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ABSTRACT: The photophysics and photochemical reactions
of 2-(1-hydroxyethyl) 9,10-anthroquinone (2-HEAQ) were
studied using femtosecond transient absorption (fs-TA),
nanosecond transient absorption (ns-TA), and nanosecond
time-resolved resonance Raman (ns-TR®) spectroscopy
techniques and density functional theory (DFT) calculations.
In acetonitrile, 2-HEAQ underwent efficient intersystem
crossing to the triplet excited state ((2-HEAQ)?®). A typical
photoreduction reaction for aromatic ketones took place via
production of a ketyl radical intermediate for 2-HEAQ in
isopropanol. In water-containing solutions with pH values
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between 2 and 10, an unusual photoredox reaction reported by Wan and co-workers was detected and characterized. Observation
of the protonated species in neutral and acidic aqueous solutions by fs-TA spectra indicated the carbonyl oxygen of (2-HEAQ)?
was protonated initially and acted as a precursor of the photoredox reaction. The preference of the photoredox reaction to occur
under moderate acidic conditions compared to neutral condition observed using ns-TR? spectroscopy was consistent with results
from DFT calculations, which suggested protonation of the carbonyl group was the rate-determining step. Under stronger acidic
conditions (pH 0), although the protonated (2-HEAQ)® was formed, the predominant reaction was the photohydration reaction
instead of the photoredox reaction. In stronger basic solutions (pH 12), (2-HEAQ)® decayed with no obvious photochemical
reactions detected by time-resolved spectroscopic experiments. Reaction mechanisms and key reactive intermediates for the
unusual photoredox reaction were elucidated from time-resolved spectroscopy and DFT results. A brief discussion is given of
when photoredox reactions may likely take place in the photochemistry of aromatic carbonyl-containing compounds and possible
implications for using BP and AQ scaffolds for phototrigger compounds.

B INTRODUCTION

Photoredox reactions for m- and p-nitrobenzyl alcohols have
been previously investigated." However, applications of these
photoredox reactions were not extensively studied due to the
perceived enigmatic character of the nitro group in organic
chemistry.”> More recently, a novel photoredox reaction was
discovered for the more readily available systems benzophe-
nones (BPs) and anthraquinones (AQs).2

BPs and AQs are among the most well-known chemically
important molecules that can undergo efficient intersystem
crossing (ISC) to the triplet excited state.*”'! Photoreduction
reactions of BPs and AQs have been widely studied and
reported by many researchers. In recent years, Wirz and co-
workers studied the photohydration reaction of BP and found
that protonation of the carbonyl oxygen of the BP group
contributes to the quenching of the triplet excited BP by
protons and may provide a new route to some unusual
photoreactions.'” The photoredox reaction of BPs and AQs
discovered by Wan and co-workers can be considered as one
example elucidated in the work reported later in this paper.®
The initial discovery of the photoredox reaction for some BP
and AQ molecules revealed that the ketone is reduced to an
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alcohol and the side chain alcohol moiety is apparently
simultaneously oxidized to its ketone form.> A time-resolved
study on the BP derivative,"> 3-(hydroxymethyl)benzophenone
(m-BPOH), demonstrated that m-BPOH undergoes the ISC
process in aprotic solvent acetonitrile and the conventional
photoreduction reaction in strong hydrogen-donor solvents like
isopropanol. However, in acidic aqueous solutions, the
photohydration reaction is the predominant reaction at pH 0
while the photoredox reaction was found to be the
predominant one at pH 2. As a close relative to BP, AQ
compounds were also observed to exhibit unusual and highly
efficient photoredox reactions. 3of Here, we focus on 2-(1-
hydroxyethyl) 9,10-anthraquinone (2-HEAQ) as an illustrative
example to investigate the photochemical reactions and
especially the photoredox reaction of an AQ_ system. At first
glance the photochemical reaction of this AQ_derivative was
postulated as a photooxidation. However, via closer inspection
one noticed that the reaction generating (2-acetyl) 9,10-
anthraquinone as the final product proceeded through an air-
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sensitive intermediate under an air-saturated environment (see
3 . .
Scheme 1).”° In addition, no concentration dependence on the

Scheme 1. Overall Photoredox Reaction of 2-HEAQ_
Followed by Oxidation with the Final Product 3-
Formylanthraquinone
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quantum yield was observed over the concentration range from
107 to 10™* M, suggesting that the reaction was unimolecular
with regard to the substrate. 32 Nevertheless, the reaction
mechanism remained uncertain due to the limited information
known at the time. First, the photoredox reaction was reported
to proceed via an initial deprotonation of the methylene C—H
bond followed by protonation of the AQ carbonyl oxygen by
water.> In contrast, a later study }f)referred protonation of the
carbonyl oxygen as the first step.’®' The two proposed reaction
mechanisms regarding the sequence of the deprotonation and
protonation reactions for the photoredox reaction of 2-HEAQ
are depicted here in Schemes 2 and 3, respectively.

Scheme 2. Proposed Photoredox Reaction Mechanism of 2-
HEAQ That Undergoes Deprotonatlon First and Followed
by a Protonation Reaction™®
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The photochemistry of AQ_derivatives in aqueous solutions
had also received increasing interest as a new platform for
develo}nn§ photoremovable protecting groups in recent
years. However, from the earliest example of using an
AQ derivative to photorelease a protected galactose by
Iwasmura and co-workers'* to a recent study employing 2-
HEAQ as a photolabile protecting group for carboxylic acids,'®
the mechanism(s) of these deprotection reaction(s) and key
reactive intermediates have not yet been elucidated in detail.

