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Photoremovable Protecting Groups:
Across the Light Spectrum to Near-
Infrared Absorbing Photocages
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Abstract: We discuss the past decade of progress in the field of photoremovable protecting groups that allowed
the development of photocages activatable by near-IR light and highlight the individual conceptual advancements
that lead to general guidelines to design new such photoremovable protecting groups. We emphasize the
importance of understanding the individual photochemical reaction mechanisms that was necessary to achieve
this progress and provide an outlook of the subsequent steps to facilitate a swift translation of this research into
clinical praxis. Since this issue of CHIMIA is dedicated to the late Prof. Thomas Bally, we decided to provide a
personal perspective on the field to which he contributed himself. We tried to write this review with the general
readership of CHIMIA in mind in a hope to pay a tribute to the extraordinary dedication and clarity with which
Thomas Bally used to explain abstract chemical concepts to his students or colleagues. We are uncertain

whether we matched such challenge but we believe that he would have liked such approach very much.
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Introduction

In 1966, Barltrop et al. described!'l a new protecting group
for organic synthesis that can be removed with UV light as a
‘traceless reagent’. It uses the o-nitrobenzyl (oNB, Fig. 1a) group
as the chromophore and the protected leaving groups (LGs) are
attached via its benzylic position. Although a number of other
such photoremovable protecting groups (PPGs) have appeared
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Fig. 1. a) Examples of important photoremovable protecting groups used
widely in caged compounds. b) lllustration of the origin of the meta-
effect in 3-methoxybenzyl acetate (MBA, left) with the S,-S electron
density difference plot (middle, TD-B3LYP) highlighting electron density
buildup (blue color) upon excitation in the meta-positions with respect to
the methoxy group, and the overlap of the LUMO in MBA with the CH,-
OAc c-antibonding orbital (right).
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in the literature prior tol2-¢1 or after!! this report, they found only
a limited success in the total synthesis of natural products.

Yet, the concept of a light trigger, which breaks a chemical
bond to selectively release a complex molecule proves invaluable
to biological chemistry or medicine using so-called caged
compounds or photocages (Fig. 2a).[8! Light as the stimulus offers
a number of advantages in biological settings because it can be
controlled precisely in time and space. It does not interfere with
other bio(chemical) stimuli and can avoid formation of harmful
waste products. For example, the spatio-temporal control offered
by a light trigger allowed tracking signal transduction in neural
networksP®! or sperm chemotaxis in all three dimensions.l% In
medicine, administration of bioactive compounds, which interact
with the molecular targets within human body to produce a
pharmacological response, relies on the selectivity of the drug
towards the intended targets. Imperfect selectivity results in side
effects and decrease of the allowable dose.l'!] Regulation of the
activity of the drug to reduce the off-target action can be achieved
by an external trigger. A lot of effort has been recently devoted
to conceive and implement drug-release systems controlled by
temperature,l'2l pH,[13] light,[14] ultrasound,!!5] magneticl!6-191 and
electricl20 fields as exo- or endogenous stimuli.2!22l The demand
for photocontrol of processes in vivo has led to the development of
approaches that rely on metal-ligand systems,[23-24] upconversion
nanoparticles,[2>-271 NIR-absorbing plasmonic materials,/?7! two-
photon uncaging!?8] or photoinduced electron transfer.29 However,
direct activation and release from PPGs lay at the very beginning of
all these efforts. In addition, PPGs allow activation and the effect
of a drug to be separated unlike in the alternative strategy that has
emerged in recent years, which uses a photoswitch incorporated
in the drug scaffold to regulate its activity.[39-331 Here, the activity,
pharmacokinetic, and pharmacodynamic aspects of the modified
active compound might be compromised as each such molecule
essentially represents a new drug.
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Fig. 2. a) Operating principle of cage compounds illustrated with pHP
photoremovable protecting group releasing a molecule of ATP upon
300 nm excitation and b) phototransparent and NIR-II optical windows
offering the highest tissue penetration depth; absorption spectra of
selected biomolecules and that of water are highlighted.

