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The 8-bromo-7-hydroxyquinolinyl group (BHQ) is a derivative of 7-hydroxyquinoline (7-HQ) and BHQ
molecules coexisting as different forms in aqueous solution. Absorption and resonance Raman spectroscopic
methods were used to examine 8-bromo-7-hydroxyquinoline protected acetate (BHQ—OACc) in acetonitrile
(MeCN), H,O/MeCN (60:40, v/v, pH 6~7), and NaOH—H,0/MeCN (60:40, v/v, pH 11~12) to obtain a
better characterization of the forms of the ground-state species of BHQ—OACc in aqueous solutions and to
examine their properties. The absorption spectra of BHQ—OAc in water show no absorption bands of the
tautomeric species unlike the strong band at about 400 nm observed for the tautomeric form in 7-HQ aqueous
solution. The resonance Raman spectra in conjunction with Raman spectra predicted from density functional
theory (DFT) calculations reveal the observation of a double Raman band system characteristic of the neutral
form (the nominal C=C ring stretching, C—N stretching, and O—H bending modes at 1564 and 1607 cm™!)
and a single Raman band diagnostic of the enol-deprotonated anionic form (the nominal C=C ring, C—N,
and C—O~ stretching modes in the 1593 cm ™! region). These results suggest that the neutral form of BHQ—OAc
is the major species in neutral aqueous solution. There is a modest increase in the amount of the anionic form
and a big decrease in the amount of the tautomeric form of the molecules for BHQ—OAc compared to 7-HQ
in neutral aqueous solution. The presence of the 8-bromo group and/or competitive hydrogen bonding that
hinder the formation and transfer process of a BHQ—OAc—water cyclic complex may be responsible for this

large substituent effect.

Introduction

It is useful to have a range of phototrigger compounds
available that selectively release a biologically active substance
at specific times and places within a biological system to better
investigate the temporal and spatial changes occurring during
physiological processes. There has been increasing interest in
developing phototriggers that are excited by multiphoton
processes to release the biological effectors'~ because this can
enable improved control of the excitation volume to about 1
fL, which is noticeably smaller than the size of typical
mammalian cells or neurons. Whereas both one-photon excita-
tion (1PE) using UV or near-UV light and multiphoton
excitation (MPE) processes like two-photon excitation (2PE)
using infrared (IR) light enable excellent control of the timing
of the excitation of the phototriggers, MPE methods can
significantly improve 3D spatial monitoring,>* and the use of
lower energy IR light minimizes tissue damage, light absorption,
and scattering, making deeper penetration into biological
samples possible. The use of IR light also facilitates the conduct
of longer experiments on living biological systems due to lower
amounts of damage compared to the UV or near-UV excitation
typically utilized by 1PE of phototriggers.2™
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Phototrigger compounds that have chromophores with enough
sensitivity to 2PE that can be employed in physiology experi-
ments are relatively rare, yet phototriggers based on §-bromo-
7-hydroxycoumarin (such as Bhc and Bhe-diol) were observed
to have a good sensitivity to 2PE and have been employed as
protecting groups for a number of biological effectors.>
Nevertheless, these Bhc and Bhc-diol phototrigger compounds
have relatively low solubility in aqueous buffers of high ionic
strength and exhibit a large amount of fluorescence upon
excitation that can limit their use in physiology experiments.
The 8-bromo-7-hydroxyquinolinyl group (BHQ) was found to
be efficiently photolyzed by 1PE and 2PE in aqueous buffers
at physiological pH with a high quantum efficiency and low
levels of fluorescence that make this kind of phototrigger more
attractive for utilization in biological experiments.%’ Recent work
showed a very fast process of the deprotection and solvolysis
of 8-bromo-7-hydroxyquinoline caged acetate (BHQ—OACc) to
form the byproduct (BHQ—OH).” These results suggest that it
would be useful to employ ultrafast (femtoseconds to picosec-
onds) and fast (nanoseconds to microseconds) spectroscopic
methods to directly follow the photophysics and photochemistry
associated with the deprotection and formation of the byproduct
to better understand its reaction mechanism (particularly in
aqueous environments).