We are pleased to report a combined femtosecond transient
absorption (fs-TA), nanosecond transient absorption (ns-TA),
and nanosecond time-resolved resonance Raman (ns-TR®)
spectroscopic investigation of the photophysics and photo-
chemistry of 2-HEAQ in aqueous solutions with varying pH in
an effort to unravel the mechanism(s) and key reactive
intermediates of the photoredox reaction and other competing
reactions. This work also provides a foundation for future study
of photodeprotection reactions utilizing the AQ scaffold.
Density functional theory (DFT) calculations were conducted
to deepen the interpretation of experimental results. fs-TA
experiments for m-BPOH were also performed to facilitate a
comparison between the photoredox and other reactions that
take place in AQ versus BP systems.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

2-(1-Hydroxyethyl) 9,10-anthraquinone (2-HEAQ) was synthesized
following reported literature methods.>® Spectroscopic-grade acetoni-
trile (MeCN), isopropyl alcohol (IPA), and deionized water were
used. Perchloric acid (HClO,) and sodium hydroxide (NaOH) were
used to control the sample pH. All of the mixed solvent ratios are
volumetric ratios.

A. Femtosecond Transient Absorption (fs-TA) Experiment.
fs-TA measurements were performed using a femtosecond regener-
ative amplified Ti:sapphire laser system. The amplifier was seeded with
the 120 fs output from the oscillator. The probe pulse was generated
using about 5% of the amplified 800 nm output to generate a white-
light continuum (350—800 nm) in a CaF, crystal. The probe beam
was split into two before passing through the sample. One beam
travels through the sample; the other was sent to the reference
spectrometer monitoring the fluctuations in the probe beam intensity.
Fiber optics were coupled to a multichannel spectrometer. For the
present experiments, the 40 mL solution in a flowing 2 mm path-
length cuvette was excited by a 267 nm pump beam. Sample solutions
for the fs-TA experiments were prepared to obtain an absorbance of 1
at 267 nm; in that way, the same number of photons was absorbed for
the same irradiating conditions in each case.'”

B. Nanosecond Transient Absorption (ns-TA) and Nano-
second Transient Emission (ns-EM) Experiment. ns-TA and ns-
EM measurements were carried out on a commercial laser flash
photolysis setup. The 266 nm pump laser pulse was obtained from the
fourth-harmonic output of an Nd:YAG laser, and the probe light was
provided by a 450 W xenon lamp. Sample was excited by the pump
laser, and at a right angle the probe light from the xenon lamp was
passed through the sample. The two beams were focused onto a 1 cm
quartz cell. The transmitted probe light was then measured either by a
single detector (for kinetic analysis) or by an array detector (for
spectral analysis). The changes in the transmission properties were
normally converted into changes of optical density (AOD). Signals
analyzed by a monochromator were detected by a photomultiplier, and
the signal was processed via an interfaced PC and analytical software.
Unless indicated, ns-TA experiments were done in air-saturated
solutions and sample solutions were prepared with an absorbance of 1
at 266 nm.

C. Nanosecond Time-Resolved Resonance Raman (ns-TR?)
Experiments. ns-TR® experiments were performed using the
apparatus and methods described previously,'® and a short description
is given. A 266 nm pump wavelength (by the fourth harmonic of a
Nd:YAG nanosecond pulsed laser) and the 368.9 nm probe
wavelength (by the second anti-Stokes hydrogen Raman-shifted laser
line produced from the second harmonic of a second Nd:YAG laser)
were used. The pump pulse excited the sample to initiate the
photochemical reactions, and the probe pulse interrogated the sample
and the intermediate species produced. Laser beams were lightly
focused and aligned so that they were overlapped onto a flowing liquid
stream of sample. A pulse delay generator was employed to
electronically control the time delay between the pump and the
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probe laser. Raman-scattered light was acquired using a backscattering
geometry and detected by a liquid nitrogen-cooled charge-coupled
device (CCD) detector. The TR? signal was acquired for 10 s by the
CCD before being read out to an interfaced PC computer, and 10
scans of the signal were accumulated to produce a resonance Raman
spectrum. ns-TR® spectra were obtained from subtraction of an
appropriately scaled probe-before-pump spectrum from the corre-
sponding pump—probe resonance Raman spectrum to remove
nontransient bands. Raman bands of MeCN were employed to
calibrate the Raman shifts with an estimated accuracy of 5 cm™.
Sample concentrations in ns-TR® were ~5 X 107* M.

D. Density Functional Theory (DFT) Calculations. DFT
calculations were done employing the Becke three-parameter hybrid
method with the Lee—Yang—Parr correlation functional approxima-
tion (B3LYP)'?*® method with a 6-311G** basis set. Raman spectra
were obtained using a determination of the Raman intensities from
transition polarizabilities calculated 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. No imaginary frequency modes were
observed at the stationary states of the optimized structures, and only
one imaginary frequency was observed for the saddle point transition
state structures. The photoredox reaction was explored by optimizing
the structures of the reactant, transition states, and product complexes.
Transition states were located using the Berny algorithm.”* Frequency
calculations at the same level of theory were performed to confirm that
the structures were at local minima with all-real frequencies or at
transition states with only one imaginary frequency. The nature of the
transition states was determined by analyzing the motion by the
eigenvector associated with the imaginary frequency. Intrinsic reaction
coordinates (IRC)*® were calculated for the transition states to
confirm the relevant structures connect the two relevant minima. TD-
DFT methodology is used to compute the low-lying excited states of
transient species interested.”* GaussSum software is utilized to
simulate the UV—vis spectra.®® The polarizable continuum model
(PCM) is used for evaluating the (bulk) solvent effects. All
calculations were done using the Gaussian 03 program”’ installed on
the High Performance Computing cluster at the Computer Centre in
The University of Hong Kong.