The application of photocages can heavily benefit from the
technological and instrumentation foundations built by translating
photodynamic therapy (PDT) into medical practice. The efficiency
and cost of light-emitting diodes have improved exponentially as
forecast by Haitz’s Law.134 Nowadays, cheap and portable light

sources are readily available. Their reach can be further extended
using optical fibers which can be terminated by microlenses or
diffusers to improve light distribution.351 Such light-delivery
devices are now routinely employed in PDT treatments and are
ready for a straightforward repurposing.

Photoactivation in a biological system naturally puts a number
of requirements on the properties of a PPG. We list here only three
aspects, which we consider particularly important:

1) In biological chemistry, the rate constant of the release
process k  from a PPG must be higher than the rate constant
of the dynamical event to be studied. This requires a thorough
understanding of individual reaction mechanisms of PPGs and it
represented an important incentive in the development of organic
photochemistry. In some cases, such as in oNB, the release process
is relatively slow and occurs from a ground-state intermediate
formed upon irradiation.35-381 In other cases, the release takes
place directly in the excited state and may lead to ultrafast k , as
reported for p-hydroxyphenacyl (pHP, Fig. 1a) PPG with good
LGs, 39411 which we will discuss later. This allows to investigate
even the most rapid processes in biology.

2) Photorelease from a PPG must be possible in water and
the PPG or its photoproducts should be non-toxic. Here, pHP
presented a major step forward in the development of PPGs
because, unlike in oNB, irradiation transforms the chromophore
into non-toxic products and pHP is compatible with the aqueous
environment.[*=3] In fact, the presence of water is necessary
for the photo-Favorskii process in pHP to provide an efficient
heterolytic LG release.[40]

3) Despite the significant improvement in understanding the
photochemical processes in many PPGs, the major challenge in
the field was the development of PPGs that can be activated by
near-infrared (NIR) light to adjust their absorption spectrum to the
phototransparent or phototherapeutic window (650-900 nm, Fig.
2b). The irradiation wavelengths are restricted to the NIR region
due to toxicity of the UV-light, the presence of hemoglobin and
other biomolecules absorbing UV or visible light (e.g. melanin,
bilirubin, vitamin B12), water (>900 nm), or tissue inhomogeneity
responsible for light scattering.[*4451 The type of biological tissue,
the content of water, fat, blood, and even the level of oxygen are
all factors that affect the extent of light attenuation and depth of
the tissue penetration.[! To put this into a perspective, 600 nm
light penetrates human tissue up to 2-3 mm, while 800 nm light
up to a depth of 4-5 mm.

The Field Roughly a Decade Ago

While no examples of PPGs absorbing NIR light existed a
decade ago, a few instances of visible light absorbing groups were
known.[7471 However, it was rather the onset of their absorption
than an intense maximum that extended into the visible light
region. Coumarine-derived PPGs are well-known examples.!*! For
instance, 7-aminocoumarinyl (Fig. 1) with an absorption spectrum
protruding past 400 nm was found to release y-aminobutyric
acid (GABA) derivative as a LG upon irradiation in PBS buffer
with ~4% quantum yield (QY).“81 A rapid photoheterolysis in
the singlet excited state forming an ion pair was identified in
coumarines.!*?] Nevertheless, the photorelease QY's are relatively
low and no straightforward way to improve them or to extend the
absorption beyond blue light was known.

