis of cyclopropenones is a one photon,
one event reaction; the generation of every reactive
cylcoalkyne requires absorption of light. Under dilute reaction
conditions, this is not an obstacle to carrying out the reaction.
In more concentrated conditions, however, the necessary light
will become more attenuated in thicker geometries, preventing
reaction from occurring within the bulk of the sample. This is
in contrast to photo CuAAC reactions wherein a small amount
of photogenerated Cu(I) may catalyze thousands of cyclo-
additions, allowing the researcher to perform the reaction with
very low concentrations of light absorbing chromophore. This
limitation has resulted in the photoSPAAC reaction to find
particular application in highly diluted reactions, including
biological labeling as described subsequently in this review. In
such context, however, the potential deleterious effects of
significant doses of lower wavelength UV light may be a
concern.

Figure 18. Ring strain in cyclooctyne facilitates fast, room
temperature, and copperless cycloaddtion.

Figure 19. Propensity for cycloaddition with azides is increased in cycloalkynes by the destabilization of the alkyne by proximal electron
withdrawing groups (e.g., fluorine atoms) and by the increase of sp2 hybridized atoms in the ring.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.0c01212
Chem. Rev. 2021, 121, 6915−6990

6928

https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig19&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c01212?rel=cite-as&ref=PDF&jav=VoR


To address this requirement for relatively low wavelength
light exposure, recently, Mishiro et al. reported an indirect
photolysis of cyclopropenones to generate the ring strained
cyclooctyne.78 Prior studies had indicated that the photo-
mediated decarbonylation of cyclopropenone occurred from
the excited singlet state, and so photosensitization via energy
transfer from a lower energy, visible-light sensitizer to a UV-
absorbing chromophore would not be possible. The indirect
photolysis would, then, necessarily proceed via a wholly
different decarbonylation mechanism. The authors demon-
strated a photoredox catalyst abstracting an electron from the
cyclopropenone, generating an unstable radical cation, opening
the ring structure that could then remove an electron from the
reduced photocatalyst, regenerating it in the process and
subsequently decomposing into carbon dioxide and the desired
alkyne.
Although the use of cyclopropenones as photocaging groups

for cycloalkynes is favored given its relatively high quantum
yields and inoffensive byproducts, there are other potential
strategies for the photogeneration of ring strained cycloalkynes.
Jedinaḱova ́ et al. have reported photoSPAAC reactions via the
synthesis of cyclooctynes via the photodecomposition of
cycloota-1,2,3-selenadiazole (Figure 22).79 This reaction,

however, exhibits a relatively poor quantum yield. Moreover,
although selenium is an essential nutrient, in elevated
concentrations it may have unpleasant or toxic physiological
effects, making the broader application of its use in click
reactions problematic. In this respect, selenium is similar to
copper, which is also an essential nutrient in trace quantities
but toxic at higher concentrations.
A final photoSPAAC reaction that deserves some attention is

the photogeneration of benzyne and subsequent reaction with
organic azides. Rather than the decarbonylation of cyclo-
propenone, however, Gann et al. reported the photo-

decomposition of 2-(3-acetyl-3-methyltriaz-1-en-1-yl)benzoic
acid to produce the strained cycloalkyne (Figure 23).80 This

photoreaction was accomplished in just a few minutes at 365
nm irradiation. The subsequent reaction with organic azides
was rapid and high yielding. Although this reaction provided an
efficient and rapid reaction, benzyne is a very reactive
compound, particularly toward nucleophiles generally. For
this reason, there is concern regarding the specificity and
orthogonality of this reaction under a variety of conditions in
which photoclick reactions may be employed.

2.1.1.3. Strain Promoted Azide-Alkene Cycloaddition.
While most attention in azide dipolarcycloaddition reactions
has been focused on the employment of alkyne dipolarophiles,
alkenes are frequently the coreactant of choice for other
reactions in this category. Alkenes are capable of participating
in cycloadditions with azides and that reaction is favored, as it
is with alkynes, by strained alkenes. Huisgen noted a hundred-
fold increase of the reaction of ring strained norbornene with
benzyl azide.81 In 2018, Singh et al. demonstrated the
photosensitization of the isomerization of a cyclooctene to a
more highly ring strained conformation and the subsequent
reaction with benzyl azide in a 1,3-dipolarcycloaddition.82 The
photosensitizer was a derivative of fac-tris-[2-phenylpyridinato-
C2,N]iridium(III) (Figure 24), and the sensitization was

performed with blue light. While the reaction required 16 h for
completion and a slightly elevated temperature (30 °C), near-
quantitative conversion was achieved (Figure 24). While the
conditions of this reaction were not what might be considered
sufficient for a “click” reaction, this demonstration of
photogenerated ring-strain to promote dipolarcycloadditions

Figure 20. Photouncaging of cyclooctyne for subsequent strain promoted cycloaddition with organic azide.

Figure 21. Other notable cyclopropenone-protected strained alkynes,
including a photocaged dibenzocyclooctadiyne (dibenzo[a,e]-
dicyclopropa[c,g][8]annulene-1,6-dione; left)64 and a photocaged
dibenzosilacycloheptyne (6,6-dimethyldibenzo[b,f ]cyclopropa[d]-
silepin-1(6H)-one; right).34

Figure 22. PhotoSPAAC reaction using selenadiazole photocaging
group.79

Figure 23. Photogeneration of benzyne via decomposition of 2-(3-
acetyl-3-methyltriaz-1-en-1-yl)benzoic acid and subsequent conjuga-
tion to organic azide.

Figure 24. Photosensitized ring-strain generation in cycloheptene,
promoting subsequent reaction with benzyl azide.82
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has proven consequential in the development of other
photoisomerization-promoted click reactions.
2.1.2. Photocaged Nitrile Imines and Nitrile Ylides.

2.1.2.1. Tetrazole and Sydnone Reactions. Nitrile imines
were first obtained by the thermal decomposition of tetrazoles,
releasing N2 during the process.83 Exposure to appropriate
wavelengths of light (dictated by chromophore substituents),
accomplishes the same decomposition, yielding the same
reactive intermediate. In the presence of alkenes the nitrile
imine may undergo 1,3-dipolar cycloaddition to form the
conjugated product linked by a five-membered pyrazoline ring
(Figure 25). An interesting and useful feature of the reaction

between alkenes and nitrile imines is that the generation of the
fluorophore pyrazoline can serve as an in situ reaction
monitoring system, absorbing UV light and emitting visible
light as an indication of successful reaction. While a variety of
alkenes (e.g., acrylates, styrene derivatives) participate in this
reaction, the dipolarophilicity of alkenes is substantially
increased by conjugation or by proximal electron withdrawing
substituents.58 This photodecomposition of the tetrazole to the
nitrile imine has the advantageous feature of generating only
inert N2 as a byproduct. As is the case with most dipolar
cycloadditions, the nitrile imine−alkene reaction is amenable
to a variety of solvents including aqueous media. Also, like
other 1,3-dipolar cycloadditions, the reaction may not be
regiospecific.84

The wavelengths at which the reaction is performed are
tunable via the choice of substituents. The reaction has been
performed from 300 to 420 nm by single photon excitation and
at 700 nm with multiphoton excitation.85 The red-shifting that
allowed the 405 nm exposure was accomplished by replacing
the benzene ring substituents on either side of the tetrazole
with oligothiophene substituents, greatly increasing the
absorbance in the visible spectrum (Figure 26).86 Lederhose
et al. accomplished a similar shift in absorbance via synthesis of
a pyrene-substituted aryl tetrazole, permitting reaction with
exposure to light at wavelengths of 410−420 nm.87

One interesting strategy to allow longer wavelengths of light
in the performance of tetrazole−alkene photoclick chemistry
was the employment of upconverting nanoparticles to generate
light capable of photoconversion of a pyrene aryl tetrazole
(λmax = 346 nm) upon exposure to NIR light. Photon
upconversion is a process distinct from two photon absorption
but with significant similarities. Upconverting nanoparticles
absorb photons of a particular wavelength and emit photons of
a shorter wavelength. Thus, the researchers were able to effect
a UV-photomediated reaction with NIR exposure.88 In
contrast to previously described two photon absorption
strategies, the aryl tetrazole chromaphore in this example is
not absorbing the NIR photons, but rather UV photons
emitted by the upconverting nanoparticles; this reaction is still
mediated by UV radiation. The potential benefit to employing
photon upconversion here is not avoiding exposure to UV
light, but rather the avoidance of light attenuation of shorter
wavelength photons.
Diaryl tetrazoles are not unique in their photodecomposition

to dipolar nitrile imines. Diaryl sydnones similarly form the
highly reactive intermediates upon light activation. Zhang et
al., in 2018, synthesized a library of diaryl sydnones and noted
higher absorbance of the sydnone chromophores at longer
wavelengths relative to their tetrazole counterparts, portending
beneficial application in biological research where visible light
excitation is preferred.36 Rather than releasing nitrogen,
photoconversion of the sydnone, which involves a flipping of
the aryl moieties, results in the release of carbon dioxide
(Figure 27).
Despite the advantageous features of the photo tetrazole−

alkene and sydnone−alkene reactions, the reactive intermedi-
ates exhibit a significant lack of reaction selectivity. Recently,
researchers have recommended the application of the reaction
as a general photo-cross-linking reagent rather than for
biorthogonal labeling protocols, citing the relative preference
of the photogenerated nitrile imine to react with biologically
present functional groups,89 in particular carboxylic acids,90

relative to their experimental, more aliphatic alkene moieties.
They noted significant reaction with acetonitrile as well when
used as a cosolvent for the reaction.
While reactive toward nucleophiles generally, nitrile imides

are particularly reactive toward thiols,91 first observed by Rolf
Huisgen in 1962.92 This reaction can be so fast that the
photomediated, addition of thiols to nitrile imides has been
compared to other “photoclick” reactions such as the
tetrazole−alkene and thiol−ene conjugations. Feng et al.
used the photodecomposition of tetrazoles in the presence of
thiols to perform polymer−polymer conjugation reactions as

Figure 25. Photomediated decomposition of bisaryl tetrazole to
nitrile imine for subsequent participation in 1,3-dipolarcycloaddition.

Figure 26. Tuning of photoabsorption profiles can be accomplished by choice of tetrazole substituents.
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well as surface functionalization, both frequent applications of
many click chemistries.93 The authors suggested that the
biological availability of thiols (e.g., in reduced disulfides
within proteins) could make the photo tetrazole thiol reaction
an effective tool for the selective labeling of biomolecules,
noting a much higher rate of reaction of the nitrile imine with
thiol than with amines.
Additional dipolarophiles that may react with nitrile imines

include alkynes, carbon dioxide, isocyanates, thiocarbonyls,
amines, alcohols, and more, although the rates of reaction vary
greatly (Figure 28).84 Yu and co-workers have examined the

photoreactions of diaryl tetrazoles and diaryl sydnones with
various alkynes.94,95 While the linear, terminal alkynes yielded
no observable product under dilute conditions (0.5−500 μM),
ring strained alkynes were converted in high fractions with an
excess of coreactants.
As indicated by these results, in addition to conjugation and

electron deficiency, ring strain can also improve the reactivity
of dipolarophiles to promote the 1,3-dipolarcycloaddition to
nitrile imines. Fascinating recent examples of ring-strain
promoted reaction were demonstrated by Yu and co-workers,
who employed the photoisomerizable cyclic azobenzene-
containing compounds such as dibenzo[b,f ][1,4,5]-
thiadiazepine (DBTD, Figure 29) as a photoactivatable
dipolarophile in reactions with nitrile imines generated by
the photodecomposition of either tetrazoles or sydnones.96,97

In the cis configuration, DBTD exhibits little ring strain energy.
Upon irradiation with 405 nm light, the DBTD is isomerized
to a predominantly trans configuration, increasing ring strain
and increasing the dipolarophilicity of the nitrogen−nitrogen
double bond. Cycloaddition is followed by opening of the N−
N bridge, resulting in a ten-membered ring (Figure 29).
Noteworthy in this reaction is the double role that the light

may play in the reaction, serving both in the generation of the
reactive nitrile imine and in creating the ring strain via
photoisomerization in the DBTD. In a subsequent report, the
same team demonstrated a similar ring-strain by photo-
isomerization in carbon-bridged octocyclic azobenzene
(CBOA) to promote the 1,3-dipolarcycloaddition.53 In this
later study, nitrile imides were synthesized independently and
delivered exogenously to isolate the photoisomerization effects
independent from the photogeneration of the reactive dipole.
Both of these photochemical transformations (the photo-
isomerization and the photodecomposition of the tetrazole/
sydnone) are one photon, one event type reactions, meaning
that the concentration of light absorbing chromophores is
necessarily twice what would otherwise be necessary for the
reaction to take place with a different dipolarophile,
recommending applications where low concentrations of
reactants are required. Near quantitative conversions were
achieved.
The apparent lack of specificity of the tetrazole−ene

photoclick reaction could be a cause for concern for those
seeking to employ it to precisely modify their particular
compounds of interest. As with other “click” reactions,
however, the utility of such reactions must take into account
the relative rates of competing reactions for participating
reactive moieties generally, and not only for those conditions
understood to be far from ideal. The side reaction of a
photogenerated nitrile imide with acetonitrile cosolvent may
be significant when the intended coreactant is a poor
dipolarophile, e.g., an alkyl ethylene compound. However, a
fumarate used in place of the less effective dipolarophile will
likely improve the selectivity of the dipolar cycloaddition.91

The alkene selection is not the only way in which selectivity of
the tetrazole alkene reaction can be improved. A recent report
has demonstrated a particularly effective strategy for obtaining
higher selectivity for alkenes over carboxylic acids, alcohols,
amines, and other potentially nitrile imide-reactive nucleo-
philes. This was accomplished by the employment of tetrazoles
with bulky substituent groups that sterically hinder the

Figure 27. Photoconversion of diaryl sydnone to nitrile imine and subsequent 1,3-dipolarcycloaddition with alkene.36

Figure 28. Reactions of nitrile imine 1,3-dipole with thiols and
carboxylates as well as other dipolarophiles including nitriles and
alkynes.

Figure 29. Photoisomerization of cis configuration of DBTD to trans
configuration of DBTD by irradiation with 405 nm light permits the
addition to photogenerated nitrile imine. In contrast to cis DBTD,
trans DBTD proves an effective dipolarophile in the reaction.81,82
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nucleophilic addition reaction but not the 1,3-dipolar cyclo-
addition with alkenes. An et al. synthesized a range of
tetrazoles and reported increases in selectivity of the 1,3-
dipolar cycloaddition adducts with a variety of alkenes relative
to the nucleophilic adducts formed with glutathione (Figure
30).91 Selectivity was demonstrated in all eight of the alkene

substrates examined, but the reaction with styrene is a
particularly good example of the effect steric hindrance had
on the progression of the reaction. While in the presence of
equimolar styrene and glutathione, the nonsterically hindered
tetrazole showed a preference for the thiol-adduct of 91% to
5%. The sterically hindered tetrazole, in contrast, showed a
preference for the styrene cycloadduct, 96% to 2%.
While strategies are available to address the broad reactivity

of nitrile imides resulting from the photodecomposition of
tetrazoles, these may introduce limitations into the general
application of this reaction (e.g., by inclusion of a large
chemical moiety that may influence physical as well as
chemical properties of the reactant and by requiring additional
synthetic steps). Whereas the azide−alkyne chemistries are
often touted for their orthogonality, those who employ the
tetrazole−alkene photoclick reaction should be cognizant that,
in the absence of adequate concentrations of a good
dipolarophile, the photogenerated nitrile imine is not func-
tionally inert and will frequently react with other reactive
groups present.
2.1.2.2. Azirine−Alkene Reactions. Like tetrazoles, aryl

azirines undergo photomediated decomposition to generate a
reactive dipole (nitrile ylide moieties in the case of azirines)
prone to 1,3-dipolar cycloaddition.37 As is the case with the
tetrazole-alkene reaction, this reaction is favored by strong
dipolarophiles including alkenes with proximal electron
withdrawing substituents.
The photoactivation of bisaryl azirines as shown in Figure 31

requires exposure to relatively low wavelengths of light (320
nm). However, the pyrene-bound azirine exhibited significant
red-shifted absorbance, thus being activatable with visible light
at wavelengths from 400 to 410 nm (Figure 32).98 This
reaction was used to link pyrene to a variety of small molecule

and electron-deficient alkene terminal polymers with yields
ranging from 50% to quantitative.

Despite the similarities between the analogous reactions,
azirine−alkene photoclick reactions are used much less
frequently than the tetrazole-alkene reaction.
2.2. Diels−Alder Reactions
Among the original reactions described by Kolb et al. in their
seminal paper laying out the qualifications for click chemistry
was the Diels−Alder reaction.2 Typically, in this cycloaddition,
an electron deficient dienophile adds to a relatively electron
rich diene. As the π bonds in both the diene and the dienophile
are higher energy than the resulting, created σ bonds, the
reaction is energetically favorable and is often performed at
relatively low temperatures and in the absence of catalysts
(although catalysts can be employed to achieve improved rates
of reaction). While examples of this reaction are abundant, a
very simple case is the reaction of cyclopentadiene with an
acrylate (Figure 33), generating a norbornene. Participating π

bonds on either the diene or dienophile need not necessarily
be carbon−carbon double bonds. Diels−Alder reactions in
which atoms other than carbon are involved in the cyclo-
addition are referred to as “hetero-Diels−Alder” reactions.
Inverse electron demand Diels−Alder reactions (IEDDA) are
analogous to Diels−Alder reactions, but where the electron
densities of the diene and dienophiles are reversed. The classic
example of an IEDDA is the reaction of 2-propenal with a vinyl
ether (Figure 33).

Figure 30. Photoreactive tetrazole (left) and bulky substituent
analogue (right). Pendant groups sterically hinder nucleophilic
additions and improve selection of 1,3-dipolarcycloaddition adduct
with a variety of alkenes.91

Figure 31. Photogeneration of nitrile ylide from bisaryl azirine and subsequent 1,3-dipolarcycloaddition.37

Figure 32. Visible light activation of pyrene azirine and conjugation to
electron deficient alkenes. EWG = electron withdrawing group. R =
H, COOEt, PEG.98

Figure 33. (a) Generalized Diels−Alder reaction between electron
rich diene and electron deficient dienophile and example of
cyclopentadiene reaction with methyl acrylate. (b) Generalized
inverse electron demand Diels−Alder reaction and example of
reaction between propenal and methyl vinyl ether.
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2.2.1. Photoenolization DA Reactions. Photoconversion
of ortho-methyl phenyl ketones and aldehydes to form highly
reactive enol dienes via a diradical intermediate was first
described many decades ago, achieving high conversions with
dienophilic compounds.99,100 In 2011, Gruendling et al. used
this photoenolization to conjugate an ortho-methyl phenyl
ketone-terminated polycaprolactone to a maleimide-termi-
nated poly(methyl methacrylate) with irradiation at 320 nm
for 100 min.38 While the light source chosen produced a
maximum emission at a low wavelength, the authors noted
some conversion under exposure to 365 nm or upon exposure
to sunlight after “a few hours reaction time.” Subsequent
reports show effective conjugation with exposure to 382 nm
LEDs.101 A scheme for the photoDA reaction is shown in
Figure 34.
Photoenols also readily react with a variety of dienophiles

with heteroatoms. For example, Oehlenschlaeger et al. have
demonstrated the reactivity of dithiobenzoate with photo-
enols,39 a particularly advantageous reaction considering the
use of dithiobenzoates and other thiocarbonylthio groups in
RAFT chain transfer agents and their consequent presence as
RAFT polymer termini. This reaction then allows for direct
conjugation to such polymers without any additional
modification. In another example of hetero Diels−Alder
reactions involving photoenols, triazolinediones have proven
effective dienophiles as well. Recently, the orthogonality of this
reaction was highlighted in the utilization of light as a reaction-
selection tool or “gate” to generate specific products from a
mixture of reactants, including triazolinediones and tetrazoles,
by selective application of particular stimuli including thermal
and multiple wavelengths of light.101,102

Coordinated light exposure can provide another aspect of
control to the photoenol Diels−Alder reaction. Photoenoliza-
tion of o-methyl benzaldehydes with NIR light via two photon
absorption results in a mixture of isomers that, in the absence
of a complementary reactive moiety, reketonize via reverse
hydrogen transfer to the starting material. Differences in rates
of reketonization allow the E form of the photoenol, which has
a relatively long lifetime (10 μs), to participate in DA addition
reactions while the Z form with a lifetime 2 orders of
magnitude shorter (0.1 μs), is effectively prevented from doing
so. Simultaneous exposure with 440 nm light, photoisomerizes
the E photoenol to the Z form, which rapidly reverts to starting
material (Figure 35). Researchers have employed this feature
to spatially narrow the photoenolization of alpha-methyl
benzaldehydes on surfaces in the presence of a maleimide

dienophile via stimulated-emission depletion (STED) excita-
tion, creating laser written features on size scales below the
diffraction limit.103

While most common dienophiles employed in Diels−Alder
reactions possess double bonds, there is no requirement that
precludes the π-bonds in triple bonds from participation. The
electron deficient triple bond in dimethyl acetylene dicarbox-
ylate has been shown to be reactive with 2,5-dibenzoyl-p-
xylene under 24 h of irradiation.25,104,105 More recently, Feist
et al. have performed Diels−Alder reaction with photo-
generated o-quinodimethanes and electron deficient alkynes
within 15−30 min of light exposure, noting that subsequent
addition of a catalytic amount of acid resulted in the
elimination of the alcohol and the generation of highly
fluorescent naphthalene derivatives.40 A general scheme for
these reactions is shown in Figure 36. Notable here is the
absorption profile of the nonfluorescent naphthole Diels−
Alder product, which does not exhibit significant absorption at
those wavelengths most conducive the photogeneration of the
diene reactant, absorption which would otherwise attenuate
the light necessary to carry out the photoclick reaction. In
contrast to the other photoclick reactions described previously
that result in the generation of new fluorophores or
chromophores, this approach yields such only following the
hydroxyl elimination. In addition to preventing attenuation of

Figure 34. Photoenolization of ortho-methyl phenyl aldehyde and subsequent Diels−Alder cycloaddition with dienophilic maleimide (top) or
hetero-Diels−Alder cycloaddition with dithiobenzoate (bottom).38

Figure 35. Dual wavelength control over the photoenol DA reaction.
Two photon absorption at 700 nm generates a mixture of isomers
with differing lifetimes while simultaneous exposure to 440 nm
converts a long-lived isomer to a short-lived isomer, preventing
effective cycloaddition. Adapted with permission from ref 103.
Copyright 2017 American Chemical Society.
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the requisite photostimulus, this also mitigates the potential
photobleaching of the formed fluorophores and other
deleterious light-induced side reactions.
2.2.2. Inverse Electron Demand Diels−Alder. In 2011,

Arumugam et al. demonstrated the photoconversion of 3-
(hydroxymethyl)-2-naphthol derivatives to 2-naphthoquinone-
3-methides, eliminating water and producing effective dienes
for IEDDA reactions with appropriate electron deficient
alkenes.41 In an aqueous environment, this photogenerated
compound quickly converts back to the starting material
(Figure 37). There are two advantageous consequences of the

short-lived (τ = 7 μs in water) diene intermediate in this
photoclick reaction. First, the reversion to starting material
prevents reaction with all but the most IEDDA-reactive
alkenes, vinyl ethers, and enamines. In contrast to, for example,
a tetrazole−alkene reaction, there is diminished opportunity
for the activated species to react with unintended moieties.
With a tetrazole−alkene reaction, even if the dipolarophile is
highly reactive and dominates in a competitive reaction with
other dipolarophiles and nucleophiles, when consumed, any
remaining activated nitrile imide will be free to react with other
functional groups. For this particular photo-IEDDA reaction,
however, the rate of reversion to starting material outcompetes
the IEDDA reaction with any but the most reactive alkenes,
preventing off-target conjugations even in the absence of vinyl
ethers or eneamines.
The second consequence of this short lifetime of the 2-

naphthoquinone-3-methides is the prevention of significant
diffusion of the reactive intermediate, improving spatial control
over the reaction; IEDDA occurs only in areas that are exposed
to light.
However, the product is not stable (Figure 37) because it

contains acetals and hemiaminal ethers which are prone to
hydrolytic degradation (Figure 38). While the acetal product
shows relative stability under neutral pH aqueous conditions, it
degrades in the presence of acid. The hemiaminal ether
product is even more susceptible to hydrolysis. It should be
noted that conjugation of R3 is maintained even following
hydrolysis, indicating that appropriate design of the dienophile

results in effective coupling despite subsequent hydrolysis of
the product.
As with other functional groups described previously (e.g.,

ring strained alkynes, nitrile imides), naphthoquinone
methides react with nucleophiles (via a Michael-type addition)
in alternative conjugation reactions. Thiols are particularly
reactive with a reaction rate approximately five times that of
the Diels−Alder reaction (Figure 39). Given this preference,

the naphthoquinone methide−thiol reaction has been
described in a previous review as a “photoclick” chemistry.1

This reaction, however, is reversible in the presence of water
and under exposure to the same wavelength of light that
produces the naphthoquinone methide in the first place,
whereas the Diels−Alder reaction is functionally irreversible.
When the photomediated reaction is conducted in the
presence of both a vinyl ether and a thiol, the sulfide product
is first produced in high yield, although under continued
exposure, the fraction of Diels−Alder product increases until
all sulfide is consumed. Arumugam et al. have taken advantage
of this reversibility to photochemically pattern a thiolated
surface by the selective conjugation and replacement of 3-
(hydroxymethly)-2-naphthol derivatives.106

Among the numerous examples of IEDDA, tetrazine
reactions stand out for their specificity and high reaction
rates. In 2016, Zhang et al. described the photomediated
conversion of a dihydrotetrazine to tetrazine via photo-
oxidation with methylene blue as the photocatalyst under
irradiation at 660 nm. The tetrazines subsequently reacted with

Figure 36. General scheme for the photomediated Diels−Alder reaction with electron deficient alkynes and subsequent hydroxyl elimination to
yield fluorescent naphthalene derivative.

Figure 37. Photodegradation of 3-(hydroxymethly)-2-naphtol to 2-
naphthoquinone-3-methide and subsequent IEDDA reaction with
vinyl ether.41

Figure 38. Hydrolysis of IEDDA adducts proceeds in either acidic
(acetal, top) or even neutral (hemiaminal ether, bottom) aqueous
conditions.