B RESULTS AND DISCUSSION

In an Inert Solvent MeCN and a Hydrogen-Donor
Solvent IPA. Figure 1 displays the fs-TA results obtained after
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Figure 1. (a and b) Femtosecond-TA and (c) ns-TA spectra of m-
BPOH in MeCN acquired after 266 nm irradiation of the sample. (d)
Spectral temporal dependences observed at 348 and 525 nm in MeCN
detected by the fs-TA experiment.

photolysis of m-BPOH in MeCN. Spectra at early (before 1 ps)
and late delay times are given separately to clarify the spectral
changes that take place on different time scales. Upon
irradiation, the ground state of m-BPOH is transferred to a
higher excited singlet state S, and the very early time TA
spectra can be assigned to the relaxation from the S, to S, state
and the initial species that appears at 340 nm within 1 ps was
assigned to the S; — S, absorption from (m-BPOH)' (the
singlet excited state of m-BPOH). The time constant for
internal conversion (IC) from S, to S, is within the instrument
response time, and thus, it will not be discussed further.
Subsequently, a second species with a broad band around 530
nm is formed. The coincidence between the decay time
constant of (m-BPOH)' (8 ps) and the growth time constant of
the second species (8.5 ps) indicates that the second species
was produced from (m-BPOH)'. This transformation time is
similar to the value of the intersystem crossing (ISC) time
constant of BP (9,”® 9.6,>” and 10.6 ps*’) in MeCN. Spectra at
later delay times resemble those obtained from nanosecond
laser flash photolysis (Figure 1c) spectra recorded for m-BPOH
in MeCN. Time evolution analysis of the absorbance at 325 nm
of m-BPOH in MeCN under open air and oxygen-saturated
conditions were performed, and these results are given in
Figure 28, Supporting Information. The observed quenching by
oxygen suggests that the species observed in ns-TA is a triplet
species in nature. Also, the triplet excited state of m-BPOH
(denoted by (m-BPOH)? hereafter) was detected in the ns-TR?
spectra of m-BPOH in MeCN."? Therefore, the transformation
observed by fs-TA in MeCN was assigned to the ISC process
from (m-BPOH)' to (m-BPOH)® and the fully developed
spectra in Figure 1b are assigned to the T; — T, absorption.
Figure 2 depicts the fs-TA and ns-TA results obtained for 2-
HEAQ in MeCN. As a close relative to BP, the broader spectral
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Figure 2. (a and b) Femtosecond-TA and (c) ns-TA spectra of 2-
HEAQ in MeCN acquired after 266 nm excitation. (d) Time evolution
with initial growth followed by decay of AA monitored at 380 nm
under open and oxygen-saturated conditions.

profiles and red-shifted maximum of the band in Figure 2a are
also associated with the IC process from a higher excited S, to
S.. Therefore, the very early time TA spectra can be assigned to
the transformation from S, to S, and the species appearing at
381 nm within 1 ps was assigned to the S, — S, absorption
from S,. Subsequently, a second species with bands at 454 and
640 nm appears in the later delay time fs-TA spectra, and this
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species was also detected by ns-TA spectra under the same
experimental conditions. In the presence of a higher oxygen
concentration in solution, this species has a reduced lifetime in
the ns-TA spectra, suggesting this species is triplet in nature.
The triplet excited states of 9,10-AQ and 2-(hydroxymethyl)
anthraquinone were reported to have an intense 380 nm
absorption and a minor absorption at 660 nm in MeCN, which
are similar to the observation in Figure 2.%*'°

Therefore, the species observed in ns-TA and later time delay
fs-TA spectra is assigned to the triplet excited state of 2-HEAQ_
(denoted as (2-HEAQ)?), and the transformation observed by
fs-TA in MeCN is attributed to the ISC to the lowest triplet
excited state.

Figure 3S, Supporting Information, displays the ns-TR®
spectra of 2-HEAQ in MeCN, and mainly one species
attributed to (2-HEAQ)® was observed. Comparison of the
predicted Raman spectrum from the DFT calculations for (2-
HEAQ)® and the S ns time delay experimental TR® spectrum
(Figure 4S, Supporting Information) shows that the calculated
normal Raman spectrum displays reasonably good agreement
with the TR® spectrum and confirms that the species is (2-
HEAQ)?®. Observation of (2-HEAQ)?® by fs-TA, ns-TA, and ns-
TR® experiments demonstrates that 2-HEAQ can transfer to
the triplet excited state very fast and efliciently so some
photochemical reactions may be able to compete with
photophysical radiative and radiationless decay pathways.
Optimized structures for the singlet ground state of 2-HEAQ
and (2-HEAQ)® (Figure SS, Supporting Information) indicate
that (2-HEAQ)? has a significantly longer C=0O bond length
(1.30 A) in the AQ group compared to that of the singlet
ground state of 2-HEAQ (1.22 A), and the bond length of the
methylene C—H bond does not exhibit an obvious change in
both structures. Thus, (2-HEAQ)® is highly polarized with an
enhanced electron density on the central ring of the AQ moiety
and a lower electron density on the benzene ring with the
attached hydroxymethyl group, suggesting an excited state
electron migration from the aromatic ring of the benzyl alcohol
to the AQ group.3f

