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ABSTRACT: β-Lapachone is an ortho-naphthoquinone natural prod-
uct with significant antiproliferative activity but suffers from adverse
systemic toxicity. The use of photoremovable protecting groups to
covalently inactivate a substrate and then enable controllable release
with light in a spatiotemporal manner is an attractive prodrug strategy
to limit toxicity. However, visible light-activatable photocages are nearly
exclusively enabled by linkages to nucleophilic functional sites such as
alcohols, amines, thiols, phosphates, and sulfonates. Herein, we report
covalent inactivation of the electrophilic quinone moiety of β-lapachone
via a C(sp3)−C(sp3) bond to a coumarin photocage. In contrast to β-
lapachone, the designed prodrug remained intact in human whole blood
and did not induce methemoglobinemia in the dark. Under light
activation, the C−C bond cleaves to release the active quinone,
recovering its biological activity when evaluated against the enzyme NQO1 and human cancer cells. Investigations into this report of
a C(sp3)−C(sp3) photoinduced bond cleavage suggest a nontraditional, radical-based mechanism of release beginning with an initial
charge-transfer excited state. Additionally, caging and release of the isomeric para-quinone, α-lapachone, are demonstrated. As such,
we describe a photocaging strategy for the pair of quinones and report a unique light-induced cleavage of a C−C bond. We envision
that this photocage strategy can be extended to quinones beyond β- and α-lapachone, thus expanding the chemical toolbox of
photocaged compounds.

■ INTRODUCTION
Natural products serve important roles as leads in drug
discovery with their unique biochemical activity and structural
scaffold diversity.1 Bark of the lapacho tree (Tabebuia
avellanedae) has been used for centuries in endemic traditional
medicines, from which the isomeric natural products β-
lapachone and α-lapachone, ortho- and para-naphthoquinones,
respectively, have been isolated.2 Of the two quinones, β-
lapachone has demonstrated significant antiproliferative,
antibacterial, and antiviral activity.2

Numerous studies have demonstrated β-lapachone anti-
proliferative activity against human cancers such as breast,3,4

prostate,5,6 pancreatic,7,8 liver,9,10 and lung.11−13 With its
p53-,9,14 caspase-,10 and cell cycle-independent cell death,15

the broad-spectrum therapeutic ability of β-lapachone is
attributed to its network of biological mechanisms that center
around its redox cycling capability. Enzymes such as NAD(P)
H quinone oxidoreductase-1 (NQO1) reduce β-lapachone to
its corresponding hydroquinone that is unstable and
spontaneously oxidizes, leading to large and rapid production
of reactive oxygen species (ROS) (Figure 1).16 The resulting
ROS disrupts the integrity of the cell, causing DNA single
strand breaks (SSBs),17 loss of NAD(P)H and ATP pools,18

and hyperactivation of polyADP-ribosepolymerase-1 (PARP-
1),13 ultimately causing programmed cell death downstream.19

Although tissue sensitivity to β-lapachone is largely imparted
by NQO1 levels�found up to 100-fold higher in cancerous
tissue20�clinical use in phase I and II trials has been greatly
hampered by its systemic toxicity and poor pharmacoki-
netics.19 Namely, β-lapachone activity in red blood cells
(RBCs) corresponds to the dose-limiting toxicity of meth-
emoglobinemia and anemia.21 β-Lapachone is a promiscuous
substrate for one- and two-electron oxidoreductases beyond
NQO1, and its electrophilicity can enable it to directly react
with critical cellular components.
To address toxicity due to nonspecific action of drugs,

prodrug approaches have been developed to render a drug
biologically inert until its activation. Traditional prodrug
strategies typically involve internal stimuli, such as ROS, pH,
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or enzymes, and have recently been evaluated for β-
lapachone.22,23 The use of photoremovable protecting groups
(“photocages”) as a prodrug strategy offers unique advantages
with light as an external stimulus for drug activation with high
spatiotemporal control. Besides applications in therapeutics,
photocages enable controlled release of substrates for time-
resolved biological investigations in protein regulation,24−26

cell signaling,27,28 structure,29,30 and optogenetics.31

Various ultraviolet (UV) light-absorbing photocage classes
have been developed, including phenacyl,32 benzoinyl,33 and
the popular ortho-nitrobenzyl structures.34 More recently,
several groups have introduced coumarins,35 quinolines,36

and boron-dipyrromethenes37,38 as photocages that exhibit the
key advantage of high molar absorptivity in the visible light
range as to avoid UV light-associated cytotoxicity in biological
systems. In particular, coumarins are popular chromophores
with their tunable spectral properties and ease of synthetic
accessibility.
Substrates are nearly exclusively covalently linked to