Concerning the first requirement described above, the high
values of k_, should be achieved to avoid any interference of the
release step with a dynamic process in chemical biology or the
action of a drug. Therefore, one should aim at designing PPGs
that uncage the substrate in the excited state to circumvent the
relatively slow thermal release from a ground-state intermediate.
However, there was a concern that the uncaging process directly
in the excited state might not be compatible with the desired long
wavelength of a NIR or even a visible photon because their energy
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isinsufficient to trigger an efficient bond dissociation. This concern
likely originated from a number of known photochemical reactions
that typically involve formation of radical species.59 Simply, the
bond energies are far too high and this would seriously restrict
the type of protected substrates. Indeed, it was found in several
instances that modification of an efficient PPG chromophore with
additional substituents to extend its absorption to the visible light
region resulted in diminished QYs of release.l’#1511 However,
even many ground state heterolytic reactions in polar solvents
possess activation energies that allow for a rapid LG cleavage.[3?]
There is no specific physical law that forbids a heterolytic process
on a low-energy excited state potential energy surface. Yet, the
concern mentioned above persisted in the field. We think that one
of the reasons is that the classification of photochemical reactions
does not parallel the understanding achieved in classical organic
chemistry. Often, photochemistry offers rather “unexpected or
unpredictable” reactions, a notion that students can get from a
basic course of organic photochemistry.l>3! For example, different
spin states are often involved, such as a triplet state with two
unpaired electrons. The presence of the unpaired electrons
tempts one to assume that a triplet state reactivity exclusively
involves radical reactions. Although it is often the case, it may be
useful to think about the lowest energy triplet state as if it was a
ground state, but just of a different multiplicity. Ionic reactions,
bond heterolysis included, should not then be so surprising as a
number of examples known to radicals or radical ions are well
documented.>¥ In conjugated m-systems, the lowest triplet state
has a well-defined electron configuration formed by promotion
of an electron from the highest occupied MO (HOMO) to the
lowest unoccupied MO (LUMO) while flipping its spin. In
most cases, both the lowest triplet and singlet excited states are
reasonably well described by the very same singly excited electron
configuration. The only difference is in the spin of an electron.
In such an approximation, one could expect that the shape of
their potential energy surfaces could be similar with comparable
reaction barriers. We will see below that this can indeed be the
case, although important differences that stem from the different
multiplicities do exist.

Generally, the rate of a simple heterolytic reaction depends
on the extent of stabilization of the charges in the transition state
offered by the solvent and the electronic nature of the carbenium
ion and the departing LG. If the bond is polarized nearly to the
extent observed in the transition state structure, the Hammond
postulate predicts an early transition state with a relatively low
activation energy and a facile bond cleavage. The Hammond
postulate is expected to be invariant to the nature of the electronic
state.[35561 Therefore, a change in the electron density upon
excitation leading to a bond polarization (Fig. 1b) might lead to
an efficient heterolysis. The reason for this effect is that excitation
depletes electron density in the molecule in positions where the
HOMO has the largest atomic orbital (AO) coefficients, while it
builds up the electron density according to the distribution in the
LUMO. If a LG is attached to the chromophore via a methylene
(CH,), the antibonding 6-MO of the CH,-LG bond inherits part
of the extra electron density due to MO mixing with the LUMO
of the chromophore.57! The CH,-L.G group should be attached to
a position in the chromophore with a high AO coefficient in the
LUMO for a better MO mixing (overlap). Clearly, the very same
position should ideally have a low coefficient in the HOMO. The
situation is demonstrated in Fig. 1b where the electron density upon
photoexcitation of 3-methoxybenzyl acetate (MBA) increases in
the meta-position with respect to the methoxy group. This is the
basis of the Zimmermann’s meta-effect proposed by Howard E.
Zimmerman already in 1963.058-601 We will see below how such
MO mixing naturally appears in a number of PPGs based on a
variety of chromophores.’71 However, ten years ago, it was not
obvious that popular PPGs such as pHP or coumarines had a lot in

common due to the meta-effect. It was the detailed understanding
of their photodynamics that offered a valuable set of lessons that
can now be used to access PPGs employing new chromophores
with high efficacy and with up to NIR light excitation.

