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ABSTRACT: The photophysical and photochemical reactions
of p-lapachone were studied using femtosecond transient
absorption, nanosecond transient absorption, and nanosecond
time-resolved resonance Raman spectroscopy techniques and
density functional theory calculations. In acetonitrile, /-
lapachone underwent an efficient intersystem crossing to form
the triplet state of f-lapachone. However, in water-rich
solutions, the singlet state of f-lapachone was predominantly
quenched by the photoinduced protonation of the carbonyl
group at the § position (Oy). After protonation, a series of fast
reaction steps occurred to eventually generate the triplet state a-
lapachone intermediate. This triplet state of a-lapachone then
underwent intersystem crossing to produce the ground singlet
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state of a-lapachone as the final product. 1,2-Naphthoquinone is examined in acetonitrile and water solutions in order to
elucidate the important roles that water and the pyran ring play during the photoconversion from f-lapachone to a-lapachone. f-
Lapachone can also be converted to a-lapachone in the ground state when a strong acid is added to an aqueous solution. Our
investigation indicates that f-lapachone can be converted to a-lapachone by photoconversion in aqueous solutions by a
protonation-assisted singlet excited state reaction or by an acid-assisted ground state reaction.

B INTRODUCTION

p-Lapachone (B-LA) is an ortho-naphthoquinone obtained
from the heartwood of Tabebuia avellanedae, which is mainly
found in Brazil."> S-LA has been extensively studied due to its
anticancer properties.” '* f-LA has been found to inhibit the
growth of sarcoma tumors in mice’ and to be cytotoxic to
leukemia cells* and human cancers such as breast, colon,
prostate, and lung’~'* The mechanism of the observed
cytotoxicity in cancer cells appears to be due to NAD(P)H
quinine oxidoreductase-1 performing a two-electron reduction
of B-LA to produce its hydroquinone,">"*~"” which may then
generate reactive oxygen species to induce DNA damage that
can lead to cell death.'® Therefore, there has been some
research effort conducted on the photoreactions of f-LA.""~**

Netto-Ferreira and co-workers'”*° observed that f-LA is able
to react with hydrogen donors, such as 2-propanol, 1,4-
cyclohexadiene, 4-methoxyphenol, or indole, to form a
corresponding ketyl radical. The low values observed for the
hydrogen abstraction rate constant for f-LA when using 2-
propanol and 1,4-cyclohexadiene as quenchers are independent
of the solvent polarity, and this is thought to be due to the m,z*
character of its excited triplet.”’ In the presence of alcohols, a
semireduced radical (QHe), which is toxic to a normal cell,'®
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was obtained under visible-light-induced photoreduction.”"**

The probable mechanism for this photo-oxidation of the
alcohols involves a H atom abstraction quenching of the excited
state followed by an electron transfer/proton transfer sequence
in which ground state B-LA is reduced. Lower limiting
efficiencies for the photoreduction of f-LA by the alcohols
are attributed to inefficiencies of the net H atom transfer in the
quenching step.”’ In addition, both triplet states of f-LA and -
LA-3-sulfonic acid were efficiently quenched by amino acids
and nucleobases or nucleosides induced by an initial electron
transfer and followed by a fast proton transfer.'”*® The
quinone cation radicals were also detected in the study of f-
lapachone derivatives.”**’

Although a number of studies have examined S-LA in organic
solvents, the phototoxicity mechanism of }-LA toward cancers
cells remains poorly understood because the organic solution
conditions are very different from those of the biological
environment. Therefore, it will be useful to investigate the
photophysics and photochemistry of f-LA in aqueous solutions
that are more relevant to the actual solvent environment in
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biological systems. To the best of our knowledge, we report
here the first time-resolved spectroscopic study of the
photoinduced reaction(s) of -LA in aqueous solutions. Proton
transfer reactions and protonation are fundamental classes of
reactions in chemical transformations and play an important
role as fundamental processes throughout nature.”® Photo-
induced intermolecular proton transfer reactions are also
ubiquitous in numerous chemical and biological processes.
Results from some previous studies of selected aromatic
carbonyl compounds in aqueous solutions found that photo-
induced protonation of a ketone may often open some novel
photochemical reactions dependent on the water concentration
and acidity of the solutions.”’~*’ Since f-LA contains a couple
of ketone groups, it may exhibit similar behavior in aqueous
solutions.

We are pleased to report in this paper femtosecond and
nanosecond transient absorption (fs-TA and ns-TA) and
nanosecond time-resolved resonance Raman (ns-TR?) spectro-
scopic methods to investigate the early events taking place for
P-LA after photoexcitation in aqueous solutions. As far as we
know, this is the first time that fs-TA, ns-TA, and ns-TR®
experiments have been performed on A-LA in different
acetonitrile (MeCN)/H,O mixture solutions in order to
investigate the role of water on the excited states, intermediates,
and dynamics of reactive intermediates that are involved in the
photochemistry of f-LA. To help determine the geometries and
vibrational spectra of the intermediate species and assignments
of the experimental vibrational bands, density functional theory
(DFT) calculations were done using the B3LYP methods with
a 6-311G** basis set for all of the species examined here. The
structure and properties of the triplet state of f-LA (5-’LA) are
also briefly discussed. In order to distinguish the important role
of the pyran ring in the photochemistry, the photoreaction of
the parent compound 1,2-naphthoquinone (NQ) that does not
contain a pyran ring (see Scheme 1) was also studied by time-

Scheme 1. Structures of f-LA and NQ
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resolved spectroscopy methods in both MeCN and aqueous
solutions and compared to the results found for f-LA here. Our
time-resolved spectroscopy results indicate that a photoinduced
protonation of the carbonyl group at the § position takes place
for the singlet excited state of f-LA with the assistance of water
in aqueous solutions. This protonation initiates a series of
processes that lead to the conversion of some -LA to a-LA in
water-rich solutions and acidic aqueous solutions. This
photoinduced protonation reaction provides insight into the
role of water in the cytotoxicity and phototoxicity of f-LA in
biological systems and its potential use in photodynamic
therapy applications.