photocages via functional sites that are key to its activity,
often through alcohol, amine, thiol, phosphate, or sulfonate
groups. However, photorelease efficiency is highly dependent
on leaving group stability, demanding low pKa values of the
conjugate acid.39 As such, alcohols and amines are routinely
linked via carbonate and carbamate linkages that undergo
decarboxylation after photorelease.40 In contrast, inactivation
by functionalizing electrophilic sites, such as ortho- and para-
quinones, is an immense challenge in the development and use
of photocages. Enabling such a strategy would open the
chemical space of caged compounds for more diverse
biological applications and studies.
In this work, we report the design, investigation, and

evaluation of a small molecule, photocaged β-lapachone
prodrug. Conversion of the ortho-quinone to an α-hydrox-
yketone bound to a coumarin photocage via a C(sp3)−C(sp3)
bond consequently renders the site inactive to redox cycling.
Upon light activation, the C−C bond cleaves to release β-
lapachone, restoring its biological activity in vitro and in
cellulo. Mechanisms of the unusual C(sp3)−C(sp3) bond
cleavage were investigated and extended for release of the para-
quinone, α-lapachone, from a derivatized γ-hydroxyketone.
The light-activated prodrug approach enables the delivery of a
more stable, nontoxic agent, where β-lapachone can be

activated with high spatiotemporal control under cellular
conditions.

■ RESULTS AND DISCUSSION
Synthesis of Photocaged β-Lapachone. To mask β-

lapachone activity, we sought to remove its characteristic
electron-accepting property that is central to its network of
biological mechanisms. We envisioned modification of a
carbonyl of the quinone with the popular coumarin photocage,
7-diethylaminocoumarin-4-methyl (DEACM). As such, a
three-step, one-pot synthesis was developed to achieve
reductive coupling between β-lapachone and DEACM,
synthesizing key prodrug, compound 1 (Scheme 1).

The alkylbromide coumarin precursor of DEACM, 7-
diethylamino-4-coumarinyl bromide (DEACM-Br), was pre-
pared accordingly from literature protocols to be utilized for
coupling.41,42 Briefly, SeO2-mediated benzylic oxidation of
commercially available DEACM (CM1) afforded the corre-
sponding aldehyde (CM2). Reduction with NaBH4 to the

Figure 1. Futile redox cycling of β-lapachone by NQO1. Direct one-electron reduction to the semiquinone can also occur by enzymes such as
cytochrome b5 reductase.

Scheme 1. One-Pot Conditions for Synthesis of 1 and
Coumarin Derivatives
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alcohol (CM3), followed by PBr3 bromination, afforded
DEACM-Br (Scheme S1).
All three steps of the one-pot synthesis of 1 were conducted

at room temperature. In the first step, sodium dithionite
reduces the benzylic ketone of the quinone moiety. Subsequent
treatment with base in the second step promotes formation of
a nucleophilic enolate that, in the third step, undergoes a
substitution reaction with the added electrophile. Soft
electrophile DEACM-Br afforded the chiral, C-modified 1 in
satisfactory yields of 68%.
Indications that 1 was chiral were noted in the 1H NMR

spectrum that showed unique diastereotopic proton signals,
further confirmed by separation of the enantiomers by chiral
high-performance liquid chromatography (HPLC). While
unclear by 2D NMR studies, single-crystal X-ray diffraction
indicated that β-lapachone was modified with the coumarin at
its benzylic ketone carbon (see Section S10). While α-
hydroxyketones from 1,2-diones are typically formed using
harsh Grignard or organolithium reagents, which require
exclusion of moisture and oxygen, the one-pot synthesis

developed for 1 enables selective modification under less
stringent conditions.

Photochemical Release of β-Lapachone. Since β-
lapachone has not been photocaged previously, the photo-
physical properties of 1 were compared to other substituted
coumarins, CM1, CM2, and CM3. 1 possesses a broad visible
light-absorbing band with maximal absorption at 391 nm
(26,000 M−1 cm−1) in MeOH that red-shifts 16 nm in
phosphate-buffered saline [PBS (pH 7.4)] to 407 nm. The
absorbance of 1 is the most-redshifted and undergoes the
largest bathochromic shift between organic to aqueous solvent
in comparison to the other coumarins (Table 1). In methanolic
solution, 1 strikingly displays negligible fluorescence, which
contrasts the otherwise high-fluorescence quantum yields of
the other coumarins (0.31−0.73) (Table 1).
Photocleavage of C(sp3)−C(sp3) bonds in photocages has

not been as developed as C−heteroatom linkages. We first
analyzed photochemical release of β-lapachone from 1 via
direct 1H NMR quantitative analysis using 1,3,5-trimethox-
ybenzene as an internal standard. A solution of 1 in anhydrous