The traditional photoreduction reaction for aryl ketones was
also examined using ns-TA and ns-TR? techniques for 2-HEAQ
in the strong hydrogen-donor solvent IPA. Photoreduction of
AQ was first reported by Wilkinson and co-workers,>" and
more recently, the mechanism was investigated in detail using
time-resolved transient spectroscopy by Gorner.'® In the IPA
solution, the transient species absorbs at 383 and 430 nm,
bleaches at 320 nm in the ns-TA spectra, and can be fitted with
a first-order kinetics decay (Figure 3). The ns-EM experiment
of 2-HEAQ in IPA (Figure 6S, Supporting Information) shows
that a transient species is generated and emits ~320 nm. On
the other hand, it has been reported that the semi-
anthraquinone radical is formed by a hydrogen abstraction
reaction of the triplet excited state of the AQ moiety from
alcohols and can further abstract a hydrogen atom to produce
dihydroxyanthracene, which has a strong fluorescence emission
around 320 nm with a lifetime of tens of nanoseconds.'®*!
Therefore, the long-lived transient species detected here
indicates there is formation of 2-(1-hydroxyethyl) 9,10-
dihydroxyanthracene. The species absorbed at 383 and 430
nm is tentatively attributed to the semianthraquinone radical,
and the negative signal around 320 nm in Figure 3 has
contributions from both the dihydroxyanthracene species and
the ground state bleaching of 2-HEAQ (see Figure 1S,
Supporting Information). To gain structural information for
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Figure 3. Nanosecond-TA spectra of 2-HEAQ in IPA after 266 nm

irradiation. (Inset) Time evolution with initial growth followed by
decay of AA monitored at 380 nm.

the reactive intermediates, the ns-TR® experiment was
performed for 2-HEAQ in IPA.

Examination of Figure 4 suggests that a species with its most
intense Raman bands at 1545, 1570, and 1612 cm™ overlaps
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Figure 4. (Left) Nanosecond-TR? spectra of 2-HEAQ in IPA obtained
at various time delays indicated next to the spectra. (Right)
Comparison of (a) the 90 ns experimental Raman spectrum to (b)
the calculated ketyl radical species of 2-HEAQ.

with the Raman bands of (2-HEAQ)? at 1570 cm™. As the
delay time between the pump and the probe lasers increases,
the 1612/1570 cm ™' band intensity ratio increased from ca. 1.1
at 0 ns to 1.3 at 20 ns and remained constant thereafter, and the
spectral profile did not change until it diminished after 90 ys.
On the basis of previous studies of AQs, the new species is
generated from photoreduction of (2-HEAQ)® by the hydro-
gen-atom abstraction reaction with the IPA solvent that makes
the semianthraquinone radical species having absorption bands
at 383 and 430 nm in the ns-TA spectra. The calculated Raman
spectrum of the ketyl radical species of 2-HEAQ was compared
with the experimental spectrum obtained at 200 ns (Figure 4).
The main Raman bands of the ketyl radical species of 2-HEAQ_
are from C=0 and C—C vibrations. Two types of T states,
with mainly nz* or mz* character, respectively, have been
identified to be responsible for the differences in the
photophysical and photochemical behavior of aromatic carbon-
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yl triplets. The na* T species exhibits a high efficiency for the
hydrogen abstraction reaction, whereas a triplet state with zz*
character typically has low reactivity for hydrogen abstraction.*”
Thus, the efficient photoreduction reaction of 2-HEAQ_in IPA
suggests that nz* is the main configuration for (2-HEAQ)? in
IPA.

In Neutral, Acid, and Alkaline Aqueous Solutions. To
elucidate the photoredox reaction mechanism and gain direct
information about the reactive intermediates involved, fs-TA,
ns-TA, and ns-TR? experiments were conducted for 2-HEAQ in
aqueous solutions with varying pH values.

On the basis of the fs-TA spectra obtained in MeCN, the
initial spectral profile changes observed in the fs-TA spectra
acquired in MeCN:H,O (1:1, pH 6—7) solution (Figure S)
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Figure 5. Femtosecond-TA spectra of 2-HEAQ in MeCN:H,O (1:1,
pH 6—7) under irradiation of 266 nm.

from 360 to 395 nm has most of its contribution from the IC
process to form (2-HEAQ)'. In addition, the decrease of the
band around 395 nm can be attributed to ISC that produces (2-
HEAQ)®. After formation of (2-HEAQ)® a new species
(denoted as X) that was not detected by the fs-TA spectra in
MeCN appeared with a characteristic band at 510 nm and a
weak broad band at the longer wavelength region around 650
nm within 10 ps and then started to decay. fs-TA spectra
obtained in pH 2 MeCN:H,O (1:1) solution (data not given)
exhibited great similarity with Figure S. Assignment of
thespecies X will be discussed in a later section with the help
of a comparison of the fs-TA spectra acquired in aqueous
solutions with varying pH values.

Figure 6 shows the ns-TA spectra acquired after photolysis of
2-HEAQ in neutral aqueous solutions with different water
concentrations. The obviously different transient spectra profile
from that seen in IPA indicates that rather than the
photoreduction reaction observed in IPA, a different photo-
chemical reaction takes place in water-containing solutions.
Two species were detected in the lower water concentration
solution (MeCN:H,0, 9:1). The first species A has shoulder
bands at 388 and 457 nm, and the second species B appearing
at later times absorbs at 392 nm. In a medium water
concentration solution (MeCN:H,O, 1:1), species B was
observed upon irradiation and after several thousands of
nanoseconds a new species C appeared with bands around 370
and 480 nm. When the water concentration was increased to
90%, the spectra resembled those acquired at medium water
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Figure 6. Nanosecond-TA spectra of 2-HEAQ after 266 nm photolysis
in (a) MeCN:H,0 (9:1, pH 6-7), (b) MeCN:H,O (1:1, pH 6-7),
and (c) MeCN:H,O (1:9, pH 6—7) mixed solutions. (d) Normalized
transient decays of 2-HEAQ in (black) MeCN:H,O (9:1, pH 6—7)
and (red) MeCN:H,O (1:1, pH 6—7) monitored at 390 nm.