Figure 39. Naphthoquinone methides are also highly reactive toward
thiols, although the reaction is reversible.106
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endogenous trans-cyclooctene in an IEDDA reaction.43

Truong et al. employed the same photooxidation of
dihydrotetrazine in the presence of the norbornene functional
group to accomplish the IEDDA coupling (Figure 40).42 In
contrast to other IEDDA photoreactions, this strategy was able
to take advantage of the long wavelength absorbance (600−
900 nm) of the catalyst to conduct the reaction with tissue-
penetrating red and NIR light and avoid wavelengths that
could damage the more light-sensitive biomolecules. Employ-
ing this chemistry, the authors performed both polymer
conjugation reactions and hydrogel cross-linking, as discussed
in section 2.4.5 of this review. Notable in this report was the
relative thickness of the cure itself, 0.3 mm for rheometry
experiments. While 0.3 mm may not seem like a particularly
thick sample, in those reactions employing a one photon, one
event mechanism, even such thicknesses are often difficult to
react thoroughly or uniformly. The employment of photo-
catalysts that are regenerated allows researchers to use lower
concentrations of the light absorbing species and mitigate light
attenuation. This reaction remains a one photon, one event
reaction, but in contrast to those IEDDA reactions in which
the photochemistry is performed directly on the reactants, the
concentration of chromophores is kept well below the reactant
concentration.
Ring-strained cycloalkynes may also participate in IEDDA

reactions as dienophiles. While described previously in the
context of photoSPAAC reactions, the photocaged, bisaryl
cycloheptyne shown in Figure 41 was employed in a
photomediated IEDDA reaction as a dienophile with a
tetrazine moiety, with the reaction exhibiting a rate increase
of an order of magnitude greater than that with the
unsubstituted cyclooctyne.34

As mentioned, another effective dienophile in IEDDA
reactions with tetrazine derviatives is the ring strained trans-
cyclooctene. While synthesis of trans-cyclooctenes from their
cis-analogues is a viable and efficient production strategy, the
conditions under which that photoisomerization takes place
are typically not conducive to in situ generation.107,108 One
example that may show promise is the iridium(III) photo-
catalyzed isomerization of cyclooctene described previously
(section 2.1.1.3).82 It is possible that employment of such a
photosensitizer could facilitate an IEDDA reaction by in situ
generation of a reactive dienophile rather than the diene shown
in the previous example.

2.3. Alternating Radical Propagation Chain Transfer
Reactions

Radical chain addition reactions occur when a radical
propagates across a π bond, generating a new bond and a
radical that subsequently propagates across another π bond.
This cycle continues until the radical is terminated by
recombination or disproportionation. In contrast, radical
alternating propagation chain transfer (APT) reactions result
from the addition of a radical across a π bond and subsequent
atom abstraction by the resulting radical, regenerating the first
radical species (typically intermolecularly).109 Examples of
these reactions include thiol−ene,45 thiol−yne,110 iodo−
ene,109 silane−ene,111 and phosphane−ene112 reactions. It
should be noted here that the term “thiol−ene” and, to a lesser
extent, “thiol−yne” are used in the literature to refer to both
the radically mediated reactions between thiols and their
unsaturated reaction complements, as well as to the anionically
mediated reactions between thiols and Michael acceptors. To
avoid confusion, the terms “thiol−ene” and “thiol−yne” will be
used here to refer only to the radical-mediated reactions and
“thiol-Michael” will be used to refer to the Michael-type
reactions as has been done previously.46 As these addition/
chain transfer cycles regenerate participating radical species,
one initiating radical results in potentially hundreds or
thousands of subsequent reactions. However, as radicals are
prone to termination, a continuous source of reinitiating
radicals is necessary to reach maximum conversion. As these
reactions are radically mediated, they may be initiated by
nearly any method typically employed to generate appropriate
radicals (e.g., thermally with a temperature sensitive initiator,
via an electron beam, with a redox initiator, or with a
photoinitiator to render the reaction light sensitive). Despite
sharing a general mechanism (Figure 42), these distinct APT
reactions may vary greatly in terms of efficiency and versatility.

2.3.1. Thiol−ene. While originally reported in 1905,113 the
radical addition of thiols to alkenes has only in the last couple
decades been recognized as a particularly powerful tool for the
construction of carbon−sulfur bonds. Such conjugations are
particularly important because organosulfur moieties are
widely represented within natural products, pharmaceutical,
and polymeric materials.114−116 The utility of the reaction
comes, in no small part, from the simplicity of its execution,
mild reaction conditions, 100% atom economy, high yields,
and orthogonality with many other reactions.

Figure 40. Conversion of dihydrotetrazine to tetrazine via methylene blue-photocatalyzed oxidation and subsequent IEDDA reaction with
norbornene.42

Figure 41. IEDDA reaction between tetrazine and photogenerated cycloheptyne dienophile.34
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The reaction frequently proceeds by the activation of a
photoinitiator which abstracts a hydrogen radical from a thiol
to form the thiyl radical, which adds across the alkene carbon−
carbon double bond, forming a new carbon−sulfur bond and a
carbon-centered radical. Abstraction of the hydrogen from
another thiol regenerates the thiyl radical for the cycle to
repeat (Figure 43). Alternatively, the initiator may produce a

radical that adds across an alkene carbon−carbon double bond
first, generating a carbon centered radical that then abstracts a
hydrogen atom from the thiol.
The overall rate of reaction in the thiol−ene addition

depends on the rate of propagation (rP with rate constant kp)
and on the rate of chain transfer (rCT with rate constant kCT)
with the overall rate (r) necessarily dictated by the slower of
the two constitutive reactions, the rate limiting step, as
described by eqs 6−8:117
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Although the thiol−ene reaction generally proceeds nearly
quantitatively, the characterization of the thiol−ene coupling

as a “click” reaction has been challenged due to poor yields in
some polymer conjugation reactions under certain reaction
conditions.118 Furthermore, while the relative orthogonality of
the reaction has been touted in several reports, the potential
reactivity of the nucleophilic thiols with a variety of other
functional groups (e.g., Michael acceptors, halides, epoxides)
must be a consideration in the application of the thiol−ene
coupling reaction, albeit one that is greatly mitigated in the
absence of base. Perhaps most significant is the reaction of
thiols with themselves under oxidizing conditions to generate
disulfides. Nevertheless, radical thiol−ene reactions have been
used frequently for effective, selective conjugation reactions
under a variety of reaction conditions,4 in water and open to
air, and requiring as little as a few seconds for near quantitative
conversions. It is the very high potential reaction rates that
allow the thiol−ene reaction to be successfully employed as a
click reaction, avoiding undesired competitive reactions. It
should be noted that the efficiency of the thiol−ene reaction
depends on multiple variables. Reaction parameters that play a
particularly influential role in the efficiency of the thiol−ene
coupling reaction include the selection of solvent, initiator,
thiol, and alkene. This latter factor may not influence just the
rate and ultimate conversion but also the degree of
participation in competing chain-addition reactions (e.g.,
acrylate homopolymerization).
The solvent in which the reaction occurs may influence the

rate of thiyl radical generation. Although the thiol−ene
reaction has been performed in a wide variety of solvents,
there are few studies explicitly examining the solvent effects on
the reaction.119 Munar et al. utilized conceptual DFT to model
the reactivity of the carbon and sulfur radicals in a thiol−ene
reaction in different solvents to elucidate the role of solvent on
the propagation and chain transfer steps. The authors noted
that solvent ultimately has a negligible influence on the sulfur-
centered radical, thus exhibiting little effect on propagation
rates.120 The chain transfer step, however, was significantly
more sensitive to the reaction environment, purportedly due to
stabilization of the carbon-centered radical intermediate in the
presence of a polar solvent.

2.3.1.1. Radical Initiation. Thiol−ene reactions have been
initiated via a variety of means. Thermal and redox radical
initiation strategies have been employed to conduct thiol−ene
couplings. Thiol−ene reactions without traditional radical
initiators have also been carried out by generating hydroxyl
radicals upon sonication in water.121 Typically, it has been
photoinitiated reactions that have been most advantageous in
the application of the chemistry.4 While the use of photo-
initiators to facilitate the reaction is the most commonly
employed practice, the photoinitiated reaction can be
conducted without initiator by direct photolysis of reactants.
In this way, the thiol−ene photoreaction between alkenes and
mercaptopropionates has been initiated with both 254 and 365
nm light exposure despite very low absorbance of reactants at
that higher wavelength. In such reactions, however, consid-
erably higher light intensities are required and the rates of
reaction are considerably lower than in those reactions
employing photoinitiators. As described subsequently, how-
ever, employment of aryl substituents greatly improves the
absorption characteristics of thiols in a thiol−ene reaction to
allow more effective initiatorless reaction.122 The selection of
photoinitiators is one of the most consequential in determining
the overall rate of reaction in all APT as well as in the
previously described photoinitiated photoCuAAC reactions.

Figure 42. General mechanism for radical alternating propagation,
chain transfer reactions wherein radical propagation across a π bond
results in generation of a radical that abstracts an atom from a donor
molecule to generate the reaction product.

Figure 43. General mechanism of the photoinitiated thiol−ene
coupling, consisting of alternating radical propagation and chain
transfer reactions, leading to a one-to-one addition between thiols and
alkenes.46
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Therefore, a thorough understanding of the available initiators
and their salient features is recommended for successful
application of such reactions in the various contexts in which
they may be employed.
Norrish type I photoinitiators, such as dimethoxyphenyla-

cetophenone (DMPA) and bis(2,4,6-trimethylbenzoyl)-phe-
nylphosphineoxide (BAPO), are the most frequently used class
of initiators in thiol−ene and other APT reactions. These
initiators, upon absorption of photons, decompose into two or
more radical fragments that initiate the reaction as previously
described. The initiation rate in a radical polymerization of an
optically thin film where the light intensity is nearly constant
throughout the film depth is described by eq 9.

ϕ ε
υ

=
[ ]

R
f I
N h

2 In
i

o

A (9)

In this expression, φ is the quantum yield of radical generation,
f is the efficiency or the fraction of those radicals that initiate
reaction, ε is the molar extinction coefficient at the wavelength
of exposure, Io is the intensity of light exposure, [In] is the
concentration of photoinitiator, NA is Avogodro’s number, and
hν is the photonic energy. It is important to highlight the
difference between quantum yield of photolysis and efficiency,
as not all radicals are equally likely to initiate the reaction and
so some radical initiators are better or more poorly suited to
thiol−ene reactions regardless of their respective quantum
yields. Uygun et al. evaluated a series of photoinitiators and
thermal initiators for initiation of thiol−ene reactions and
concluded that the type I or cleavage type initiators were most
effective. A particularly interesting demonstration of the
relative efficiencies of radicals generated by different photo-

initiators is the case of hexaarylbiimidazoles (HABI), which are
poor initiators for (meth)acrylate chain addition reactions but
effective in thiol−ene reactions.123 Moreover, in contrast to
most radicals generated by photodecomposition of an initiator,
HABI-based radicals are moderately stable, recombining over
the course of several minutes, permitting significant dark cure.
HABI is also noteworthy in its high absorption at longer
wavelengths of light allowing initiation with 469 nm exposure.
Most type I initiators absorb primarily in the UV region of the
spectrum, although phosphine oxide,124 acyl germane,125 and
acylstannane126 photoinitiators (Figure 44) have extended the
absorption spectra of cleavage type radical initiators pro-
gressively deeper into the visible spectrum past 500 nm.
Despite these advances, use of acylgermane and acylstannane
photoinitiators remains somewhat uncommon.
Emerging applications of thiol−ene reactions frequently

require performing the reaction in an aqueous environment.
While most commercial radical photoinitiators are intended for
use in hydrophobic environments and are accordingly poorly
water-soluble, a few hydrophilic initiators, such as lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and 2-hy-
droxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (I2959),
have been successfully applied to the aqueous thiol−ene
reaction (Figure 44).127−133

As alluded to previously, direct photolysis of aryl thiols
allows for the generation of thiyl radicals with milder
wavelengths and intensities. The use of disulfides as type I
photoinitiators has been well established.134 The photo-
activation of thiols has received less attention. Such strategy
results not only in the direct coupling of aryl thiols to alkenes
but also in the photoamplified coupling of other thiols as well,

Figure 44. Structures of representative radical photoinitiators that may be used in thiol−ene and other radical APT reactions: (1) hydrophobic type
I photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (DMPA); (2) hydrophobic, type I, bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide
(BAPO, I819); (3) hydrophobic type I photoinitiator benzoyltrimethylgermane (BTG); (4) hydrophobic type I photoinitiator tetrakis(2,4,6-
trimethylbenzoyl)stannane; (5) hydrophilic, type I, 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (I2959); (6) hydrophilic, type I,
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP); (7) hydrophobic, type I, hexaarylbiimidazole (HABI) photoinitiator; (8) hydrophobic,
type II, benzophenone; (9) hydrophilic, type II initiator, eosin Y.
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serving the function of effective photoinitiators. Love et al.
evaluated the initiating potential for various aromatic thiols,
demonstrating near quantitative conversions with divinyl ether
under irradiation with modest intensity (10 mW/cm2) of 405
nm visible light.122 Reactions reached completion in as little as
5−10 min. The same aromatic thiols were effectively employed
to initiate reactions between norbornenes and mercaptopro-
pionates in dilute aqueous reactions. Ortho and para
substituted mercaptobenzoic acids and trifluoromethyl thio-
phenols were particularly effective at initiating the reaction.
One particularly interesting type I, thiol−ene initiating

system was developed by Li et al., who attached oxime-ester
coumarin groups to the surface of upconverting nano-
particles.135 Upon absorption of NIR light at 974 nm, these
nanoparticles would, through a combination of FRET and
photon upconversion, cause cleavage of the oxime ester bond,
resulting in the release of phenyl radicals to initiate bulk thiol−
ene reaction. The authors compared this release of reactive
radicals to the dispersion of dandelion seeds (Figure 45).

Type II initiating systems, in which the initiator, from an
excited state, undergoes a multistep electron transfer reaction
with a co-initiator (frequently an amine) to generate the
initiating radical species, are also frequently used in thiol−ene
reactions. In this case, the thiol itself may serve as a co-
initiator, donating a hydrogen atom to the excited
chromophore, obviating any need for the presence of other
co-initiating species. Substantial variability in initiator
efficiency when employing type II initiators has been reported,
however, with benzophenone, for example, and its derivatives
providing for efficient reactions but camphorquinone consid-
erably less so.136,137

As cleavage type radical photoinitiators typically absorb in
the UV and shorter wavelength visible spectrum in order to
conduct the radical thiol−ene reaction at higher wavelengths,
other initiating strategies have been and continue to be
developed. This can be accomplished by the use of transition
metal photoredox catalysts as type II photoinitiators. Upon
exposure to visible light, the thiol−ene reaction proceeds by
the formation of a strong metal−ligand charge transfer excited
state, which undergoes reductive quenching by a thiol to
generate the thiyl radical cation. The deprotonation of the
radical cation then generates a thiyl radical, which then

participates in the thiol−ene reaction cycle as described
previously. For example, the most efficient ruthenium catalysis
for the thiol−ene click reaction, using Ru(bpz)3(PF6)2, was
found to occur in the presence of an excess of thiol; however,
bulkier thiols such as cyclohexyl and tert-butyl mercaptan
required longer reaction times.132 Addition of p-toluidine,
which exhibited thiol-activating capabilities, either via direct
hydrogen atom abstraction or sequential electron- and proton-
transfer steps to afford the chain-propagating thiyl radical
species, improved the rate of reaction by circumventing the
slow direct photooxidation of thiol with Ru*(bpz)3

2+.132,138

Various other metal-based photoredox catalysts, like, Ru-
(bpy)3Cl2, fac-Ir(ppy)3, and zinc tetraphenylporphyrin (Zn-
TPP) have been similarly exploited but are often associated
with low catalytic efficacy and lower conversion, which has led
researchers to explore a metal-free organic photoredox catalyst,
eosin-Y.138−140 An organic photocatalyst, 9-mesityl-10-meth-
ylacridinum tetrafluoroborate, designed by Zhao et al., resulted
in efficient thiol−ene conjugation involving biomolecules.127

Although this visible-light-mediated photoredox catalysis under
neutral conditions resulted in high yield and few side products,
it did require long irradiation times (1−24 h) and high light
intensities.

2.3.1.2. Thiol Influence on Rate. The dependence on the
rate of reaction of the thiol’s molecular structure, although
incompletely examined, is significant. Among the most
frequently used thiols in thiol−ene reactions are mercapto-
propionates, mercaptoacetate, and alkyl and aromatic thiols.
Mercaptopropionates are more reactive than mercaptoacetates,
which, in turn, are more reactive than aliphatic thiols. This
relationship is attributed to the weakening of the S−H bond by
intramolecular hydrogen bonding between the thiol proton
and the carbonyl that is facilitated by the favorable formation
of a six-membered structure in mercaptopropionates and
similar thiols.141,142 Such hydrogen bonding would be
considerably less effective in mercaptoacetates and absent
entirely from the alkyl thiols.
While secondary and tertiary thiols are infrequently used in

thiol−ene reactions, their employment may provide advantages
in terms of formulation stability. Varying the thiol substitution
from primary to secondary to tertiary has substantial effect on
the reaction kinetics due to steric hindrance, although the
effect itself is highly dependent on the rate limiting step of the
reaction, which varies from alkene to alkene.143 As increased
sterics increase the activation energy more significantly for the
chain transfer step, relative to the propagation step, those
reactions that are limited by the rate of chain transfer (e.g.,
reactions with allyl ethers) are particularly affected. However,
under most commonly used conditions for thiol−ene
reactions, secondary thiols generally perform adequately.
Examination of rates in more dilute conditions, however,
have not been reported. While the degree of substitution of the
thiol has been shown to affect the rate of chain transfer, other
evidence indicates that the propagation step can also be
negatively influenced by electron withdrawing group sub-
stituents proximal to the thiol.144

2.3.1.3. Alkene Influence on Rate. Apart from initiator, the
most widely explored influence on reaction rate may be the
selection of alkene. Early experimental evaluations of the rates
of reaction with various alkenes indicated that ring strained
(e.g., norbornenes) and electron rich (e.g., vinyl ethers)
alkenes reacted most rapidly, while electron poor alkenes such
as acrylates and maleimides react more slowly (Figure 46).145

Figure 45. Initiation of thiol−ene reactions with NIR exposure is
accomplished by release of initiating radical from upconverting
nanoparticles, which, upon absorption of photons, cause the
decomposition of the pendant oxime ester coumarin via a
combination of FRET and photon upconversion.135
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Subsequently, the propagation rate was shown to be directly
correlated to the electron density of the alkene, with the chain
transfer rate being inversely proportional to the stability of the
carbon-centered radical.146 Computational modeling studies
have elucidated the relationship that exists between alkene
structure and the activation barrier to propagation and chain-
transfer. This kinetic analysis demonstrates the importance of
the stability of the carbon-centered radical intermediate, which
exhibits direct influence on the chain-transfer activation
barrier, as well as the reversibility of the propagation step. It
is evident that a small change to the alkene structure would
significantly impact the rates of propagation and chain-transfer,
as well as the stability of the carbon-centered radical
intermediate, which would then directly influence the relative
rate constants kP and kCT.

147,148

There are other factors that may influence the rate of the
thiol−ene coupling reaction. The presence of radical inhibitors
or retarding agents, as would be expected, may interfere with
the initiation or other steps of the reaction. Interestingly,
however, inhibitory effects of oxygen (a considerable problem
in acrylic radical chain addition reactions) is muted in most
thiol−ene couplings. Additionally, in contrast to thiol-Michael
additions, thiol−ene reactions proceed quite rapidly in neutral
or acidic conditions. Thiol−ene coupling reactions can also be
performed in mildly basic conditions, although deprotonation
of the thiol precludes effective chain transfer, so the reaction
will not proceed in strongly basic environments. Moreover,
even small quantities of generated thiolate can result in the
formation of metastable disulfide radical anion species that
effectively retard the thiol−ene reaction.149 Because their
generation requires the presence of thiolate anions, the
propensity for base-mediated retardation of the thiol−ene
reaction is largely dependent on the pKa of the respective thiols
as well as the strength and concentration of the base in the
system. In general, the thiol−ene reaction is extremely
accommodating to a variety of reaction conditions.
2.3.2. Thiol−yne. The radical thiol−yne reaction is

analogous to the thiol−ene click chemistry although
considerably less well explored. Recently the reaction has
received significant attention, particularly in its suitability for
synthesis of dendrimers, modification of peptides and protein,
as well as for surface functionalization. An important and
distinguishing feature of the thiol−yne reaction compared to
thiol−ene reactions is the ability of one equivalent of the
alkyne to react with two equivalents of thiol, resulting in a
double addition product with 1,2-regioselectivity. As with the
radical thiol−ene reaction, radical thiol−yne reactions may be
performed open to ambient atmosphere and in aqueous
conditions, and like other click reactions, it can be performed
at room temperature with relatively high reaction rates. The
radical thiol−yne reaction proceeds similarly to two consec-
utive thiol−ene reactions (Figure 47) and is initiated similarly
to the thiol−ene reactions. An initiating radical is generated

that abstracts a hydrogen atom from a thiol, resulting in the
formation of thiyl radical. The sulfur centered radical adds to
the carbon−carbon triple-bond, resulting in the formation of a
carbon-centered vinyl sulfide radical. Abstraction of a hydrogen
from another thiol (chain-transfer) yields the intermediate
vinyl sulfide and regenerates the thiyl radical. The vinyl sulfide
subsequently undergoes a second addition of thiyl radical,
yielding a carbon-centered radical which then undergoes a
second chain transfer reaction with thiol, producing the double
addition product and another thiyl radical. Fairbanks et al.
demonstrated that for the reaction of mercaptopropionates
with aliphatic alkynes, the second addition of a thiol to the
vinyl-sulfide was approximately three times faster than the
initial thiol−yne reaction,150 an observation that has
subsequently been computationally validated.148 This relation-
ship (i.e., the rate of the second addition exceeding the rate of
the first) was observed for other thiol−yne pairs although not
universally; reactions with methyl propiolate and propargyl-
amine showed slower thiol−vinyl sulfide reactions than initial
thiol−yne reactions. It was also shown that the ring strained
cyclooctyne efficiently and quickly undergoes addition by thiyl
radical, as a consequence of releasing ring-strain associated
with the cyclic alkyne species. However, the addition of a
second equivalent of thiol to the cyclic vinyl sulfide is restricted
due to steric hindrance.47,151 Additionally, the spontaneous
reaction between the cyclooctyne and thiol were observed in
the absence of any light exposure, indicating limits to the
orthogonality of both the thiol−yne and SPAAC reactions.
Structures of various alkynes with their relative order of
reactivity toward mercaptopropionate are shown in Figure 48.
Similar to thiol−ene reactions, thiol−yne chemistry has been

successfully accomplished using UV and visible light photo-
initiators, which is the most commonly employed method-
ology. Kritchenkov and co-workers implemented an initiator-
free thiol−yne click reaction using ultrasound catalysis to
develop antibacterial chitosan derivatives, but only one

Figure 46. Relative reaction rates of various alkenes as determined experimentally and reported by Roper and Hoyle.145

Figure 47. Simplified mechanism of the radical thiol−yne coupling
reaction consisting of sequential propagation chain-transfer cycles.150
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substitution of thiol was observed, although the authors do not
speculate as to why this is the case.152 Similarly, upon use of
photoredox catalyst monoadduct vinyl sulfide products
predominate, usually as a mixture of E:Z anti-Markonikov
form.153,154 One plausible explanation for the reaction
regioselectivity and stereoselectivity is the concerted effects
of single electron oxidation of the thiol moiety from the excited
state of eosin Y and the steric influence of the substituent.
However, the organic photocatalyst, 9-mesityl-10-methylacri-
dinum tetrafluoroborate, produced diadducts when less
sterically hindered thiols were used, providing corresponding
adducts in good yields.155

Like the thiol−ene reaction, the thiol−yne reaction can be
performed open to the air and presumably is similarly affected
by the presence of base that results in the generation of
disulfide radical anion retardants. While examination of the
effects of the thiol substitution on reaction rate have yet to be
conducted, given the chain transfer rate dependence of the
reported thiol−yne reactions, it may be speculated that
secondary and tertiary thiols would have adverse effects on
the overall reaction rates.
2.3.3. Other APT Reactions: Iodo−ene, Silane−ene,

and Phosphane−ene. Thiols are particularly effective chain
transfer agents, making them especially suited to APT
reactions. Other chain transfer moieties, however, may also
participate in such similar mechanisms. Although these
reactions are generally not considered “click” reactions, they
warrant mention, in no small part because their examination
and applications have been so heavily informed by the study of
thiol−ene couplings.
One such example is the iodo−ene reaction wherein iodo

compounds add radically to alkenes, the iodine atom filling the
role in chain transfer that the hydrogen atom fills in thiol−ene
reactions. Obstacles to the wide adoption of the iodo−ene
reaction include the relatively poor reactivity of nonfluorinated
iodocompounds and the propensity for side reactions of the
iodides generally.156 The presence of fluorine adjacent to
iodide results in the enhancement of the chain transfer of
iodine due to the electron withdrawing ability of the fluorine.
Among many other perfluoro derivatives, perfluoroiodide has
been observed to exhibit high efficiency and reactivity. For
example, perfluorohexyl iodide exhibits better efficiency as
transfer agent when compared to 1,1,2,2-tetrafluoro-3-
iodopropane and 1,1,1,3,3-pentafluorobutane, which resulted

in lower conversion.157−159 Although not widely used, the
iodo−ene reaction imparts various advantageous properties,
depending on the desired application, to materials thus formed
due to the presence of the fluorine atoms and conservation of
the iodo moiety, which can participate in subsequent
reactions.160,161

The silane−ene reaction shares many of the features of the
other APT reactions described previously, including its
insensitivity toward oxygen and the same one-to-one reactivity
of the thiol−ene and iodo−ene reactions.111,162,163 However,
the relatively high bond dissociation energy of Si−H bonds
disfavor chain transfer reactions to the silane, resulting in
relatively slow reactions. This drawback can be overcome by
employing silanes with low bond dissociation energies but
availability of such suitable silanes is severely limited.
Finally, one more reaction that should be noted is the radical

reaction between a primary or secondary phosphine and an
alkene.112,164 Via a mechanism similar to but inverted from
that of the thiol−yne reaction, primary phosphines may react
consecutively with two alkenes. The limited availability of
primary phosphines and their sensitivity to air may prevent
more frequent employment of this reaction, although air stable
phosphines have been synthesized by Guterman et al.165 and
polymerized via photoinitiation with a phosphine oxide
initiator.