B RESULTS AND DISCUSSION

Transient Absorption and Ns-TR® Spectroscopic
Study of NQ and f-LA in MeCN. Fs-TA spectra were
obtained for the parent compound NQ in MeCN and are
shown in Figure 1. The spectra at early (Figure la) and later
delay times (Figure 1b) are given separately to more easily
discern the spectral changes that take place on different time
scales. After irradiation by 267 nm light, the ground state of NQ_
is transferred to a higher excited singlet state S,, and the very
early time TA spectra are assigned to the relaxation from the S,
to S; state.’® The initial species that appears at 370 (sharp
band) and 480 nm (broad band) at 2 ps can be assigned to S,
to S, absorption from the singlet excited state of NQ. The time
constant for internal conversion from S, to S, is within the
instrument response time and will not be discussed here. In
Figure 1b, the bands at 370 and 480 nm are noticeably shifted
with time toward a longer wavelength, ultimately yielding a
sharp band at 375 nm and a broad absorption band centered at
593 nm that extends from below 460 nm to above 680 nm. An
isosbestic point at 535 nm indicates a dynamical conversion
between two distinct states, and the spectrum recorded after 30
ps appears identical to that assigned previously to the triplet
state of NQ_(*NQ).'””" From the inserted graph in Figure 1b,
the kinetics of the 480 nm decay can be fitted simultaneously
by a single-exponential function with a 7 ps time constant,
which is very close to the ISC time constant of benzophenone
recorded in MeCN.*”** This indicates that the spectral
transformation observed here is due to the ISC conversion
from the lowest singlet (S;) the triplet (T;) of NQ.

From Figure 2, it can be seen that the temporal evolution of
the early time spectra for #-LA obtained after 267 nm excitation
in MeCN is very similar to that of NQ. To clearly discern the
spectral changes on different time scales, the spectra of the early
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Figure 1. Fs-TA spectra of NQ in MeCN solution obtained after 266 nm excitation from 0.2 to 2.0 ps (a) and 2.0 to 31.5 ps (b). Temporal
dependence of the transient absorption spectra for NQ recorded at early picosecond times at 480 nm is inserted at the top of the right panel. The

solid lines indicate the best-fit kinetics to the experimental data points.
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Figure 2. (a—d) Fs-TA and ns-TA spectra of f-LA in neat MeCN solvent acquired after 267 nm irradiation. Kinetics of the characteristic fs-TA
absorption bands observed at 530 nm are inserted at the top of (c). Kinetics of the characteristic ns-TA absorption bands observed with nitrogen
saturated (left) and air saturated (right) at 373 nm and excited by 267 nm in MeCN solvent are inserted at the top of (d). The solid lines indicate the

kinetics fitting to the experimental data points.

(before 3.5 ps), 3.5—8 ps, and later (8—160 ps) times are given
separately in Figure 2. It can be seen that both the 370 and 530
nm bands grow in rapidly within 3.5 ps (see Figure 2a). Later
(Figure 2b), the 374 nm band increases in intensity slightly,
while the 530 nm band does not change much and the shoulder
at 494 nm appears. Meanwhile, both of the two bands blue shift
slightly and become narrower. In the next 160 ps (Figure 2c),
with the decrease in intensity of the 530 and 370 nm bands,
another broad absorption band (around 610 nm) appears
within 100 ps and an isosbestic point at ~570 nm is seen, which
indicates a dynamical conversion between two distinct states.
The two transient absorption bands at 373 and 610 nm as well
as the three small bands around 400—500 nm appear to be
stable until 3 ns. Based on the fs-TA results of NQ and the
transient absorption features of the triplet of NQ_in MeCN, the
transient absorption bands after 160 ps are likely to be due to
the B-’LA intermediate. From the inserted graph shown in
Figure 2¢, the kinetics of the 530 nm decay can be simulated
satisfactorily by a triexponential function with the time
constants of 524 fs (z1), S ps (7,), and 29 ps (73), weighted
by different proportionality factors. The spectrum at very early
time (from 0.5 to 3.5 ps in Figure 2a) is assigned to an internal
conversion from the S, to S; (n,7*), whose lifetime is 524 fs.
Then, the S state is thermalized by vibrational cooling in 5 ps,
as evidenced by the narrowing and blue shifting of the bands.
With the reduction of the S; signal, the subsequent changes in
the spectra are mainly attributed to the S; (n,z*) to T, (z,7*)
ISC process (73 = 29 ps) that leads to the increase of the
transient absorption at 610 nm, which corresponds to the T to
T, transition with maxima at 373 and 610 nm in neat MeCN
solvent. Spectra at later delay times resemble those obtained
from nanosecond laser flash photolysis spectra of f-LA in
MeCN and the time evolution analysis of the absorbance at 373
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nm of f-LA in MeCN under open air and nitrogen-purged
conditions (these results are given in Figure 2d). The observed
quenching by oxygen provides further evidence that the species
observed in the later fs-TA and ns-TA is a triplet species in
nature. The *4-LA intermediate was reported to have a sharp
band 380 nm and a broad absorption band at 650 nm in
MeCN,"**° which is analogous to the observation in our fs-TA
and ns-TA experiments.

Time-dependent DFT (TD-DFT) calculations were carried
out on the singlet and triplet states of NQ and $-LA in order to
predict their UV—vis spectra, and these results are shown in
Table 1S of the Supporting Information. The frontier orbitals
of NQ and f-LA obtained from these calculations are shown in
Figure 1S of the Supporting Information. As seen in Table 1S,
the experimental data are consistent with the calculation-
predicted spectra of the excited states. The first singlet states of
both molecules are calculated to have two strong absorption
bands in the visible region, which are also observed in the
experimental results: (1) 349, 331 nm transitions correspond-
ing to a transition from the benzyl ring to the dione ring
(LUMO) for both NQ and f-LA, which explains the almost
identical wavelength (370 nm) for these two compounds in the
experimental spectra; and (2) 441, 471 nm transitions due to
7,* transitions for NQ and f-LA with little difference, while
the pyran ring of S-LA contributes to the transition on the
higher wavelength where the band is 50 nm red-shifted for -
LA (530 nm) compared to the analogous band for NQ (480
nm) in the experimental spectra.