Lessons from the Photochemistry of oNB

As we mentioned above, the release of LGs from oNB does
not take place directly in the excited state but in the ground state
from the aci-nitro (Fig. 3a) intermediate formed after a hydrogen
atom transfer (HAT) by the nitro group, in which the excitation
is mainly localized.[747611 The HAT process can occur in both
the excited singlet or in the triplet state because a relatively large
spin-orbit coupling leads to a high intersystem crossing (ISC)
rate populating the triplet state in nitroaromatic compounds.[62.63]
Nevertheless, both spin channels result in the formation of aci-
nitro, which subsequently releases the LG slowly with near
unity efficiency in a sequence of well-studied thermally-activated
steps.3¢-381 However, none of these steps could explain the
measured values of the primary kinetic isotope effect!®4l and the
unexpected dependence of the QY of the release on the nature
of different LGs. For example, poor LGs, such as alcohols, are
released with significantly higher QYs than far better LGs like
carboxylic acids. These observations suggested that the excited
state processes must determine the overall QY. We studied the
correlation between the measured QY's on the nature of the LGs
and found a correlation with the stabilization energy that the
LGs can provide to 2-nitrobenzyl radicals.!%5] For example, a full
benzylic radical develops upon HAT in the triplet state. We then
used high-level quantum chemical calculations and proposed a
model (Fig. 3b) that helps to explain all previous experimental
observations in oNB and provided a valuable and general lesson
for the design of PPGs.[63]
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Fig. 3. a) Excited state reactions in oNB PPG with the hydrogen atom
transfer (HAT) transition state and the formation of aci-nitro intermediate
releasing the LGs and b) the corresponding potential energy surfaces
for HAT in the excited singlet (S,) and triplet (T,) states highlighting the
importance of the intersystem crossing (ISC) and the presence of the S,/
S, conical intersection (Cl) and the excited state population branching
into the productive (green arrow) and unproductive (red arrow) paths.
Note that such Cl and branching is missing in the T, state because it has
a different spin symmetry than the S state.
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We found out that poor LGs offer a better stabilization to the
nascent benzylic radical, which leads to earlier HAT transition
states and, therefore, lower reaction barriersin S ,and T states. The
barriers are comparable in both spin states, which demonstrates
the validity of our former assumption about the similarity of the
corresponding excited state PESs. The size of the barrier alters
according to the Hammond postulate and has an important
consequence on the efficiency of aci-nitro formation. If it is too
low, nearly all excited molecules overcome the barrier in the singlet
excited state and encounter a conical intersection (CI, Fig. 3b)
that transfers them to the ground state soon after. At the CI, some
excited state molecules will follow the reaction path forming the
aci-nitro intermediate but some will get deactivated to the starting
ground state oNB. The ratio of these two channels, called the
branching ratio, is dictated by the dynamics in the vicinity of the
CIL In o-nitrobenzaldehyde, a structurally related molecule, the
branching ratio determined by excited state molecular dynamics
calculations predicts only ~30% of productive HATSs.[% Thus,
poor LGs with negligible HAT barriers will display comparable
QYs that reflect the branching ratio at the CI. In addition, the
primary ground state intermediates can follow the reverse reaction
and return to the starting compound. This process is spin allowed
and decreases the overall QY, although not in oNB.[36-38] Tt is,
however, particularly important for chromophoreeee.G contact or
solvent-separated ion pairs that are formed in a photosolvolysis.

When a LG faces a high barrier in the singlet excited state,
it can be siphoned to the triplet state by ISC. Triplet states are
considerably longer lived because deactivation processes are spin
forbidden. Therefore, amolecule that faced an impenetrable barrier
on the singlet excited surface, and would be eventually deactivated
by internal conversion or fluorescence, has much longer time to
surpass a comparable barrier in the triplet state. There is no conical
intersection between the triplet and the singlet ground state and the
only process, omitting slow phosphorescence, that competes with
the reaction is the triplet-to-singlet (T ,—S ) ISC. In addition, once
the barrier is overcome, the direct back reaction of the primary
triplet intermediates to the singlet ground state of the photocage
does not take place because it is also spin forbidden. Both the
S,—T, and T,—SISCs are unusually fast in oNB!®2! but typically
relatively slow in other organic chromophores. Due to efficient
ISC in oNB, the QYs of release do not correlate monotonically
with the LG radical stabilization energies and the highest QY's are
found for LGs that are at the sweet spot balancing the singlet and
triplet reaction channels.[63:63]

Therefore, two lessons can be learned from the excited state
reactivity in oNB that can be translated to the design of ultrafast
and efficient photoheterolytic release of LGs: (A) Aim at releasing
the LG in the long-lived triplet state to maximize the quantum
vield and (B) stabilize the nascent benzylic cation to increase the
heterolytic k_,