2.4. Photoinduced Click Reactions Based on Thiolate
Nucleophiles

In addition to the radical mediated thiol−ene click reactions,
thiols are particularly effective functional groups for
nucleophilic addition click reactions.45,46,166−168 Chemically,
the high reactivity of these soft nucleophiles toward various
complementary reactive moieties, high conversions in short
time and their broad substrate scope make these click reactions
superior over other click chemistries. The very same feature
makes them susceptible to multiple simultaneous reactions and
thus may be unsuited for some orthogonal strategies. Because
the reactivity of thiolate nucleophiles varies based on the
nature of the thiolate, a fine-tuning of the reactivity is also
possible by wise choice of the substrates. Among the
nucleophilic thiolate mediated click strategies, those which
are interesting to both chemists and biologists are the thiol−
epoxy, thiol−isocyanate, and thiol-Michael additions and are
discussed in the following sections with particular emphasis on

Figure 48. Order of alkyne reactivity toward mercaptopropionates. Notable is that while the initial addition rate is fastest in the ring-strained
cyclooctyne, subsequent addition was not observed.36

Figure 49. Various photolatent thiolate nucleophile mediated click reactions.
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the versatile photoinduced thiol-Michael click reactions
(Figure 49).
2.4.1. Photolatent Base/Nucleophile Catalyzed

Thiol−Epoxide Click Reactions. Addition of a thiolate
nucleophile to a strained ring such as oxirane is among one of
the most prominent thiolate-mediated click reactions
known.49,166,169 In general, these ring opening reactions are
catalyzed by appropriately strong bases that are capable of
deprotonating the thiol more efficiently. To achieve spatial-
temporal control, several photobase generators have been
developed and their performance in various thiolate mediated
click reactions has been extensively studied in recent
years.170,171 Ideally, an efficient photobase generator should
have a suitable chromophore for good absorption at a desired
wavelength and should be able to produce active species in
high yield upon photoexcitation. Thioxanthone,172 trans-o-
coumaric acid,173 o-acyloxyime,174 pthalimidocarbamates,175 α-
ketocarbamates,176 and o-nitrobenzyl carbamates177 are a few
among the well-known chromophores used for this purpose. In
general, highly efficient photobase generators are often
necessary to achieve the thiolate mediated click reactions

efficiently. However, there are very few reports on the
photobase generators that are capable of releasing robust and
stable tertiary amine bases suitable for nucleophilic ring
opening click reactions.172,178,179 For example, Salmi et al.
developed a series of photobase generators in the form of a
quaternary ammonium salts of phenylglyoxalate that are
capable of releasing strong bases such as DBU, DBN, and
TMG upon exposure to UV light via photodecarboxylation and
were successfully applied in the photo-cross-linking of epoxide-
based resins.178 Thus, by using an appropriate base, near-
quantitative conversion could be easily achieved in these
reactions without forming any byproducts. Tetraphenyl borate
salts of bicyclic guanidinium is another family of short-wave
photobase generators that are capable of generating a much
stronger base than the strongest base DBU.180 Upon
photoexcitation, the BPh4

− ion undergoes rearrangement
which can abstract a proton from the neighboring TBD·H+

cation to release the free base (TBD) (Figure 50). The
trivalent arylborane then decomposes further to aromatic
byproducts.

Figure 50. Proposed mechanism of the photogeneration of TBD from TBD·HBPh4. Adapted with permission from ref 180. Copyright 2008
American Chemical Society.

Figure 51. Mechanism and functional group reactivity consideration for base catalyzed thiolate mediated epoxide ring opening click reaction.
Figure adapted with permission from ref 187. Copyright 2020 American Chemical Society.
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An interesting feature of the base catalyzed thiol−epoxide
click reaction is the reduced volumetric shrinkage which is
caused by the reduction in free volume during the formation of
covalent bonds.181 Thus, the thiol−epoxy/thiolacrylate hybrid
photopolymer produced using a combination of free radical
photoinitiator (ITX) and photobase generator (TBD·HBPh4)
system exhibited low shrinkage along with enhanced
mechanical and physical properties upon increasing the
thiol−epoxy content.182 In another example, Chen et al. used
a photogenerated TBD base for delayed photopolymerization
of the thiol−epoxy resin to demonstrate an efficient photo-
polymerization of pigmented or thick composites.183 In their
work, the thiol−epoxy resin formulated with a photoinitiator
(ITX) and photobase generator (TBD·HBPh4) system was
exposed to UV to release the active tertiary amine base at room
temperature. After the release, the resin mixture was
mechanically stirred to cause the diffusion of the active base
species and then heated at elevated temperature to complete
the thiol−epoxy click polymerization. Because no polymer-
ization occurred at room temperature, the liquid resin
formulation could be further processed to the desired size
and shape.
The general mechanism of photoinduced thiol−epoxide

click reactions involve the deprotonation of a thiol by a
photogenerated strong base followed by ring opening of the
epoxide via the nucleophilic addition of the thiolate anion on
the less hindered and most electrophilic site on the epoxide
ring. As the secondary alkoxide is the most basic component
generated, it autocatalyzes the polymerization via a proton
transfer from a new thiol to the secondary alkoxide, producing
a new thiolate anion for subsequent reactions. During this
process the secondary alkoxide is quenched by a proton
transfer from the thiol to the alkoxide, resulting in the
quenching of the alkoxide to a secondary hydroxyl group.
Reaction rates depend on the reaction conditions and the
nature of the thiol and epoxide structure (Figure 51).
However, the absence of any acidic protons or strong
nucleophiles like a thiol in the system results in homopolyme-
rization of the epoxy groups. The structure of the polymer
backbone is thus determined by the proton transfer to alkoxide
ion as reported by Frec̀het and co-workers and coined the
name “proton transfer polymerization.”184−186

The key benefit of using the thiol−epoxide click reaction in
micro- and nanopatterning is the reduced polymerization
induced shrinkage, providing dimensional stability especially at
lower length scales. Recently, Khan et al. demonstrated the
photoinduced proton transfer thiol−epoxide polymerization
for micro- and nanopatterning using a photolabile salt prepared
by the supramolecular complexation of a guanidine base and
DBU with benzoylphenyl propionic acid (ketoprofen).187 The
authors have successfully demonstrated the thiol−epoxide ring
opening polymerization and further polymer modification for
micro- and macropatterning. The imprinted features were
further modified with fluorescent dyes via the AgBF4 mediated
alkylation of thioether linkages.

Another key benefit of thiol−epoxide based click reaction is
the formation of β-hydroxythio-ether groups with high
adhesion properties which further enable the postpolymeriza-
tion modification for polymer surfaces. Coupled with photo-
labile o-nitrobenzene chemistry, Romano et al. used photoclick
thiol−epoxide reaction to alter the bulk and surface properties
of thiol−epoxy based network polymers. For this purpose, the
authors used a difunctional epoxy monomer containing o-
nitrobenzylester groups in combination with multifunctional
thiol to form the thiol−epoxide network. The thiol−epoxide
ring opening was initiated with photolatent 1,5-diazabicyclo-
[4.3.0]non-5-ene (DBN). To avoid the interference of the
photoexcitation of the base with o-NB absorption, the
photosensitivity of the base was further extended to the visible
region by incorporating the photosensitizer ITX in the resin
formulations. Nearly complete conversion of the thiol and
epoxide functionalities was achieved upon exposure to the
visible light at 400 nm without any damage to the imbedded o-
NB groups. After the network formation, the wettability,
solubility, and the cross-link density of the bulk film were
altered via the photo cleavage of the imbedded o-NB groups,
which upon UV exposure cleaves the ester linkage to release
the carboxylate groups.188

In summary, the photolatent base catalyzed thiol−epoxide
click reaction is certainly a valuable tool for researchers
working in both chemistry and biological fields. The
commercial availability of a large number of small molecule
epoxides and thiols and their ability to reach higher conversion
in both aqueous and solvent free conditions make them a
frequently employed chemistry for biomedical applica-
tions,189−191 suggesting a potential role for the photomediated
reaction. Moreover, the enhancement in material properties
such as low polymerization shrinkage and strong adhesion,
coupled with spatiotemporal control achieved by photo-
chemical methods and tolerance toward radical reactions, are
the key benefits of the photoinduced thiol−epoxide click
reaction. However, the requirements for highly efficient
photobase generators and the nature of thiol structures are
few hindrances to this approach.

2.4.2. Photolatent Base Catalyzed Thiol−Isocyanate
Click Reactions. Thiourethanes, the sulfur analogue of
urethane, are another prominent class of high yielding click
reactions that does not form any byproduct.166,192 By using
appropriate catalysts such as tertiary amines or tryalkyl
phosphines, excellent conversions are achieved in short times
with no other side reactions. The incorporation of thiour-
ethane groups in the network polymer results in polymeric
materials with significantly enhanced material properties
through extensive hydrogen bonding interactions. Other key
benefits of using thiourethane click chemistry are the
significantly higher refractive index and enhanced uniformity,
leading to a narrower mechanical transition than the
corresponding polyurethanes which makes them suitable for
various optical materials development.50 The mechanism of
photoinduced thiol−isocyanate click reactions follows a two-
step process identical to that of the radical thiol−ene click

Figure 52. Mechanism of the photolatent base-catalyzed thiol−isocyanate click reaction.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.0c01212
Chem. Rev. 2021, 121, 6915−6990

6942

https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig52&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig52&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig52&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig52&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c01212?rel=cite-as&ref=PDF&jav=VoR


reaction involving the attachment of photogenerated thiolates
with carbonyl carbon followed by a chain transfer to a thiol or
any proton donating species in the system (Figure 52).
The reaction kinetics of the thiol−isocyanates click reaction

are typically fast with primary and secondary thiols adding
across aryl isocyanates but at a slower rate with alkyl
isocyanates.166 Another advantage of using the thiol−
isocyanate click reaction is the orthogonality of the isocyanates
group toward radical polymerization conditions. This key
feature has been used in formulating segmented linear
polymers193 and network polymers194 via the sequential radical
thiol−ene and thiol−isocyanate click chemistries and more
recently in two-stage holographic photopolymers195 and
surface modification of functional polymeric surfaces.196 In
one recent example reported by Shin et al., fine-tuning of the
poly thiourethane network was achieved when thiol−
isocyanate click polymerization was initiated by using photo-
lytically generated tributylamine.51 The photolytically gen-
erated tertiary amine was able to initiate the thiol−isocyanate
click reaction, reaching nearly quantitative conversion in
minutes to form highly elastic polymers with varying cross-
linking densities. Furthermore, these materials showed
excellent energy damping performance due to a narrow glass
transition coupled with the extensive hydrogen bonding
interactions.

To summarize, the photoinduced thiol−isocyanate click
reaction is an emerging, highly efficient click reaction that has
large potential in both synthetic chemistry and biology fields
due to its fast reaction kinetics, excellent conversion, and
orthogonality toward radical reactions. Moreover, their ability
to achieve higher refractive index than comparable polyur-
ethane analogues makes them most suitable for optical
materials development. However, the competing reactivity of
isocyanates in protic media and low shelf life stability might be
the few shortcomings of this click strategy.

2.4.3. Photolatent Base/Nucleophile Catalyzed Thiol-
Michael Addition. Although many photolatent base/
nucleophile catalysts described in the literature are effective
in thiol−epoxide and thiol−isocyanate reactions, they have
limited potential in thiol-Michael addition click reactions. The
reason for this lack of preference is presumably due to the
undesired formation of radical intermediates during the
photoinduced dissociation that trigger competitive radical
reactions or homopolymerization of activated alkenes such as
the common acrylate Michael acceptors.
The Michael addition click reaction involves the facile and

selective addition of a nucleophile to an α,β-unsaturated
carbonyl, resulting in a Michael adduct with a wide variety of
C−X bonds such as C−C, C−N, C−S, and C−O.197,198
Among these, the Michael addition of a thiolate anion to the
α,β-unsaturated carbonyl is considered one of the most

Figure 53.Mechanism of (a) base and (b) nucleophile catalyzed (c) thiol-Michael addition click reaction cycle. In the case of photomediated thiol-
Michael addition, the base species, B:, is most often generated by photodecomposition of a photolatent base.

Figure 54. (a) pKa values of commonly used thiols in Michael addition click reaction, (b) reactivities of commonly used vinyl groups in thiol-
Michael addition click reactions.152,186
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explored and widely implemented click reaction, particularly in
network polymerization, polymer functionalization, and
bioconjugation.166,168,199 Unlike the radical mediated thiol−
ene reaction, the thiol-Michael addition requires an activated
carbon−carbon double bond typically employing an electron
withdrawing group in conjugation with the double bond. The
ability to perform this robust reaction with high efficiency
under simple, highly regiospecific, high yielding conditions
qualifies the criteria for nearly ideal click reaction. The thiol-
Michael addition click reaction occurs typically through one of
two distinct pathways: traditional base catalyzed or nucleophile
catalyzed. In the base catalyzed reaction protocol, a base such
as Et3N is typically used to deprotonate the thiol generating a
thiolate anion. The strongly nucleophilic thiolate anion then
reacts with the electron deficient carbon−carbon double bond,
producing a carbanion intermediate followed by subsequent
deprotonation of the next thiol or the conjugate acid of the
base leading to propagation,199 whereas in the nucleophilic
mechanism, the nucleophile first attacks the electron deficient
carbon−carbon double bond, generating a carbanion which
then deprotonates the thiol, instigating the reaction cycle
(Figure 53).
The efficiency of the reaction depends on the nature of the

thiols, electron deficient bonds, and chemical environment
such as solvent polarity and strength and concentration of the
base or the nucleophile catalyst.200,201 The reactivity of the
thiols may vary based on their pKa and the chemical
environment. Similarly, the structure of the ene also plays an
important role in the kinetic properties of the click reaction. It
has been found that the more electron deficient C−C double
bonds are more susceptible to Michael addition click reactions
(Figure 54).168,202 Apart from these prominent electron
deficient vinyl functionalities, aklynones203 have also emerged
as efficient and promising Michael acceptors for multiple thiol-
Michael addition click reactions. Quite recently, Van Herck et
al. explored the utility of this chemistry as a versatile cross-
linker for the thiol−yne Michael addition based covalent
adaptable polymer network.204 The kinetic model studies using
a small thiol-Michael−yne system revealed that the exchange
rates are significantly varied depending on the steric and
electronic nature of the alkynone cross-linker. Moreover, this
thiol-Michael−yne system has a large potential for photo-
induced thiol−yne dynamic systems in the near future.
A general kinetic mechanism supported with mathematical

modeling for nonradical 2-(2-nitrophenyl)propyloxycarbon
tetramethyl guanidine (NPPOC-TMG, Figure 55) mediated

thiol-Michael click reaction, GDMP, and ethyl vinyl sulfone
model monomers showed an increase in the reaction kinetics
upon increasing the light intensity and/or initial photobase
concentration.205 The reaction kinetics were also found to be
more sensitive to the intensity changes at low light intensity
when compared to the changes in light intensity at high
intensities. Furthermore, minor variations in the initial
photobase concentration have a significant impact on the
reaction kinetics. These modeling studies indicate that the
overall polymerization kinetics follow a pseudo-first-order
reaction rate equation in base and coreactant concentrations,
determined by kp/kCT, which in turn depends on the rate
limiting step. One of the key features of such photobase
catalyzed step-growth thiol-Michael addition click reactions is
its unique living nature enabling an extended dark-cure
reaction, resulting from the lack of radical mediated
termination.
Although there exists earlier reports on photolatent base-

induced thiol−epoxide click chemistry, the first photolatent
base catalyst mediatedthiol-Michael click chemistry was
introduced by Xi et al. in 2013.52 In their work, 2-(2-
nitrophenyl)propyloxycarbonyl (NPPOC) caged photolabile
primary amine (hexylamine) was used as the nucleophilic
catalyst. Upon irradiation with 320−390 nm UV light, the
photocleavage of the NPPOC group released hexylamine via
an aci-nitro intermediate mediated pathway. The released
hexylamine initiated the thiol-Michael addition click reaction
of thiol glycolate and methyl acrylate model monomers
efficiently, with up to 90% conversion in 30 min. Real-time
FTIR revealed that the photoinduced catalysis proceeds in two
stages with a delayed upturn nearly at 6 min, which is
presumably attributed to the slow formation of hexylamine and
anionic intermediates at the initial stages. Furthermore, this
photoinduced strategy was utilized in the formation of network
polymers by using multifunctional thiols and acrylates. A year
later, the same authors expanded the photocaged amines
catalysts with more efficient photolabile species.206 For this
purpose a series of NVOC and NPPOC photocaged amines
(Figure 55) was synthesized using hexylamine, diethylamine,
and TMG as bases. Among those, amines caged with NPPOC
exhibited higher quantum yields than that of NVOC caged
ones, presumably due to the quenching of released amines with
the redox byproduct o-nitrobenzaldehyde of NVOC upon
irradiation.
The thiol-Michael addition of the model compounds n-

butylthiolglycolate and ethyl acrylate using photolabile TMG
exhibited over 90% conversion within several minutes,
exceeding that observed with photoinitiation with latent
primary and secondary amines. This behavior was consistent
with the higher pKa of TMG. Additionally, the spatial and
temporal control of these catalysts was demonstrated in
photopatterning and kinetically controlled two-stage polymer
network formation. It should be noted that resolution in
photopatterning was achieved by precluding diffusion of
catalyst in rapidly cured, glassy networks. Photopatterning
would presumably be less effective in rubbery and low cross-
link-density materials.
Further to these investigations, Chatani et al. reported visible

light initiated thiol-Michael addition polymerization using a
ITX/tetraphenylborate system in combination with catalytic
amounts TEMPO (Figure 56).53 In this approach, ITX that
possess longer wavelength absorption (>400 nm) was used as a
photosensitizer to push the performance of PGBs to longer

Figure 55. Photolytic pathway of NVOC−amine and NPPOC−
amine compounds.206
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wavelengths via the triplet energy transfer from ITX to PGBs.
Such an energy transfer process and the degradation products
of tetraphenylborate often involve the generation of radical
intermediates, causing the unwanted radical mediated acryl-
ate−acrylate chain growth homopolymerizations to
occur.182,194 The incorporation of catalytic amount of the
radical inhibitor, TEMPO, in combination with the photo-
initiating system resulted in significantly reduced radical
reactions.
Coupling strong bases such as TMG with visible light

responsive protecting groups such as coumarin derivatives
serves as a highly efficient photobase generator for thiol-
Michael and other thiolate anion mediated click reactions. In
2016, Zhang et al. explored the visible light induced photolysis
of a coumarin−TMG photobase and successfully demonstrate
its catalytic activity in thiol-Michael addition click reactions in
small molecules as well as in polymer settings (Figure 57).207

This photobase generator with a quantum yield of 0.044 was
able to catalyze the Michael addition of various monothiols
and DVS to nearly quantitative conversions upon irradiating
with 400−500 nm light in a very short period of time (as little
as 5 min). Moreover, the thiol-Michael photopolymerization of
PETMP and DVS showed faster reaction rates by using a
coumarin−TMG photobase compared to that of coumarin−

hexylamine analogue which is attributed to the difference in
the basicity of the released base.208

One major challenge associated with the photobase-induced
click reaction is that low quantum yields result in a low
concentration of photobase generated via dissociation. One
approach that developed to circumvent this shortcoming is the
phototriggered base proliferation system.209 The base pro-
liferation mechanism involves autocatalytic decomposition of a
base amplifier, triggered by the catalytic amine generated from
a photobase generator, resulting in a dramatic increase in the
base concentration. In 2017, Xu et al. reported the use of
NPPOC caged hexylamine and Fmoc protected hexyl amine as
a photobase and base amplifier, respectively.210 Upon
irradiation with 365 nm UV light, the n-hexylamine liberated
from NPPOC-hexylamine triggered the base proliferation
reaction. Thus, the liberated hexylamine nucleophile diffused
further into nonirradiated regions to activate base proliferation
and effectively catalyze the thiol-Michael addition reaction of
monothiols with acrylic acid to achieve >90% conversion.
Another interesting aspect of the photobase induced thiol-

Michael addition click reaction is the possibility for dark
curing, i.e., the continuation of the click reaction or curing
process even after the light is turned off. Unlike radicals which
usually have very short life times due to recombination and
disproportionation, the released base/nucleophile remains

Figure 56. Photosensitization system for photobase-catalyzed thiol-Michael additions with photosensitizer (ITX) photolatent base (TBD-HBPH4)
and radical scavenger (TEMPO) to mitigate homopolymerization of acrylate Michael acceptor.53

Figure 57. Proposed photolysis mechanism of coumarin−TMG upon visible light irradiation.207

Figure 58. Mechanism of phototriggered base proliferation system for initiating the thiol-Michael addition reaction.208
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active throughout the completion of the reaction and therefore
facilitates high conversions, even following termination of light
exposure. To this end, Sinha et al. demonstrated an effective,
light-activated dark curing possibility of phototriggered base
amplification in thiol-Michael click addition (Figure 58).208 In
their work, various combinations of photocaged amine
(NPPOC-amine) and base amplifier (Fmoc-amine) were
evaluated for the thiol-Michael addition reaction between
various thiols and two different Michael acceptors, an acrylate
and a vinyl sulfone, and exhibited noticeably higher final
conversions for photoinduced thiol-Michael addition reactions.
Furthermore, this enhancement in reaction kinetics and
conversion was implemented in the preparation of cross-
linked network polymers with efficient dark cure rates with
limited light exposure.
In summary, photoinduced thiol-Michael click reactions

proceed with high efficiency and follow the majority of the
criteria recommended for an ideal click reaction, excellent
conversions, and fast reaction kinetics. The reactivity of various
substrates used in this click reaction can be finely tuned by
varying various parameters such as the nature of the thiol,
electron beneficent vinyl groups, the light intensity, and pH.
However, implementation of the photoinduced thiol-Michael
addition is challenging due to undesired photogeneration of
radical species along with the intended base catalyst, which
often leads to homopolymerization of electron deficient
carbon−carbon double bonds such as acrylates and, in
biological applications, may adversely affect sensitive bio-
molecules. The future development of effective and selective
photolatent bases and nucleophilic catalysts is therefore an area
of continued research.
2.4.4. Click Reactions Based on Photolatent Thiols

and Other Nucleophiles. 2.4.4.1. Photolatent Thiol
Mediated Michael Addition Click Reactions. Photomediated
thiol-Michael addition can also be facilitated and controlled by
employing photoremovable protecting groups or caging groups
that have been developed to mask specific click functionalities
such as thiols.211−213 Upon irradiation, with light of suitable
wavelength controlled release of highly nucleophilic thiolate
anions is achieved, followed by subsequent clicking of the
released thiols with their reactive complements (Figure 59).
Unlike other photoclick reactions described herein, these
reactions frequently release relatively large byproducts from
the photodecomposition of the photoprotected thiol. Tetra-
zole−alkene reactions release only nitrogen, sydnone−alkene
reactions release carbon dioxide, and cyclopropenone-based
photoSPAAC reactions release carbon monoxide. By contrast,
photodeprotection of thiols may release compounds with
molecular masses in the hundreds. As the criteria for click
chemistry requires the generation of easily removed and
inoffensive byproducts, it is justified to question the
categorization of such reactions as “photoclick.” Their
description is included here because nucleophilic Michael
additions were among the original click reactions described by
Kolb et al,.2 and in the applications in which these
photodeprotection Michael reactions are employed, (e.g., in

the context of macromolecular coupling and surface
modification), the photocleaved byproducts are frequently
small relative to the reactants and either easily removed or
tolerated.
The use of photocaged thiols has emerged as an interesting

strategy, particularly in the field of biomaterial development
and photopatterning. Because of its high nucleophilicity and
reactivity toward various click reactions, researchers preferred
thiols as photolatent functionality over ubiquitous amine and
relatively less reactive alcohols.212

The first and the most widely used photoprotecting group
for most of the click functionalities including thiols was the o-
nitrobenzyl derivatives that was developed by Barltrop et al. in
the 1960s.214 These caging groups can be cleaved upon
irradiation with UV light at 365 nm and has been proposed as
a versatile caging group since the 1970s.215 The photorelease
mechanism of o-nitrobenzyl protected groups has been studied
by many researchers using time-resolved spectroscopy on the
parent o-nitro toluene and several other o-nitrobenzyl
derivatives.216−219 The primary photoreaction mechanism for
the release of o-nitrobenzyl protected functional groups
proceeds via aci-nitro tautomer intermediates in the ground
state formed by the hydrogen transfer from the o-alkyl
substituent to the nitro group. The decay of these aci-nitro
transient intermediates follows a biexponential rate law due to
the formation of both tautomers and vary strongly with
substitution, solvent, and pH in aqueous solution.218 The thus
formed o-quinonoid intermediate undergoes cyclization to N-
hydroxybenzisoxazolidine followed by a ring chain tautomer-
ism to release the caged functionality and nitrosobenzaldehyde
byproduct (Figure 60).220,221

Although there exist several variations in o-nitrobenzyl
caging groups with varying substituents on the benzene ring as
well as on the benzylic methylene, the generic form of this
photoprotection group (PPG) with no substitution is usually
preferred for thiols in which the leaving thiol is directly
attached to the benzylic site. However, for alcohols and
amines, the carbonic acid derivatives are preferred as this forms
the better leaving group and is easily protected by using
commercially available chloroformates. One of the key features
of this deprotection-click strategy is that its orthogonality,

Figure 59. Photouncaging thiol and subsequent thiol-Michael addition click reaction.