It is important to note that 8-bromo-7-hydroxyquinoline caged
acetate (BHQ—OAC) is a derivative of 7-hydroxyquinoline (7-
HQ), which has been extensively studied as a typical example
having two prototropic functional groups of enol and imine in
one molecule.®!® Four prototropic species of 7-HQ are equili-
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brated in aqueous solution: a normal molecule (7-HQ(N)), an
imine-protonated cation (7-HQ(C)), an enol-deprotonated anion
(7-HQ(A)), and an enol-deprotonated imine-protonated tautomer
(7-HQ(T)).® The pK, of the phenolic moiety of 7-HQ has been
reported to be 9.0.'* Equilibrium constants® indicate the major
species are the normal molecules (67%) and tautomers (29%)
with minor species of cation (3%) and anion (1%) also present
in water at pH 7. Several studies have focused on the ground
singlet states and excited single and triplet states of 7-HQ and
some derivatives.>'!'"!> The mechanisms of the proton tau-
tomerization of 7-hydroxuquinoline and the participation of
solvent molecules have been explored in nonaqueous protic
solvents®!%!11% and in aqueous solution.'>!3~!7 It is conceivable
that BHQ—OAc, as a derivative of 7-HQ, may have similar
properties but the influence of its substituent groups on these
properties is not yet clear. The ground-state of BHQ—OACc is
also a singlet electronic state.®’ A cationic (quinolinium) form
of BHQ—OACc(C), an anionic (quinolinate) form of BHQ—
OAc(A), a neutral form of BHQ—OAC(N) are likely the major
forms present in acidic, alkaline, and neutral aqueous solutions
respectively, according to its acid—base equilibrium. In addition,
a tautomeric form of BHQ—OAc(T) may also coexist with the
neutral form in neutral aqueous solutions (Scheme 1). Neverthe-
less, the pK, of the phenolic moiety in BHQ—OAc is 6.8,%7
which is much lower than that of 9.0 for 7-HQ and might alter
the ratios of the different forms existing in neutral aqueous
solutions.

Because of the keen interest in the two-photon excitation and
the desired applications of BHQ-protected carboxylates in
biological experiments, it is necessary to clarify which species
are the major ones in aqueous environments. This characteriza-
tion of the ground-state species will provide the foundation for
further detailed work on the photophysics and the photochem-
istry of BHQ—OAc. We report an absorption and resonance
Raman spectroscopy study to elucidate and characterize the
species of BHQ—OACc present in acetonitrile and mixed water/
acetonitrile solutions at various pH values. To our knowledge,
this is the first resonance Raman study conducted to characterize
the ground-state forms of BHQ phototriggers. The absorption
spectra of BHQ—OACc in water display no absorption bands of
the tautomeric species in contrast to 7-HQ in aqueous solution,
which displays a strong band at about 400 nm due to its
tautomeric species. The BHQ—OACc resonance Raman spectra
show a double Raman band system characteristic of the neutral
form and a single Raman band diagnostic of the enol-
deprotonated anion form and this indicates that the neutral form
of BHQ—OAC is the major species in neutral aqueous solution.
There is a modest increase in the amount of the anionic form
and a substantial decrease in the amount of the tautomeric form
of the molecules for BHQ—OAc compared to 7-HQ in neutral
aqueous solution. The large substituent effect found for
BHQ—OACc in neutral solution could be due to the steric and/
or electronic effects of the 8-bromo group and/or competitive
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hydrogen bonding between the 8-bromo group and water
molecules that hinder the formation and transfer process of a
BHQ—OAc—water cyclic complex.

Experimental and Computational Methods

8-Bromo-7-hydroxyquinoline caged acetate (BHQ—OAc) was
prepared as described previously in the literature.® Samples for
the experiments described in this work were prepared using
spectroscopic grade acetonitrile (MeCN) solvent and deionized
water. NaOH and HCIO, were used as needed to obtain sample
solutions under acid/basic conditions.

A. Absorption and Resonance Raman Experiments. UV—
vis spectra were recorded on a PerkinElmer Lambda 19 UV —vis
spectrometer. Resonance Raman experiments were performed
for BHQ—OAC in acetonitrile (MeCN) and NaOH—H,0O/MeCN
(60:40 v/v, pH 11~12) and H,O/MeCN (60:40 v/v, pH 6~7)
mixed solvents. The concentrations were about 3 mM BHQ—OAc
for the sample solutions. The experimental apparatus and
methods used for these experiments have been described
elsewhere!” and only a short description will be given here. The
resonance Raman experiments were conducted using 266 nm
excitation (fourth harmonic from a Nd:YAG laser) with about
0.9 mW laser power. The excitation laser beam was loosely
focused to about a 0.5 mm diameter spot size onto a flowing
liquid stream of sample. A back scattering geometry was
employed for sample excitation and for collection of the Raman
scattered light by reflective optics. The Raman signal detected
by a liquid nitrogen cooled charge-coupled device (CCD)
detector was acquired for 30 s before being read out to an
interfaced personal computer and 10 of these readouts were
added together to get the resonance Raman spectrum. The
Raman bands of the MeCN solvent were employed to calibrate
the resonance Raman spectra with an estimated accuracy of £5
cm™!in absolute frequency, and the solvent Raman bands were
subtracted from the resonance Raman spectra using an ap-
propriately scaled solvent spectrum.