Table 1. Photophysical Properties of Compound 1 and Other Coumarins

λex (nm) (MeOH/PBS) λem (nm) (MeOH/PBS) Φf (MeOH) ε ×103 (M−1cm−1)a Φr (%) ε Φr (M−1cm−1)

compound 1 391/407 <0.0001 26 0.35 91
CM1 375/380 437/469 0.73b 30.7
CM2 385/395 449/501 0.31 ± 0.05 11.2
CM3 370/380 453/499 0.37 ± 0.04 19.5

aDetermined in dimethyl sulfoxide (DMSO). bReported in ethanol by Jones et al.43

Figure 2. (a) 1 lysis under 365 irradiation into β-lapachone, CM2, and CM3 in MeOD. Products were identified by 1H NMR in comparison to
standard samples and HRMS. (b) Release of products from lysis of 1 under 365 irradiation over time under either O2 or Ar conditions, monitored
by qNMR.
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MeOD (5 mM) was subjected to 365 nm irradiation (51 mW/
cm2 lamp), and its 1H NMR spectrum was monitored over
time. With irradiation, 1 converted into β-lapachone and two
coumarin species, CM2 and CM3 (Figure 2a), indicating
cleavage of the benzylic coumarin photocage. Products were
identified by comparison of the 1H NMR spectrum with pure
standard samples of β-lapachone, CM1, CM2, and CM3
(Figures S3−S5). The products of irradiated 1 were further
confirmed by reverse-phase HPLC separation and subsequent
high-resolution mass spectrometry (Figure 2a). The quantum
yield of β-lapachone release from 1 in MeOH was determined
to be 0.35% under 365 nm irradiation (εΦ = 91 M−1 cm−1) by
ferrioxalate actinometry (Table 1). Since oxidized products
were identified, comparison of photolysis rates of 1 and the
products formed was assessed under oxygenated and inert,
degassed conditions. An anhydrous solution of 1 in MeOD was
bubbled with oxygen, while a separate solution was prepared
under inert conditions, degassed (three freeze−pump−thaw
cycles), and kept under argon in a sealed J-Young tube.
Interestingly, no difference in the rate nor identity of products
formed was observed between the two conditions (Figure 2b).
In both cases, the combined concentration of CM2 and CM3
formed equaled β-lapachone in a 1:1 mole ratio. Lack of
oxygen influence suggests that lysis of 1 likely occurs from the
excited singlet state (S1) (in agreement with previous analysis
of coumarin photocages), rather than a triplet excited state that
can be easily quenched by oxygen.44

To assess the applicability of β-lapachone release in
biological systems, a 100 μM solution of 1 in PBS (pH 7.4)

containing 1% DMSO was irradiated and monitored by
analytical HPLC. We studied the lysis under both 365 nm (51
mW/cm2) and 420 nm (30 mW/cm2) light, the latter of which
is more appropriate for biological applications as it minimizes
absorption by endogenous chromophores. As displayed in
Figure 3a,b, with increasing irradiation time, the disappearance
of the compound 1 peak corresponded to the concomitant
increase of a β-lapachone peak, identified by matching
retention time (14.488 min) and absorption spectrum of
pure β-lapachone standard.45 A plot of the decomposition of 1
to β-lapachone over the irradiation time was calculated by area
under the curve (AUC) analysis, revealing first-order decay of
1 with a rate of kdecay = 1.606 × 10−3 s−1 and kdecay = 6.806 ×
10−3 s−1 under 365 and 420 nm irradiation, respectively
(Figure S13). To complement this experiment, we indirectly
monitored photolysis via fluorescence since 1 is nonfluorescent
whereas CM2 and CM3 are (Table 1). The coumarin
byproducts absorb broadly around 385 nm, which was the
wavelength used to excite a 20 μM solution of 1 in PBS pre-
exposed to 365 nm lamp irradiation at various time points.
Fluorescence of the solution dramatically increased maximally
at 490 nm as 1 converted to the corresponding coumarins
(Figure 3c).

Computational Investigation. Considering the nature of
the C−C bond being photocleaved, we investigated the
mechanism of uncaging of 1. A single example of a C−N bond
cleavage from 4-methylcoumarins reported by Schoenleber and
Giese determined cleavage to be induced from an internal
charge-transfer state.46 We turned to 1 and noted the lack of

Figure 3. Monitoring of β-lapachone release from a 100 μM solution of 1 in PBS (pH 7.4, 1% DMSO) under (a) 365 or (b) 420 nm irradiation.
AUC analysis was conducted by use of standard curves. (c) Fluorescence monitoring of a 20 μM solution of 1 under 365 nm irradiation. At given
time points, the solution was excited at 385 nm and increasing maximal fluorescence was observed at 490 nm.