Figure 60. Mechanism of photouncaging of o-NB caged thiol.220,221
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where the deprotection and the click reaction could be
performed in the presence of other catalysts that could be used
in the next stage. This versatile deprotection strategy has been
used to achieve excellent spatial and temporal in the
development advanced biomaterial with tunable material
properties.222,223

Recently, Pauloehrl et al. explored the feasibility of this
highly efficient strategy in ambient temperature polymer end
functionalization and backbone modification.54 The authors
attempted the deprotection of ONB capped thiol end
functionalized PEG methyl ether in the presence of
initiators/catalysts such as α,α-dimethoxy-α-phenylacetophe-
none (DMPA) for radical thiol−ene and triethylamine (TEA)
and dimethylphenylphosphine (DMPP) for thiol-Michael click
reaction. Although a complete retardation of thiol-uncaging
was observed when the deprotection was carried out in the
presence of TEA at 320 nm UV light, a quantitative formation
of the desired thiol-end-capped species was achieved in the
presence of catalytic amounts of DMPA or DMPP with no
noticeable disulfide formation. Moreover, the authors were
able to demonstrate a nearly complete backbone modification
of an ATRP derived polyacrylate containing thiol-protected
pendant groups.
Although o-nitrobenzyl derivatives are by far the most

commonly used photocaging groups for thiols and other click
functionalities, the photolysis of these compounds forms
potentially toxic and strongly absorbing byproducts such as
o-nitrosobenzaldehyde. Another major drawback of this
strategy is the formation of nitrosobenzaldehyde derived side
products via the condensation of released amines with
nitrosobenzaldehyde. The brown-colored byproduct formed
via the decomposition of nitrosobenzaldehyde acts as an
optical filter by absorbing the incident light. Moreover, these
conventional photocaging groups were found to be inefficient
in releasing the substrates and lack two-photon sensitivity.55,224

In this context, the coumarin-derived photocaging groups
discovered by Roger Furuta et al. that could be efficiently
cleaved by two photon irradiation have become more popular
in recent years.225

A general uncaging mechanism of coumarin derivatives
starts with the relaxation to the lowest excited singlet state
(S1) 1[CM-X]*. The decay of the 1[CM-X]* singlet state
involved three different processes: fluorescence, nonradiative
processes, and a competing heterolytic C−X bond cleavage to
form an ion pair intermediate of coumarinylmethyl cation and
leaving group conjugate.226,227 Subsequent separation of the
base ion pair by polar solvents followed by the trapping of
coumarinylmethyl cation with the polar solvent leads to a new
stable coumarylmethyl product and along with uncaged
functional groups (Figure 61). Time-resolved absorption
studies showed that the heterolytic bond cleavage is the
fastest among the most rapid photorelease, with a rate constant
reaching 2 × 1010 s−1. However, the recombination of the tight
ion pair which leads to the regeneration of the ground-state
caged derivative occurs with a reaction rate of 2.3 × 109 s−1

and is 10 times faster than the hydrolysis rate of the separated
ion pair by polar solvent molecules.228 It has been found that
the rate of heterolytic bond cleavage and therefore the
efficiency of photorelease depends on the stability of the
singlet ion pair formed. If both of the components of the
singlet ion pair are stabilized, a significant weakening of the C−
X bond occurs during the excitation, which in turn depends on
the nature of the substituent at the 6,7 position of the

coumarin group. Therefore, the substitution of the coumarin
ring with electron donating groups to stabilize the cation and
the stabilization of released anion by lowering the basicity
should enhance the heterolytic cleavage and therefore the
uncaging efficiency. In addition, the factors that accelerate the
heterolysis also retard the recombination process. For the same
reason, the poor leaving groups such as alcohols, phenols, and
thiols facilitate heterolysis. In such cases, more efficient release
is achieved through the introduction of the carbonate linkages.
Heterolysis of these moieties give initially unstable carbonate
or thiocarbonates, which undergo decarboxylation to give free
alcohol or thiol.
Some of the key features of the coumarin-based photocaging

are the large molar absorption coefficients at longer wave-
lengths and rapid release rates. To improve its absorption
maximum, stability, and water solubility, researchers made
several modifications at C6 and C7 substituents on the
coumaryl group. Among these, the 6-bromo, 7-hydroxy
coumarin was found to be the most efficient for photocaging
thiols suitable for thiol-Michael type click reaction.
In an interesting inversion of the photoclick paradigm, the

nucleophilic thiol-Michael addition may be used to allow
subsequent photochemistry to take place. The high regiose-
lectivity of thiol−maleimide click reaction coupled with the
fluorescence quenching ability of maleimide has been used to
control the photocleavage of the coumarin phototrigger.229

The phototrigger design involves a photoinduced electron
transfer quencher (maleimide) coupled to 7-amino coumarin
dye (Figure 62). In the absence of any thiols, the PET takes
place from coumarin to the conjugated maleimide moiety
deactivating the S1 excited state preventing photocleav-
age.230,231 The Michael addition of a thiol to an electron
deficient maleimide restores the fluorescence and photo-
cleavage pathways, unlocking the phototrigger to release the
previously occluded functional moiety. The photorelease of the
thus released biotin was monitored by HPLC and UV−vis
absorption and fluorescence emission. The authors also
examined the target activation using various biologically
relevant compounds including amino acids as routine.

Figure 61. General uncaging mechanism of coumarin derived
PPGs.210,211

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.0c01212
Chem. Rev. 2021, 121, 6915−6990

6947

https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig61&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig61&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig61&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig61&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c01212?rel=cite-as&ref=PDF&jav=VoR


Although the coumarin-based thiol protecting groups such
as 7-amino coumarin and 6-bromo-7-hydroxycoumarin are
potentially useful and easy to synthesize, their uncaging
efficiency is often hampered by the undesired photoisomeriza-
tion. To address this issue, Distefano et al. developed 6-bromo-
7-hydroxy-3-methylcoumarin-4-ylmethyl as an alternative
coumarin-based caging group for thiols, in which one of the
hydrogens at the C-3 position was replaced by a methyl group.
On the basis of the photoisomarization mechanism, the
presence of alkyl substituent at the 3-position would prevent
the photoisomer formation by blocking the rearomatization of
intermediate 1 and the migration of sulfur to the C-3 position
due to the syn-pentane type interaction between the sulfur and
the C-3 methyl group (Figure 63). The one- and two-photon
photo uncaging efficiency demonstrated by using mBhc-caged
thiol containing peptide showed a clean and efficient
photocleavage upon irradiation without any detectable
formation of the photoisomer.55

Nitrodibenzofuran (NDBF) is another thiol photocaging
molecule that does not undergo photoisomerization and is
capable of uncaging thiol-containing peptides efficiently with
one- and two-photon irradiation (Figure 64).232 Recently,
Fisher et al. compared photuncaging efficiency of NDBF, Bhc,
and mBhc and demonstrated the superior efficiency of NDBF
biomolecule photopatterning.233

Bimane is another interesting compact photocaging group
with qualities that are advantageous for biology related studies
such as good water solubility, high stability in biological media,
and low toxicity to cells. Photocaging of the thiol group is

achieved by efficient reaction of bromobimane in the presence
of a base. The high reactivity of bromobimane toward free
thiols has been used for fluorescent tagging of proteins.234−236

Recently Truong et al. utilized this thioether bimane
photouncaging strategy for the cross-linking polymerization
of multiarm-PEG functionalized with various Michael accept-
ors such as acrylates, maleimide, and propargyl esters.237 Upon
irradiation with visible light at 420 nm, efficient release of
anionic thiols was achieved which spontaneously react with
various Michael acceptors efficiently in biological media
without the requirement of an additional catalyst (Figure
65). Cross-linking of the photouncaged multiarm thiol
occurred even at a pH of 6.9 indicative of the anionic form
of the released thiol.
The temporal control of the bimane thioether photo-

deprotection strategy was further demonstrated by stopping
and resuming photouncaging and trapping process by turning
the light on and off. Spatial control over the conjugation
process was demonstrated by photopatterning the biotin−
maleimide and was confirmed by the specific reaction of biotin
with TRITC−streptavidin.
Photoinduced thiol−isocyanate click reactions have also

been achieved via use of photocaged thiol. Hensarling et al.

Figure 62. Activation of a locked phototrigger via the reaction with thiol to form an unlocked phototrigger. The reaction of the maleimide
substituent with β-mercaptoethanol prevents PET quenching of the phototrigger, allowing subsequent photochemistry to occur. Adapted with
permission from ref 229. Copyright 2012 American Chemical Society.

Figure 63. Illustration of potential effects of C-3 substitution on photoisomerization process.55 A methyl group installed in the C-3 position
improves photolysis by preventing the migration of the thioether.

Figure 64. Nitrodibenzofuran has been shown to be an effective
photocaging group for thiols.233
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employed photocaged thiol strategy to enable postpolymeriza-
tion modification of pendant thiol polymer brushed using
thiol−isocyanate click chemistry.238 Upon irradiation with UV
light the photodeprotection of caged thiols released thiolate
anions for subsequent reaction with small molecule isocyanates
for surface modification of RAFT derived polymer brushes.
Modification of coumarin photocaging groups with an

electron-rich styryl moiety at the 3-postion enabled further
enhancement in long wavelength abortion, two photon
absorption, and quantum yields, resulting in rapid photo-
cleavage.239 This enhancement was attributed to the large π-
conjugated structure offered by the styryl moiety and
stabilization of the carbocation intermediate by electron
donors para to the styryl group. A comparative study of
these styryl modified PPGs displayed an uncaging quantum
yield of 0.19−0.7, which is approximately 3−10 times higher
than that of the parent diethyl aminocoumarin (0.07). After
the photolysis, the carbocation intermediate undergoes intra-
molecular cyclization rearrangement, forming a five-membered
ring (Figure 66). As a result, the conjugation at 3-position is
blocked, allowing the byproducts to photobleach after the
photolysis. These modified PPGs are therefore well-suited for
high concentration samples and thick specimens. The role of
electron donating and electron withdrawing substituents on
the styryl groups were supported by density functional theory
(DFT) calculations, showing that the electron-rich effect
significantly stabilizes the carbocation intermediate and enables
the styryl conjugated coumarin to undergo intramolecular
cyclization rearrangement to enable faster photolysis. In
addition, a further enhancement in the photolysis rate was

observed for the thione-modified PPGs due to the enhanced
intramolecular charge-transfer through the 3d empty atomic
orbitals of the sulfur atom.
While discussed previously in connection with the photo-

click IEDDA reactions, the photoreversible Michael addition
between o-naphthoquinone methide and thiols bears mention-
ing here as well.106 In contrast to the previously described
photomediated thiol-Michael additions, it is the Michael
acceptor that bears the chromophore and is generated by
absorption of photons rather than the thiol.

2.4.4.2. Other Photolatent Nucleophiles Mediated Click
Reactions. Photouncaging strategies have also been used
extensively with other functionalities such as aldehydes and
amines for subsequent photomediated coupling reactions. One
such reaction is the oxime ligation that involves the reaction
between an alkoxyamine (−ONH2) and an aldehyde (−CHO)
or ketone to form oxime linkages.240,241 The rare occurrence of
these two complementary click functional groups in living
organisms provides excellent bioorthogonality under physio-
logical conditions. Moreover, the kinetics of oxime ligation are
easily controlled by the pH and catalyst concentrations.240

Two main photouncaging approaches have been employed to
afford spatiotemporal control over such ligation involving the
photoinduced liberation of one of the complementary reactive
species. In the first approach, in situ photogenerated o-
nitrobenzaldehyde from o-nitrobenzyl alcohol was reacted with
free hydrazines or amines.242,243 For example, in 2016,
Azagarsamy et al. reported the utilization of phototriggered
hydrazone chemistry for the formation of cytocompatibile

Figure 65. Mechanism for the photouncaging of thiol−bimane in the presence of an electrophile.237

Figure 66. Proposed photolysis mechanism for the electron donor-styryl-conjugated coumarin-based PPGs as reported in ref 239.
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hydrogels using mutliarm-PEG postfunctionalized with hydra-
zine and o-nitrobenzyl alcohol functionalities. (Figure 67).242

Although hydrazone/imine-based click reactions are efficient
under physiological conditions, the reversible nature of these
chemistries leads to hydrolytic cleavage in just a few days
under physiological pH.244,245 This hydrolytic cleavage is
eliminated using an alternative approach. With oxime ligation,
the photodeprotected aldehyde reacts with an alkoxy amine,
forming an irreversible oxime functionality. In 2012, Pauloehrl
et al. implemented this strategy by employing the photo-
uncaging of an o-nitrobenzyl acetal under mild irradiation
conditions using 370 nm light to achieve rapid, quantitative
photouncaging of o-nitrobenxzaldehyde patterned on silicon
wafers followed by the oxime ligation reaction with amino oxy
functionalized biomolecules with excellent spatiotemporal
control (Figure 68).56,57

In a second approach, the photocaging of alkoximes with
NPPOC was utilized. The alkoxyamines generated in situ upon

photoirradiation directly participate in oxime bond formation
with the aldehydes.

2.4.5. Photoinduced Native Chemical Ligation. Native
chemical ligation (NCL) introduced by Kent and co-workers
in 1994 is one of the more powerful and widely used
methodologies for protein chemical synthesis.246 This reaction
involves an initial chemoselective transthioesterification
between N-terminal cysteinyl and C-terminal thioester frag-
ments, followed by a rapid intramolecular S to N acyl transfer,
to generate a native peptide bond under mild conditions. The
ability of NCL to proceed under mild conditions with a wide
range of substrates and high chemoselectivity makes it an
attractive ligation strategy for highly specific conjugation of
biomolecules. The very same features qualify NCL as a click
reaction. Beyond the chemical synthesis of peptides and
proteins, NCL has also been recognized as a straightforward
pathway to bioconjugation and labeling. A review detailing the
mechanism, scope, limitations on NCL, and extended methods
is available.247 In 2005, Ueda et al. reported purification free,
one-pot sequential native chemical ligation using 4-
(dimethylamino)phenacyl-type photolabile amine and thiol
protecting groups,248 where the photocaged amines exhibited
adequate stability toward acidic and basic reagents commonly
used in protein ligation chemistry. Along with the NCL
chemistry, the phototriggered amine release enabled efficient,
one-pot sequential NCL reactions under mild conditions
without the requirements for purification of the intermediates
or change in the ligation conditions. In another example,
Aihara et al. used the photocaged N-sulfanylethylanilide
peptide to synthesize a 41-residue SNX-482 by a one-pot,
sequential four-fragment ligation in an N to C direction as

Figure 67. Schematic representation of photoinduced hydrazone reaction.242

Figure 68. Photoinduced cleavage of a 2-[(4,5-dimethoxy-2-
nitrobenzyl)oxy]tetrahydro-2H-pyranyl derivative and subsequent
oxime ligation with hydroxylamine derivatives. R = C3H6COOH.

56

Figure 69. Mechanism and strategy of peptide/protein synthesis using photocaged N-sulfanylethylanilide peptide. Adapted with permission from
ref 249. Copyright 2016 American Chemical Society.
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illustrated in Figure 69. Upon thiol photo uncaging, the
inactive amide form undergoes intramolecular rearrangement
to an active thioester form in the presence of phosphate salt
and subsequent NCL.
To summarize, photouncaging click functionalities is an

established concept with continuing improvements moving
toward increased efficiencies and implementation as a
promising tool for various biological, materials, and synthesis
applications. This approach is well suited for temporarily
inactivating click functionalities, particularly in the presence of
biologically active molecules. Upon light irradiation, stoichio-
metric uncaging of the functional group facilitates the
subsequent click reaction with excellent spatial and temporal
control.

3. APPLICATIONS

As click reactions generally have been employed broadly across
a wide variety of synthetic applications photoclick reactions
specifically have similarly proven advantageous in addressing
challenges in diverse fields of (bio)chemical research and
development, albeit with distinct advantages and challenges
relative to nonphotomediated chemistries. Despite many
similar and overlapping benefits that span across nearly all of
the reactions discussed herein, photoclick reactions are far
from interchangeable; each has its own strengths and
weaknesses that determine the applications for which they
are best suited. Reactants bearing highly conjugated
chromophores may permit the reactions to take place at
higher wavelengths of light, but the increase in molecular
weight may be deleterious to the intended function of the
resulting product. Reactants that are activated by direct photon
absorption may benefit from no requirement for photolatent
catalyst or photoinitiator, but the requisite, relatively high
concentration of the chromophore may hinder scalability of
the reaction due to depleted transmittance of light through
optically thick samples. Photoamplified reactions, on the other
hand, may be conducted on much larger scales but may lack an
ability for true spatiotemporal control, depending on the
photocatalytic mechanism.
Self-reporting systems, reactions which produce fluorescent

products, have recently been shown to be a beneficial feature of
some photoclick reactions with obvious advantages in a variety
of applications (e.g., fluorescent probes, labeling, and
conversion indicators). These reactions represent a significant
fraction of present photoclick reactions in many emerging

fields and are particularly well represented in biological
applications where live cell imaging has become an important
focus and biorthorthogonal, spatial, and temporal reactions are
key. Self-reporting systems have been highlighted in the
relevant application section.
Despite the simplified, popular conception of “click”

chemistry as reactions that should work virtually all the time
and under any conditions, these practical considerations
dictate where and how photoclick reactions can benefit the
user. This section of the review surveys the applications of
photoclick reactions organized according to the context of the
molecular architecture in which these disparate reactions are
employed: small molecule synthesis, soluble macromolecule
synthesis and modification, functionalization of materials’
surfaces, or the development of network polymers.

3.1. Drug Development and Small Biomimetic Molecules

Applications of photoclick reactions are more abundant in
those areas of research that frequently require precise
management over where and when a desired reaction should
occur, i.e., where the most immediate and apparent advantage
of photomediated chemistry would have the greatest impact.
Typically, these features are not considered of particular
importance in the synthesis of small molecules, a situation
wherein there is minimal need to spatially limit the reaction
within the predetermined confines of the reaction vessel.
Additionally, because of the large substituents used to shift
absorbance of functional groups, “small” molecule synthesis via
many photoclick reactions is often impractical if not
impossible. Yet, there are several significant examples of
photoclick reactions being employed in drug development and
the synthesis of small, biomimetic molecules although the
advantages that necessitate such approaches vary. Photoclick
reactions are often simply faster and more efficient than
alternative synthetic strategies. Temporal control may allow
dictation of the order of multiple consecutive reactions and can
be used effectively to limit reaction rates for click reactions that
may otherwise proceed too rapidly. Ultimately, photoclick
reactions are used in small molecule synthesis because they
have been proven effective in that arena.
Among photoclick reactions, the thiol−ene and thiol−yne

reactions employ perhaps the simplest of reactive groups,
resulting in very few superfluous atoms in the resulting linkage.
This, along with the insensitivity to water and oxygen, makes
these reactions particularly useful in the modification and

Figure 70. Products generated via thiol−ene coupling of various thiols with unsaturated glycosides.257
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mimicry of oligomeric biomolecules and their synthetic
analogues.
These reactions have been used as a tool for site specific

glycosylation for cysteine containing peptides.250 Dondoni and
Marra produced an excellent review on glycoconjugation via
thiol−ene chemistry.250 In brief, the reaction has been used to
modify carbohydrates, for amino acid synthesis,251 assembly of
glyoclusters, and peptide and protein glycosylation.252 In
particularly, this reaction has been explored in the construction
of carbohydrate mimics such as S-glycoside, an unnatural
carbohydrate, from readily available peracetylated glucosyl
thiol and the diacetonide-protected galactose-derived alkene,
yielding abundant and highly diastereoselective 1,6-linked S-
disaccharides.253,254 Not limited to carbohydrates, a broad
range of 2,3-unsaturated sugars including O-, C-, S-, and N-
glycosides have been successfully generated. However, differ-
ent anomeric heteroatoms profoundly affected the reactivity of
the 2,3-unsaturated sugars. Hydrothiolation of 2,3-dideoxy O-
glycosyl enosides efficiently produced the axially C2−S-
substituted addition products with high regioselectivity but
2,3-unsaturated N-glycosides resulted in a varying regioselec-
tivity and stereoselectivity. No addition was observed onto the
endocyclic double bond of C-glycosides and addition to 2,3-
unsaturated S-glycosides resulted in 3-S-substituted glycals
(Figure 70).251,255,256 Researchers have envisioned the
application of thiol−ene chemistry to successfully synthesize
nucleoside enofuranoside derivatives to produce an array of
thio-substituted D-ribo, -arabino, -xylo and L-lyxo-configured
pyrimidine nucleosides, which are prime synthetic targets for
anticancer and antiviral drug development.257

Thiol−ene conjugations provide a versatile strategy to
synthesize various models of complex biological systems like
cyclic peptides, which have been shown to exhibit improved
bioactivity and stability to proteolytic degradation relative to
their linear counterparts. Aimetti et al. exploited the use allyl
ester-containing building block, Fmoc-Lys(Alloc)-OH, to
synthesize peptides with pendant, thiol-reactive alkenes, and
pendant thiols resulting from incorporated cysteine residues.
Subsequent photoinitiation resulted in the intramolecular
thiol−ene conjugation and formation of cyclic peptides. This
strategy clearly demonstrated that cyclic peptides could be
generated using commercially available amino acids without
significant postsynthetic modification, leading to a straightfor-
ward synthetic pathway for an important class of biomole-
cules.258

While cyclic peptides may exhibit profound differences in
bioactivity relative to their linear analogues, secondary
structure within those cyclic peptides also exerts substantial
influence over the function thereof. To elucidate the influence
of this secondary structure on cyclic peptides, achiral centers in
the tether of a stapled peptide were introduced. By utilizing
thiol−ene chemistry, optimally tethered cyclic peptides and
nontethered linear peptides were synthesized successfully,
starting from cyclo-Ac-CAAAS5(2-Me)-NH2 (S5((S)-
pentenylglycine), 2-Me (the methyl group located at the b-
position with respect to the a-carbon of the amino acid). While
the cyclic peptide was found to be a random coil, the linear
peptide was found to be in helical form, due to a substituent at
the tethered chiral center, suggesting that the substitution
group also interacts directly with the binding groove.259 This
simple strategy enabled access to thioether-based constrained
peptides, peptide stapling, precisely positioned chiral centers
on thioether-based tethers, and thioether-constrained penta-
peptides.260−262 These facile, one-pot reactions recently led to
the synthesis of truncated S-lipidated teixobactin analogues
from commercially sources.263,264 In one particularly interest-
ing application of the thiol−ene reaction for peptide stapling,
Hoppmann et al. employed photoisomerization of a vinyl
azobenzene amino acid to facilitate a photocontrollable bridge
with the pendant thiol of a cysteine residue.265

The thiol−yne reaction has not been employed to the same
extent as has the thiol−ene. While this may, in part, be due to
the more limited application of the diaddition of thiols to
alkynes, this feature of the thiol−yne reaction is advantageous
in the synthesis of clustered cyclic peptides. For example,
various cyclic and multivalent alkene and alkyne derivatives of
Arg-Gly-Asp (RGD) were reacted via the radically photo-
initiated thiol−yne chemistry, forming clustered peptides
which inhibited the binding of fibrinogen to GPIIb/IIIa
relative to linear RGD (Figure 71).266

While the thiol−ene and thiol−yne reactions have been
successfully employed in the synthesis of small molecules in
large part because of the relatively atomically dense reactive
functional group structures, few other photoclick reactions
exhibit similarly small reactive moieties and so their
applications for synthesis on this molecular scale more
considerably limited. Another such example is the photo-
CuAAC and PcAAC reactions. As described previously, Wu et
al. implemented a copperless, visible light, photoredox-
mediated azide−alkyne cycloaddition for the synthesis of 1,4-

Figure 71. Cyclic peptides formed via intramolecular thiol−ene (left) and thiol−yne (right) reactions.266
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disubstituted 1,2,3-triazole derivatives, including bioactive
molecules with high regioselectivity and good yield.267 In
another example of implementation of the azide−alkyne
cycloaddition employed for the potential synthesis of small
therapeutic molecules, Beniazza et al.employed photoCuAAC
to drive the alkyne−azide reaction with a variety of protected
and nonprotected azide and alkyne-functionalized monosac-
charides generating di- and tetrasaccharides in high yield
within 10 min of UV irradiation and ∼100 min under daylight
illumination (Figure 72).268

In limited contexts, spatial and temporal control are
advantageous in small molecule synthesis (e.g., the in situ
synthesis of self-assembling amphiphilic compounds). Konetski
et al. successfully employed photoinitiated CuAAC to produce
self-assembled phospholipid vesicles under exposure to visible
light. Higher vesicle density via the photomediated reaction
was observed relative to that obtained via catalysis with sodium
ascorbate and copper sulfate. Additionally, the rate of reaction,
tunable via the intensity of light exposure, had a profound
impact on the morphology of the self-assembled vesicle
structures as shown in Figure 73.269

3.2. Oligomerization and Polymerization Reactions

There are two general mechanisms for polymerization: chain
addition, wherein monomers add to the active center of a
growing chain, and step-growth, wherein complementary
functional groups on multifunctional monomers react with
each other to form ever larger molecules. While the rapidly
increasing molecular weight development in the former may
allow for tolerance of some impurities, inefficiencies, or other
nonidealities during the polymerization, step-growth polymer-
izations require highly effective and selective reactions to
obtain high molecular weight species. For this reason, click
reactions are well suited for step-growth polymerizations.
Several examples of photoclick reactions employed for linear

polymerizations have been reported. In one example, Porel and
Alabi employed sequential photoinitiated thiol−ene and
nucleophile-initiated thiol-Michael reactions to build, unit by
unit, a sequence controlled oligomer taking advantage of the
semiorthogonality of the two reactions.270 Difunctional thiols
were reacted with heterobifunctional allyl acrylamides (the allyl
being radically reactive with thiols and the acrylamide
providing the Michael acceptor), bearing various pendant

moieties. Initial reactions with the Michael acceptor allowed
for subsequent chain extension radically via the allyl group

Figure 72. Examples of bioactive molecules and potential drug candidates generated via the photoCuAAC reaction (top) and via the PcAAC
reaction (bottom).268