In an attempt to characterize the vibrational structure and
properties of the intermediates involved for f-LA in MeCN
after photoexcitation, ns-TR? experiments were done using 266
nm as the pump laser wavelength and 368.9 nm as the probe
laser wavelength for f-LA in MeCN. Figure 2S displays the ns-
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TR? spectra of f-LA in MeCN, and mainly one species was
observed. Fs-TA and ns-TA experiments suggest that the
intermediate detected in the nanosecond time range is the
B-LA intermediate. DFT calculations were done to predict the
Raman spectrum of B-’LA, and the calculated result was
compared with the experimental TR® spectrum obtained at 10
ns in Figure 3. Examination of Figure 3 reveals that the

5
o+ »o

Raman Intensity (a.u.)

e

730

818

e ——
*

5

600 860 1600 12b0 14b0 1600
Raman shift/cm’

Figure 3. Comparison the experimental resonance Raman spectrum
(10 ns time delay) of S-LA obtained in pure MeCN (pump 266 nm,
probe 368.9 nm) with the DFT-calculated normal Raman spectrum of
BLA. The star symbols indicate the regions affected by solvent
subtraction artifacts.

calculated Raman spectrum shows reasonable agreement with
the experimental TR® spectrum for the f-’LA species in terms
of the vibrational frequency pattern of the two spectra. The
slight differences between the relative intensity patterns of the
experimental spectrum and the calculated spectrum can be
attributed to the experimental spectrum being resonantly
enhanced while the calculated spectrum is a normal Raman
spectrum. Most of the Raman bands seen in the TR® spectra of
B-LA are due to the vibrations associated with the ring C—C
stretch and C—H bend motions. Six major Raman bands at
1581, 1548, 1498, 1455, 1424, and 1344 cm™ were observed.
The 1581, 1548, and 1344 cm™' Raman bands are mainly due
to the ring C—C stretch, C=0 stretch, and H-C—H scissor
vibrational modes. The 1498 cm™ Raman band is associated
with a C=0 stretch and a C—H in-plane rocking of the ring
vibrational modes. The 1440 cm™' Raman band is due to a
combination of the C—O stretching and C—H wagging modes.
The 1424 cm™' Raman feature is attributed by the C—H
scissoring mode.

For aromatic carbonyl compounds, the electronic config-
uration of the T, state determines the T, state’s reactivity

toward the hydrogen abstraction reaction with hydrogen donor
reagents. Two types of T, states, dominated respectively by
n,7* and m,7* character, have been identified to be responsible
for the differences in the T, photophysical and photochemical
behavior.”****® A T, state with mainly n,7* nature exhibits a
high efficiency for a hydrogen abstraction reaction, whereas a
triplet state with a z,7* nature is barely reactive for that type of
reaction. Previous TR® and TRIR studies found that the
frequency of the C=O0O stretch mode appears in the 1400—
1600 cm ™" range for a 7,7* predominant character triplet state,
while it is in the 1200—1400 cm™' region for a typical n,z*
nature triplet state.”” """ As illustrated above, the C=0 stretch
frequencies for the 3-’LA state are at 1581 and 1498 cm™’, and
this indicates that the -’LA intermediate possesses mainly a
m* electronic configuration. This may account for the low
efficiency of the hydrogen abstraction for f-LA when using 2-
propanol and 1,4-cyclohexadiene as quenchers.”””!

Transient Absorption Study of f-LA and NQ in MeCN
and H,0 Mixed Solutions. Protonation Accounts for the
Decay of the Singlet Excited State of f-LA. Fs-TA spectra of
NQ excited by 267 nm in 1:1 MeCN/H,O mixed solution were
obtained and are shown in Figure 3S (Supporting Information).
It is obvious that the temporal evolution of the early time
spectra is almost the same as that in neat MeCN, with bands at
370 and 480 nm appearing as the singlet of NQ ('NQ) that
then undergoes the ISC process (7 ps) to generate its triplet
excited state (°NQ) with absorption bands at 375 and 593 nm.
Figures 4S and SS (Supporting Information) and Figure 4a
display the fs-TA results for f-LA in 9:1 MeCN/H,0, 4:1
MeCN/H,0, and 1:1 MeCN/H,O mixed solutions excited at
267 nm. Similar to the fs-TA results obtained in neat MeCN
solution, bands at 370 and 530 nm grow in rapidly within 3 ps
in the MeCN/H,O mixed solutions (see Figure 4S in the
Supporting Information), which are due to an internal
conversion process from S, to S; of B-LA. In Figure SSa
(Supporting Information), with decreasing intensity of the
bands at 370 and 530 nm, the band at 610 increases slightly
without an obvious isosbestic point in 9:1 MeCN/H,O mixed
solvent. However, no obvious increase in intensity at 610 nm
was detected in the 4:1 MeCN/H,O mixed solvent in Figure
SSb (Supporting Information). This clearly indicates that the
generation of f-’LA was inhibited with the presence of H,O.
The transient absorption at 610 nm almost does not decay any
more from 3.7 to 126.7 ps (see Figure 5Sa, Supporting
Information); this demonstrates that some f-'LA still under-
goes the ISC to transform into the f-’LA while a small portion
of f-'LA undergoes an unknown reaction with water molecules.
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Figure 4. Fs-TA spectra of #-LA in (a) 1:1 MeCN/H,O and (b) 1:1 MeCN/H,O (pH 0) mixed solutions obtained after 267 nm excitation.
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When the concentration of water increases to 50% (1:1
MeCN/H,0 mixed solvent), no increase in intensity at 610 nm
can be observed with the significant decrease of intensity of
both bands at 370 and 530 nm (see Figure 4a). To confirm the
participation of water molecules, Figure 5 presents the singlet

Intensity (a.u.)