Lessons from the Photochemistry of pHP

pHP (Fig. la) is derived from the phenacyl chromophore,
which is known to undergo a rapid ISC because its singlet
n,m* and triplet m,m* excited states are close in energy.[0:67]
Photoreactivity of pHP thus demonstrated that an efficient
heterolysis in the triplet state was possible.l%8] Detailed studies
of the photo-Favorskii reaction of pHP identified that the LG
release accompanied by a concomitant deprotonation of the
hydroxy group led to the formation of an intermediate, nature
of which was debated for a long time. Jacob Wirz and co-
workers from the University of Basel identified its spectroscopic
signature and suggested its diradicaloid structure.[®] Givens then
proposed a series of nifty experiments to probe the formation of
the intermediate by embedding the pHP chromophore into more
strained hydroxyindanone and hydroxytetralone structures.!”!
Together with our transient absorption data and quantum chemical

calculations, we could unambiguously characterize its structure
(Fig. 4, row 2) and reactivity.l’!l The structure of this intermediate
can be perceived as a m-extended analogue of a diradical, which
one formally obtains by releasing a LG from the o-carbon in
acetate (Fig. 4, row 1). Inspection of the topology of the frontier
MOs of such intermediates shows that they are isolobal with
the oxyallyl diradical.l’2l In fact, the individual chromophores
from which these diradicals are formed by a LG release share
the same topology of frontier MOs (Fig. 4, right column) and
display the build-up of electron density in the position to which
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Fig. 4. (left column) Conceptual evolution of the structure of the primary
intermediates based on their frontier molecular orbital characteristics.
These are formed upon photoheterolysis of a LG from PPGs from the
carbon atom that bears the positive charge. Note that these zwitterionic
intermediates have a diradicaloid electronic structure as illustrated in
row 1. The HOMO and the LUMO (right column) of the corresponding
PPG chromophores highlighting the buildup of electron density in the
position that carries the CH,-LG group (not shown for clarity of the
MOs).
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the CH,-LG is attached in these chromophores. This corresponds
to the Zimmermann’s meta-effect that we discussed previously.
Similarly, photoheterolysis in other known PPGs, such as in
coumarines, also shares the same MOs characteristics. A LG
release in these PPGs thus provides diradicals (cations in some
cases) derived from oxyallyll73! and their formation can be related
to the meta-effect.157) Indeed, these destabilized diradicals/cations
that are formed from these PPGs were found by Winter and
collaborators to have nearby Cls along the heterolysis reaction
coordinate in the singlet excited state.[’*] Thus, the potential
energy surfaces of such PPGs with efficient singlet or triplet
heterolysis are reminiscent of the oNB scenario (Fig. 3b) that we
discussed above and reinforce the importance of the two lessons
(A and B) that we learnt regarding the presence of CIs and the
barrier heights. The understanding of the photo-Favorskii process
in pHP thus offered another critical lesson: (C) isolobal analogy
relates all diradical/cationic intermediates formed by heterolytic
LG release to the oxyallyl diradical and connects the reactivity of
their PPG precursors via the meta-effect.

The First Photocage Activated by Green Light

The three Lessons A—C form a design platform to improve
the existing or to develop new PPGs with light absorption that
can extend to visible or even NIR region. The first such attempt
was undertaken by Wirz who, together with the group of Klan,
extended the structure of coumarines and designed a xanthene-
based PPG (Fig. 4, row 4).1751 A successful LG release triggered
by green light (A, = 520 nm) represented a major step forward
in the field. However, it was found that the photocage formed a
stable 1:1 complex with a molecule of DDQ that was used in the
challenging synthesis of the xanthene PPG, which did not allow
to unambiguously demonstrate whether the LG release followed
a photoheterolysis pathway or was effected by an electron transfer
event. Nevertheless, the xanthene platform was further developed
into a metal-free (and DDQ-free) CO releasing molecule
(CORM).I76]