Figure 73. PhotoCuAAC reaction results in in situ synthesized
phospholipids that self-assemble into vesicles. Morphology of the
resulting vesicles depends on exposure conditions, with high intensity
resulting in smaller and more uniform structures. Reproduced with
permission from ref 269. Copyright 2016 American Chemical Society.
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without the need for deprotection between additions. The
reactions were performed in the solution phase; the high
efficiency of each reaction and employing a fluorous tag as a
liquid phase reaction support allowed for simplified chromato-
graphic purification between each unit extension.
Photoinitiated thiol−ene photoclick chemistry has been

used in the development of oligomeric nucleic acid mimics. In
2015, clickable nucleic acids (CNAs), which are single-
stranded DNA-mimicking oligonucleotides, were synthesized
employing thiol−ene click reactions. Both homooligomers and
oligomers of sequence-controlled, periodic repeats were
obtained (Figure 74).271 In contrast to the solid-phase,

sequential addition-based synthesis of oligomers, which may
take many hours to obtain the desired product, oligomers of up
to 15 nucleobase residues were synthesized in a matter of
seconds via the photoinitiated reaction between thiols and
eneamides on heterobifunctional monomers. Subsequently,
longer sequential patterns such as the precursors of tetramer,
pentamer, hexamer, etc., were efficiently synthesized in a
simple and scalable manner, leading to highly selective
hybridization between these CNA-2G polymers and comple-
mentary ssDNA.272,273 The versatility of this new generation of
CNA molecules and the ease of synthesis afforded by the
thiol−ene reaction portends applications of artificial nucleic
acids and related synthetic bioactive molecules across a wide
variety of research fields.
Consecutive photoclick reactions have been used to obtain

ordered oligomeric and polymeric structures with high
precision. Zydziak et al.274 achieved sequence-defined macro-
molecular assembly using a photoenol Diels−Alder reaction
between monomers carrying both the photolatent diene
(benzaldehyde) and dienophilic alkenes. By sequentially
varying introductions of monomer pairs, the authors obtained
precise homopolymers, copolymers, and block copolymers. By
controlling the structure of the introduced monomers, the
physical properties of the resulting macromolecules were able
to be tuned, affording user-defined materials with potential use
as a molecular information storage system. The efficiency and
orthogonality of the photo DA reaction has allowed
researchers to employ the reaction in conjunction with other
reactions (e.g., the Passerini three component reaction) to

generate monodisperse oligomers with precise, alternating
sequences via consecutive additions of monomers.275

Photoclick reactions have been employed toward the
development of linear polymers with advantageous mechanical
properties as well. For such application, reactions requiring
relatively large functional groups are limited by the influence of
those groups on the physical properties of the resulting
materials. Photoclick reactions that employ relatively small
functional groups are better suited to allow more precise
tuning of those properties by monomer design without the
concern for disproportionate influence from the reactive
groups themselves. For this reason, thiol−ene reactions are
particularly suited to this application. Recently, utilizing the
thiol−ene reaction, high molecular weight semicrystalline
linear and loosely cross-linked polymers were formed from
1,6-hexanedithiol and diallyl terephthalate monomers within a
few seconds of irradiation with low intensity light and with
demonstrated excellent mechanical properties (tensile
strengths of 24 MPa at failure elongations of >800%).276,277

Among the described photoclick reactions, the thiol−yne
reaction is unusual in its difunctionality. This has allowed it to
become particularly useful in the synthesis of dendrimers,
highly branched, regularly structured, and frequently fractal
macromolecules. The most straightforward synthesis of
dendrimers or dendrimer-like materials was conducted by the
homopolymerization of a monothiol monoalkyne, which
yielded a hyperbranched, polysulfide with many terminal
alkynes.278 The resulting product, however, was polydisperse.
Moreover, given the observed homopolmyerization of alkynes
upon depletion of thiols, the hyperbranched product may have
exhibited considerable structural nonidealities.
By alternating thioglycerol−yne reactions with an orthogo-

nal alkyne coupling reaction, researchers were able to
geometrically increase the functionality of each successive
generation of dendrimer discretely, generating effectively
monodisperse dendrimeric species (Figure 75).279,280 This
strategy had been employed previously with thiol−ene
photoclick reactions, employing a reaction to couple pentenoic
acid to the hydroxy groups that resulted from coupling of
thioglycerol.281 While the thiol−ene strategy resulted in a
doubling of functionality with completion of each set of
coupling reactions, the thiol−yne strategy resulted in a
theoretical quadrupling of functionality. Such materials have
demonstrated utility in drug delivery and as stabilizing contrast
agents for CT imaging.

3.3. Macromolecular Modification

3.3.1. Biolabeling. The labeling of biologics in vivo and in
vitro allows investigators to better understand structural and
functional relationships via the visualization of complex
molecular interactions within biological systems.282,283 Label-
ing cells, organelles, and biopolymers with fluorescent
molecules via biorthogonal click reactions is a popular strategy
as it provides generally high sensitivity, minimal invasiveness,
and frequently the potential for real-time observation in living
systems. The ease and degree of control provided by
photomediated reactions with mild reaction conditions, high
yields, and high selectivity has incentivized the development of
ever new photoactive compounds to label biological polymers
and higher-order structures to track and elucidate cellular
processes.
While CuAAC reactions have long been the gold standard

for click reactions, cytotoxicity, and other deleterious biological

Figure 74. Examples of click nucleic acid (CNA) polymerizable
nucleobase monomers including first generation thymine monomer
(top left),271 first-generation polymerizable TA dimer (top right),271

second-generation thymine monomer (bottom left), and polymer-
izable TTA trimer (bottom right).255,256
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interactions associated with the use of copper, have
necessitated development of alternative click strategies.
Photoactivation of cycloalkynes for copperless azide−alkyne
cycloaddition reactions has been particularly successful when
applied to labeling in the biological sciences. In an early
example, this strategy was employed for the efficient labeling of
living cells expressing glycoproteins containing N-azidoacetyl-
sialic acid.33 The authors highlight many advantages of using
this phototriggered click reactions for labeling, including the

ability to allow for a homogeneous concentration of reagents in
the cells before the click reaction is initiated. The relatively
high quantum yield for this reaction also improves the
biological compatibility of its utilization.
This approach has also been used for the fluorescent labeling

of BSA with a rhodamine B dye by using a bis-cyclopropenone
to link the two molecules (BSA-DIBOD-rhodamine B). By
exploiting the advantages of the photoSPAAC reaction, the
labeling occurred in a one-pot reaction with only a few minutes
of light exposure (Figure 76).284 In similar applications,
SPAAC photoclick reactions were employed as light-
responsive photoaffinity probes for detecting carbohydrate-
binding proteins and antibodies.285−287

Photoactivated, ring-stained alkynes have also been used in
IEDDAC reactions with tetrazines. As demonstrated by Mayer
et al., this reaction is efficient for labeling proteins by using a
photoactivatable bicyclononyne (BCN) probe, offering spatial
and temporal control over the labeling of tetrazine labeled
proteins.44 The authors were able to conduct this photo-
triggered reaction in E. coli, demonstrating the biorthogonal
nature of this reaction (Figure 77). The photo-IEDDAC
reaction proceeded with an on-protein rate constant of 50 m−1

s−1, on par with the fastest biorthogonal photoinduced
reactions. This enables protein labeling within minutes at
low concentrations. Although this technique has yet to be
explored further, sustained improvements in the design of
complementary strained alkenes288 and new synthetic
approaches for derivatives of the tetrazine moiety289 hold
great promise for the future of the photoinduction of tetrazine
ligation reactions, particularly in intracellular labeling and
conjugation applications by virtue of the bioorthogonality of
the reactant chemical species and inverse electron demand
cycloaddition mechanism.
Initial work by Lin and co-workers pioneered the tetrazole−

ene reaction as a photoclick reaction for biological applications
and as a fluorescent self-reporting system.290 In one approach
to the application of this chemistry in the labeling of
biopolymers, the tetrazole or alkene moiety was introduced
into the protein via genetic encoding of functional group-

Figure 75. Dendrimer made via alternating thioglyerol−yne and
alkyne conjugation reactions. The thioglycerol−yne coupling results
in the introduction of two hydroxyl groups per reaction, while the
subsequent alkyne coupling replaces the alcohol with the difunctional
yne for the next thioglycerol coupling reaction. Each successive
reaction pair results in a quadrupling of functionality as each alkyne is
difunctional.279

Figure 76. (a) Sequential photolabeling of azido-BSA with photogenerated ring-strained cyclooctadiyne. (b) Selective light-directed
Immobilization of rhodamine B on a 96-well plate with photogenerated cyclooctadiyne. In these examples, the photocaged cyclooctadiyne
serves as an exogenously activatable cross-linker, permitting the coupling of two azide-containing species. Reproduced with permission from ref
284. Copyright 2016 Royal Society of Chemistry.
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bearing, non-natural amino acids.85,291 A fluorescent moiety
was then incorporated in a site selective manner. This was first
achieved with a genetically encoded alkene reporter, O-allyl
tyrosine, for protein labeling in bacteria.29 However, this
reaction was slow (k2 = 0.00202 ± 0.0007 M−1 s−1) because of
the low reactivity of the alkene on the reporter. Various routes
have been explored to increase the reactivity including the use
of an electron-deficient acrylamide-modified lysine side chain.
The use of an acrylamide is advantageous as it is relatively
small and stable under biological conditions. It was successfully
used in a number of cases including the labeling of the
membrane protein OmpX on the surface of Escherichia coli and
successfully incorporated into GFP-TAG-mCherry-HA protein
in Arabidopsis thaliana, a plant model.292,293 Norbornene and
cyclopropene functional groups have also been incorporated
into proteins to increase the reaction rate with tetra-
zoles.294−296 For example a cyclopropene-modified lysine was
used to direct site specific modifications of green fluorescent
protein inside HEK293T cells. The reaction rate increased 5
orders of magnitude to k2 = 58 ± 16 M−1 s−1 for cyclopropene,
which was reported to be twice as fast as norbornene as a
consequence of the increased ring strain.297 Spiro[2.3]hex-1-
ene has also been recognized as another strained alkene that
readily reacts with tetrazoles for bioorthogonal protein labeling
despite its 3,3-disubstituted conformation.298

DNA has also been successfully labeled through the
tetrazole−ene reaction. Wagenknecht’s group was the first to
present tetrazole-modified building blocks for solid state DNA
synthesis and a nucleoside triphosphate for the polymerase-
based DNA preparation. The ligation with maleimide dyes
occurred with LED excitation at 365 nm (k = 23 ± 7 M−1

s−1).299,300 The group developed this technique further by
exploiting the fluorescent pyrazoline product that is produced
via the tetrazole−ene reaction.301 By synthesizing tetrazole
functionalized 2′-deoxyuridine, a modified DNA structure

formed which could then react with a maleimide functional dye
for site specific labeling. The researchers also exploited the use
of the fluorescent pyrazoline, formed in the tetrazine−ene
reaction, and enhanced the fluorescent intensity by enabling
energy transfer to the labeled dye. Lehmann et al. indicate that
the energy transfer would work on a multitude of dyes and
could be tuned to the desired wavelength of choice,
demonstrating the versatility of the pyrazoline product. In
addition, Yu et al. also exploited the use of the fluorescent
pyrazoline product in intramolecular tetrazole−ene cyclo-
addition.251 This single reagent approach was demonstrated to
be successful as a probe in cancer cells.290,302 Prefluorescent
naphthalene−tetrazole conjugates induced by two-photon
excitation at λ = 700 nm for fluorogenic labeling of olefin-
tagged intracellular structures have been formed via this
photoclick reaction.303,304

More recently the reaction has been used in multicellular
organisms. Wu et al. incorporated vinyluracil into the DNA of
zebrafish to allow for spatially controlled imaging of DNA
through the use of a coumarin-linked tetrazole in real time
without DNA denaturation (Figure 78).305 The authors
highlight that through the use of the tetrazole−ene reaction
a “switch-on” labeling approach was achieved.
Despite these examples of relative bioorthogonality, the high

reactivity of the intermediate nitrile imine with many common
biological nucleophiles89,90,306 (e.g., thiols, amines, and acids)
may limit its application, although strategies have been
developed to improve specificity.91,307 Utility in this case,
however, would effectively be limited to those situations in
which labeling with a substantial photoactivatable probe is
practical, in contrast to previous examples where biomacro-
molecules bearing small, alkene functional groups are
selectively labeled via photoactivated tetrazoles. Ultimately,
the numerous examples of tetrazole−ene photochemistry for

Figure 77. Photo-IEDDAC labeling on living cells. (a) Labeling of sfGFP-N150 mTetK with photo-11. (b) Structures of water-soluble photo-
DMBO conjugates. Both photo-11 and the Cy5-conjugate photo-14 are decarbonylated by short irradiation at 365 nm to quantitatively form 11
and 14, respectively. (c) Fluorescence imaging and fluorescence microscopy show efficient and light-induced labeling of a cell-surface protein in
living Escherichia coli. Reproduced with permission from ref 44. Copyright 2019 John Wiley and Sons.
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labeling reflects its broad utility for that purpose and suggests
extensive continued and future application in biolabeling.
The photomediated 1,3-dipolarcycloaddition via uncaging of

nitrile-imine from sydnones form the same pyrazoline
cycloaddition adduct as does the reaction with the tetrazole
and thus has found similar labeling applications as a fluorescent
functional group.36 Since its introduction in 2018, several
examples of labeling reactions between substituted sydnones
and variable alkenes and alkynes have been demonstra-
ted.94,308,309 Included in these was the use of photo-
isomerizable dipolarophiles, such as dibenzothiadiazepine, the
photoinduced ring strain of which allowed dual wavelength
control over labeling biomacromolecular structures in live
cells.95

The azirine−alkene reaction was also used as a bioorthog-
onal label for lysozymes, although this application required 302
nm UV light, posing a challenge to implementation in living
cells.37 However, this limitation was overcome through the
synthesis of an azirine moiety coupled to the visible-light-
absorbing chromophore pyrene, resulting in a single molecule
for facilitating the azirine−alkene cycloaddition reaction at
wavelengths greater than 400 nm. The small size of the
functional groups of the bioorthogonal azirine-based photo-
chemistries, in addition to their high reactivity, make them as
an attractive albeit underutilized alternative to other photoclick
reactions.310

Photocycloadditions of 9,10-phenathrenequinones with
electron-rich alkenes to form fluorogenic [4 + 2] cycloadducts
have also been utilized for labeling proteins in live cells.311 Li
et al. demonstrated the use of a fluorescent self-reporting
system that enabled the temporal and spatial surface labeling of
A549 cells in a biorthogonal manner using visible light.
Although the photo catalyzed thiol−ene reaction has been

used extensively as a bioorthogonal reaction, it has not
received the same interest for biolabeling that other photoclick
reactions (e.g., tetrazole−ene, photo SPAAC) have. The
advantage of using the thiol−ene reaction for labeling proteins

is the natural occurrence of cysteine residues that readily react
with an alkene functional label.312 Despite the lack of
spatiotemporal control, the thiol−maleimide Michael addition
reaction has been a far more popular route for labeling
proteins, as it does not require light exposure or the presence
of radical initiators. There are, however, examples of modifying
biopolymers with the radical thiol−ene reaction. Early
examples of using the thiol−ene reaction to react with
naturally occurring cysteine residues focused on the glyco-
sylation of proteins in a nonsite-specific manner. Dondoni et al.
glycosylated BSA that contains one disulfide bond and one free
cysteine using 365 nm light and demonstrated that all three
cysteine residues were glycosylated.250,313 However, if site
specific labeling is required, other cysteine groups require
modification to avoid also participating in the reaction and
thus leading to heterogeneous protein mixtures. More recently,
photocatalyzed thiol−ene reactions have been used for
paramagnetic tagging of proteins for use in NMR imaging
where site specific labeling is not required. Denis et al. have
demonstrated, by using an alkene functionalized paramagnetic
tag, proteins of interest are labeled through the use of thiol−
ene reactions with cysteines present on the protein of
interest.314 The thiol−ene reaction offers high yields and
short reaction times enabling stable thioether bonds to form,
demonstrating the benefits of the reaction as a route to label
proteins with paramagnetic tags.
To allow for site specific labeling of proteins, alkene handles

have been incorporated into proteins allowing for reactions
with thiol functional labels upon exposure to 365 nm light.315

This was first demonstrated by Li et al., who synthesized an
alkene functional amino acid to genetically incorporate into
proteins using alkenyl−pyrrolysine analogues.316 These
proteins demonstrated site specific ligation with thiol modified
dyes upon irradiation with 365 nm light. Weinrich et al. used a
similar method to immobilize proteins on a thiol functionalized
surface.317 The group functionalized proteins with farnesyl
pyrophosphate and were able to immobilize the protein by
exposure to UV light, demonstrating a simple method for
immobilizing proteins with a high yield using mild conditions.
Although these conditions have been shown to maintain

protein structure and activity, relatively few researchers have
used photoinitiated radical thiol−ene reactions for protein
modification and labeling. In contrast to other photoclick
reactions more frequently employed in the labeling of
biopolymers and other biological structures, the thiol−ene
reaction employs a photoinitiator for the photoamplification of
the thiol−ene cycle. Such a mechanism is advantageous in
applications wherein the concentration of chromophores is a
concern. While photoSPAAC and tetrazole−ene reactions
employ functional groups that bear their own chromophores,
the concentrations of those groups in labeling reactions is
generally so low as to guarantee optically thin samples despite
the one photon, one event nature of the reaction. Thus, one of
the otherwise primary advantages of the radical thiol−ene
reaction is not particularly useful in the context of labeling.
Like the thiol−ene reaction, the thiol−yne reaction can

exploit the use of naturally occurring cysteines and disulfides
present in proteins to modify and label proteins.315,318

Dondoni and co-workers demonstrate the ability of attaching
two modifications at a single site on BSA using the thiol−yne
reaction.252 They demonstrate the modular addition of alkene
functionality that allows for glycosylation and fluorescent
labeling at the thiol containing sites on BSA (Figure 79).

Figure 78. (a) Scheme for labeling DNA of zebrafish via tetrazole−
ene photoclick reaction and (b) fluorescence microscopy images of
cellular DNA spatially labeled through the tetrazine−ene reaction.
Reproduced with permission from ref 305. Copyright 2019 American
Chemical Society.
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However, the researchers note that unanticipated side
reactions occurred when the thiol−yne reaction was used in
conjugation with other click reactions, most notably cyclo-
alkynes. To enable the thiol−yne reaction for site specific
labeling, alkyne handles have been genetically incorporated
into proteins. Li et al. demonstrated the use of alkyne-
containing pyrrolysine derivatives genetically encoded into
proteins for site specific labeling with bidansyl−cystamine.319

They demonstrated that the modification has little effect on
the enzyme activity or conformation of the protein and could
be expanded on as a dual labeling strategy.
More recently, the thiol−yne reaction has been used in vivo

to cross-link proteins. Liu et al. genetically incorporated an
alkyne functional amino acid, S-propargyl-cysteine (SprC) into
a GDT protein in E. coli.320 Through irradiation at 302 nm, a
thiol−yne reaction took place between the SprC modified GST
and a cysteine residue on the interface of another GST protein
because of the compact size of SprC the modification and

cross-linking reaction did not affect the protein folding or
interactions. Western blot analysis showed covalent cross-
linking of the GST dimer, demonstrating an application of the
thiol−yne reaction for probing protein interactions in living
cells. The photocatalyzed thiol−yne reaction has been applied
less than other methods to label proteins potentially as a
consequence of the research lacking into the effect radical
initiator and irradiation have on protein structure and activity
as well as the multifunctional nature of the alkyne itself.
In another example, Luo et al. developed a general strategy

that demonstrated the utility of these photoactive and bio-
orthogonal chemistries via liposome fusion to cell surfaces for
on-demand microtissue assembly and disassembly. In this
work, the phototriggered oxime ligation coupled with o-
nitobenzyl chemistry allowed for the remote-controlled
disassembly upon irradiation with UV light and demonstrated
the potential of these chemistries for creating engineered
photoswitchable cell surfaces for tissue engineering applica-
tions (Figure 80).321

3.3.2. Polymer−Polymer Conjugation. Block copoly-
mers have a wide variety of applications, both commercially
and in research. They are used as thermoplastic elastomers,
surfactants, and adhesives.322 Amphiphilic block copolymers
continue to be of great interest for drug delivery, and surface
self-assembly of block copolymers results in topographical
features of extremely small size (e.g., <10 nm) with great
potential for the advance of microchip manufacturing,
semiconductor development, and digital media storage.323

Such block copolymers are frequently produced via
sequential living polymerizations (e.g., anionic polymerization,
ROMP, etc.) or controlled radical polymerizations (e.g.,
RAFT, ATRP), changing constitutive monomers for each
successive polymer block. Conjugation of preformed polymers
via click reactions is a strategy that obviates the need for blocks
to consist of monomers with compatible polymerization
mechanisms.
Polymer−polymer conjugation is also a route for designing

more complex polymer architectures such as bottle brushes,
hyperbranched, and star polymers. Some challenges of
polymer−polymer conjugation, include the necessarily dilute
conditions required and the potential steric hindrance. In spite
of these challenges, macromolecular conjugations require near
full conversion between precursors in equimolar conditions, as
unconsumed reactants are generally difficult to separate from
the conjugated product.
Doran et al.324 demonstrated sequential photoclick reactions

to perform polymer−polymer conjugation and to modify the
terminus of a newly formed diblock copolymer. A telechelic
poly(caprolactone) with methacrylate and alkyne termini was
placed in a flask with an azide-terminal PMMA and an
initiating system of copper(I) bromide and radical photo-
initiator TPO. Exposure to 350 nm light resulted in the
formation of the methacrylate-terminal diblock copolymer.
Subsequent addition of N-acetyl-L-cysteine and more radical
photoinitiator resulted in the conjugation of the cysteine
derivative to the free terminus via radical thiol−ene coupling.
It should be noted that the methacrylate used here is generally
a less reactive alkene in such reactions, perhaps explaining, in
part, the abnormally long reaction times employed in this one
pot synthesis (16 h).
Though thiol−ene and thiol−yne reactions have been

employed for polymer−polymer conjugation reactions, under
some reaction conditions, byproducts are obtained in

Figure 79. Thiol−yne modification of BSA. Addition of propargyl 1-
thio-β-D-glucopyranoside at thiol present sites on BSA to form alkene
functional handles, which then react with thiol functional peptide
chains and fluorescein. Reproduced with permission from ref 252.
Copyright 2011 Royal Society of Chemistry.
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significant and even predominant yields. This undesirable
outcome is the result of the radical initiation mechanism and
the propensity of thiyl radicals to recombine into disulfides.
Other byproducts may result from radical termination with
radical initiator fragments. Typically, in thiol−ene and thiol−
yne coupling reactions, photoinitiators are in such low
concentrations and initiate the thiol−ene and thiol−yne
reactions so efficiently that any byproduct is negligible.
When using low concentrations of thiols and enes such as
those found in polymer−polymer conjugation, the concen-
tration of initiators relative to thiol and ene functional groups
is generally high and these side reactions become more
significant. Another factor that may mitigate the efficacy of
polymer−polymer conjugations via thiol−ene reactions is the
limited solubility of the polymer with the reactive spe-
cies.118,325,326 These limitations are readily addressed with
the appropriate selection of reactive alkenes, (e.g., norbor-
nenes), and more reactive thiols (e.g., mercaptopropionate)
along with an efficient initiator to ensure that the rate of the
thiol−ene reaction exceeds that of competing side reactions.
Polymer−polymer conjugations were performed with good
yields and relatively high purity by employing mercaptopro-
pionate-terminated PEGs and norbornene-terminated PEGs in
both organic and aqueous conditions.4,327,328 Allyl ether-
terminated PEGs, however, resulted in significantly poorer
conjugation. Sequential thiol−ene photoclick reactions were
conducted to form a three-arm star copolymer. While all
polymers in this study were PEG-based, the results indicated
the potential to generate heteroarm star copolymers. In the
same study, pentynoate-terminal PEG was reacted with the
PEG-thiol, resulting in a higher fraction of conjugated
polymers than the reaction with the allyl ether. However, the
monoaddition product dominated, indicating, contrary to
couplings with smaller reactants, that the second addition
was significantly less efficient that the first, thereby potentially

demonstrating the influence of steric hindrance on the
reaction.
Photo Diels−Alder reactions have been used to conjugate

dienophile-terminated polymers to o-methylbenzaldehyde
thioether terminated polymers via photoenolization of the
latter to the reactive diene ortho-quinodimethane. Feist et al.
used illumination with either 365 or 410 nm light in a
photoflow reactor to couple hexaethylene glycols with
maleimide and methylbenzaldehyde thioether termini within
10 or 20 min (for the UV and visible light irradiation,
respectively).329 The thioether, in place of an ether, improved
the absorbance of the benzaldehyde chromophore in the
visible region relative to earlier work with this reaction. While
the reaction in this example did not employ polymers of high
molecular weight, the results suggests that possibility. The
authors did, however, employ a similar reaction to generate
diblock copolymers via the photo Diels−Alder polymer−
polymer conjugation.
Among the most popular current polymerization technolo-

gies is the RAFT-mediated polymerization that allows
controlled radical polymerization of a wide variety of radically
polymerizable monomers. With appropriate RAFT agents,
users obtain narrowly dispersed polymers with predefined
molecular weight and terminal groups. Polymers synthesized
via RAFT-mediated polymerization contain, on one terminus,
the thiocarbonylthio moiety common among RAFT agents.
Some of these, the dithiobenzoate in particular, have proven
effective dienophiles. Generating a poly(methyl methacrylate)
via RAFT mediated polymerization with a dithiobenzoate
RAFT agent, the authors obtained a polymer with a dienophile
terminal functional group that was effectively conjugated to a
methylbenzaldehyde thioether-terminated poly(caprolactone)
in acetonitrile, with 410 nm light exposure with a residence
time of 20 min in a photoflow reactor.