Figure 4. (a) Computed HOMOs and LUMOs of CM1 (left) and 1 (right). (b) Suggested biradical excited internal charge-transfer state of 1
supported by change in Mulliken charges.
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fluorescence properties, which can suggest an intramolecular
charge transfer upon excitation, whereby fluorescence
relaxation from coumarin is blocked.
We utilized density functional theory (DFT) and time-

dependent DFT (TD-DFT) to investigate the possibility of an
internal charge-transfer event. The S0 and S1 states of 1 and
unsubstituted CM1 were compared. The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of CM1 were both found to be localized
along the coumarin π-system, whereas a spatial separation
between the two was observed for 1 (Figure 4). In 1, the
HOMO is also localized along the coumarin. However, the

LUMO is localized predominantly along the lapachone-
derivatized structure, instead of the lactone as observed in
CM1. Mulliken charge analysis indicated that the nitrogen
atom on the coumarin becomes more positive in the S1 state,
while the carbonyl carbon of the α-hydroxyketone displayed
more negative character, when compared to the S0 state. These
computational results suggest that upon irradiation, a charge
transfer from nitrogen to carbon can occur to form a biradical
excited-state species containing an amine radical cation and
ketyl radical, consistent with previous reports (Figure 4).46

DFT calculations were carried out to investigate the
energetics of the C−C bond cleavage. Initially, 1 is excited

Figure 5. Free energy profile of the C−C bond cleavage step after excitation of 1 obtained at the M06-2x(D3)/aug-cc-pvtz/SMD = H2O level of
theory. The key transition state depicting the C(sp3)−C(sp3) bond undergoing scission and the resulting contact pair is depicted on the left. The
thermodynamics of the intermediate diffusing to form a solvent-separated ion pair or radical pair was evaluated at the same level of theory.

Figure 6. (a) fs-TA of 1 after 365 nm excitation in acetonitrile recorded within 100 ps and 5 ns. (b) Comparison of experimental TA spectra
obtained at 36.6 ps after 365 nm excitation in acetonitrile with TD-DFT spectra of 1*, coumarin, and β-lapachone radical obtained at the PBE0//
B3LYP/6-31G(d,p)/SMD = acetonitrile (note: experimental TA spectra are shown between 380 and 640 nm, whereas TD-DFT spectra are shown
between 320 and 640 nm).
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to the S1 state (1*) following irradiation. 1* undergoes a
scission of the C(sp3)−C(sp3) bond with an energy barrier of
9.6 kcal mol−1 to form a contact pair, CP (Figure 5). This
result is consistent with barriers for uncaging of other
coumarin-based photocages.47 At this point, the exact identity
of the pair that results from C−C bond cleavage is unclear,
resulting from either homolysis of the bond to give a radical
pair or heterolysis to give an ion pair. We evaluated the
thermodynamics of the contact pair diffusing to a solvent-
separated ion pair or a radical pair. The calculations found that
both processes were endergonic. Interestingly, the diffused
radical pair was found to be far more thermodynamically stable
(ΔG = 24.4 kcal mol−1) than the solvent-separated ion pair
(ΔG = 47.0 kcal mol−1). Considering most uncaging processes
involving coumarins occur via a heterolysis mechanism, these
results prompted us to investigate a radical-mediated bond
cleavage.
Transient Absorption Profile of 1. To probe the nature

of the excited state (1*) and possible coumarin radical or other
intermediate species that would arise from bond cleavage of 1,
transient absorption (TA) spectra of 1 in acetonitrile were
obtained using a 365 nm pump laser beam, as depicted in
Figure 6a. A control TA study with CM1 was also performed
using the same 365 nm pump laser beam in acetonitrile (see
the Supporting Information) to provide a reference spectrum
for comparison of the localized coumarin excited state. For the
control experiment, our experimental findings matched the
report by Wen and Yip et al., who investigated the TA profile
of CM1 in methanol.48 A strong bleaching and weak growth
was observed with a clear isosbestic point at 550 nm. They
concluded that the bleaching occurs due to stimulated
emission and the growths were from formation of an excited
internal charge-transfer state, both with a lifetime of 2.25 ns.48

TA studies of 1 showed fast kinetic processes below 2 ps
(Table 2). Namely, bleaching was observed between 430 and
500 nm and growths in absorption observed between 320−420
and 630−725 nm. Between 35 ps and 5 ns timescales, we
observed a broad decay between 400 and 640 nm. Kinetic
traces obtained at 424 and 620 nm were both fitted with
biexponential decays with lifetimes of 77 ps, 3.6 ns (at 424 nm)
and 55 ps and 3.4 ns (at 620 nm), respectively. Hence, we
predicted that the broad absorption was due to two species, a
short-lived species having a lifetime of 50−80 ps and a longer-
lived species of lifetime 3.4−3.6 ns. Changes in the TA were
analyzed for possible charge-transfer state and other radicals.
While normally singlet excited-state absorptions cannot be
predicted by TD-DFT, a charge-transfer state should consist of
a coumarin cation radical and lapachone anion radical.
Assuming that the two radical ions are noninteracting, the
absorption spectrum can then be predicted as the sum of the
TD-DFT-predicted absorptions for the isolated radical ions.
The predicted absorption spectra of 1*, coumarin radical, and
β-lapachone radicals were calculated by PBE0/6-31G(d,p)
using the SMD solvation model in acetonitrile, where the
coumarin radical (Figure 6) was calculated to possess a strong
absorption band at 340 nm (Figure S20). The sum of the
absorptions for 1* and the corresponding β-lapachone radical
matches well with the TA profile at short times, both having a
broad absorption between 320 and 640 nm. Therefore, we
assign the shorter-lived species with a lifetime between 50 and
80 ps to be 1*. The longer-lived nanosecond species has an
absorption spectrum consistent with the β-lapachone radical.