Time delay (ps)

Figure 5. Temporal dependences of the transient absorption intensity
for f-LA in 9:1 MeCN/H,0 (A), 4:1 MeCN/H,0 (O), 1:1 MeCN/
H,0 (O), and 1:1 MeCN/H,0 (pH 0) (¢) mixed solutions at 530
nm are shown. Solid lines indicate fitting using a single-exponential
function to fit the experimental data.

decay dynamics at 530 nm of f-LA in the four solvents of
varying water concentration. The time constants for the singlet
decay dynamics are 38, 32, and 20 ps in 9:1 MeCN/H,0, 4:1
MeCN/H,0, and 1:1 MeCN/H,0 mixed solutions, respec-
tively. These results show that the rate of the unknown reaction
of f-LA with water in the different aqueous solutions increases
noticeably with the increasing concentration of water because
the f-'LA decays much faster than that obtained in the lower
water concentration solutions. This indicates that the B-'LA
intermediate may be involved in a reaction with H,O. The high
reactivity of the ortho-diketones gives rise to the high potential
in the low excited state reduction potential."' Solvent
polarization also induces a small barrier to proton transfer for
the zero-point motion.*” Therefore, protonation can likely
occur from f-'LA in aqueous solution, as since Hooker™ has
already pointed out that conversion from f-LA into a-LA can
take place in the presence of hydrogen chloride on the ground
state potential surface. It appears that the protonation of the
carbonyl group (Oy) may also be the driving force to promote
the transformation from f-LA into a-LA on an excited state
potential surface. Since the ISC process of NQ is not affected
by the increase of the concentration of water molecules, this
implies that the pyran ring of -LA determines the reaction
between fS-'LA and water molecules. Given that the
protonation of the carbonyl group may drive f-LA into a-LA
in the acidic aqueous solution on the ground state,* the excited
state of #-LA can also probably be easily protonated compared
to the ground state of f-LA. Fs-TA results indicate that the
lifetime of #-'LA will gradually decrease with the increase of the
concentration of water. This reveals that S-'LA may be
protonated even in the neutral high water concentration
solutions, and this is consistent with observations that
benzophenone is a very weak base in the ground state and its
protonation requires a very strong acid; however, the acidity of
the conjugate acid, pK,(S,) = 4.7, is reduced by 4 orders of
magnitude in the excited triplet state, pK,(S;) = 0.4.”** This
would suggest that the protonation of the excited state of f-LA
would be much easier than for its ground state. Figure 6S (see
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Supporting Information), Figure 4b, and Figure S ({)) display
the fs-TA spectra and kinetics for f-LA in 1:1 MeCN/H,O
(pH = 0) mixed solutions excited at 267 nm. Examination of
Figure 4b indicates that the bands at 370 and 530 nm in pH 0
acidic solution decrease in intensity much faster than those in
the 50% water solution. As shown in Figure S, the time
constant for the singlet decay dynamics in the pH 0 solution is
about 11 ps, which is much shorter than that obtained in the
50% water neutral mixed solutions. This provides a direct piece
of evidence to support that the f-'LA may be protonated in
aqueous solutions.

Competition between Intersystem Crossing into f-3LA in
Lower Water Concentration Solutions and Protonation
Conversion into a-’LA in Water-Rich Solutions. Ns-TA
experiments were also performed for f-LA in different aqueous
solutions. The ns-TA spectra and temporal evolution at 373 nm
in the (a) MeCN, (b) 95:5 MeCN/H,0, (c) 9:1 MeCN/H,0,
(d) 8:2 MeCN/H,0, (e) 7:3 MeCN/H,0, and (f) 1:1 MeCN/
H,O mixed solutions are presented in Figures 7S—9S in the
Supporting Information. The time constants for the transient
species’ decay dynamics obtained from the ns-TA spectra are
summarized in Table 1 for f-LA in the MeCN and mixed

Table 1. Time Constants of the Decay Dynamics at 373 nm
in Different Solutions

MeCN/ MeCN/ MeCN/ MeCN/ MeCN/

solvent ~ MeCN H,0 H,0 H,O H,0 H,0
t/T 95:5 9:1 8:2 7:3 1:1
N,

purged
T 6.8 us 2.6 ps 2.1 ps 2.0 ps 3.3 us 2.7 ps
T, 5.8 us 4.5 ps 3.8 us
open air
T 264 ns 327 ns 378 ns 427 ns 463 ns 695 ns

aqueous solvents with varying water content. The time
constants obtained in the open air condition are dramatically
shorter than that obtained in a nitrogen-purged condition. This
indicates that the transient species observed in the ns-TA
experiments have triplet character. The different lifetimes in
different solvents under open air are caused by the different
concentration of oxygen dissolved in the solutions; the lifetime
is 264 ns in the neat MeCN, while the lifetime is 695 ns in 50%
water concentration solution; this is because the oxygen has a
higher dissolve ability in MeCN than in water solution. It is
interesting to note that, for solvents with water content larger
than 30% and in the neat MeCN solvents, only one time
constant can be obtained (see Table 1), which is in accordance
with the results achieved in the fs-TA spectra recorded in 1:1
MeCN/H,O mixed solution, where the #-'LA is quenched by
the protonation and no S-’LA is generated, while in neat
MeCN solvent, the f-'LA completely transforms into the ->LA
by ISC. Therefore, the 6.8 us is the lifetime of f-’LA, while the
3.3 and 2.7 us accounts for the lifetime of a new species that has
a triplet character (generated by the protonation of f-'LA). In
less than 30% water solution, there are two time constants that
can be obtained by a biexponential fitting of the dynamics of
373 nm. According to the preceding interpretation, the short
time constants (2.6, 2.1, and 2.0 us obtained in 5, 10, and 20%
water solution, respectively) are associated with the new species
produced by the protonation of the singlet excited state of f-
LA; in contrast, the longer time constants (5.8, 4.5, and 3.8 ys)
are the lifetime of the S->LA species.