BODIPY
In 2015, in full accord with Lesson C, Weinstain and Winter
independently made a seminal contribution to the field, which

has spurred the search for the perfect PPG. They reported a PPG
based on the BODIPY scaffold (Fig. 4, row 5 and Fig. 5) capable
of direct photoheterolytic release of various LGs upon irradiation
with green light (4~ 545 nm)."7.78] The motif eventually
proved to be highly versatile with a relatively straightforward
synthesis and enabled photouncaging of chlorides, carboxylates,
amines, alcohols, S- and O-thiocarbonates, thiocarboxylates, and
xanthates.[79-80]

Although the initial QY's of the release was relatively low, on
the order of @, ~ 10, the follow-up structure—reactivity study
evaluated the factors crucial for its improvement.[7! Introduction
of electron-withdrawing groups such as halogen atoms, formyl
groups or sulfonates impeded or, in some cases, fully halted
the reactivity. Electron-donating alkyl groups, or dialkylborano
analogues exhibited up to 30-fold increase in @, (Fig. 5). The
increased stabilization of the putative carbenium ion (Fig. 4, row
5) and deceleration of the ion pair recombination both play a role
in the improved efficacies (Lesson B). The photoheterolysis in
BODIPY-based PPGs was shown to proceed both via the singlet
and triplet excited states. In case of good LGs, such as CI, the
release occurs in both channels with comparable efficiency.
Mediocre LGs such as carboxylates are released exclusively
from the triplet excited state, and the @, correlates with the
increasing QY of S =T ISC (Lesson A). Eventually, @, of 0.32
for carboxylates was achieved using diiodo-BODIPY analogues.
The liberation efficiency, in general, correlated well with the pK
of the respective conjugated acids (Lesson B). Consequently, poor
LGs, such as alcohols or amines, cannot be released directly. Their
uncaging was facilitated by the use of carbonate or carbamate
linkers, which improve the nucleofugacity of the LGs. However,
the LG release then occurs via subsequent spontaneous CO, release
from liberated carbonates and carbamates to the corresponding
alcohols or amines, respectively, a process that is relatively
slow. All these observations provide credence to the generality
of the three lessons derived from understanding the excited state
reactivity in oNB and pHP. In addition, BODIPY could also be
modified into a photoCORM, 811 similar to xanthene, again, as the
consequence of the related topologies of the frontier MOs.

Concurrently with these studies, major efforts were devoted
to shifting the absorption maxima from ~550 nm of the parent

Fig. 5. Influence of the structural modifications on the absorption maxima (top number, in
nm) and quantum yield of the release (bottom number) in BODIPY-based PPGs.
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BODIPY to longer wavelengths. Appending styryl residues
decorated with electron-donating groups onto the BODIPY
core led to PPGs with absorption maxima at ~640 nm.[8283]
However, this approach introduced a number of shortcomings.
The releasing efficiency was compromised by more than an
order of magnitude and the chromophore was shown to be prone
to photobleaching via the reaction of the alkenes with singlet
oxygen. The decreased efficiency could be fully salvaged by
exchange of the fluoro substituents on the boron atom for methyl
groups (Fig. 5). Winter and co-workers recently introduced a
class of ring-fused BODIPYs, which overcome the absorption
limit and enter to the phototherapeutic window (4_ =709 nm),
while maintaining relatively high efficacies.34! Their strategy
to suppress the unproductive decay pathways further improved
the release efficacies of the existing BODIPY PPGs up to an
impressive @, = 0.03.

BODIPYs are also efficient sensitizers of singlet oxygen
with QYs of lO2 generation of @, > 0.3, with iodo-substituted
derivatives reaching values of up to 0.94.1851 This raised genuine
concerns with regard to the phototoxicity of BODIPY PPGs and
a potential photooxidation of the cargo moleculel¢! because
the BODIPY scaffold remains intact after the photorelease and
produces a continuous supply of singlet oxygen upon irradiation.