EPR Radical Detection. Electron paramagnetic resonance
(EPR) spectroscopy was employed to directly detect any
radical intermediates arising from lysis of 1. A 5 mM solution
of 1 in anhydrous MeOH was prepared in an air-free
environment and sealed to preclude any oxygen in the sample.
As the sample was irradiated with 365 nm light (ex situ of the
magnet), a build-up of a radical signal with a quintet hyperfine
splitting pattern was observed in the EPR spectra recorded at
292 K (Figure 7). The build-up of the signal over the

irradiation time indicated a long lifetime, suggesting high
stability of the radical. Quintet hyperfine splitting implied that
the unpaired electron could interact with 4 equiv spin-active
nuclei, which we assign to be the four hydrogens along the
delocalized aromatic ring of β-lapachone. The splitting pattern
exactly matches a report by Villamil et al. that detected the
semiquinone radical signal of a β-lapachone derivative reduced
in microsome fractions,49 supporting the proposed β-
lapachone radical shown in Figure 5.
With the information provided by laser flash photolysis and

EPR, a possible mechanism for the C−C bond cleavage is
shown in Scheme 2. Excitation of 1 leads to a biradical species
in the S1 state. Collapse of the ketyl radical leads to cleavage of
the C−C bond in a process similar to the cleavage observed by
Giese et al. to form the coumarin radical and β-lapachone
radical. We hypothesize that the propensity of the coumarin to
accept electron density facilitates this process. From the β-
lapachone radical intermediate, we propose that β-lapachone
can form either via direct oxidation by air or from hydrogen
atom abstraction from solvent. However, it is unclear how
oxidized coumarin products, CM1 and CM2, are formed from
the coumarin radical under a degassed, light-irradiated solution

Table 2. Lifetimes of TA of Compound 1 Events

delay
time event event event

<2 ps growth
320−430 nm
(226−252 fs)

bleaching 430−500 nm growth 630−
725 nm

2−
100 ps

growth 320−
390 nm
(5.52 ps)

decay 390−430 nm (8.6 ps) decay 600−
725 nm
(45.1 ps)

35 ps−
5 ns

decay 320−
360 nm
(2.47 ns)

decay 390−725 nm (54.8 ps
−76.7 ps), (3.4. ns−3.6 ns)

Figure 7. EPR spectra of 1 under 365 nm light irradiation (5 mM in
MeOH). Inset shows a quintet hyperfine splitting and increase of
signal intensity over irradiation time.
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of 1 (Figure 2), but an intermolecular redox reaction could be
involved.
Leaving Group Dependency. To evaluate the impor-

tance of the α-hydroxyketone on photo-uncaging efficiency, we
sought to prepare an O-functionalized derivative of 1. We
subjected β-lapachone to the one-pot conditions, utilizing a
hard electrophile, Ac2O, to afford the achiral O-modified 2 in
45% yield as a single regioisomer, assigned based on 1D and
2D NMR studies (Scheme 3). 1H−1H nuclear Overhauser

effects were observed between the acetate and the
napthoquinone ring and between the hydroxyl and pyran
ring.50 2 was converted into the photocaged compound 3 by
treatment with base and DEACM-Br.
The computed HOMO to LUMO transition of 3 showed a

similar pattern to 1, with no contribution of the acetate in the
LUMO (Figure S15). However, we observed that 3 does not
undergo C−C bond cleavage to release a corresponding 2
lapachone core and coumarin byproducts. Instead, when a
solution of 3 in anhydrous MeOD (5 mM) under 365 nm
irradiation was monitored by 1H qNMR, an intact, rearranged
product was observed. Once produced, this product exhibited
high photostability with no change in the NMR spectrum
under further irradiation (Figures S14 and S17). The lack of
photo-uncaging of 3 suggests that the α-hydroxyketone is
important for photoconversion of 1 to β-lapachone.
Extension to para-Quinones. After our assessment of

photorelease of the ortho-quinone, β-lapachone, from 1, we set
out to assess applicability of coumarin photorelease of the
para-quinone, α-lapachone. Para-quinones are highly valuable
structures in drug development, found in many clinically
relevant drugs such as doxorubicin, mitoxantrone, and
mitomycin C.51 Many para-quinone natural products suffer

from adverse toxicity that has blocked their use as chemo-
therapeutics, such as streptonigrin,52 that may instead become
more clinically useful with an applied photocage prodrug
strategy.
We subjected α-lapachone to the one-pot conditions

employed for β-lapachone to assess the applicability of
single-carbonyl modification to 1,4-diones. The reaction
yielded the corresponding C-modified, γ-hydroxyketone, 4
(Scheme 4). Compared to 1, 4 was formed in a much lower

yield (15%) with unreacted α-lapachone largely recovered.
Nevertheless, the product was produced in a regioselective
manner with modification at the carbonyl ortho to the pyran
oxygen, confirmed by X-ray crystallography.
We applied computational analysis of the S0 to S1 transition

of 4 (Figure 8) and observed similar spatial separation in the
HOMO and LUMO as observed with 1 and 3. The computed