DOI: 10.1021/acs.joc.5b00086
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According to the discussion above, the transient species with
the longer lifetime is f-’LA, whose formation decreases as the
concentration of water increases. The dependence of the
transient species’ decay dynamics on water concentration
reflects the effect of the local solvent environment on the triplet
quenching process. The different lifetimes between the
nitrogen-purged and open air conditions indicate that the
species obtained in the ns-TA in 1:1 MeCN/H,0 mixed
solution may be triplet in nature. Figure 6 shows the ns-TA

N, purged
open air

450

4(')0
Wavelength / nm

500

Figure 6. Ns-TA spectra of f-LA in 1:1 MeCN/H,0 mixed solution
obtained after 266 nm excitation. Inset: Transient absorption decay of
S-LA in 1:1 MeCN/H,0 mixed solution purged with N, (O) and
saturated air (OJ). The solid lines indicate the kinetics fitting to the
experimental data points.

spectra acquired after photolysis of f-LA in 1:1 MeCN/H,O
mixed solution under open air. Only one species is obtained
through the ns-TA experiment, which displays absorption
maxima at 304, 374, and 440 nm. The transient spectra here are
almost the same as the transient absorption of the triplet state
of @-LA (a-’LA) obtained in MeCN by Netto-Ferreira*’ with a
small shift in the wavelength. Therefore, the character of the
transient species observed in 50% water solution can probably
be assigned to the a-’LA intermediate.

Confirmation of the Assignment of a-’LA by ns-TR?
Spectra. To gain structural information for the reactive
intermediates, ns-TR® experiments were performed for f-LA
in different aqueous solutions. Figure 7 displays the ns-TR®
spectra at 10 ns of f-LA in (a) MeCN, (b) 95:5 MeCN/H,0,

—
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Figure 7. Ns-TR® spectra of f-LA obtained with 266 nm excitation
and a 368.9 nm probe wavelength in (a) MeCN, (b) 95:5 MeCN/
H,0, (c) 9:1 MeCN/H,0, (d) 8:2 MeCN/H,0, and (e) 1:1 MeCN/
H,0 mixed solutions at 10 ns time delay. The sharp features labeled by
(*) are due to solvent subtraction artifacts and/or stay light.
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(¢) 9:1 MeCN/H,O, (d) 8:2 MeCN/H,O, and (e) 1:1
MeCN/H,0 mixed solutions using a 368.9 nm probe
wavelength and a 266 nm pump wavelength. In the MeCN
solvent, the main resonance Raman bands of f-LA are at 641,
818, 953, 1019, 1042, 1144, 1166, 1204, 1266, 1344, 1424,
1455, 1498, 1548, and 1581 cm™. Based on the study of f-LA
in MeCN, the transient species detected at 10 ns could be
assigned to A-LA. In the 50% water solution, the main
resonance Raman bands appear at 1150, 1171, 1469, 1502,
1553, and 1581 cm™. According to the ns-TA study of S-LA,
the transient species detected in the 50% aqueous solution are
likely to be the a-’LA species. Thus, DFT calculations were
conducted to predict the normal Raman spectra of a->LA, and
Figure 8 displays the comparison between the experimental

Raman Intensity (a.u.)

800 1000 1200 14}90 1600
Raman shift/ cm

Figure 8. Comparison the experimental resonance Raman spectra (10
ns time delay) of -LA obtained in 1:1 MeCN/H,O (pump 266 nm,

probe 368.9 nm) with the DFT-calculated normal Raman spectrum of
a-’LA.

TR? spectrum obtained at 10 ns and the B3LYP/6-311G**
DFT-calculated normal Raman spectrum of a-’LA. Inspection
of Figure 8 shows that there is excellent agreement between the
vibrational frequency patterns of the calculated normal Raman
spectrum and the ns-TR? spectrum. The dotted lines indicate
the correspondence of the vibrational features in the calculated
and experimental spectra in Figure 8. This further indicates that
the transient species observed in the nanosecond time scale can
be assigned to @->LA. To better understand the ns-TR® spectra
variation in the different solutions, DFT calculations have been
employed to optimize the structures and predict normal Raman
spectra of #-°LA and a->LA. The optimized structures of f-°LA
and a-’LA are displayed in Figure 10S. The bond lengths of
Cii—Cip Ciy—Cy5, C=05 C=0yp and C,—0Oy are 1417,
1.435, 1329, 1.249, and 1259 A for A3LA and 1.407, 1.419,
1.254, 1.254, and 1.315 A for a-’LA, respectively. The DFT
calculations indicate that the Raman bands of 1498 and 1548
cm ™! are mainly contributed from the C—C stretch of C;;—C,,
and C;4,—C;5 and C=O stretch of C,—0,, and C,—0O, for
B-LA. The bond lengths of C,;;—C,,, C;,—C;5 (1.407 and
1419 A), and C,—O; (1.254 A) for a-’LA are shorter than
those of C;;,—C,,, C;,—C,s (1.417 and 1.435 A), and C,—0,,
(1259 A) for B-’LA. This suggests that Raman bands
contributed by the C—C stretch of C;;—C,, and C;,—Ci;
and C=0 stretch of C;—0,, and C,—O, will shift up to higher
wavenumber when B-*LA converts into a-*LA. This is
consistent with the ns-TR® experimental Raman spectra
changes. Figure 7 shows that the Raman bands at 1498 and
1548 cm™ shifted to 1502 and 1553 cm™’, and there is also a
remarkable change in their relative intensity as there is an
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Scheme 2. Proposed Protonation Photoinduced Conversion Mechanism from #-LA into @-LA in Aqueous Solutions
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increase of the water concentration. Furthermore, the 1424 and
1455 cm™' Raman bands were observed in MeCN solvent,
while they almost disappear in the 50% water solution. The
Raman bands at 1424 and 1455 cm™" are associated with the
C—O stretch of C,—Oj (1.329 A) for ->LA. When the increase
in the water concentration reaches 50%, some a->LA species are
generated and the cleavage of the C4—O; bond gives the C,—
O; double bond character. This causes the Raman bands
associated with the single-bond C—O stretch of C,—O; (1.329
A) for f3LA to disappear. In summary, the ns-TR® spectra
changes in the different solutions are in accordance with the
features of the optimized structures and DFT-calculated normal
Raman spectra for f-’LA and a->LA. This demonstrates that the
transient species detected in the 50% water solution are
convincingly assigned to the a-’LA species.