concentration, while the lifetime of the species B was shorter
and species C appeared more quickly after only 200 ns. Figure
6d depicts the temporal evolution of the absorbance at 390 nm
observed in low and medium water concentrations, and the
signal decay at this wavelength was too fast to probe accurately
at higher water concentration (MeCN:H,O, 1:9). Obviously,
decay of this signal accelerated as the water concentration
increased. These results reveal that water is essential for the
photochemical reaction of 2-HEAQ to take place efficiently.
Therefore, the new photochemical reaction appears hindered in
lower water concentration solutions and is promoted in higher
water concentration solutions, and the species observed by ns-
TA were generated through the following route

A—-B—->C

Combining the ns-TA and fs-TA results obtained under the
same conditions, the transient species A observed in neutral
aqueous solutions can be assigned to (2-HEAQ)®. Species B,
which can be quenched by water, has a similar spectrum profile
with species X observed in the fs-TA spectra in the same
solution, suggesting they may be the same species in nature or
have similar structure and electronic character. The long
lifetime of C suggests it may be a ground state species which
could be the final product generated from the photoredox
reaction under ns-TA experimental conditions. The resem-
blance of its spectra profile to the dihydroxyanthracene UV—vis
spectrum suggests that transient C may be due to species 2-
formyl-9,10-dihydroxyanthracene. It is also important to note
that a bleaching band was observed around 320 nm in the low
water concentration solution similar to the one detected in IPA
solution (this was not observed in the medium and high water
concentration solutions), and this will be discussed later. Since
the absorption spectra are broad and do not reveal much
structural information about the transient species observed, ns-
TR? experiments were performed to help better characterize
and clearly identify the transient species.

In agreement with the fs-TA and ns-TA results, the ns-TR?
spectra of 2-HEAQ_ in neutral (Figure 7S, Supporting
Information) and pH = 2 (Figure 7) aqueous solutions exhibit
great similarity with each other and are very different from
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Figure 7. Nanosecond-TR® spectra of 2-HEAQ in aqueous solution
(MeCN:H,0, 1:1) at pH 2 obtained at various time delays indicated
next to the spectra. Asterisk (*) marks regions affected by solvent
subtraction artifacts and/or stray light.

those obtained in IPA solution. The same species with its
Raman bands at 1140, 1177, 1212, 1318, 1570, and 1612 cm™!
was produced upon irradiation and existed for a relatively long
time in the two solutions. Closer examination reveals this
species had a higher intensity in the acid solution than that in
the neutral solution upon irradiation. At later times (10 ys and
afterward) the Raman bands of 1140 and 1177 cm™
disappeared and the 1612 cm™ peak shifted to 1618 cm™
and the intensity ratio of the Raman bands 1570/1612
cm~'changed from ~1 to >1 in acid solutions; this suggests
generation of a new species that takes place at a slower rate in
neutral solution. The Raman signal of (2-HEAQ)? was also not
detected in the spectra displayed in Figures 7 and 7§,
Supporting Information, indicating that the main species
detected by the ns-TR® spectra in both neutral and moderate
acid (pH = 2) aqueous solutions is mainly the transient species
B observed in the ns-TA spectra under the same conditions.
Oxygen quenching ns-TR? experiments were conducted, and
these results are shown in Figure 8S, Supporting Information.
The Raman bands of species B at 1570 and 1612 cm™" in the
presence and absence of oxygen were fitted with a Lorentzian
band shape; it was found that the yield of this species was
reduced by oxygen, while its decay rate was not affected. This
suggests species B is a ground state species that is generated
from the triplet excited state. Hence, the experimental Raman
spectra at 90 ns and 20 s were, respectively, compared with
the calculated Raman spectra of the transient species 2 (see
Schemes 2 and 3) and the final product 2-acetyl 9,10-
anthraquinone (see Figure 9S, Supporting Information). The
similarity between the calculated spectra with the respective
experimental spectra supports the tentative assignment of the
intermediate species and confirms the occurrence of the
photoredox reaction of 2-HEAQ in neutral and moderate
acid aqueous solution. Detection of 2-(1-hydroxyethyl) 9,10-

dihydroxyanthracene (transient C observed in ns-TA spectra) is
probably due to this species not being oxidized to the final
product yet since the ns-TA experiments used a sample
contained in a closed cell and a short data collection time that
limited sample exposure to air after a fresh sample was prepared
for use in these experiments. On the other hand, the ns-TR?
experiments need a much longer data collection time and use of
a flowing liquid stream of sample that had much greater
exposure to oxygen in the air; this appears to have oxidized 2-
(1-hydroxyethyl) 9,10-dihydroxyanthracene to the final product
2-acetyl 9,10-anthraquinone detected in these experiments at
longer times (refer to the Supporting Information for a more
detailed description of the experimental conditions).