Scheme 2. Proposed Mechanism of Cleavage of 1

Scheme 3. Synthesis of Compound 3 Scheme 4. Synthesis of Caged α-Lapachone, 4

Figure 8. (a) HOMO to LUMO transition of 4. (b) Suggested
biradical excited internal charge-transfer state analogous to 1.
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HOMO was localized along the coumarin π-system, and the
LUMO localized along the derivatized α-lapachone (Figure 8).
With our analysis, we proposed a similar internal charge-
transfer excited state for 4 that contains the amine radical
cation and ketyl radical that can ultimately induce C−C bond
cleavage to produce an α-lapachone radical in an analogous
pathway suggested for 1.
The ability of the coumarin cage to cleave a C−C bond to

restore a para-quinone was evaluated with 4 by 1H qNMR. A
solution of 4 in anhydrous MeOD (5 mM) irradiated with 365
nm light displayed the formation of characteristic α-lapachone
peaks, as well as the same CM2 and CM3 byproducts observed
for photo-uncaging of 1 (Figure S7).
HPLC analysis of 4 followed by 365 and 420 nm irradiation

was performed under the same conditions used for 1 (Figure
9). 4 showed slower kinetics of release than 1 (kdecay = 8.452 ×
10−4 s−1 for 4 vs kdecay = 1.606 × 10−3 s−1 for 1 under 365 nm)

(kdecay = 1.193 × 10−3 s−1 for 4 vs kdecay = 6.806 × 10−3 s−1 for
1 under 420 nm) (Figure S13). The slower kinetics could be
due to differential stability of the radical semiquinone leaving
group. Although α-lapachone does not possess NQO1 redox
cycling activity like β-lapachone, the photocaging/uncaging
strategy opens future possibilities of photocaging para-
quinones that have biological activity.

Compound 1 Loss of Activity and Recovery with
Light. NQO1 has been largely studied as the key enzyme
responsible for β-lapachone redox cycling. With loss of the
diketone moiety in 1, we anticipated 1 to be NQO1 inactive.
To assess NQO1 activity, β-lapachone and 1 were incubated
with NQO1, NADH, and bovine serum albumin. The
consumption of NADH to NAD+ cofactor was monitored by
its characteristic loss of absorbance at 340 nm. 1 showed
negligible NQO1 activity; however, preirradiated samples (365
nm light) prior to incubation displayed NADH consumption

Figure 9. HPLC monitoring of release of a 100 μM solution of α-lapachone from 4 with 365 and 420 nm irradiation in PBS (pH 7.4, 1% DMSO).

Figure 10. (a) NQO1 Michaelis−Menten curves of β-lapachone and 1 with or without pretreatment of 365 nm irradiation. (b) In vitro monitoring
of DCF fluorescence from oxidation by ROS from NQO1 redox cycling of β-lapachone or 1 in the dark or pretreated with 365 nm light. (c)
Fluorescence imaging of intracellular ROS production in A549 lung carcinoma cells treated with β-lapachone, 1 (with or without 420 nm light), or
vehicle (DMSO). Without light irradiation, minimal DCF fluorescence was observed in cells treated with 1 (bottom row). In cells treated with β-
lapachone or 1 with light (420 nm, 7 min, 12.7 J/cm2) during incubation, DCF fluorescence was observed, indicative of ROS production (middle
rows). 20× magnification, scale bars = 50 μm.
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rates similar to standard β-lapachone samples (Figure 10a).
Over the time course, more than one equiv of NADH was
consumed if incubated with β-lapachone or 1 with light,
demonstrating turnover consistent with the redox cycling
mechanism (Figure 1).
ROS is the major cytotoxic product of the rapid redox

cycling of β-lapachone, and so the ability to control its
production with light activation of 1 was evaluated. To
monitor ROS production, we employed the commercially
available ROS sensor, 2′,7′-dichlorofluorescein (DCFH2).
Samples of β-lapachone, 1 (dark or preirradiated with 365
nm lamp), or vehicle alone (DMSO), were prepared and
incubated with NADH and NQO1 but with the addition of
DCFH2 (Figure 10b). In agreement with the NQO1 activity
assay, a 10 min NQO1 incubation with 1 displayed negligible
DCF fluorescence when compared to the control of vehicle
alone with or without light. However, if samples were
pretreated with light to induce β-lapachone release, after the
10 min incubation period, strong DCF green fluorescence
signals were observed with similar intensities when using a β-
lapachone standard.
The light-controlled ROS production was evaluated in A549