Discussion of the Photochemical Reaction Mecha-
nism of f-LA in Aqueous Solutions. Based on the data
presented above, the proposed photochemical reaction path-
ways of #-LA in aqueous solutions are shown in Scheme 2.
After photoexcitation in MeCN, both the first singlet excited
state of f-LA and NQ undergo an ISC process to transform
into the #-*LA and *NQ species with time constant of 7 and 29
ps, respectively. In the 50% water solution, the photochemical
reaction pathway of NQ is the same as that observed in the
MeCN solvent. However, -LA exhibits a different photo-
chemical reaction in the aqueous solutions compared with the
one observed in MeCN solvent. In the 50% water solution, the
carbonyl group at the § position of first excited state of f-LA
tends to be quenched by protonation. The fs-TA results of -
LA in the pH 0 acidic solution further indicate that the
protonation may accelerate the quenching of the 5-'LA species.
Therefore, the excited state of f-LA is first protonated in the
aqueous solution or acidic solution, and then the resonant
species of the protonation of the excited state of S-LA will
promptly transform into the excited state of a-LA by the
cleavage of the O;—C; bond and the cyclization reaction to
form the singlet excited state of a-LA. The singlet excited state
of a-LA is a very short-lived intermediate, which was quickly
consumed through an intersystem crossing and formed the
triplet state of a-LA. This apparently occurs very fast, and the
singlet excited state of @-LA was not resolved under the
resolution of the present fs-TA experiments. Finally, only the
triplet state of a-LA was detected by ns-TA and ns-TR}
experiments.
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Given that Hooker™ and Ettlinger*® reported that the
ground state of f-LA can be thermodynamically converted into
a-LA in the presence of hydrogen chloride. To explore the
formation of the ground singlet state of a-LA, DFT calculations
were carried out on the cyclization reactions from the
protonated f-LA to ground singlet state of a-LA. Figure 10S
shows the optimized structures of the reactant complex (RC,),
transition state (TS,), and product complex (PC,) (for which n
represents the sequence of the reaction steps) obtained from
B3LYP/6-311G** calculations. Selected bond lengths are given
in the optimized structures shown in Figure 11S. These DFT
computations found that formation of the ground singlet state
of a-LA needed a pathway through two steps. The first step
involves the carbocation attacking the oxygen (O,) of the
alcohol group, and the second step involves a deprotonation to
produce the singlet state of a-LA. The energy barriers of the
two steps are 2.94 and 1.87 kcal/mol, respectively (see Figure
9). The very small energy barriers for these two steps
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Figure 9. Reactive energy profiles obtained from (U)B3LYP/6-
311G** calculations are shown from the carbocation 2 transient to the
singlet state of @-LA (see text for more details).

demonstrate that the cyclization reactions easily proceed in
acidic aqueous solutions. Using hydrogen chloride as an acidic
catalyst for p-LA to prepare a-LA, Ettlinger reported 70%
conversion efficiency, and the final product was only
characterized by its melting point and an elemental analysis.**
In order to confirm the conversion from f$-LA into @-LA in the
acidic solution, we repeated the experimental procedure and
obtained a 90% conversion efficiency from f-LA to a-LA. The
final product was characterized by NMR, mass spectra, and
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Scheme 3. Alternatively Proposed Mechanism from f-LA into a-LA in Aqueous Solutions
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UV—vis absorption spectra, which are displayed in the
Supporting Information, and the NMR and mass spectra of
the final product agree well with the literature ones reported for
the spectroscopic and spectrometric properties of a-LA.*>"
Since protonation of the ground state of f-LA in the acidic
solution efficiently undergoes the decyclization and cyclization
to produce a-LA, it is believed that excited state of S-LA
(B-'LA) will also able to convert into a-LA in the high water
concentration solutions or acidic aqueous solution. As
mentioned above, the time-resolved spectra results demon-
strated that the -'LA species undergo ISC to form the f-’LA
species in MeCN in low water concentration solutions, while
the f-'LA mostly convert into the a-’LA in high water
concentration solutions or acidic solution. This implies that
water plays a very important role in the conversion process, and
that the protonation of the J-'LA species enables the
transformation from A-'LA into the a-’LA intermediate
observed in the ns-TA and ns-TR® spectra that eventually
forms the a-LA final product. This implies that the water
environment may significantly change the photochemical
pathways of #-LA. Our previous studies on Ketoprofen (KP)
also found that an increase in the water concentration may
shuttle a proton from the carboxyl group to the carbonyl group
via the water hydrogen bonded network that could lead to KP
undergoing a photodecarboxylation reaction in neutral high
water concentration solutions.””***’ This makes KP in aqueous
solutions exhibit a different photochemical pathway compared
with that obtained in a neat MeCN or low water concentration
solutions.

B-LA may also possibly be converted into a-LA by another
alternative pathway. The protonation of singlet excited state -
LA ('f-LAH") could be susceptible to conjugate f-addition of
water at Cg, which then leads to formation of a hemiacetal (see
Scheme 3). Ketonization of the C4 carbon with the departure of
the alcohol side chain produces a benzo-1,2,4-trione with a 2-
methyyl-2-hydroxybutanyl side chain. The hydroxyl group then
bonds at the C, carbonyl followed by dehydration to form a-
LA. In order to assess the susceptibility of the conjugate p-
addition of water at Cg, the reaction energy profile of #-addition
of water at C4 was scanned for the protonated f-LAH" species.
The computational result indicates that the energy surface of
the f-addition of water at C4 for the protonated S-LAH*
species is an endothermic reaction throughout the scan (see
Figure 125); hence, it can be concluded that the f-addition of
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water at Cq is not very likely to occur in a thermodynamic
sense. However, kinetically, we cannot exclude the possibility of
the conjugate f-addition of water at C because the protonated
P-LAH" species might occur to some degree. However, the
DFT calculation results reveal that the bond lengths of O;—C,
and O;—Cg are 1.346 and 1.472 A, respectively, for the ground
state of f-LA, while the bond lengths of O;—C, and Os—Cg are
1.293 and 1.526 A, respectively, after the protonation of ground
state of #-LA (see Figure 13S). This reveals that the protonated
ground state of -LA tends to undergo the cleavage of the O5—
C6 bond more easily. Winter and co-workers reported that
some unstabilized carbocations have been found to have
structurally nearby, low-energy conical intersections that are
often favored for photochemical heterolysis, whereas some
stabilized carbocations have been found to have high-energy,
unfavorable conical intersections, which may be favored for
thermal heterolysis.”® For the formation of the carbocation
intermediates in Scheme 2, the carbocation intermediate
formed by the cleavage of the O;—C¢ bond could be considered
unstabilized carbocations, so the cleavage of the Os—Cg bond
may be a photo-heterolysis control process rather than a
thermal heterolysis process.”” Therefore, the protonation of
excited state f-LA may directly help induce the cleavage of the
O;—C¢ bond and is hence proposed as being the predominant
pathway (as shown in Scheme 2).