Since their inception, BODIPY PPGs have been successfully
used in various biological applications. Both photorelease of
gasotransmitter H.S and modulation of Ca* levels using caged
histamine have been demonstrated in cellular environments.[77:83.87]
Uncaging of nitric oxide (NO) donor by light was shown to induce
vasodilation of rat aorta in the report of Sortino and co-workers.[88
Sitkowska et. al. utilized BODIPY-protected dopamine to control
the beating frequency of cardiomyocytes by irradiation with red
light.[891 Other noteworthy examples include targeted release
of the protonophore 2.4-dinitrophenol in mitochondria, protein
synthesis inhibitor puromycin in the endoplasmic reticulum!®° and
photocontrolled delivery of cytotoxic chlorambucil and cathepsin
B inhibitor to cells.[*1-92] Further efforts have also been devoted to
the improvement of cellular uptake of BODIPY PPGs, enabling
specific subcellular targeting, and to improve their solubility in
water.[87.90]

What lies ahead?

The recent exciting contributions to the development of
BODIPY photocages could suggest that the field has reached its
goal with no obstacles left to overcome. However, there is still a
long path to successfully implement such photocages, especially
as small-molecule delivery systems in the therapeutical context,
with a number of challenges and opportunities ahead. We address
a few below.

User-friendly Synthesis

The synthesis of photoreleasing systems must be concise,
user-friendly, scalable and preferably avoid laborious
purification. Facile and versatile synthesis allows manipulation
of the photochemical performance, or addressing properties
pertaining to the biological applicability such as solubility,
pharmacokinetic and pharmacodynamic profiles. The synthetic
pathway should, therefore, be divergent and, ideally, enable
introduction of the cargo molecules in the very last and
straightforward synthetic step. This would provide a quick access
to large libraries of caged biologically active compounds. It also
reduces potential risks with the tolerance of functional groups
within the cargo and significantly increases attractiveness and
availability of photocages beyond chemical research fields. For
instance, the ease of the synthesis is likely one of the factors
behind the widespread success of oNB-based PPGs among
biologists. Finally, photocages must become available in form
of a ready-to-deploy toolkit.

Conquering the Second Phototherapeutic Window

Beyond 700 nm, the absorption profile of human tissue
remains relatively constant and it is perturbed only by the
absorption band of water at >900 nm. On the contrary, light
scattering, a major component of light attenuation, decreases
with the fourth power of the irradiation wavelength. This gives
rise to a second phototherapeutic window between 1000-1400
nm (NIR-II or SWIR). Recent technological progress facilitated
exploring this region for bioimaging, which may enhance
optical imaging techniques with unrivaled temporal and spatial
resolution.[3-961 The feasibility of NIR-II in vivo bioimaging
was demonstrated using carbon nanotubes,®’I quantum dots,®8!
rare-earth nanomaterials!®! and small molecules.[!9] However, its
full potential in terms of unprecedented deep penetration, high
spatial resolution, multicolor imaging and fast acquisition rates
was showcased only recently using indium-arsenide quantum
dots.l1911 The authors quantified heartbeat and breathing rates in
unrestrained, fully-awake animals, the metabolic turnover rates of
lipoproteins in several organs simultaneously and constructed a
detailed three-dimensional flow map of mouse brain vasculature.
SWIR imaging was used also to perform excitation multiplexed
imaging in awake animals.[102]

Even though leveraging the advantages of NIR-II light for
PPG systems is probably not indispensable for their widespread
application, the implications of developing such organic
photocages would be significant. Both the spatial resolution
and the light penetration ability (depth up to 10-12 mm) would
be substantially enhanced. The vertical S -T, gap of 'O, lies
at 94.3 kJ mol™! and corresponds to a forbidden singlet-triplet
transition at ~1270 nm.[1031 PPGs absorbing in the NIR-II region
are, therefore, likely to be less efficient sensitizers of ‘O2 with
improved phototoxicity profiles as a consequence. Self-sensitized
photooxidation, a known major photodegradation pathway of the
chromophores themselves,[194-1971 would also be suppressed. As of
now, there are no reports of PPGs operating in this region and thus
their development could herald a new era in the field.