cells treated under various conditions of β-lapachone, 1 (with
or without light), or vehicle alone, with a cell permeable
diacetate derivative, 2′,7′-dichlorofluorescein diacetate
(DCFH2-DA) ROS sensor (Figure 10c). A549 cells
coincubated with β-lapachone and DCFH2-DA for 20 min
displayed typical DCF signals from the rapid redox cycling.
However, only in cells incubated with 1 for 10 min with
subsequent 420 nm light (7 min, 12.6 J/cm2) irradiation and
then coincubated with the addition of DCFH2-DA for 20 min
were green DCF fluorescence signals observed. Incubated 1
samples that were not activated with light displayed no
fluorescence.
Major obstacles in the administration of β-lapachone in the

clinic consist of its rapid renal clearance and observed
methemoglobinemia. The short systemic half-life of β-
lapachone can be attributed to the highly reactive nature of
the diketone moiety that renders it prone to extensive
metabolism in RBCs.53 We tested 1 in human whole blood
samples and observed no decrease in concentration after a total
incubation time of 2 h (see Table S1). Conversely, β-
lapachone was quickly consumed with a determined half-life of
19.86 min, in agreement with literature reports54 (see Table
S2). Thus, conversion of the quinone to an α-hydroxyketone
successfully removed the reactive nature of the site that is
otherwise prone to undesirable enzymatic reactions.
Methemoglobin formation in RBCs with β-lapachone

treatment is largely attributed to the presence and redox
cycling of β-lapachone by one-electron oxidoreductases such as
cytochrome b5r.21 Compound 1 was tested for its ability to
block activity on one-electron oxidoreductases and remain
nontoxic to RBCs. RBCs were first isolated from human whole
blood samples and then incubated for 2 h with β-lapachone, 1
(dark or pretreated with light), or vehicle alone. The cells were
then lysed to release cellular components and analyzed for
methemoglobin formation. Hemoglobin possesses two charac-
teristic absorption peaks between 500 and 600 nm, while
methemoglobin possesses poor absorbance in this range and
instead shows a characteristic band at 630 nm. When
compared to the control, β-lapachone induced dose-dependent
formation of methemoglobin, which 1 also displayed if
activated with light to release β-lapachone (Figure 11). In

contrast, 1 in the dark did not induce any methemoglobin
formation across the tested concentration range (0−15 μM),
indicating that the design can mitigate blood-related systemic
toxicities.
The effectiveness of 1 to block the broad spectrum of β-

lapachone cytotoxicity and its ability to recover its potency
with photoactivation were determined in seven different cancer
cell lines; A549, H596, MCF7, MDA-MB-231, Capan2,
PANC-1, and Hep G2. Cells were treated with β-lapachone
or 1 (0−32 μM), then either left to incubate for 24 h (dark
condition) or, after an initial 1 h of incubation, irradiated with
light (420 nm, 7 min, 12.7 J/cm2) and then incubated again for
23 h (light condition). After the incubation periods, cell death
was assessed by the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide assay. As summarized in
Figure 12, administration of 1 was able to mitigate toxicity
observed with β-lapachone. In cells with 1, but treated with
light, potent EC50 values in the micromolar range were then
observed, indicating its photocytotoxic behavior (see Table S3
for phototherapeutic indexes). The potency is slightly
decreased from native β-lapachone, which is expected since
the photorelease is not quantitative as noted in the HPLC
monitoring experiment. As a control, cells treated with both β-
lapachone and light (420 nm) exhibited negligible difference in
cytotoxicity from cells treated with β-lapachone alone,
indicating no gain or loss of activity with the light dose
employed.
Both MDA-MB-231 and H596 cell lines are reported to lack

NQO1 that would otherwise mediate β-lapachone redox
cycling.13,55 However, these two cell lines still responded to β-

Figure 11. (a) Methemoglobin production in human RBCs incubated
with β-lapachone or 1 (dark or preirradiated with light) (0−15 μM)
for 2 h. (b) Absorbance spectra of hemoglobin and methemoglobin in
representative samples of blood incubated with 15 μM of β-lapachone
or 1 (with or without pretreatment of light). Oxidation of hemoglobin
into methemoglobin is indicative by decrease in absorbance at 500−
600 nm and an absorbance increase at 630 nm.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c00398
J. Am. Chem. Soc. 2023, 145, 12518−12531

12526

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c00398/suppl_file/ja3c00398_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c00398/suppl_file/ja3c00398_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c00398/suppl_file/ja3c00398_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c00398/suppl_file/ja3c00398_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c00398?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c00398?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c00398?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c00398?fig=fig11&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c00398?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


lapachone with EC50 values in the micromolar range. β-
Lapachone is not exclusive to NQO1 but rather a promiscuous
substrate for many other oxidoreductases that may be
responsible for the cell death observed.56 Different oxidor-
eductases are expressed in different levels across different tissue
types; thus, the ability of 1 to mitigate cytotoxicity against the
various cell lines demonstrated a strong increase in the
applicable therapeutic window of our prodrug photocaged
strategy.