It is worth noting that the conversion from f-LA into a-LA
only takes place in aqueous solutions. Previous studies of the
photophysics and photochemistry of f-LA were conducted in
organic solvents by nanosecond laser flash photolysis'~** and
found that #->LA will be quenched by hydrogen donors and L-
tryptophan, L-tryptophan, methyl ester, L-tyrosine, L-tyrosine
methyl ester, and L-cysteine to form the corresponding radical
pair resulting from an initial electron transfer from the amino
acids or their esters to the excited quinone that was followed by
a fast proton transfer. However, in aqueous solutions, a
different reaction occurs to convert -LA into @-LA. It has been
noted that $-LA can act as an anticancer drug that can inhibit
the growth of sarcoma tumors in mice” and exhibits cytotoxicity
to leukemia cells* and to human cancers such as breast, colon,
prostate, and lung.’~"* All of these studies were performed in
physiological and biological conditions, and the previous
studies on S-LA in the organic solvents do not appear to
explain the phototoxiciy mechanism of $-LA to the cancer cells
because of the different microenvironments. In fact, the

DOI: 10.1021/acs.joc.5b00086
J. Org. Chem. 2015, 80, 7340—7350


http://dx.doi.org/10.1021/acs.joc.5b00086

The Journal of Organic Chemistry

aqueous solutions are more like biological conditions. Some
previous studies proposed that the mechanism of cytotoxicity in
cancer cells is due to NAD(P)H quinine oxidoreductase-1
performing a two-electron reduction of S-LA to generate its
hydroquinone.'”"*~"” However, we found that the protonation
of Oy will drive f-LA to convert into a-LA after photoexcitation
in aqueous solution. Hooker™ pointed out that B-LA will
transform into @-LA in the presence of hydrogen chloride
acidic solution in the ground electronic state, and our similar
experiments with ground state f-LA also demonstrated that
adding acid can convert it into o-LA, with about 90%
conversion efficiency in acidic solution. Measurement by
microelectrodes found that the microenvironment is often
more acidic in tumors than in normal tissues.”’ This indicates
that it is probable that S-LA tends to convert into a-LA in the
cancer cells’ microenvironment. Therefore, the cytotoxicity in
cancer cells for #-LA is probably caused, at least in part, by
some of its conversion into a-LA. a-LA has been demonstrated
to be a strong candidate for the development of drugs to treat
resistant cell lines with hyperactivity against multi-dn}?resistant
tumors with lower expression of topoisomerase IL>>* It can
induce DNA cleavage mediated by topoisomerase II, which is
an essential enzyme that interconverts different topological
forms of DNA and is the target for some anticancer drugs.”*>®
In brief, our time-resolved spectroscopic investigation of the
excited state reaction in aqueous solutions and examination of
the ground state reaction in acidic aqueous solution of S-LA
indicate that under these two conditions a noticeable amount of
B-LA can be converted to a-LA. The cytotoxicity and
phototoxicity of f-LA in biological systems will likely depend
on the pH of the microenvironment and the presence or
absence of photoexcitation of $-LA.

B CONCLUSION

The present work reported a fs-TA, ns-TA, and ns-TR}
spectroscopic investigation of the photophysical and photo-
chemical reactions of #-LA in MeCN and aqueous solutions.
For comparison, the photoreactions of the parent compound
NQ were also studied by fs-TA in MeCN and aqueous
solutions in order to help better understand the role of water
and the pyran ring in the photochemistry of #-LA in aqueous
solutions. ISC processes were observed for NQ in both MeCN
and 1:1 MeCN/H,O mixed solutions with time constants of
about 7 ps. The ISC process of f-LA takes place in MeCN to
produce the S-’LA species within 29 ps. In contrast, a
photoinduced protonation of the carbonyl group at the S
position takes place for the singlet excited state of #-LA with
the assistance of water in aqueous solutions. The protonation is
the initial step to lead to the conversion of some f-LA to a-LA
in water-rich solutions. After protonation of the carbonyl group
at the f position, the photochemical heterolysis control
cleavage of the oxygen—carbon bond (O3—Cg) on the pyran
ring appears to allow the formation of an unstabilized
carbocation intermediate, which can then attack the oxygen
of the alcohol group (O,) and lead to a cyclization reaction to
form the singlet excited state of @-LA that then undergoes ISC
to generate the triplet state of a-LA that was observed in the ns-
TA and ns-TR? experiments. The details of the ultrafast events
and possible role of a nearby conical intersection that lead to
the formation of the triplet state of a-LA observed in the ns-TA
and ns-TR® experiments remain somewhat ambiguous, and
further work is planned to address this in the future. The
photochemically produced triplet state of a-LA then formed
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the ground singlet state of the a-lapachone final product. We
also observed that some f-lapachone can be converted to a-
lapachone on the ground electronic state when a strong acid is
added to an aqueous solution of f-lapachone. Our present
study indicates that some f-lapachone can be converted to a-
lapachone by photoconversion in aqueous solutions by a water-
assisted excited state reaction or by an acid-assisted ground
electronic state reaction. We briefly discussed the implications
of these new results in aqueous solutions for the phototoxicity
and cyctotoxicity of f-lapachone in biological systems.