Figure 80. Schematic representation of the molecular level control of tissue assembly and disassembly via the chemoselective, bio-orthogonal, and
photoswitchable cell surface engineering approach employing photoinduced oxime ligation and o-nitrobenzyl chemistry. Reproduced with
permission from ref 321. Copyright 2014 Springer Nature.
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3.3.3. Biomacromolecule−Polymer Conjugation. An
important subclass of polymer−polymer conjugates are those
involving natural biomacromolecules. Protein−polymer con-
jugates in particular are increasingly utilized in biomedical
fields as they exhibit advantageous properties derived from
their hybrid composition (e.g., increased stability, improved
pharmacokinetics, etc.). Wholly synthetic diblock copolymers
are, as stated previously, most frequently synthesized via
consecutive living polymerizations with different monomers.
Such a synthetic approach is not applicable to biomacromo-
lecule−polymer conjugates. Although the “grafting from”
approach employed via ATRP and RAFT is a popular
synthetic strategy as reported in the literature for development
of protein−polymer conjugates,330 some researchers have used
photoclick reactions to facilitate polymer−biomolecule cou-
pling. This post polymerization coupling is frequently referred
to as “grafting to” and offers the advantage of decoupling the
polymerization conditions from the requirements of an
environment conducive to maintaining the bioactivity of
potentially sensitive biomacromolecules.
PEGylation, in particular, increases the hydrodynamic

volume of protein-based therapeutics to mitigate their
depletion via renal filtration. However, traditional PEGylation
reactions are generally not site-specific. Indiscriminate
conjugation may result in a heterogeneous mixture of
conjugate products and potentially a loss of bioactivity if the
polymer chain obstructs or otherwise interferes with the
protein’s active sites. Purification of the mixed products is time
and labor intensive. Incorporating non-natural amino acids
with biorthogonal handles allows for site specific PEGylation,
potentially increasing the efficiency of the production of their
corresponding conjugates. This technique has frequently been
used with CuAAC and SPAAC reactions owing to the
efficiency and selectivity of these reactions. However, the
thiol−ene reaction has also been used as a successful method
for PEGylating proteins.
Ye et al. used a reductant to liberate cysteine thiols from

their respective disulfide bridges and then grafted mPEG-
methacrylate onto the protein via photoinitated thiol−ene
coupling.331 As an alternative to using native cysteine residues
in the reactions, thiol−ene conjugations may use non-natural
alkene functional amino acids to produce alkene-modified
proteins. A thiol functional polymer is then used to react with
the alkenes on the protein. This latter approach is advanta-
geous as the thiols on the native cysteine residues are most
frequently bound up in disulfide bridges, the reduction of
which may interfere with protein structure and function. While
reactive in thiol−ene reactions, other thiols demonstrate
improved reactivity and less likelihood of participation in
side reactions such as disulfide formation.
Siti et al. incorporated allyl-containing nonnative amino

acids into bovine β-lactoglobulin (BLG) for photoconjugation
of the protein to a diaryl tetrazole-modified PEG.332 While
conjugation was successful, nonspecific coupling was observed
and subsequently identified as resulting from the cycloaddition
with tryptophan residues on the protein. Additional, nonallyl
bearing proteins were reacted with the tetrazole-PEG and
conjugation was observed in every case, where there was a
tryptophan and at rates and yields comparable to reactions
with the allyl, demonstrating the ability to take advantage of
native amino acid residues for photoclick conjugations (Figure
81).

While thiol−ene and nitrile imine reactions may take
advantage of native amino acid residues for conjugation
reactions, in general, the successful application of site-specific
protein−polymer coupling relies on the incorporation of non-
natural amino acids into the protein structure. The library of
reported non-natural amino acids includes those with a variety
of pendant moieties capable of participating in photoclick
reactions, including alkynes, alkenes, azides, and tetrazoles
(Figure 82).
Photoclick reactions have also been used to generate

conjugates of different biopolymers. Fruk and co-workers333,334

used the photo Diels−Alder reaction to couple DNA to
proteins by modifying, on CPG, oligomeric single-stranded
DNA with a photoenol. Once cleaved from the solid phase, the
ssDNA was irradiated in the presence of a maleimide-modified
protein (myoglobin and horseradish peroxidase) to generate
the biopolymer−biopolymer conjugate.
3.4. Surface Modification and Patterning

Material surface modification provides independent control of
the bulk physical properties and interfacial interactions
between materials. For example, the hydrophobicity of a
material is readily controlled to improve surface fouling
resistance or to change the interaction of a substrate with a
contacting solution. In biomedical applications, the surface of
implant materials that might otherwise elicit a foreign body
response may be modified with functional groups that mitigate
such a reaction from the host. Alternatively, materials’ surfaces
may be modified to promote specific in vivo interactions
intended to better integrate the material with the host tissue. In
diagnostics, surface modification may be desirable to attach a
substrate for subsequent detection of an analyte. The spatial
control offered by many photoclick reactions makes them
particularly well suited to the spatially heterogeneous require-
ments for many of these surface-level applications.
While photoclick reactions are certainly amenable to the

stringent requirements of surface reactions, one challenge to
such utility is obtaining surfaces with the requisite functional
groups present. For this reason, most surface modifications via
photoclick chemistry first require a priming treatment to
establish one or the other reactive moieties on the surface.
Such surfaces may be thus generated via one or a combination
of techniques such as chemical vapor deposition (CVD),335

layer by layer deposition,336 polymer grafting via RAFT337 or
ATRP338 mediated polymerization, or any of many others.
Jonkheijm et al. employed plasma enhanced chemical vapor
deposition onto silicon oxide surfaces followed by successive
coupling reactions to generate a thiolated surface from which
the authors were able to write, via 411 nm scanning laser,

Figure 81. Structure of tryptophan (left) with reactive alkene
indicated in red. Proposed conjugate linkage (right) between
tryptophan-containing protein and tetrazole-terminated PEG.332
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nanoscale features of covalent attachment of an alkene-
modified biotin for subsequent immobilization of streptavi-
din.339 Subsequent experiments with alkene-bearing phospho-
peptide demonstrated the bioorthgonal patterning of bio-
macromolecules.
In a demonstration of a particularly versatile surface priming

technique, Wu et al. employed a reactive CVD to coat a variety
of material surfaces (silver, polystyrene, stainless steel,
titanium, PMMA, and PDMS rubber) with alkene and
alkyne-pendant polymers onto which were photopatterned
either cell-adhesion reducing PEG thiol or cell-adhesion-
promoting GRGDYC peptides (Figure 83).340 Masked
exposure of the surface and respective thiols under 365 nm
light in the presence of the radical photoinitiator I2959
resulted in controlled cellular adhesion.
While the versatility and availability of alkenes is a particular

advantage of this reaction, there are situations in which thiol−
yne surface functionalization may be preferred. Bhairamadgi et
al. ran a comparative study of surface modification of thiol−
ene and thiol−yne reactions and, by XPS, noted a faster rate of
reaction at the surface and a higher density of reaction
products with the thiol−yne reaction when employing
aliphatic, surface bound alkenes, and alkynes.341 While a

more reactive alkene might yield a faster reaction than
reported, the authors noted 1.5 times as much sulfur bound
to the surface with the thiol−yne reaction as with the thiol−
ene at reaction completion.
Surface priming reactions are not always necessary for the

covalent modification of materials’ surfaces. Endogenous
functional groups may result from incomplete conversion or
stoichiometric imbalance in the material synthesis itself. This
approach is typified by Ma et al., who employed a thiol-
Michael reaction to generate a thiolated surface on the surface
of a polymeric material formed with an excess of acrylate
moieties.342 Radical thiol−ene photoclick chemistry was then
used to pattern peptides on the surface to encourage cell
adhesion. Thiol−ene and thiol−yne reactions are particularly
amenable to this surface treatment approach as a small
stoichiometric imbalance can be well tolerated for maintenance
of bulk material properties while providing ample surface-level
functionality for subsequent reaction. Alternatively, some
materials intrinsically display surface functional groups
amenable to photoclick modification directly (e.g., the grafting
of thiol-terminated polystyrene to ethylene propylene diene
monomer rubber via radical thiol−ene photoclick coupling).343

Figure 82. Examples of nonnative amino acids capable of participating in various photoclick reactions.

Figure 83. Reactive chemical vapor deposition to prime surface for thiol−ene and thiol−yne surface patterning reactions with thiol-bearing
molecules. Reproduced with permission from ref 340. Copyright 2012 John Wiley and Sons.
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The 2D geometry of surface functionalization reactions
permits extremely thin samples, which diminishes the concern
of light attenuation that may be significant for some photoclick
reactions in bulk curing applications. For this reason, reactions
involving a one photon, one event type mechanism do not
suffer as much from this potential drawback that may mitigate
their use in other contexts.
For example, the photoenol DA reaction has been employed

for surface functionalization with a variety of surface priming
techniques and subsequent surface treatment. In one example,
Barner-Kowollik and co-workers344 synthesized a photo-
reactive DOPA molecule capable of nonphotomediated
polymerization on a variety of surfaces. Subsequent photo-
enolization in the presence of maleimide-terminal comple-
ments resulted in patternable surface attachment. Inverting the
surface and soluble reagent functional groups, Vigovskaya et al.
modified the 5′ terminus of oligonucleotides with the
photocaged diene and patterned surface modification by
masked exposure to a maleimide-modified surface.334

Many natural materials display abundant functional groups
that can be used as functional handles to attach photoclick
moieties to their surfaces. Proteins in silk and wool, for
example, display a variety of such groups including amines,
alcohols, carboxylic acids, and disulfides that have been
modified to permit subsequent click and photoclick
modifications.345−347 Cellulose, a polysaccharide with a high
concentration of pendant alchohols, is a particularly attractive
candidate for such applications given its low cost of production
and near ubiquity in consumer goods in the form of paper,
cotton, and wood products. In one particularly interesting
demonstration of cellulose surface patterning, Wilke et al.
employed laser printing to selectively introduce maleimide
groups bound to modified cellulose-binding peptides
(CBP).348 Treating the printed paper with toner binding
peptides (TBP) occluded maleimide attachment to printed
regions. Subsequent photoclick reaction with bisaryl tetrazoles
allowed for the patterned attachment of other peptides,
suggesting the potential for this chemistry as a means of
developing economical medical testing devices.
In addition to the functionalization of flat surfaces,349 the

tetrazole−ene reactions have also been used to surface-
functionalize as well as to synthesize particles. Delafresnaye
et al. used miniemulsion polymerization of tetrazole-containing
acrylic monomers to generated microspheres with surface-
pendant tetrazoles, allowing for the subsequent modification
with alkenes or other nitrile imide-reactive groups.350

A significant challenge in modification of surfaces is
obtaining a high surface density of the attached molecule.
This is particularly difficult when attaching macromolecular
structures to the surface. Increasing the functionality at the
surface can often improve the density of attached groups
following conjugation. That is, effectively, what employing
thiol−yne chemistry accomplished in the previous example due
to the higher effective functionality of the yne as compared to
the ene. Another option is grafting pendant-functional
polymers from the surface to provide a greater number of
click groups relative to the area occupied. For example, ATRP
has been used to graft a polytetrazole copolymer to the surface
of gold, from which either maleimide modified biotin or
additional ATRP initiators could be photoclicked to the
backbone polymer for subsequent processes (streptavidin
immobilization in the former case and ATRP grafting of bottle
brush polymers in the latter).351

In one interesting example, of PhotoSPAAC-mediated
surface modification, Arumugam and Popik used a hetero-
bifunctional SPAAC and photoSPAAC reactive linker to
perform consecutive click reactions (one spontaneous and
one photomediated) to selectively attach BSA to the surface of
azide-modified silicon dioxide particles.352 In the first click
reaction, the cyclooctyne reacts with surface azides, following
which the cyclopropenone-protected cyclooctynes is irradiated
to promote the coupling of the azide-modified BSA to the
surface.
Also worth mentioning, the photochemically generated o-

naphthoquinone methides have been employed in surface
modification via one of two reactions: IEDDA with appropriate
dienophile353 or photoreversible Michael addition with a
thiol.106 Photomediated Michael additions have also been
carried out at interfaces of materials via photogeneration of the
Michael donor thiols as well. Hensarling et al. grafted
functional polymers on silicon dioxide surfaces and then
modified pendant groups with o-nitrobenzyl and p-methox-
yphenacyl protected thiols.238 Photodeprotection and reaction
with maleimide or isocyanates was then carried out.
It may be desirable to generate complex, 3D structures with

photopatterned or otherwise user-directed hetergenous surface
chemistry. This may be the case particularly when attempting
to mimic or recreate naturally occurring materials such as
biological tissue that exhibits spatially complex architecture on
multiple size scales, from the macroscale to the microscale and
molecular scale. Here, again, employing photoclick chemistry
allows unmatched control over not only the size and shape of
the synthesized material, but also over its surface chemistry.
Richter et al. demonstrated this by the direct laser surface
modification by TPA-mediated photoenol DA click reaction on
TPA-generated microstructures.354

3.5. Network Polymers

While photopolymerization is infrequently used (previously
discussed exceptions notwithstanding) for the generation of
linear macromolecules, it is a common method for the
generation of cross-linked materials. While acrylic networks
comprise the majority of thermosets generated via a photo-
chemical means, some photoclick reactions do exhibit
advantages for particular applications of photopolymerized
thermosets. These benefits are intrinsically related to those
features that make these reactions “click,” namely their
efficiency and their specificity. The one-to-one reactivity of
functional groups dictates a delayed gelation, as described by
Flory and Stockmayer.355 Chain-addition polymerized thermo-
sets may form gels at very low conversions. As soon as the gel
point is reached, stress associated with shrinkage due to the
reaction begins to accumulate while the diminished diffusion of
reactants may result in a significant fraction of unreacted
monomer that may subsequently be released from the material.
Alternatively, networks polymerized via photoclick reaction
between multifunctional thiols and alkenes, for example, form
gels at conversions typically much higher in accordance with
the functionalities of each reactant. A larger fraction of the
reaction occurring prior to gelation allows materials to easily
relax and accommodate any shrinkage associated with that
conversion, resulting in materials with lower internal stress
relative to comparable chain-addition cross-linked materials. At
the same time, the delayed gelation and efficiency of the
reaction mitigates the quantity of wholly unreacted como-
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nomers, decreasing the leachable fraction of the resulting
materials.
However, not all photoclick reactions are well suited for

network polymerization. To take advantage of these features,
appropriate photoclick reactions generally must share addi-
tional characteristics as well. These include relatively small
reactive groups, which otherwise may exert a disproportionate
effect on the material properties, and a mechanism for
photoamplification, which allows minimal light exposure to
initiate the greatest number of reactions while mitigating the
attenuation of light penetration through thick samples. Among
photoclick reactions, the radically mediated thiol−ene, thiol−
yne, photolatent base-catalyzed thiol-Michael, and photo-
CuAAC in particular exhibit these attributes.
3.5.1. Dental Restoratives. One application of photo-

polymerizations in the medical industry currently is the curing
of dental restorative materials. While most commonly used
resins are methacrylate-based, the use of step growth
photoinitiated reactions, such as thiol−ene, thiol−yne, thiol-
Michael, and photoCuAAC reactions have been studied as
potential alternatives.356−361

Because of the high conversions of monomers and the
regular network organization that their step-growth reaction
provides, thiol−ene, thiol−yne, and thiol-Michael resins
exhibit several features advantageous to their potential
application in dental restoratives including reduced volumetric
shrinkage, low development of shrinkage stress, delayed
gelation, rapid reaction rates, formation of homogeneous
polymer network with advantageous mechanical properties,
narrow glass transition, and low leachable fractions. In dental
restoratives, stress accompanying polymerization may cause
cracking within the materials and is one of the major causes of
failure in dental composites.362 The delayed gelation and
reduced volumetric shrinkage per bond reacted, both
contribute to the significant reduction in the stress that arises
in thiol−ene polymerization.358,363−365 Despite these advan-
tages, thiol derivatives are often accompanied by a disagreeable
odor, which makes its use in this field problematic. Researchers
have tried to overcome by preparing thiol functional oligomers
and by employing secondary thiol derivatives, which reportedly
lack the offensive odor of primary thiols.363,366

Another advantage in the application of thiol−ene chemistry
for dental materials is the versatility of available chemistries.
Water sorption and subsequent degradation of dental
restoratives is a concern for materials made with hydrolytically
susceptible methacrylate and other ester-containing mono-
mers. The broad availability and ease of synthesis of thiol−ene
monomers allows for the formulation of restoratives without
such problematic bonds. A few examples of these include ester-
free vinyl silanes, cyclotetrasiloxane-based thiol derivatives or
vinyl sulfonamide, and vinyl sulfone based alkene deriva-
tives.358,361,364,366,367 Although methacrylate systems are
associated with high shrinkage and stress, the mechanical
properties of the resulting resins are difficult to match, and
research is still underway to take advantage of thiol−ene,
thiol−yne, and photolatent catalyzed thiol-Michael additions
reactions for dental restoratives.
PhotoCuAAC reactions have also been explored for their

potential in dental restorative materials. The reaction leads to
materials with substantially increased material toughness
relative to acrylic systems with similar Young’s modulus,
possibly due, in part, to hydrogen bonding and weak π stacking
of the triazole rings.368 The heat of reaction, however, is

significant, and the reaction itself, while complete in as few as 3
min, lags behind that of thiol−ene reactions and the industry
standard methacrylic systems, proving yet unresolved obstacles
to the application of the chemistry in such a context.

3.5.2. Photolithography and Additive Manufacturing.
In contrast to the photoCuAAC and photolatent-base
catalyzed thiol-Michael reactions, the radically mediated
thiol−ene and thiol−yne reactions are not dependent upon
the generation of a catalyst, the persistence and diffusion of
which continues to activate reactions even following
termination of light exposure. The radicals generated from
photoinitiation are, with minimal exceptions, short-lived and
therefore reaction outside the limits of light exposure is greatly
reduced. This behavior lends these reactions particular efficacy
in light-patterned applications including photolithography and
additive manufacturing.
Additive manufacturing technologies that employ photo-

chemistry and photopolymerization include stereolithography
(SLA) and digital light processing (DLP). In both cases, light
exposure is used to polymerize monomer from a reservoir,
layer by layer, to build up the desired or preprogrammed
structure. While SLA employs a laser to write lines of cured
resins and generally provides better spatial resolution, DLP
writes plane by plane via projection of two-dimensional images
and typically allows for faster printing. As with microfluidic
devices and dental restoratives, low shrinkage stress and higher
conversion (lower leachables) observed with step growth
reactions are advantages to employing photoclick reactions,
imparting better control over final dimensions of the printed
structure.369 Another advantage over the use of acrylic resins
for 3D printed structures is the ability to generate materials
capable of accepting postprinting modifications by the use of
off-stoichiometric formulations. Curing with an excess of either
reactant results in materials with residual functional groups
that may be subsequently reacted with other compounds
bearing their respective complementary reactive moieties. This
approach enbles the production of materials where the bulk
and surface properties may be independently and easily tuned
for particular applications. Because the reactions are highly
efficient, leaving a fraction of the unreacted moieties does not
necessarily greatly increase the fraction of leachables in the
printed materials. Ropollo et al. used this strategy while
printing thiol−yne formulations to subsequently modify
unreacted alkyne groups on the surface with an azide-modified
dye.370 While this demonstration only proved the concept, this
approach could be used, for example, to apply a nonfouling
surface treatment to printed biomaterials or to attach analytes
to surfaces for biodetection or diagnostic purposes.
Achieving highly ductile 3D printed materials has proved

challenging. As described previously, recently semicrystalline
linear polymers have been prepared via thiol−ene polymer-
ization. The high ductility exhibited by the bulk-polymerized
material was, however, diminished in the printed materials.
This drawback was overcome by generating low cross-linking
density, semicrystalline networks made primarily with
hexanedithiol and diallyl terephthalate with small fractions of
cross-linkers, yielding 3D printed materials with superior
ductility.371

The fast reaction kinetics of thiol−ene and thiol−yne
photoclick reaction permits the retension of otherwise unstable
materials’ features. Complex microscopic and macroscopic
heterogeneous features generated by phase separation in
emulsions and foams can be preserved to create porous
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structures with high surface area to volume ratios.372,373

Bubbles, for example, generated in more slowly reacting
monomer formulations, may merge or pop changing, the
volume and density of bubbles in the final, polymerized
material. The ability to quickly trap the bubble in place is
especially advantageous to the 3D printing of foams, as
demonstrated by Amato et al., who used direct writing of
multifunctional thiol−ene monomer and initiator and a
custom-designed shell−core nozzle to print foams with user-
dictated cell size and density.374 While photopolymerization of
larger foam structures may be adversely affected by the
scattering and diffusion of light due to the bubbles, this
phenomenon is much less significant in the thin streams
produced from the nozzle in this direct bubble writing setup.
Photopolymerized emulsions materials have been used in

conjunction with additive manufacturing and stereolitho-
graphic techniques to generate microfluidic devices with
porous, high surface area open cell scaffolds.375,376

The relatively low degree of light attenuation achievable with
one photon, many event radical polymerization allows
researchers and technicians precise control over the absorptive
properties of liquid monomer formulations where depth of
cure must be precisely tuned. While the photoamplification
and small reactive moieties make thiol−ene and thiol−yne
particularly attractive reactions for additive manufacturing,
other photoclick reactions have also been employed.
In the case of multiphoton absorption-mediated reactions

light attenuation is less consequential. The generally very low
absorbance of the chromophores at the wavelengths employed
generally allow for much greater depth of penetration of the
high intensity IR or NIR light and effective reaction in only a
minimal volume surrounding the laser focal point. This results
in the ability to directly write, within monomers in a liquid or
solution state, complex solid, 3D materials with extremely
small features. This can be accomplished with photoinitiated
systems (two-photon absorption has been employed in the
direct writing of microstructures using the thiol−ene
reaction377−379 and acrylate chain addition polymeriza-
tions380−382) as well as with one photon, one event reactions
such as the photo Diels−Alder reaction. In one representative
example, Quick et al. employed direct laser writing of
microstructures as described by using two-photon absorption
at 700 nm to mediate the reaction between multifunctional o-
quinodimethanes and maleimides.383 This allowed the
researchers to generate structures with features with spacing
of 500 nm and allowed for subsequent surface modification via
reaction with residual o-quinodimethanes.
The temporal control imparted by photomediated reactions

can also allow for the generation of regular features while
taking advantage of other pattern-generating phenomena. In
one such example, Dickey et al. photopolymerized sponta-

neously generated pillars of thiol−ene monomer formulation,
resulting from an electric field-induced force imbalance at the
liquid−air interface.384 While this is not an example of
photolithography, this work does present an interesting related
strategy, the use of patterned electrodes, to provided spatial
control of the generation of the thiol−ene generated pillars.
While the topic of “bioprinting” certainly falls under the

category of “additive manufacturing,” due to its combining 3D
printing technologies with hydrogel chemistry and techniques
(described in some detail in section 3.5.5), this subject is
presented subsequently in section 3.5.4.3.

3.5.2.1. Microfluidic Applications. A subset of additive
manufacturing and photolithography that requires particular
mention is microfluidics. While the field of microfluidics
involves the study and manipulation of flow of very small
volumes and has diverse applications from the design of fuel
cells, inkjet printheads, and medical diagnostic devices, the
fabrication of those devises is frequently accomplished via
additive manufacturing and photolithographic techniques.
Microfluidic devices themselves may be tools for the
fabrication of monodisperse microspheres or microshells.
Capable of mimicking the microfluidic capillary vascularization
found in many organs, microfluidic devices have been
especially valuable tools in biological research and tissue
engineering.
The development of microfluidic devices requires the

fabrication of microscale features (e.g., chambers of various
dimension, narrow channels that branch or combine) to
accommodate the precise transportation, mixing, and splitting
of the fluids in question. Thiol−ene coupling reactions have
been particularly effective in this area of research. An excellent
review by Sticker et al. has recently been published describing
the advantages and applications of thiol−ene coupling in
microfluidic devices.385 While there are several techniques for
microfluidic fabrication, including casting386 and 3D print-
ing,387 one of the most common is the transfer of patterns
from a photomask to the device via photolithography (Figure
84).
Unlike many other photoclick reactions, thiol−ene coupling

employs small functional groups that exert minimal influence
on the mechanical properties of the resulting materials,
allowing researchers to dictate those properties via inclusion
of soft or rigid monomer cores or pendant groups to generate
soft elastomeric materials or hard glassy materials tailored to
the particular application of the device.388−390 Additionally, as
the thiol−ene reaction is performed with a diverse selection of
thiols and alkenes, development of monomers with desirable
attributes may be accomplished with more flexibility in the
synthetic routes.
There are other reasons that thiol−ene reactions are

particularly suited to microfluidic device fabrication. The

Figure 84. General procedure for photomasked image transfer for microfluidic device fabrication. A mask is placed over monomer mixture and
exposed to light. Masked regions form channels and other negative features in the generated device.
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photoamplification of radical initiation mitigates light attenu-
ation, while radical termination minimizes the reaction rate of
light-activated processes outside areas of illumination enabling
precise spatial control. In addition, the delayed gelation of
thiol−ene and thiol−yne networks, relative to (meth)acrylate
networks, for example, mitigates the development of internal
stresses in the material associated with shrinkage, which could
cause deformation of device features.389 These qualities have
allowed researchers to generate high resolution channels,
pillars and holes with high aspect ratios (∼14), a substantial
improvement over acrylic counterparts.391 Even higher
resolution features are obtained with off-stoichiometric
formulations as image transfer from the mask is improved by
the diffusion of limiting reactant into the exposed area during
curing, resulting in a depletion of that reactant in unexposed
areas that reduces feature broadening.392

Another advantage of employing an excess of one reactant in
the monomer formulation is the maintaining of unreacted
functional groups following complete cure. These reactive
groups bound to the network can be subsequently modified
post device fabrication either by diffusing in compounds with
the reactive complements or by conducting reactions at the
surface of the material (discussed previously in section 3.4).389

It should be noted, however, that in masked exposure, diffusion
of the deficient reactant from unexposed to exposed regions
can have a substantial effect on the concentration of functional
groups at and near the surface.392 In addition to allowing
modification with chemically dissimilar compounds, the
presence of reactive groups at the surface and in the bulk of
microfluidic devices may facilitate more effective bonding of
subsequent layers during device fabrication, mitigating the
chance for solvent or stress mediated delamination.386,393 This
advantage can also be obtained by employing the temporal
control of the photoclick reaction to arrest stoichiometrically
balanced reactions before full conversion is reached.
Among the many various applications in this field, thiol−ene

microfluidic devices have been used for the high throughput
screening of immune cells,394 the culturing of breast cancer
spheroids,395 mimicking intestinal barrier,396 and the mechan-
ical lysis of cells.397 In a recent illustration of the versatility of
the thiol−ene coupling reaction for microfluidic devices, ene-
functionalized temperature-responsive NIPAM was grafted to
the surface of a thiol-modified substrate to generate thermally
actuatable gates within microfluidics channels for controlled
sequestration and release in individual channels.398 More
recently, this versatility was demonstrated in the fabrication of
an all-thiol−ene microfluidic enzyme reactor and electro-
phoretic separator for continuous sample preparation and
direct analysis by mass spectrometry,399 with these applications
showing significant promise for thiol−ene photopolymers as
materials for numerous lab-on-a-chip technologies with
stimuli-responsive behavior to multiple inputs.
Although it shares many features with the thiol−ene

reaction, thiol−yne couplings have been used considerably
less in the field of microfluidics. This may be because of the
moderately slower reaction. One potential advantage of the use
of thiol−yne reactions in this area, however, would be the
ability to maintain high cross-linking density in off-stoichio-
metric formulations. Moreover, with a faster second thiol
addition, a large fraction of any excess alkyne would likely be
maintained at full conversion, leaving a versatile reactive
handle for postfabrication modification with another thiol−yne
or azide−alkyne cycloaddition reaction.