■ CONCLUSIONS
In this study, we evaluated a prodrug design of the ortho-
quinone natural product, β-lapachone, by conversion of the
diketone to an α-hydroxyketone. The design renders β-
lapachone biologically inactive, completely blocking NQO1
redox cycling and ROS production, methemoglobin formation,
and mitigated cytotoxicity in various human cancer cell lines.
When the coumarin photocage covalently attached to the
hydroxyketone via a C(sp3)−C(sp3) bond, light activation
released β-lapachone, regaining its biological anticancer activity
compared to dark conditions.
Within the prodrug design, we report the first visible-light-

induced cleavage of a C(sp3)−C(sp3) bond to release the
electrophilic, ortho- and para-quinone moieties of the isomeric
β- and α-lapachones, respectively. Investigations into the
photorelease mechanisms support an intramolecular charge-
transfer event upon excitation that facilitates bond cleavage via
a proposed radical pathway.
We envision that cleavable C−C bonds can be further

investigated to enable effective masking and release of other
substrates that previously could not be employed in
photocaged designs for various time-resolved applications.
Since phototherapeutics applied in vivo (e.g., photodynamic
therapy) use fiber optics to deliver light to the tumors, it is
possible for the short 420 nm wavelength light required to

activate 1 to reach the tumor, and blue light is clinically used in
PDT for some skin cancer therapies and other skin
conditions;57 however, poor light penetration within the
tumor at ∼1 mm in depth is expected.58 We are currently
investigating the use of redshifted photocages to improve
tumor tissue penetration for future in vivo applications. As
well, further investigations in alternative mechanisms of bond
cleavage for other existing photoremovable protecting groups
beyond DEACM may change traditional understandings.
Broader insight of photocaged excited states and pathways
would enable rapid expansion of current photocleavable
protecting groups to be utilized for nontraditional substrates.
Additionally, our strategy can facilitate appropriate design of
new photocage classes that are of instrumental use to research
fields that utilize light for precise activation of substrate
function.

■ EXPERIMENTAL SECTION
Computational Details. DFT calculations were performed using

the Gaussian16 package.59 All geometry optimizations were
performed at the B3LYP level of theory60 without any constraints
at 298 K and 1 atm using an ultrafine integration grid and Grimme’s
D3 dispersion61 with Becke−Johnson damping.62 The Berny
algorithm63 was used for geometry optimizations. The 6-31+g(d,p)
Pople basis set64−66 was used for all atoms. All frequency calculations
were performed at the same level of theory for all intermediates and
transition states to confirm minima (no imaginary frequencies) or
first-order saddle points (exactly one imaginary frequency). Transition
states were confirmed by intrinsic reaction coordinate calculations.67

TD-DFT calculations were performed at the same level of theory.
Following geometry optimization, electronic energies of the optimized
structures were recalculated at the M06-2x level of theory68 with the
addition of Grimme’s D3 dispersion with the original damping
function.61 Dunning’s augmented correlation consistent triple-ζ basis
set aug-cc-pvtz69 was used for all atoms. Solvent effects were assessed
using the SMD model developed by Truhlar70 using default
parameters for water. We note that ground-state DFT and excited-

Figure 12. Cell viability of 1 in the dark or with light irradiation (420 nm, 7 min, 12.7 J/cm2) compared to β-lapachone against a panel of human
cancer cell lines. Cells were treated with increasing concentrations (0−32 μM) of respective compounds, with treatment by 1 with light-restoring
dose-dependent response in viability like β-lapachone. Data are presented as mean ± SD (n = 9).
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state TD-DFT calculations with implicit solvent models may be prone
to errors for neutral and ionic pairs due to the fact that these methods
do not account for specific solute−solvent interactions. Minnesota
functionals were recently used to assess photocage cleavage.47

Solution phase-corrected zero-point energies, enthalpies, and Gibbs
free energies were obtained by adding the respective gas-phase
thermodynamic contributions to the single-point energies. The
solution-phase Gibbs free energies were calculated using the following
equations.

G G Gsol gas solv= + (1)

G H TSgas gas gas= (2)

H E ZPEgas SCF= + (3)

where Gsol represents the Gibbs free energy with solvation correction,
Gsolv, from the gas-phase Gibbs free energy Ggas. Hgas refers to the
enthalpy of the species in the gas phase, T is the temperature, and Sgas
is the entropy of the molecule in the gas phase. ESCF refers to the self-
consistent field electronic energy, and ZPE refers to the zero-point
energy. Gibbs free energies are reported in kilocalorie per mole. The
Gibbs free energies were converted to standard state by applying a
correction of 1.89 kcal mol−1 to all species [according to RT ln (c/
c0)

71 at 298.15 K]. Grimme’s quasi-harmonic approximation was used
with a frequency cutoff of 50 cm−1, as recommended by Baik,72 to
correct for the effect of small-frequency vibrational modes.73 The
images of the computed structures were created with CYLview74

(unimportant hydrogens omitted for clarity).
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