B EXPERIMENTAL AND SECTION

The sample of #-LA was synthesized following a literature procedure,
and its spectroscopic and spectrometric properties are in full accord
with the structure proposed; the characterization spectra and data are
provided in the Supporting Information. NQ_ and spectroscopic grade
MeCN were purchased and used to prepare the sample solutions.
Unless specified, all of the mixed solvent ratios are of volume ratio.
Perchloric acid (HCIO,) was used to adjust the pH value of the
aqueous solutions.

Femtosecond Transient Absorption Experiment. The fs-TA
experiments were done by employing an experimental setup and
methods detailed previously,”® and only a brief description is provided
here. Fs-TA measurements were done using a femtosecond
regenerative amplified Ti:sapphire laser system, in which the amplifier
was seeded with the 120 fs laser pulses from an oscillator laser system.
The laser probe pulse was produced by utilizing ~5% of the amplified
800 nm laser pulses to generate a white-light continuum (350—800
nm) in a CaF, crystal, and then this probe beam was split into two
parts before traversing the sample. One probe laser beam goes through
the sample, while the other probe laser beam goes to the reference
spectrometer in order to monitor the fluctuations in the probe beam
intensity. For the present experiments, the sample solution was excited
by a 267 nm pump beam (the third harmonic of the fundamental 800
nm from the regenerative amplifier). The 40 mL solutions were
studied in a flowing 2 mm path-length cuvette with an absorbance of 1
at 267 nm throughout the data acquisition.

Nanosecond Transient Absorption Experiment. The ns-TA
measurements were carried out with a LP920 laser flash spectrometer
provided by Edinburgh Instruments Ltd. The probe light source is a
450 W ozone-free Xe arc lamp with 10 Hz to a single shot operation
versatile sample chamber with an integral controller, high-speed pump
and probe port shutters, sample holder, and filter holders, which
produces a continuous spectrum between 280 and 800 nm.
Measurements of the ns-TA spectra were performed according to
the following procedure. The fresh sample solutions were excited by a
Q-switched Nd:YAG laser (fourth harmonic line at A = 266 nm). The
probe light from a pulsed xenon arc lamp was passed through various
optical elements, samples, and a monochromator before being
detected by a fast photomultiplier tube and recorded with a TDS
3012C digital signal analyzer. In the kinetics mode, a photomultiplier
detector or InGaAs PIN detector is used and the transient signal
acquired using a fast, high-resolution oscilloscope. In the spectral
mode, an array detector is fitted to the spectrograph exit port to
measure a full range of wavelengths simultaneously. Unless specified
otherwise, the ns-TA experiments were performed in air-saturated
solutions and the sample solutions were made up to have an
absorbance of 1 at 266 nm.

Nanosecond Time-Resolved Resonance Raman Experi-
ments. The ns-TR® experiments were done using an experimental
apparatus and methods discussed in detail previously,””** and only a
short description will be given here. The pump laser pulse with a
wavelength of 266 nm generated from the fourth harmonic of a
Nd:YAG nanosecond pulsed laser, a 309.1 nm probe laser pulse
produced from the first anti-Stokes hydrogen Raman-shifted laser line
from the third (355 nm) harmonic, and a 368.9 nm probe laser pulse
produced from the second anti-Stokes hydrogen Raman-shifted laser
line from the second (532 nm) harmonic were employed in the TR®
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experiments. The two Nd:YAG lasers were synchronized electronically
by a pulse delay generator to control the time delay of pump and
probe lasers, and the time delay between the laser pulses was
monitored by a fast photodiode and a 500 MHz oscilloscope. The time
resolution for the TR® experiments was approximately 10 ns. The
pump and probe laser beams were lightly focused onto the sampling
system, and the Raman light was collected using reflective optics into a
spectrometer, whose grating dispersed the light onto a liquid-nitrogen-
cooled CCD detector. The Raman signal was acquired for 10—30 s by
the CCD before reading out in the interfaced PC computer, and 10—
30 scans of the signal were accumulated to produce a resonance
Raman spectrum. The TR® spectra presented here were obtained by
the subtraction of a resonance Raman spectrum with negative time
delay of —100 ns (probe-before-pump spectrum) from the resonance
Raman spectrum with a positive time delay (pump—probe spectrum).
The TR® spectra in this work were calibrated by the known MeCN
solvent’s Raman bands with an estimated accuracy of (5 em™).
Samples of the B-LA solutions were prepared to have a UV absorption
of ~1 at 266 nm in a 1 mm path-length cuvette and then were used in
the TR® experiments.

Density Functional Theory Calculations. DFT calculations
were performed employing the (U)B3LYP method with a 6-311G**
basis set. The Raman spectra were found by computing the Raman
intensities from transition polarizabilities computed by numerical
differentiation, with an assumed zero excitation frequency. A
Lorentzian function with a 15 cm™ bandwidth for the vibrational
frequencies and a frequency scaling factor of 0.974 was used in the
comparison of the calculated results with the experimental spectra.
TD-DFT was used to calculate the excitation energies and oscillator
strengths, and the simulation of UV—vis spectra of selected
intermediates and excited state was obtained from (U)B3LYP DFT
calculations employing a 6-311G** basis set in PCM solvent mode.
No imaginary frequency modes were observed at the stationary states
of the optimized structures. All of the reactions have been explored by
optimizing the structures of the reactant (RC), transition states (TS),
and product complexes (PC). Transition states were located using the
Berny algorithm. Frequency calculations at the same level of theory
have also been performed to identify all of the stationary points as
minima for transition states (one imaginary frequency). Intrinsic
reaction coordinates were calculated for the transition states to
confirm that the relevant structures connect the two relevant minima.
All of the calculations were done using the Gaussian 03 program
suite® operated on the high-performance computing cluster
(HPCPOWERY) at the University of Hong Kong.

B ASSOCIATED CONTENT

© Supporting Information

Additional fs-TA and ns-TA spectra and data obtained after
photoexcitation of NQ and S-LA in MeCN and aqueous
solutions of varying water concentration and pH values.
Optimized geometries, Cartesian coordinates, total energies,
and vibrational zero-point energies for the optimized geometry
from the (U)B3LYP/6-311G** calculations for the compounds
and intermediates considered in this paper. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acs.joc.5b00086.
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