The role of water was further elucidated by ns-TR®
experiments performed in neutral aqueous solutions with
varying water concentrations. In a low water concentration
(MeCN:H,0, 9:1) (Figure 10S, Supporting Information), the
Raman signal of (2-HEAQ)® was observed at early delay times
(within 20 ns). Then the same transient species 2 was
generated with an obviously lower intensity compared with the
results obtained in a medium water concentration (MeCN:-
H,O, 1:1). This indicates that in a certain range the efficiency
of the photoredox reaction was improved when increasing the
water concentration. ss-TR* experiments were also conducted
in a neutral deuterium mixed solution (MeCN:D,O, 1:1)
(Figure 11S, Supporting Information). The photoredox
reaction proceeded much more slowly than in the water
solution (MeCN:H,O, 1:1) at neutral pH, (2-HEAQ)® was
detected within 50 ns, and the lifetime of the species 2 was
estimated to be 600 ns in MeCN:D,O (1:1) solution and 300
ns in MeCN:H,O (1:1). The observed ky/kp = 2 indicates
there is involvement of water in the reaction. These
experimental results from ns-TA and ns-TR® experiments
unravel three things. First, the photoredox reaction mainly
proceeded via the reactive triplet excited state species (2-
HEAQ)®. Second, the photoredox reaction was mediated and
catalyzed by water and had faster kinetics in a moderate acidic
solution than in a neutral aqueous solution. Third, since even in
the medium water concentration solution (MeCN:H,O, 1:1)
water molecules (17 mM) far outnumber the substrate 2-
HEAQ (0.5 mM) and are adequate to promote the photoredox
reaction. On the other hand, extensive investigations on
aromatic carbonyl compounds reveal that increasing the H-
bonding strength or polarity of the solvent stabilizes 7z7* states,
whereas these effects destabilize the nz* state at the same
time.*>* Therefore, we propose that the photoredox reaction
of 2-HEAQ in aqueous solutions proceeds via a species with
zm* character, which is different from the photoreduction
reaction in IPA that takes place via a species with mainly nz*
character. The absence of water may result in a shift of the
triplet state to have more nz* character, which is favorable for
the hydrogen abstraction associated with the photoreduction
reaction. This is consistent with the observation of a fluorescent
species in the lower water concentration solutions (MeCN:-
H,0, 9:1), which may be generated from the photoreduction
reaction similar to what was observed in the IPA solution. The
photoreduction reaction of 2-HEAQ with the MeCN cosolvent
could take place and become a competing reaction of the
photoredox reaction in lower water concentrations with a
neutral pH value. The C=O vibrational modes are around
1600 cm™ in both the calculated Raman spectrum and the
experimental spectrum in the aqueous solutions. This provides
further support that the photoredox reaction occurs from a
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species with 7z* character. Photoreduction of aromatic ketones
typically proceeds via the nz* triplet state, whereas the
photoredox reaction most likely proceeds via a species with
some 7zz* triplet character. It has been reported that the zz*
configuration is preferred in rich water concentration
solutions.*>~*

Femtosecond-TA and ns-TR® experiments were conducted
in moderate basic mixed aqueous solutions at pH 10. Species X
appeared in the fs-TA spectra, and the same Raman signals
obtained in neutral and moderate acid aqueous solution at pH
= 2 were observed but with noticeably lower intensities. These
results suggest that the photoredox reaction can still take place
but with obviously lower yield. In other words, the photoredox
reaction is not preferred in moderate basic aqueous solution,
where deprotonation of the C—H bond on the benzyl CH,OH
moiety would be more efficient.

In Strong Basic (pH = 13) and Strong Acidic (pH = 0)
Aqueous Solutions. Having characterized the photoredox
reaction in neutral, moderate acid, and basic aqueous solutions,
fs-TA, ns-TA, and ns-TR? experiments were next conducted for
2-HEAQ in pH = 13 and 0 aqueous solutions to investigate
whether the same reaction will take place or even be facilitated
by higher concentrations of hydroxide ions and protons.

When the pH value was increased to pH 13 only the ISC
transformation and (2-HEAQ)? was detected in the fs-TA and
ns-TR? spectra (Figures 125 and 13S, Supporting Information),
respectively. This indicates 2-HEAQ experiences an unproduc-
tive pathway in strong basic conditions, and the reactivity for 2-
HEAQ in this environment will not be discussed further here.
Since protonation still takes place (albeit with a lower yield
compared to neutral pH) at pH 10 and does not take place at
all at pH 13, it is possible that the pK, of the carbonyl oxygen of
the excited state of 2-HEAQ is close to 10. Resonance Raman
spectra for m-BPOH and 2-HEAQ obtained in acidic aqueous
solution at pH 0 were identical with those obtained in a neutral
aqueous solution (data not given), suggesting that the carbonyl
oxygen in the ground state was not protonated under this
condition. Therefore, the species irradiated in the pH = 0
mixtures were still the normal form for both m-BPOH and 2-
HEAQ.

Figure 8 depicts the fs-TA spectra of m-BPOH obtained after
photolysis in pH = 0 MeCN—H,O solution. The spectral
profile exhibits great similarity with that obtained in MeCN,
and the ISC process was also observed in this solution. Closer
examination of the spectra reveals that the isosbestic point red
shifted to 380 nm, which suggests that the long-wavelength
band broadened more than in MeCN. (m-BPOH)® began to
decay after 30 ps (Figure 8c), and fast consumption of (m-
BPOH)? suggested that it was the precursor for a new reaction.
ns-TR® studies revealed that the photohydration reaction
reported by Wirz for BP was also the predominant reaction
for m-BPOH in pH = 0 aqueous solution, and photohydration
takes place with an initial protonation reaction of the carbonyl
oxygen. On the other hand, it is well established that aromatic
ketones become stronger bases upon electronic excitation.*
Hence, the decay of (m-BPOH)?® detected by fs-TA under the
same conditions probably resulted from protonation of (m-
BPOH)? with formation of the protonated species of (m-
BPOH)>. The fs-TA spectral profile of m-BPOH obtained in a
mixed aqueous solution with pH 2 displayed great similarity
with that obtained in the pH 0 acidic aqueous solution.

Hence, the photoredox reaction studied in pH = 2 aqueous
solutions also takes place via protonation of (m-BPOH)? first.
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Figure 8. (a—c) Femtosecond-TA spectra of m-BPOH in pH = 0
H,0—MeCN solution (1:1) at different time regions recorded after
266 nm excitation. Asterisk (*) marks regions affected by subtracted
scattered light at 400 nm. (d) Normalized transient absorption
dynamics of (m-BPOH)? recorded at 545 nm in H,O—MeCN (1:1)
mixtures at pH = 2 and 0.