Maintaining the Release Efficacy and
Battling the Non-Radiative Processes

The efficiency of PPG systems must enable release of the
cargo molecules upon exposure to light doses comparable to those
used in PDT (50-100 J cm™), and within a reasonable timeframe
(i.e. minutes to an hour).!'%81 The so-called uncaging cross-section
(¢®@,) is often quoted to represent the measure of the photocage
efficacy and is obtained as a product of the absorption coefficient
(&) and @, of the photocage at a given wavelength. The commonly
accepted value of uncaging cross-section required for biological
applications is above ~100.171 Given the strongly absorbing nature
of PPGs in the visible and NIR region (¢> 50 000 mol~! dm? cm™),
this imposes the lower boundary restriction on the QY of release,
<DR>10*3. On the other hand, D, values that exceed a few percent
represent a limitation from the practical standpoint because it
becomes difficult to handle such compounds under ambient
light.[”1 The desirable values of @, may appear counterintuitive
and underwhelming when compared to the QY of 'O, generation
observed in PDT systems (@, = 0.3-0.7). However, the short
lifetime of 'O, in aqueous media (~3 us) causes a majority of singlet
oxygen to be unavailable to react with the molecular machinery
within the cells. As a consequence, the overall therapeutic efficacy
is then comparable.l1%]

The question of efficacy becomes increasingly important as
the absorption maxima of PPGs extend further into the NIR or
SWIR regions. The rate of non-radiative deactivation processes
increases exponentially with the decreasing HOMO-LUMO
energy gap.l''01 This phenomenon, also known as energy gap
law, renders the excited state lifetimes much shorter, effectively
reducing the time available for the productive photorelease
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events. Its effects are more pronounced with increasing solvent
permittivity and further exacerbated in hydroxylic solvents such
as aqueous media.l''.112] The energy gap law has been already
recognized as the major factor responsible for low fluorescence
quantum yields of fluorophores in the NIR and SWIR region.
[104.105.11L113] Tn addition, water and alcohols have been recently
recognized to quench the fluorescence of common NIR organic
chromophores that also follows an energy gap law.l!14l The design
of the future PPGs will thus have to face the same uphill battle
against non-radiative processes. Designing PPGs with rapid ISC
(Lesson A) could be one of the possible guidelines to avoid losing
the excitation via thermalization or energy transfer to water.

Moving across the first or transitioning into the second
phototherapeutic window opens up another interesting and
important question: What is the actual limit for a photorelease in
terms of the excitation wavelength? The energy of the photons is
far below any bond energies preventing any homolytic reactions.
However, regarding bond heterolysis, a stability limit of the
photocages likely exists. The chemical bond designed to cleave
upon excitation must be thermally stable to prevent spontaneous
reaction in the dark. The extent of stability required depends on
the exact application, but if we considered a half-life of 24 hours
at 37 °C, then ground state solvolysis with activation energies ~24
kcal mol™ would prevent the photocage from practical application.
Although the diradicals/cations in Fig. 4 are destabilized due to
their MO topology, the energy of their analogues must be below
the energy of the corresponding PPG excited singlet state from
which they are formed to allow for an exergonic release. This
likely limits the excitation wavelength to ~1200 nm, i.e. the middle
of the second phototherapeutic window (Fig. 2b). Similarly,
low energy triplet states could be thermally populated to a non-
negligible extent allowing detrimental reactions with oxygen in
air. In addition, low-lying excited states may affect the reactivity
of the photocage in the ground state by mixing the excited state
character into the electronic nature of the PPG, similar to what has
been observed in some diradicaloids,[!15-117] further enhancing the
ground state reactivity and limiting the stability.

Tremendous progress has been made in the field of PPGs in the
past decade. Ten years ago, PPGs were lingering at the boundary of
UV and visible regions, owing mainly to coumarin-based systems
and a few others. In the meantime, PPGs have conquered the
visible part of the spectrum and stand today firmly at the frontiers
of the NIR region. Several examples already demonstrated a
successful application in this area and some of them have been
showed to function also in vivo. Unfortunately, the current state-
of-the-art still does not deliver on all of the aforementioned fronts
at the same time, synthetic availability in particular. Some major
challenges thus still lie ahead and the aspects formulated in this
perspective remain to be tackled in the upcoming decade.
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