3.5.3. Optical Materials. Incorporation of more polar-
izable atoms or groups into the polymer network is one of the
well-established strategies to produce high refractive index
polymeric materials.400,401 Owing to the high intrinsic molar
refraction of the sulfur atom, the polymers prepared by thiol
mediated click reactions received considerable attention in the
field of optical material development. Rapid and efficient thiol-
X click polymerizations allow for the uniform incorporation of
a large number of high refractive index sulfide linkages
throughout the polymer network, resulting in photopolymers
with high optical quality, thermal stability, and mechanical
strength. Advantages of these polymers such as lightweight,
low cost, ease of processing, and high impact resistance made
them an interesting alternative to silicon and glass for
optoelectronic applications. Furthermore, the step-growth
mechanism of thiol-X photopolymerization results in polymer
network with low intrinsic shrinkage stress with minimum
leachable monomers and exceptional resistance to oxygen
inhibition. While there exist several recent reports on high
refractive index polymers based on radical thiol−ene reactions,
a majority of these strategies rely on thermal or self-initiated
polymerizations.402−406 Incorporation of more polarizable
groups such as P = S and P = Se and highly polarizable
main group elements such as Si, Ge, Sn, etc., enabled these
polymers to achieve a refractive index as high as 1.75 with
excellent optical transparency.
Use of photoinduced thiol-X click polymerizations allows for

the reaction to be performed under ambient conditions to
achieve spatial and temporal control over various mechanical
properties. For example, in 2003, Natarajan et al. demonstrated
the formation of holographic reflection grafting in polymer-
dispersed liquid crystals (H-PDLC), offering lower switching
fields, higher diffraction efficiencies, better optical properties,
and higher thermal stabilities. Upon forming refraction gratings
at several wavelengths across the visible spectrum, diffraction
efficiency reached up to ∼70% in the blue and green spectral
region with no significant polarization dependence. Addition-
ally, implementation of the thiol−ene chemistry reduced the
nonuniform shrinkage of the film as a result of higher reactant
conversions at much lower viscosities.407,408

Peng et al. explored the utilization of a unique sequential
orthogonal strategy for two-stage thiol−ene click polymer-
ization, in which an initial thiol−acrylate Michael reaction
produced a loosely cross-linked photopolymeric substrate with
excess thiol−allyl reactive species.409 The presence of high-
refractive index allyl monomer, 9-(2,3-bis(allyloxy)propyl)-
9H-carbazole (BAPC), in the matrix allowed for large-index
gradients to be developed within the network upon subsequent
exposure to coherent laser beams and initiation of the radical-
mediated thiol−ene reaction. Upon further investigation, allyl
conversion during the thiol−ene reaction was attributed to
relatively low volume shrinkage of only ∼3%. Moreover, such
shrinkage is further alleviated by introducing additives such as
cyclic allyl sulfides or nanoparticles. This novel two-stage
system resulted in a holographic material with high Tg, high
modulus, diffraction efficiency as high as 82%, and refractive
index modulation of 0.004. The novelty and advantage of this
two-stage approach lies in the elimination of traditional solvent
processing methodologies; these reactions are also rapid and
oxygen-tolerant without light scattering or microphase
separation, resulting in good optical transparency.
Photoinduced thiol−ene click reactions have been used in

UV nanoimprinting lithography application using high

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.0c01212
Chem. Rev. 2021, 121, 6915−6990

6965

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c01212?rel=cite-as&ref=PDF&jav=VoR


refractive index polythioethers prepared via the radical
mediated thiol−ene click reaction of synthesized fluorene-
based dithiol monomer with various ene monomers. The
nanoimprinted patterns with various features on the order of
100−500 nm were successfully fabricated and characterized by
SEM analysis.410 More recently, McClain et al. carried out a
viability study of thiol-ene click derived photopolymers in
optical coating applications. A comparative study of optical,
thermal, and hydrophilic character of these photopolymers
formed by using a common tetrathiol (PETMP) with various
multivinyl monomers via photoinduced thiol−ene polymer-
ization resulted in transparent, high refractive index, hydro-
philic materials that could be polymerized and molded. Within
the comonomers tested, the thiol−ene polymers fabricated
using divinyl comonomers showed greater optical transmission
but low in refractive index than that of the thiol−ene polymers
that contained tetravinyl comonomers.
Incorporation of nanoparticles such as silica nanoparticles in

the holographic recording media greatly improved the optical,
mechanical, and electrical properties along with leading to a
significant reduction in the polymerization shrinkage. To this
end, Hata et al. reported the volume holographic recording
characteristics of silica nanoparticle−polymer composites using
thiol−ene and thiol−yne photopolymer systems.411,412 While
these nanoparticle-(thiol−ene)polymer composites exhibited a
high transparency and low shrinkage as low as 0.4−1%, their
saturated refractive index modulation were found to be 0.01
and 0.008 for thiol−ene and thiol−yne systems, respectively,
and meet the acceptable values for holographic data storage
media.
More recently, Alim et al. developed a highly modular

synthetic strategy to produce multifunctional thiol and ene
monomers with high refractive index cores containing aryl and
sulfide groups.413 The advantage of these low viscosity liquid
monomers (<500 cP) with high refractive indices (nD/20 °C ∼
1.64) and high optical quality have been demonstrated by
fabricating an aspherized plano-convex lens by an overmolding
procedure to increase the optical power and numerical
aperture. Furthermore, a high-performance holographic
recording medium developed by these thiol and ene monomer
formulations resulted in a holographic material with high
dynamic range of 0.04 with haze as low as 0.2%.195

As the refractive index of the thiol-X network is directly
proportional to the sulfur content, incorporation of more
sulfide linkages by using analogous thiol−yne systems
significantly enhances the refractive index development.414 In
combination with orthogonal thiol-Michael addition click
reactions, Peng et al. employed the sequential photoinduced
thiol-Michael/thiol−yne click polymerization approach to
implement direct image patterning with high diffraction
efficiency (96%) and index modulation of 0.004 with low
volume shrinkage (1.1%).415

3.5.4. Hydrogels and Tissue Engineering. 3.5.4.1. Hy-
drogel Synthesis. Hydrogels are highly swollen polymer
networks that have become useful platforms to study a wide
variety of biological systems in vitro and as injectable scaffolds
in vivo.416 The use of light-activated click reactions has allowed
for control over the rapid synthesis of hydrogel networks,
enabling precise spatiotemporal control over network for-
mation and for the introduction of biomolecules.417 One of the
most popular uses of photoclick hydrogels is for the three-
dimensional (3D) encapsulation of cells permitting them to
experience a 3D environment which more closely resembles
their native extracellular matrix (ECM), allowing researchers to
have a better model to understand cell−cell and cell−matrix
interactions. With the use of low energy wavelengths of light,
photoclick hydrogels have also become popular vehicles for the
delivery of biologicals and as platforms to precisely pattered
hydrogels with both peptides and proteins. Spatiotemporally
controlled hydrogels and their applications in regenerative
medicine have been recently comprehensively reviewed by
Brown and Anseth.418 Here, we describe various photoclick
reactions that have been used for hydrogel synthesis (e.g.,
thiol−ene, thiol−yne, thiol-Michael, and tetrazole−ene) and
highlight the power of light for their fabrication and for
photopattering.
The photoclick thiol−ene reaction has become one of the

most popular methods for the synthesis and post modification
of hydrogels over the past decade as demonstrated by these
recent reviews.417,419−421 The popularity of the reaction is
owed to its many advantages: (1) the thiol−ene step-growth
polymerization reaction is frequently preferred over chain-
growth polymerization reactions as it allows for the formation
of more homogeneous network and is not inhibited by the

Figure 85. VonKossa MacNeil stained longitudinal sections of the femur defect area at 12 weeks. A sample bridged partially by fibrous tissue (left).
A sample bridged by combination of bone and cartilage (right). The poly(propylene fumarate) scaffold stains light blue (indicated by yellow
arrows), mineralized tissue stains black (indicated by pink arrow), cartilaginous material stains blue-purple (indicated by orange arrows), and
fibrous tissue stains a light blue (red arrow). At the 12 week time point, there was no evidence of the thiol−ene hydrogel macroscopically or
microscopically. Endochondral ossification of cartilage is highlighted in the expanded view of the sample on the right. Reproduced with permission
from ref 426. Copyright 2019 John Wiley and Sons.
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presence of oxygen.45,422 Therefore, minimal photoinitiator
concentrations may be employed leading to a lower
concentration of radicals in the presence of cells, improving
cytocompatibility, and enabling the encapsulation of cells,
tissues, and proteins.423 (2) The hydrogel formation rate is
tuned in various ways by using a range of different
photoinitiators, wavelengths of light, light intensities, and
photoinitiator concentrations. (3) Facile incorporation of
peptides and proteins as cross-links and pendant bioactive
moieties is possible via utilization of cysteine thiols. Through
the use of photoclick reactions, these fabrication methods are
highly tunable and applicable to ranges of cell lines and
applications. These advantages allow for milder conditions to
be used for encapsulation and lower cell densities compared to
chain growth reactions. Recent work using thiol−ene hydrogels
has demonstrated the use of these materials for a variety of
exciting applications for cartilage development, antimicrobial
surfaces, and as controlled drug delivery vehicles (Figure
85).424−428

It should be noted that the thiol−ene reaction cannot strictly
be considered perfectly biorthogonal as the alkene readily
reacts with a thiol-containing natural amino acid, cysteine.
However, the natural abundance of cysteine is low and is
normally present as disulfides so does not interfere significantly
with hydrogel synthesis.429

In comparison to its thiol−ene counterpart, the photo-
triggered radical thiol−yne reaction has received dramatically
less attention as a route to synthesize biomaterials. Through
the use of the thiol−yne reaction, the alkyne is able to undergo
two consecutive thiol additions to form a dithiol adduct. There
are a few accounts of the thiol−yne reaction for hydrogel
synthesis. One example demonstrated by Daniele et al. shows
the synergistic effects of the step growth and chain growth
polymerization reactions.430 They use a tetrafunctional PEG
thiol−yne system with a gelatin methacrylate to tune the
characteristics of the interpenetrating network. They state that

this system allows for a more representative mimic of the ECM
as it mimics the more complex structure and behavior.
Although this system does not exploit the advantages of using
photoclick reactions, it highlights the ability for this reaction to
work alongside other photopolymerization reactions.
Recent advances in the Michael-type thiol−yne reaction

have demonstrated the nucleophilic addition reaction with
activation using green light. Truong and co-workers have
utilized boron−dipyrromethane (BODIPY) moieties with
pendant thioether groups that undergo photolysis in the
presence of green light (λ = 530 nm) excitation.431 The
liberated free thiolate ion can then undergo a nucleophilic
addition with an activated alkyne to form an alkene thioether
with controlled stereochemistry. The authors demonstrated
this photoclick reaction for hydrogel synthesis using star PEG
macromers functionalized with either the BODIPY thioether
or alkyne groups, which rapidly forms a hydrogel upon
irradiation of light (λ = 530 nm, 30 mW cm−2). The green-
light-induced ligation has been shown to pattern hydrogels and
for cell encapsulation, demonstrating the low toxicity of green
light.
Although the tetrazole−ene reaction has been used

extensively for labeling proteins and for molecular probes, it
has not been significantly used for hydrogel fabrication. Zhong
and co-workers used the reaction to synthesize hydrogels,
demonstrating rapid gelation times with low energy light, an
advantage of this photoclick reaction.432 A unique character-
istic of these hydrogels is their fluorescent nature through the
formation of a pyrazoline ring, aiding the imaging of
photopattered regions but could hinder the imaging of cellular
structures. The reaction has also been used to modulate self-
assembled hydrogels through stacking of short peptide chains
with tetrazole functionality.433 In this study, the tetrazole−ene
reaction is used to modulate the properties of the hydrogel
with encapsulated hMSCs.

Figure 86. (a) iEDDAC network formation using red light. (b) Picture of agarose gels used as a dermal model. (c) Change in the storage modulus
with the exposure to light. Reproduced with permission from ref 42. Copyright 2017 American Chemical Society.
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Although most photoclick reactions utilize UV light, it is not
the optimal wavelength to use for biological applications as the
high energy wavelengths are damaging to peptides, enzymes,
and DNA. For photoclick reactions to become more widely
used in biomedical applications, the low energy, long
wavelengths of light should be used. The optical therapeutic
window is between 600 and 900 nm, where there is minimal
adsorption of light by water and tissue. Truong et al. addressed
this issue by using 625 nm light for the catalytic activation of
IEDDA under physiological conditions (Figure 86).42 They
used multiarm PEGs functionalized with tetrazines and
norbornenes and demonstrated the in situ hydrogel formation
behind dermal tissue models, suggesting that the system could
be used as a controlled injectable hydrogel model into skin.
The group stated that this method would allow for better
control over gelation than spontaneously forming gels, as the
longer wavelengths of light could penetrate deeper into the
tissue without damage.
Adzima et al. were the first to demonstrate the synthesis of

hydrogels using photoinitiated copper catalyzed azide−alkyne
cycloaddition reaction (photo-CuAAC).434 Cu(II) was re-
duced to Cu(I) through radicals generated by a photoactivated
initiator. Gelation between a multi-arm PEG azide and PEG
dialkyne then took place in a controlled manner only in areas
which had been exposed to light. By using an excess of alkynes

in network formation, the researchers demonstrated in situ
fluorescent photopattering through the addition an azide
fluorophore. Using this technique, they determined that 25 μm
features could be formed with this technique with 50 s of
irradiation. This photoclick reaction combined the advantages
of CuAAC reactions (i.e., bioorthognal and fast reaction
kinetics) and may mitigate its significant drawback, the toxicity
of Cu(I), by photogenerating Cu(I) only in user-designated
regions. However, as the reaction still relies on the use of
Cu(I) catalyst, other photoclick reactions with lower toxicity
levels are still preferential for biomaterial applications. This
preference notwithstanding, this photoclick reaction has
recently been implemented in the synthesis of shape memory
hydrogels.435 The click nature of the reaction allowed for facile
control over the thermoresponsive units feed ratio, controlling
the mechanical properties of the hydrogel above and below the
LCST.

3.5.4.2. Post-cure Modification of Hydrogels. An important
application of synthetic hydrogel scaffolds is to create ECM
mimics. The ECM is dynamic and responsive to external
stresses from the surrounding environment, including
increased stiffness with disease progression. To observe these
dynamic processes in vitro, hydrogels have been created that
respond to external stimuli (e.g., the stiffening of a scaffold to
mimic disease progression). Light has been used as an external

Figure 87. Concept of light-mediated Michael-type addition for spatiotemporally controlled hydrogel cross-linking: (a) a thiol-containing
macromer is protected with photolabile caging group and is dissolved in a hydrogel network comprising free vinyl sulfone groups; (b) localized
laser illumination causes photocleavage of the caging groups reactivating thiols; (c) activated thiol-containing PEGs react to vinyl sulfone via
Michael-type addition reaction creating localized stiffness patterns. Reproduced with permission from ref 445. Copyright 2012 Royal Society of
Chemistry.
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stimulus to increase the stiffness in hydrogels by increasing
cross-linking density through various light activated reactions.
In particular the radical thiol−ene reaction has been used to in
situ stiffen hydrogel materials to mimic disease progres-
sion.436−438 Mabry et al. showed that in situ stiffening
hydrogels using subsequent thiol−ene cross-linking enabled a
better understanding of myofibroblast to fibroblast transi-
tion.439 Discrete regions of stiffness are also created in
hydrogels to further explore mechanobiology.440−442 The
discrete nature of the light activated reaction allows for
remarkable control over the stiffness of the material.443 The
popularity of the thiol−ene reaction for postmodification of
hydrogels reflects the reputation of this reaction for hydrogel
fabrication and the subsequent ease of using these reactive
handles for postmodifications.
In situ generation of reactive thiolate functionalities coupled

with subsequent thiol-Michael click reactions has been used to
control local stiffness in space, time, and intensity of hydrogel
matrix.444,445 To this end, Mosiewicz et al. combined
phototriggered uncaging chemistry and subsequent Michael-
addition click reaction to spatiotemporally control the physical
properties by tuning the cross-linking density of a poly-
(ethylene glycol) (PEG) hydrogel network, which directly
translated to highly localized stiffness patterns of broadly
tunable shape and stiffness range (Figure 87). Using this
approach, user-defined stiffness patterns in a range of soft
tissue microenvironments (i.e., between 3 and 8 kPa) were
obtained and shown to influence the migratory behavior of
primary human mesenchymal stem cells (hMSC).
Perhaps one of the most popular and valuable post-

modification applications of hydrogels is the ability to
photopattern proteins and small molecules into the network
after formation. The use of photoclick reactions for this
process affords spatial control of ligand immobilization
through the use of photomasks and the discrete nature of
light. In addition, the use of photoclick reaction after cross-
linking allows for attachment of sensitive moieties in a
homogeneous manner and with high resolution control over
patterning.43 As mentioned in the hydrogel fabrication section,
the ability to add cysteine pendant peptides into thiol−ene
hydrogel networks has been demonstrated many times to allow
for cell adhesion and motility.446 The use of the thiol−ene

reaction for the controlled presentation of biomolecules in
hydrogels was reviewed by Grim et al. and highlights the ability
to use the reaction for biomolecule patterning and the
subsequent photocleavage patterning and reversible patterning
that can achieved with these hydrogels.417

Hydrogels can also be photopattered through the combina-
tion of two photoclick reactions. Batchelor et al. used a thiol−
ene reaction to form a hydrogel network and a subsequent
tetrazole−ene reaction to further functionalize the hydrogel
with peptides to encourage cell attachment (Figure 88).447

They exploit the use of the self-reporting fluorescent pyrazole
ring to show successful ligation of the peptide. The researchers
also used riboflavin instead of LAP as the photoinitiator in the
thiol−ene reaction to enable the use of visible light (455 nm)
to initiate the reaction and UV light (326 nm) to activate the
tetrazole−ene reaction. Through the use of lithographic
techniques, the hydrogels were functionalized in a spatially
resolved fashion, allowing selective cell adhesion in the
irradiated sections.
Recently, in 2020, Ma et al. have used the thiol−yne reaction

alongside SPAAC and iEDDA photoclick reactions to
photopattern proteins into hydrogel networks.448 The system
was used to study the interactive effects of proteins, in
particular, transforming growth factor beta (TGF-β), bone
morphogenic protein 2 (BMP-2), and fibroblast growth factor
2 (FGF-2), on valvular institute cells (VICs) activation as a
model platform to further understand the aortic valve niche.
The authors were able to use the photoinitiated thiol−yne
reaction to sequentially incorporate moieties for protein
immobilization. The thiol−yne reaction was the only choice
for this work to allow for the reaction to take place without
interfering with the other click reactions, SPAAC and IEDDA.
Spatiotemporally controlled release of caged thiols also

promoted specific immobilization of biomolecules including
photopatterning.449 For example, in their earlier studies,
Shoichet and co-workers used S-2-nitrobenzyl protected
cysteine to create spatially defined protein patterns in
agarose-based 3D hydrogels by selectively activating the thiol
functional groups for thiol−maleimide mediated biomolecule
conjugation.450,451 For this purpose, the pendant primary
hydroxyl groups on the dissolved agarose were modified with
o-nitrobenzyl protected cysteine using carbodiimide coupling

Figure 88. (i) General procedure for the fabrication and functionalization of the PEG-based hydrogels: (1) Precursor solution placed between a
methacrylate functional glass slide and PDMS cover; (2) irradiated under blue light to obtain the cross-linked gel; (3) gel swollen with acrylate
solution and photomask placed on top; (4) irradiated under UV light to obtain patterned sections (a) hydrogel precursor solution and 1:1 equiv of
DTT and norbornene moieties, (b) cross-links consist of a double thioether linkage, and (c) chemistry of the photopatterned areas. (ii) Surface
adhesion of NHDF cells: (a) DIC image of NHDF cells after 24 h incubation on the hydrogel surface; (b) fluorescence confocal image of the
photopatterned section of the gel (photopatterned areas appear black); (c) fluorescence confocal image of NHDF cells stained with propidium
iodide; (d) Merged image of (b) and (c). Reproduced with permission from ref 447. Copyright 2018 Royal Society of Chemistry.
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chemistry. After the gelation, the photocaged agarose gels were
irradiated with 266 nm UV light to release free thiolate
functionalities, which were used to immobilize maleimide-
functionalized peptides or proteins via a subsequent via thiol-
Michael click reactions only at the irradiated regions.
Shoichet and co-workers used 6-bromo,7-hydroxycoumarin

sulfide modified agarose hydrogel for highly efficient 3D
patterning of maleimide modified Alexa Fluor 488 and other
biomolecules without causing any cross-linking or change in
physical properties of the hydrogel (Figure 89).452 The
uncaging of the nucleophilic thiolate functionalities was
achieved upon irradiation with UV or pulsed multiphoton
excitation.
In another work, the authors modified an agarose matrix

with the same photolabile 6-bromo-7-hydroxycoumarin-
protected thiols in order to photopattern the conjugation of
maleimide modified human serum albumin (HSA-malei-
mide).453 After binding the HSA to the matrix, FGF2 was
immobilized by forming stable complex with ABD fusion
protein with the photopatterned HSA.
In another example, Liu et al. demonstrated a highly

cytocompatible gelation approach to fabricate 3D ECMs with
precisely controlled size, shape, and stiffness via light-
controlled thiol-Michael addition cross-linking.454 In this
approach, the authors used a methacrylate copolymer
containing pendant macrocyclic 7-amino coumarin-caged
thiol and polyethylene glycol side chains. Upon photo-
excitation, intramolecular photouncaging of macrocyclic
coumarin caged thiol and subsequent reaction of liberated
free thiols with multifunctional PEG maleimide produced 3D
hydrogels. The combined use of 7-amino coumarin and
nitrobenzyl caging groups for thiols was thus used for
wavelength selective release of free thiols in a one-pot reaction
approach. For example, Liu et al. used the different excitation
of coumarin and nitrobenzyl phototriggers at 420 nm and at
365 nm, respectively, to achieve wavelength-selective photo-
deprotection of thiols at different locations on the same
polymer backbone.455 The different thiols generated this way
were used for the bioconjugation of two different functional
materials (QDs and proteins) on the same polymer chain to
produce QDs−polymer−protein conjugates in one pot (Figure
90).
The authors used a well-defined, hydrophilic polymethacry-

late block copolymer in which 7-amino-coumarin and o-
nitrobenzyl phototriggers were used to protect the end- and

pendant-thiols, respectively. Upon excitation at 420 nm, the
absorption of the 7-amino-coumarin phototrigger caused the
release of thiol at the end of the polymer chain to trigger the
subsequent reaction with maleimide functionalized protein,
whereas the o-nitrobenzyl phototrigger remained intact.
Following this reaction, the exposure to 365 nm light photo
released the pendant thiol functionalities via niitrobenzyl
photocleavage and subsequently captured the QDs from the oil
phase by ligand exchange.
Surface patterning of hydrogels has also been shown using

the photoinitated CuAAC reaction. Chen et al. used Irgacure
2959, CuSO4·5H2O to surface pattern a PEG hydrogel on an

Figure 89. Schematic representation of multiphoton chemical patterning in hydrogel. Reproduced with permission from ref 452. Copyright 2008
American Chemical Society.