This is consistent with the fact that the photoredox reaction of
m-BPOH competes with the photohydration reaction within
the pH region from 4 to 0. The lifetime of (m-BPOH)? in the
pH = 0 mixed aqueous solution can be fit by a two-exponential
function with a growth time constant of S ps and a decay time
constant of 792 ps. In the pH = 2 mixed solution, the growth
time constant was similar (5.6 ps) but there was a longer decay
constant of 1275 ps for (m-BPOH)>. This proton concentration
dependence decay dynamics confirms that (m-BPOH)? is a
reactive precursor to the photochemistry events observed
previously in water-containing solutions and validates that
protonation of the carbonyl oxygen is the initial process for the
photoredox reaction of m-BPOH on the other hand. These
results are also consistent with previous studies reporting that
the carbonyl oxygen was protonated under pH 0 aqueous
solutions for the triplet excited state of BP** and S-
ketoprofen.*® fs-TA spectra of 2-HEAQ_ obtained in pH = 0
mixed aqueous solution bear great resemblance to those
obtained in neutral and pH = 2 aqueous solutions (Figure 5),
and species X was also observed after formation of (2-HEAQ)?.
Similarly, species X that absorbed around 510 nm in the fs-TA
spectra obtained in pH = 0 as well as in neutral and pH = 2
aqueous conditions can be assigned to the carbonyl-protonated
(2-HEAQ)?, denoted as the transient species 1 in Scheme 3. It
is noted that the UV—vis spectra profile for species X (observed
in fs-TA) bears some similarity with that of species B observed
in the ns-TA spectra (Figure 6), while they were assigned as
different species, transient species 1 and 2. Further support for
such assignments comes from the TD-DFT calculations (Figure
14S, Supporting Information), showing that simulated UV—vis
absorption spectra of species 1 and 2 exhibited reasonable
resemblance with the corresponding experimental spectra for
species X and B.

Two species were detected by ns-TR® experiments (Figure 9)
done in the pH = 0 aqueous solutions (MeCN:H,0, 1:1). The
first species with its intense Raman bands at 1472, 1505, 1570,
and 1602 cm™" appeared upon irradiation and decayed within
10 ns, and then the second species with bands at 1570 and
1618 cm™' was generated and with a relatively long lifetime.
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Figure 9. (Left) Nanosecond-TR® spectra of 2-HEAQ in pH = 0
(MeCN:H,0, 1:1) solution obtained at various time delays indicated
next to the spectra. (Right) Comparison of (top) ns-TR® at § ns with
the calculated structure of the triplet state trihydroxyl—carbonyl and
(bottom) ns-TR® at 90 ns with the calculated Raman spectrum of the
singlet 2-HEAQ.

The obviously different ns-TR* (Figure 9) and ns-TA (Figure
15S, Supporting Information) results for 2-HEAQ in a pH = 0
aqueous solution (MeCN:H,O, 1:1) from those obtained in
neutral and moderate acidic and basic aqueous solutions
indicates that the photoredox reaction goes away and 2-HEAQ
has access to an alternative reaction route in more acidic
solutions after formation of the triplet carbonyl-protonated (2-
HEAQ)®. Previous studies showed that the photohydration
reaction reached its maximum yield for BP and was also the
predominant reaction for m-BPOH in pH = 0 aqueous
solutions,">** while the photoredox reaction was not obvious
for m-BPOH in very high acidic aqueous solutions at pH 0 as
reported in Wan and co-workers product analysis work done
under similar conditions.*® Therefore, photohydration of 2-
HEAQ was proposed to be the major reaction observed under
the same conditions, and the photohydration reaction
mechanism is depicted in Scheme 4 based on Wirz’s study

Scheme 4. Proposed Photohydration Reaction Mechanism
for 2-HEAQ in Acid Aqueous Solution Based on the Study of
BP by Wirz and Co-workers**
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on BP.* It is noted that photohydration takes place at both the
ortho and the meta positions and the ortho hydration would
yield a transient with a longer lifetime.**** Hence, we mainly
take ortho hydration into consideration for 2-HEAQ because of
its long lifetime, although meta hydration may also contribute
to the signal. An oxygen quenching experiment (Figure 168,
Supporting Information) showed that the lifetime of the second
species was not affected while its yield was reduced, and this

suggests that the second species is a singlet species in nature
and produced via a triplet character species. The first species
observed in the pH = 0 aqueous solution by ns-TR® was
assigned to the trihydroxyl-triplet intermediate. Comparison
between the experimental and the calculated Raman bands for
the two species (Figure 9, right) showed reasonable similarity
and supported the attribution that the photohydration reaction
is the predominant reaction in pH = 0 aqueous solutions for 2-
HEAQ, and no obvious Raman signal for the photoredox
reaction was detected.

Since the photohydration reaction also proceeds via the
protonated excited state species of 2-HEAQ), the absence of the
photoredox reaction in pH = 0 indicates that the deprotonation
reaction is a requisite step for the photoredox reaction. A
plausible explanation is that the pK, of the methylene C—H
that is deprotonated is close to 2, and thus, deprotonation is
not favored at pH 0. On the other hand, incorporating
detection of the carbonyl-protonated 2-HEAQ after the ISC
process by the fs-TA spectra and the fact that the photoredox
reaction takes place at a faster rate in a pH = 2 aqueous solution
than in a neutral aqueous solution, it is more plausible to
propose that the protonation process at the AQ carbonyl
oxygen should be the first step and rate-determining process for
the photoredox reaction of 2-HEAQ. Therefore, we propose
that the photoredox reaction takes place via the mechanism
depicted in Scheme 3 rather than the one given in Scheme 2.
Water plays an essential role for the photoredox reaction to
stabilize the initial excited state and the ionic intermediates
generated, as well as to provide protons in the reaction
mechanism.