Figure 90. (a) Schematic representation of sequential photorelease of
thiols and bioconjugations with protein and QDs in a one-pot process.
(b,c) UV−vis spectra of CNTP (PBS, pH = 7.4) upon 420 nm
irradiation and followed by 365 nm irradiation. (d) Pictures are
TOPO-QDs, unpurified QDs−CNTP−avidin, and purified QDs−
CNTP−avidin after centrifugation (from left to right). Reproduced
with permission from ref 455. Copyright 2014 Royal Society of
Chemistry.
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azide-functionalized surface.456 This approach allowed the
researchers to control the thickness of the hydrogel and
modulate cell attachment using a photomask and UV
irradiation.
The photoSPAAC reaction has also been used to pattern

hydrogels. Bjerknes et al. selectively labeled hydrogels through
incorporation of a cyclopropenone-caged cyclooctyne.457 The
authors demonstrated the uniformed labeling of the network
using 365 nm light and an azide functionalized dye, displaying
the reaction as a powerful photopatterning tool.
Photopattering hydrogels with photoclick reactions has been

demonstrated for a range of applications and cell types, albeit
with a significant focus on thiol−ene reactions. Although the
area has focused on this reaction, as a consequence of their
accessibility and ease of synthesis, the full spectrum of
photoclick reactions could be applied to this application. It is
envisioned that as the full range of photoclick reactions are
increasingly used in hydrogel synthesis, they will also find
applications in the orthogonal control of heterogeneous
mechanical and biochemical properties of biomimetic hydro-
gels.
3.5.4.3. Bioprinting. Photoclick reactions lend themselves to

applications in bioprinting as a consequence of their
biorthogonal nature and spatiotemporal control. Over the
past decade, chain growth polymerization reactions have
dominated the field, especially through the use of gelatin
methacrylate. However, this type of polymerization is affected
by oxygen inhibition, heterogeneous polymer networks, and
complex polymerization kinetics.458 In recent years, photoclick
reaction has been seen as an alternative route for bioprinting.
The thiol−ene, thiol−yne, and thiol-Michael reactions have
been used for extrusion-based printing and stereolithography
as the step-growth nature of the reactions forms homogeneous
polymer networks at high yields with rapid reaction rates.156

The thiol−ene reaction is becoming commonly adopted for
bioprinting, as its significant advantages over radical chain
polymerizations are becoming evident in various applications.
Blood vessel-like structures have been printed through cross-
linking thiolated hylaronic acid with 4-arm PEG tetra acrylates.
The authors used extrusion-based printing enabling the
encapsulated of NIH 3T3 cells within the printed tubular

tissue constructs. The culture was viable for 4 weeks and
demonstrated the feasibility of building controlled bioartificial
constructs through the use of light.459 Norbornene function-
alized alginate cross-linked with PEG dithiol has also been
used to print scaffolds with ATDC5 and L929 cells.428

Through the use of the thiol−ene system, they were able to
also incorporate a thiol functionalized RGD sequence to
improve cell adhesion within the construct.
More recently, Bertlein et al. and Stichler et al. have used

thiol−ene biofabrication technology to create scaffolds.460,461

Stichler used a synthetic poly(allyl glycidyl ether-co-glycidyl)
(P(AGE-co-G)) and poly(glycidol) to create hydrogel
precursors with alkene and thiol groups, showing an example
of biofabrication with a PEG-based system. The structures
were cytocompatible through the use of the photoclick
reaction and showed good reproducibility. In 2018, the
Burdick group demonstrated 3D extrusion bioprinting of
single and double network hydrogels with dynamic covalent
cross-links.462 The authors successfully printed a hyaluronic
hydrogel with shear thinning behavior owing to the hydrazine
chemistry of the network. The second network used a
photoclick reaction and was composed of a norbornene
functional hyaluronic acid combined with a tetrathiol cross-
linker. This thiol−ene system allowed for patterning and
increased mechanics of the original network as a consequence
of the spatiotemporal control that the photoclick reaction
enables. Although these techniques demonstrate a range of
materials and applications of 3D bioprinting, they are restricted
to low resolution. Liska and co-workers demonstrate the
versatile of alkenes and thiols for two-photon microfabrication,
demonstrating that gelatin-vinyl esters, reduced bovine serum
albumin (BSA), DTT, or PVA-thiols can be used for
biofabrication (Figure 91).463−465 Recently, Dobos et al.
reported the use of a photoclick reaction for lithography-
based approaches to enable the production of intrinsic
architectures and complex geometries.466 The group used
two-photon polymerizations for submicrometer spatial reso-
lution to print norbornene functionalized gelatin cross-linked
with dithiolthreitol (DTT). This was the first example of two-
photon polymerization processing while maintaining cell

Figure 91. Mouse as a test structure: (a) CAD model, 3D printed N19T06-060 visualized by (b) light microscope and (c) laser scanning
microscope using PVA thiol−ene material. Adapted with permission from ref 465. Copyright 2016 John Wiley and Sons. (d) Schematics of the 2PP
microfabrication. (e) z-Stacked laser scanning microscope image of a 3D “octopus” construct produced by 2PP of HA-VE/DTT. Reproduced with
permission from ref 464. Copyright 2014 Royal Society of Chemistry.
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viability, which had previously only been obtained with gelatin
methacrylate.
Overall, the photoclick thiol−ene systems offers many

advantages to biofabrication, including the ability to form
more homogeneous networks in comparison to chain growth
polymerization reactions, which are currently widely used in
this area. The benefits of this system suggest that it will be used
more widely in the future especially for cell laden materials.
The thiol−yne reaction has not been used to its full

potential in bioprinting. One rare example was reported by
Skardal et al., who used thiol−yne chemistry to form a
secondary cross-linking network to form a stable hydrogel
structure after printing.467 The group first used a thiol−
acrylate system that reacted spontaneously to form a soft
extrudable gel to bioprint. They then added a PEG alkyne and
used UV light to photoclick the networks together and increase
the stiffness of the network to match tissue (100 Pa to 20 kPa).
The use of the thiol−yne reaction here exploits the
bifunctionality of each alkyne, enabling a rapid controlled
increase in strength. They highlight that the modular nature of
this hydrogel bioink could be adapted for multiple tissue types.
Although most of the photoclick reactions have been

employed in hydrogel fabrication, they have not been applied
to 3D biofabrication. This includes thiol-Michael, photo-
strained promoted azide−alkyne cycloadditions, and tetra-
zole−ene.468 While diffusion of photoliberated base catalyst in
thiol-Michael reactions may mitigate, in some bioprinting
applications, the spatial control over the reaction, the spatial
resolution offered by nonphotoamplified reactions would seem
to be a good fit for such photomediated 3D printing
techniques, providing adequate depth of cure for the printing
techniques employed. In contrast to the fabrication of thicker
materials, the relatively high chromophore concentrations and
consequent light attenuation would not preclude the
application of such chemistries in thin layers. It is speculated
that these reactions have not been used for biofabrication
because of the synthetic challenges the precursors present.
Many of these photoclick reactions are not commercially
available and require many synthetic steps to reach the desired
product. The cost and yield of these reaction also prevents
large quantities of these reagents to be synthesized. This limits
the reaction’s use in bioprinting as this application often
requires large amounts of reagents. With the increase in
popularity and the improvement in commercial availability of
easily coupled photoclick moieties, the spatiotemporal
advantages of these reactions may be more fully recognized
in 3D bioprinting.
3.5.5. Microparticles and Nanoparticles. Polymeric

microparticles have broad utility in materials science. They
are used in paints and coatings, adhesives, cosmetics, solid
supports for chemical syntheses, biomedical diagnostics, drug
delivery, as well as many other fields.469 As described
previously, photoclick reactions, including thiol−ene and
tetrazole−ene reactions, have been used effectively to modify
the surface of microparticles, allowing independent dictation of
the surface and bulk chemistry, respectively. Photoclick
reactions may also be used to generate microparticles. There
are a variety of means of synthesizing microparticles, including
emulsion polymerization and microfluidic formation of
monomer microdroplets. The quality of the microparticles
obtained via these methods is diminished if the polymerization
is slow, allowing droplets to fuse or emulsions to break. Rapid
rates of reaction make thiol−ene and thiol−yne reactions

especially effective in such processes. Microfluidic devices,
discussed previously, also provide a means to generate highly
uniform droplets of monomer that can be rapidly photocured
to create highly uniform microparticles.
This discussion of microparticles and nanoparticles is

divided into a description of those materials with relatively
high cross-linking density and highly swollen microgels and
nanogels.

3.5.5.1. Highly Cross-linked. Some of the earliest work on
thiol−ene and thiol−yne microparticles was performed by
Prasath et al., who synthesized a variety microparticles by
photopolymerization of monomer droplets passing through
microfluidic channels.470 Monomer formulations included a
tetrathiol and mono and multifunctional alkenes or alkynes
along with a photoinitiator and, in the synthesis of porous
microparticles, a porogen. Hydroxy and amine containing
alkenes and alkynes permitted subsequent surface attachment,
suggesting potential for use in solid-supported chemical
synthesis. Similar microparticles with thiol−ene and thiol−
yne photoclick reactions have been obtained by Shipp and co-
workers471,472 as well as Gao and co-workers473 via suspension
polymerization, a process generally perceived as more scalable
than microfluidic fabrication. Alimohammadi et al. have also
used dispersion polymerization, in which a homogeneous
solution of monomers phase separates into solvent and
microparticles during polymerization, to generate microspheres
via thiol−ene and thiol−yne photoclick reactions.474 Photo-
base mediated thiol-Michael click reactions have similarly been
used to generate very narrowly disperse microparticles via
dispersion polymerization.475

Tetrazole−ene reactions have also been used to synthesize
particles which can be modified postsynthesis. For example,
Hooker et al. used tetrazole−alkene reactions to generate
surface functionalizable microspheres via the off-stoichiometric
cross-linking reaction between complementary tetrazole and
acrylate-bearing polystyrene chains,476 an extension of the
groups work generated surface-funtionalizable nanospheres via
radical polymerization of acrylic-modified, photoclickable
tetrazoles, discussed earlier.350

Recently, Barner-Kowollik and co-workers have also
developed highly uniform microparticles using Diels−Alder
photoclick chemistries (section 2.2.1).477 The group has also
utilized a self-reporting Diels−Alder photoclick reaction
between ortho-methylbenzaldehydes and electron deficient
alkynes using UV light (λ = 320 nm) to generate fluorescent
microparticles,478 a system which that group has pioneered.40

By using visible light (λ = 525 nm), they were also able to
synthesize narrow disperse microparticles using a naphtha-
lene−triazolinedione [2 + 4] photocycloaddition reaction.479

The group has highlighted the flexibility of the Diels−Alder
reaction for the synthesis of materials with small dimensions
using a range of different wavelengths of light, highlighting the
versatility of these Diels−Alder cycloaddition reaction.

3.5.5.2. Microgels and Nanogels. Water swollen microgels
(typically 1−350 μm) and nanogels (typically 20−250 nm)
have become popular biomaterials for applications in drug
delivery, bionanotechnology, and biomedical implants.480

Because of their hydrophilic network, nanogels and microgels
exhibit high swelling, good biocompatibility, and defined
mechanical and diffusional properties.481 This allows for
precise loading and release profiles, which can be further
tuned by degradation and postmodification reactions.
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The thiol−ene reaction was first used to make nanoscale
hydrogels in 2014 using the aqueous cavity of a liposome to act
as a nanoreactor.482 Hachet et al. demonstrated the synthesis
using norbornene functionalized hyaluronic acid and PEG
dithiol to form uniform nanogels with tunable swelling
properties. Since then, radical thiol−ene reactions have also
been used to form peptide functionalized microgels to
sequester and release vascular endothelial growth factor
(VEGF).483 This approach, using a water-in-water emulsion
to control the size, relies on the rapid kinetics and efficiency of
the photoinitiated thiol−ene reaction for batch microparticle
synthesis. Building on this work Alge and co-workers used the
same photoclick chemistry to form microgels with excess
norbornene groups that could be used to functionalize the
microgels with tetrazine functionalized proteins.484 Alkaline
phosphatase and glucose-oxidase were used to demonstrate the
utility of this process with bioactive proteins and quantitively
assess microparticle bioactivity. Recently Xin et al. have
developed this work further, using the same thiol−ene
chemistry to synthesize microgels but through a microfluidic
device to create gradients in microporous annealed particle
(MAP) hydrogels.485 These gradients allowed for a unique
insight into cell−material interactions as demonstrated with
hMSCs that had differential spreading depending on the
degradability and stiffness gradient of the particles (Figure 92).

Thiol−ene microgels have also been postmodified using
tetrazole−ene chemistry through utilization of norbornene
functionality. Michel et al. synthesized microgels by cross-
linking norbornene functionalized chitosan with a PEG dithiol
in a low energy water-in-oil nanoemulsion templating
method.486 They demonstrated that the microgels were
nontoxic to human dermofibroblasts (HDF). The researchers
then exploited the tetrazole−ene reaction to react unreacted
norbornenes with a tetrazine coumarin to increase the
fluorescence for ease of tracking. The researchers state that
the coumarin increases the florescence of the pyrazoles ring by
up to 10 times, making the microgels ideal for cell targeting
moieties. Alternatively, the thiol−ene reaction can be used to
postfunctionalize nanogels and microgels that have been
synthesized through other methods. Huang et al. synthesized
PMMA microgels using a RAFT-assisted dispersion photo-
polymerization technique to control the number of vinyl
groups present on the particles.487 A thiolated biotin was
conjugated to the surface of the microgels through a
photoinduced radical thiol−ene reaction. The biotinylated
PMMA microgels could then effectively immobilize fluorescent
streptavidin, demonstrating the ability to make controlled
monodispersed functional microgels through thiol−ene
reactions.
Nanogel postmodification has also been demonstrated using

the thiol−yne reaction to form a nanogel coated monolayer.488

Figure 92. (a) Schematic of the microfluidic device-based microgel production procedure. (b) Schematic illustrating microgel extrusion into a 3
mm rectangular mold and microgel annealing into scaffolds. (c) Image showing gradient MAP scaffolds injected into a mouse femoral defect. (d) Z
projection images of hMSC proliferation and spreading in MAP scaffolds with either a stiffness gradient (top) or a degradability gradient (bottom).
Green represents F-actin and blue represents nuclei. Reproduced with permission from ref 485. Copyright 2020 John Wiley and Sons.
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The PEG nanogels were synthesized through a CuAAC cross-
linking reaction with excess alkyne groups. A thiol−yne
reaction was then carried out between a thiolated surface
and the nanogels with exposure to UV light and I-2959 to form
a 100% PEG monolayer. The formed layer was superior for
producing a protein resistant coting compared to other
reaction because of the bioorthogonal nature of the reactions
used.
An ideal nanogel application is as drug delivery vehicles with

controlled and targeted release.489 Most drugs are hydrophobic
and therefore are cleared out of the body quickly. By trapping
drugs within hydrophilic nanogels, they can deliver their load
efficiently to an area of interest and release in a controlled
manner through a range of degradation routes built into the
nanogel structure. This has been demonstrated numerous
times in the literature with a range of techniques.480 However,
as clearly demonstrated by Lochhart et al., photoclick reactions
enable a facile way to synthesize and load nanogels.490 Very
recently, Graf et al. have also demonstrated this with PEG
microgels to deliver therapeutic proteins to the alveolar sacs.
Here PEG microgels offer the correct size and hydrophilic
surface to prevent a macrophage response enabling efficient
delivery. Thiol−ene reactions enabled fast, specific cross-
linking in the presence of a therapeutic protein. Furthermore,
this photoclick reaction has been used to encapsulate
antibodies and growth factors into nanogels for controlled,
target delivery.491,492

For the production of fluorescent nanogels, the self-
reporting tetrazole−ene reaction has the obvious advantage
of intrinsic fluorescence. This facilitates tracking nanogels and
microgels in vivo without additional synthesis steps to label the
material. This photoclick reaction has particularly found an
application as a synthetic route to form fluorescent drug
delivery vehicles owing to its fast reaction kinetics and
specificity, enabling drug encapsulation without side reactions.
Zhong and co-workers have used tetrazole−ene nanogels to
improve the intracellular target of cancer drugs.493 The
formation of a fluorescent pyrazoles ring through cross-linking
enabled the enhanced CT imaging of MCF-7 breast tumor in
nude mice compared to iodoxanol, a clinically used contrast
agent with nonspecific distribution. The study demonstrated
the excellent biocompatibility, high stability, and effective
targetability to CD44 overexpressing cells with these
tetrazole−ene nanogels and presented the system in vivo for
high tumor accumulation and improved survival rate. By
loading PTX into the nanogels, the systemic toxicity of the
drug was reduced compared to free PTX and the fluorescent
nanogels significantly improved imaging.

Phototriggered thiol-Michael reactions have also been used
for nanogel synthesis. Gao et al. demonstrated the compati-
bility of using 400−500 nm light to form nanostructures and
365 nm light to allow for bond exchange.494 In another
example, Liang et al. utilized phototriggered Michael-type
additions of o-nitrobenzyl caged multiarm PEG thiol and
maleimides for liposome-templated production of lipid-coated
polymer nanogels.495 Phototriggered release of PEG−thiols
upon irradiation of 365 nm UV light and subsequent cross-
linking permitted the formation of well-defined nanogels by
providing temporal control of the reaction avoiding the
macroscale gelation. The phototriggered formation of nanogels
was monitored by oscillatory rheology experiments of bulk
hydrogels, and the production of nanogels was confirmed via
dynamic light scattering and transmission electron microscopy
(Figure 93).
Overall, the synthesis of nanogels and microgels using

photoclick reactions is a growing area of research with exciting
and impactful applications. The area is still new, with many
papers only published in the last several years. Therefore, the
current area focuses heavily on thiol−ene and tetrazole−ene
reactions because of their ease of synthesis and rapid reaction
rates. There is a plethora of alkene and thiol functional groups
that can be functionalized onto natural and synthetic polymers,
enabling the growth of these two reactions for the synthesis of
nano- and microhydrogels. The advantages of photoinitiated
CuAAC and SPAAC reactions are less beneficial to the
synthesis of nanogels and microgels, as many of the synthetic
methods used require oil−water phases and high shear rates.
The advantages of discrete areas of a liberated catalyst or ring-
strained alkyne are less beneficial for nano- and microhydrogel
synthesis in comparison to other photoclick reactions.

3.6. Obstacles in Application of Photoclick Reactions

Despite the successful application of photoclick reactions in
such disparate fields of research, there are obstacles to the
implementation of these reactions more broadly.
Limited scalability of the reaction has been described briefly,

and the requirement for exposure to light in any reaction may
mean less effective mediation of that reaction where light
cannot penetrate or where it is otherwise obscured by
refraction. This may not be as big of an issue where
photolatent catalysts that persist in the absence of light are
employed (e.g., with photo thiol-Michael reactions), but most
of the reactions described herein cease completely in the
absence of light. Moreover, light-absorbing chromophores on
one or both reactive groups limit the ability to obtain optically
thin reactions without extremely low concentrations or very
small volumes. Flow reactors, as compared to batch systems,

Figure 93. Schematic representation of liposome templated synthesis of PEG-based nanogels via photo triggered thiol−maleimide click reaction in
aqueous media: (1) DI water, polycarbonate membrane; (2) 365 nm @ 10 mW/cm2, 2 h, and TEM images of the lipid-coated nanogels dried from
aqueous solution. Reproduced with permission from ref 495. Copyright 2014 Royal Society of Chemistry.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.0c01212
Chem. Rev. 2021, 121, 6915−6990

6974

https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig93&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig93&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig93&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01212?fig=fig93&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c01212?rel=cite-as&ref=PDF&jav=VoR


avoid constraints associated with light attenuation and allow
for simple scale-up of photoinitiated polymerizations,496 which
can be combined with orthogonal reactions (e.g., thermally
driven polymer modifications) within the reactor to produce
complex products in unprecedented yield and in essentially
one step.497 Using a photoinduced Diels−Alder cycloaddition
between o-quinodimethane thioether and maleimide, Feist et
al. demonstrated full conversion of starting materials in a
photoflow polymerization in aqueous solution and catalyzed by
visible light from LEDs, modeling remarkable reagent and
catalyst sustainability in a highly efficient polymerization
system.329

Another obstacle to effective use of photoclick chemistry
results from inadequate reporting of the reaction conditions as
they apply to light exposure. It is not uncommon for papers to
omit relevant information that would assist replication of
experimental conditions. Such omissions might consist of the
particular exposure wavelength and characteristics of the light
source. Instead, general terms like “blue” or “UV light” are
often used in the methods description as well as in other
sections of the paper. More frequently, however, it is the light
intensity (with units of energy per area that is incident on the
top surface of the sample) that is omitted. Lamp power may be
noted, but that is entirely unuseful for repeating an experiment,
hindering reproduction of reported results. Where low
intensity, near-UV light is employed in photoclick reactions,
mass-produced black lights may be effectively used as a cheap
alternative to specialized illumination products. However, the
fluorescent tubes of such black lights may use one of two
phosphores which, upon excitation, emit light centered at
either 352 or 368 nm. Such a difference in emission may not be
significant in recreational applications but can be consequential
when used to conduct photochemical reactions, as of course is
the incident intensity at the sample which must be measured
by a reliable radiometer tuned to the wavelengths of light used
and reported. Further, reports of solar-initiated reactions
frequently omit pertinent wavelength and intensity informa-
tion. Solar output in terms of intensity and spectral output are
subject to season and geography. In addition, details about the
sample geometry are also critical as the sample thickness in the
direction of exposure, the initiator concentration, and the
presence of any other attenuating species must be included.

4. CONCLUSIONS
Rather than having a common mechanism, photoclick
reactions are so categorized based on common features that
enable their application in a wide variety of chemical and
biological contexts: efficiency, selectivity, exogenous control,
and so forth. Yet the commonality among these reactions can
be overstated. Different photoclick reactions exhibit distinct
advantages and disadvantages, the better understanding of
which allows more effective implementation of such reactions
to address the synthetic and materials challenges at hand for a
particular reaction. Perhaps the most fundamental parameter
that divides photoclick reactions is the role the chromophore
plays in the reaction, whether its activation leads to the
generation of the reactive species directly or whether its
activation participates in a catalytic or otherwise photo-
amplified mechanism with the reactive species.
The general orthogonality of click reactions and photoclick

reactions drives, to a considerable degree, the varied
applications in which they may be employed. While there are
many significant advantages to the use of photomediated click

reactions, one that holds particular potential, particularly given
the recent advances in discrete spectrum LED sources, is the
utilization of multiple wavelengths as independent exogenous
stimuli. Selective initiation of specific orthogonal photoclick
reactions in a predetermined order via consecutive irradiation
with different wavelengths has allowed the modular synthesis
of complex chemical architectures and holds potential for the
development of higher-order structures as well. Expansion of
this utility relies on development of chromophores for such
reactions with nonoverlapping regions of their respective
absorbance spectra. While examples of photoclick reactions
conducted with longer wavelengths of light are not exactly rare,
it is the near UV and low wavelength, blue regions of the
spectra (i.e., 350−420 nm) that are most heavily utilized.
Furthermore, many of those reactions conducted at higher
wavelengths employ inefficient multiphoton absorption or
upconversion techniques that are impractical for all but the
most niche applications. Continued development of highly
efficient, longer wavelength photolatent catalysts, photo-
initiators, and reactive chromophores is key to the broader
exploitation of the orthogonality of the sundry photoclick
reactions in combination one with another as well as in
situations requiring biologically most benign photoexposure.
The concept of photoclick chemistry has expanded the

synthetic, polymeric, and biological research toolbox im-
mensely in just a few short years and its continued relevance
is anticipated well into the future.
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ABBREVIATIONS
ABD = albumin binding domain
AgBF4 = silver tetrafluoroborate
APT = alternating propagation and chain transfer
ATRP = atom transfer radical polymerization
BAPC = 9-(2,3-bis(allyloxy)propyl)-9H-carbazole
BAPO = bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide
BCN = bicyclononyne
BMP-2 = bone morphogenic protein 2
BLG = bovine β-lactoglobulin
BSA = bovine serum albumin
CBOA = carbon-bridged octocyclic azobenzene
CNA = click nucleic acid
CNA-2G = click nucleic acid second generation
Coumarin-TMG = coumarin-1,1,3,3-tetramethylguanidine
CPG = controlled pore glass
CT = computed tomography
DA = Diels−Alder
DBN = 1,5-diazabicyclo[4.3.0]non-5-en
DBTD = dibenzo[b,f ][1,4,5]thiadiazepine
DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene
DCM = dichloromethane
DFT = density functional theory
DIBOD = dibenzo[a,e]cyclooctadiyne
DLP = digital light processing
DMBO = dibenzoannulated bicyclononynes
DMF = dimethylformamide
DMPA = 2,2-dimethoxy-2-phenylacetophenone
DMPP = dimethylphenylphosphine
DMSO = dimethyl sulfoxide
DNA = deoxyribonucleic acid
DTT = dithiolthreitol
DVS = divinyl sulfone
ECM = extracellular matrix
EGFR = epidermal growth factor receptor
EWG = electron withdrawing group
FGF-2 = fibroblast growth factor 2
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fac-Ir(ppy)3 = (fac-tris(2-phenylpyridine)iridium)
Fmoc = 9-fluorenylmethyl carbamate
GDMP = glycol dimercaptopropionate
GST = glutathione S-transferase
HA = hyaluronic acid
HDF = human dermofibroblasts
HOMO = highest occupied molecular orbital
HPLC = high performance liquid chromatography
HSA = human serum albumin
IEDDA = inverse electron demand Diels−Alder
ISC = intersystem crossing
ITX = isopropylthioxanthone
LAP = lithium phenyl-2,4,6-trimethylbenzoylphosphinate
LED = light emitting Diode
LUMO = lower unoccupied molecular orbital
MAP = microporous annealed particle
MSC = mesenchymal stem cells
NCL = native chemical ligation
NDBF = nitrodibenzofuran
NIR = near-infrared
NMR = nuclear magnetic resonance
NPPOC = 2-(2-nitrophenyl)propyloxycarbonyl
NPPOC-TMG = 2-(nitrophenyl)propoxycarbonyl-1,1,3,3-
tetramethylguanidine
NVOC = nitroveratryloxycarbonyl
o-NB = o-nitrobenzyl
PBS = phosphate buffered saline
PcAAC = photocatalyzed azide−alkyne cycloaddition
PCL = polycaprolactone
PDLC = polymer-dispersed liquid crystals
PEG = poly(ethylene glycol)
PET = photoinduced electron transfer
PETMP = pentaerythritol tetrakis(3-mercaptopropionate)
PGB = photogenerated base
PMDETA = N,N,N′,N″,N′′-pentamethyldiethylenetriamine
PMMA = poly(methyl methacrylate)
pNIPAM = poly(n-isopropylacrylamide)
PPE = personal protective equipment
PPG = photoremovable protecting group
PTX = paclitaxel
PVA = poly(vinyl alcohol)
QDs = quantum dots
RAFT = reversible addition−fragmentation chain transfer
ROMP = ring-opening metathesis polymerization
Ru(bpy)3Cl2 = tris(2,2′-bipyridyl)-ruthenium(II) chloride
Ru(bpz)3[PF6]2 = tris(2,2′-bipyrazine)ruthenium bis-
(hexafluorophosphate)
RuAAC = ruthenium-catalyzed alkyne−azide cycloaddition
SLA = stereolithography
SPAAC = strain-promoted azide−alkyne click chemistry
ssDNA = single-stranded DNA
TBD = 1,5,7-triazabicyclo[4.4.0]dec-5-ene
TBD·HBPh4 = 1,5,7-triazabicyclo[4.4.0]dec-5-ene tetraphe-
nylborate
TEA = triethylamine
TGF-β = transforming growth factor β
TEMPO = 2,2,6,6-tetramethyl-1-piperidinyloxy
TMEDA = N,N,N′,N′-tetramethylethylenediamene
TMG = 1,1,3,3-tetramethylguanidine
TPO = diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide
TRITC = tetramethylrhodamine
UV = ultraviolet
VEGF = vascular endothelial growth factor

VIC = valvular institute cells
YAP/TAZ = yes-associated protein/transcriptional coacti-
vator with pdz-binding motif
Zn-TPP = zinc tetraphenylporphyrin
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