DFT Calculations for the Photoredox Reaction. To
better understand the photoredox reaction of 2-HEAQ_ in
aqueous solutions, DFT calculations were utilized to examine
the activation barrier. Computations were performed at the (U)
B3LYP/6-31G* level of theory. Figures 10 and 11 show the

» 3 >

4 1A i j La
' { 3 @ @ @ ¥
e 3 e Ny ? o e T gt g g o
2 . @ P W, @
i @ . sl A 2 A= e
- [ ] " o @56 ¢ ’ @0 4
' ] 20, +
& (. .4
[ oo L ]
RC, TS, PC,

Figure 10. Optimized geometries of RC,, TS}, and PC, obtained from
(U)B3LYP/6-31G* calculations for the protonation reaction of (2-
HEAQ)® with H,0. Selected interatomic distances (Angstroms) are
labeled.

optimized structures of the reactant complex (RCn), transient
state (TSn), and product complex (PCn), where n represents
the sequence of the reaction steps for the photoredox reaction
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Figure 11. Optimized geometries of RC,, TS,, and PC, obtained from
(U)B3LYP/6-31G* calculations for deprotonation reactions after
protonation of (2-HEAQ)® with H,O. Selected interatomic distances
(Angstroms) are labeled.
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of (22HEAQ)®. The photoredox reaction of 2-HEAQ with
water was confirmed to proceed via two dynamical steps,
whereby water donates a proton to the 2-HEAQ carbonyl
oxygen through TS, in the first step. This reaction is initiated
through hydrogen bonding between the proton donor and
acceptor as indicated by the distance change between the O
atom in 2-HEAQ and the H atom from water from 2.14 to 1.16
A. (Figure 10). As the reaction goes from TS, to PC,, the H-O
bond of the water molecule is completely cleaved, protonating
the carbonyl oxygen in 2-HEAQ. Thus, the carbonyl oxygen is
protonated first to generate the protonated intermediate. In the
second step, deprotonation occurs at the side chain via TS, and
the bond length of the C—H bond elongates from 1.096 to
1.157 A, resulting in deprotonation and cleavage of the C—H
bond. The final product is then formed by those two steps.
The relative energy profile following the protonation and
deprotonation reactions obtained from the transition state
calculations is displayed in Figure 12. Inspection of Figure 12
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Figure 12. Reactive energy profile obtained from (U)B3LYP/6-31G*
calculations for the photoredox reaction of (2-HEAQ)? following the
initial protonation reaction and subsequent deprotonation route.

indicates that the initial protonation step experiences an
activation energy barrier of 11.7 kcal mol ™, and the subsequent
reaction overcomes a 2.0 kcal mol™" activation energy barrier.
Clearly, the first step is the rate-determining reaction. This is
consistent with the experimental result that a higher efficiency
of the photoredox reaction was observed in moderate acid
aqueous solution than in a neutral aqueous solution.
Furthermore, the relatively lower energy of the final product
complex (PC) compared to that of the reactant complex and
transition states suggests the photoredox reaction of (2-
HEAQ)® is exothermic by —27.2 kcal mol™".

B CONCLUSION

Using fs-TA, ns-TA, and ns-TR® spectroscopic techniques as
well as DFT calculations, the present article reports an
investigation of the photophysical and photochemical reactions
of 2-HEAQ in MeCN, IPA, and neutral, acid, and basic aqueous
solutions. The ISC process of 2-HEAQ took place in MeCN to
produce (2-HEAQ)®, which underwent mainly the photo-
reduction reaction in an IPA solvent. A novel photoredox
reaction takes place via an initial protonation process of the AQ
group that is followed by deprotonation of the methylene C—H
bond in aqueous solutions within a pH range from 2 to 10. In
stronger acidic aqueous condition of pH = 0, the photo-
hydration reaction becomes the major reaction. Only ISC
appears to occur with unreactive processes in strong basic

solutions (pH = 12). The photophysical and photochemical
characteristics of 2-HEAQ embodies noticeable similarity with
that of m-BPOH, with the exception that 2-HEAQ undergoes
the photoredox reaction in neutral aqueous solution while m-
BPOH does not exhibit an obvious photoredox reaction under
the same reaction condition. This can be attributed to the
stronger basicity in the excited state of the carbonyl oxygen of
the AQ_system than in the BP group. Combing the fs-TA, ns-
TA, ns-TR? results and the results from DFT calculations, a
proposed reaction mechanism of the photoredox reaction of 2-
HEAQ in aqueous solution is displayed in Scheme S with all
letters and numbers used in the text for the key intermediates
given below the chemical structures used in the text.

Scheme 5. Proposed Reaction Mechanism of the Photoredox
Reaction of 2-HEAQ in Aqueous Solution”
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“Letters and numbers below the structures are the corresponding
labels used in the text. Absorbance for the transient species detected
from fs-TA and/or ns-TA spectra are given.

The AQ system by an initial excited state electron migration
from the aromatic ring of the benzyl alcohol to the AQ
followed or coupled by trapping with solvent protons sheds
insights on the photoactivation of distal functional groups
mediated by phenylene spacers. These are unprecedented
examples of how two functional groups can undergo “coupled”
photochemistry mediated by a conjugated 7 system. The
photoredox, photoreduction, and photohydration reactions
observed for 2-HEAQ_in aqueous solutions suggest that the
reaction mechanism(s) for photodeprotection reactions utiliz-
ing 2-HEAQ_ as the photoremovable protecting group need
further work to better understand how deprotection takes place
in this platform of molecules under varying aqueous conditions.
Last but not least, this kind of novel and efficient photoredox
reaction has promising application as a new photochemical
synthetic method to promote coupled reactions for distal
functional groups.
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