B. Density Functional Theory (DFT) Calculations. The
optimized geometry, vibrational modes, and vibrational frequen-
cies for the singlet ground states of the neutral form, the anionic
form, and the tautomeric form of BHQ—OAc were obtained
from (U)B3LYP/6-311G** DFT calculations. No imaginary
frequency modes were observed at any of the optimized
structures shown here. A Lorentzian function with a 25 cm™!
bandwidth was used with the computed Raman vibrational
frequencies and their relative intensities to determine the
(U)B3LYP/6-311G** calculated Raman spectra to compare with
the corresponding experimental resonance Raman spectra. TD-
DFT-RPA calculations were also performed for the species of
interest to estimate their electronic transition energies and
oscillator strengths as well as to predict the relevant frontier
molecular orbitals related to the electronic transitions. All of
the calculations were executed using the Gaussian 03 program
suite.?

Result and Discussion

BHQ—OAC appears to exist as the normal neutral molecular
form (BHQ—OACc(N)) in organic solvents that do not contain
water. In aqueous solutions, the pK, value of the phenolic moiety
in BHQ—OACc is reported to be 6.8%7 and thus BHQ—OAC exists
almost exclusively in the anionic (hydroxylate) form at pH
values larger than 8.8. At pH values near 7 in aqueous solutions,
the BHQ—OACc neutral form is probably still one of the major
species but other forms of BHQ—OAc are also likely to coexist
in appreciable amounts. Therefore, we have done spectroscopic
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Figure 1. UV—vis absorption spectra of BHQ—OACc in acetonitrile
and in H,O/MeCN (60:40, v/v, pH 6~7) mixed solvents.

studies in H,O/MeCN (60:40, v/v, pH 6~7), as well as in
acetonitrile and in NaOH—H,0/MeCN (60:40, v/v, pH 11~12),
to obtain a better characterization of the forms of the ground-
state species of BHQ—OAC in aqueous solutions.

A. Absorption Spectra in Acetonitrile and Mixed H,O/
MeCN Solvents. The lowest absorption bands of the different
equilibrium forms of 7-HQ in aqueous solutions have been
reported to be spectrally easy to distinguish.'> The 7-HQ(N),
7-HQ(C), 7-HQ(A), and 7-HQ(T) species can be differentiated
by the position of their lowest energy absorption bands, which
are at ~330, ~350, ~360, and ~400 nm respectively for the
different forms of 7-HQ.!® Similarly, the UV—vis absorption
spectra of BHQ—OAC existing in acetonitrile and H,O/MeCN
(60:40, v/v, pH 6~7) mixed solvents were measured (Figure
1). The absorption spectrum of BHQ—OAc(N) obtained in
acetonitrile with a long-wavelength absorption maxima located
at around 330 nm is quite similar to the absorption band
previously reported for the neutral form of 7-HQ (An.x = 326
nm) in nonaqueous solutions.'>'* However, the absorption bands
of 7-HQ in water'*!"!8 reveal dual absorption bands with
maxima of 328 and 400 nm due to the lowest electronic
transitions of the normal and the proton-translocated tautomeric
species, respectively. The absorption spectrum of BHQ—OACc
obtained in H,O/MeCN (60:40, v/v, pH 6~7) only shows a
small red-shift compared to the spectrum obtained in acetonitrile
with no obvious absorption band appearing around 400 nm
attributable to BHQ—OACc(T). This may be explained in part
by BHQ—OACc(N) still being the predominant species in aqueous
solution and in part by BHQ—OACc(T) likely not being a major
form in aqueous solution.

UV —vis absorption spectra of BHQ-OAc in MeCN and H,O/
MeCN (60:40, v/v) mixed solvents with varying pH values were
obtained (Figures 2 and 3). Figure 2 shows the UV absorption
spectra of BHQ—OACc in acid, neutral, and alkaline acetonitrile
solutions. The long-wavelength absorption maxima of the three
spectra of BHQ—OAc(C), BHQ—OACc(N), and BHQ—OACc(A)
are located at 320 (and 365), 330, and 373 nm, respectively.

The UV absorption spectra of BHQ—OACc in acid, neutral,
and alkaline acetonitrile solution are shown in Figure 3.
Comparing the spectra obtained in either the acid or the alkaline
solutions in Figures 2 and 3, the long-wavelength absorption
of BHQ—OAc(C) and BHQ—OACc(A) in acetonitrile solution
are similar to those in aqueous solution. The absorption spectrum
of BHQ—OACc(A), especially, is almost the same from 200 to
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Figure 2. UV—vis spectra of BHQ—OAc in H,O/MeCN (60:40, v/v)
solvent at different pH values.
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Figure 3. UV—vis spectra of BHQ—OAc in acetonitrile at different
pH values.

450 nm regardless of solvent. It can be concluded that even in
the presence of a small amount of basic solution in the
acetonitrile system, the neutral form of BHQ-OAc can be
transformed to the anionic form very easily.

A previously reported study indicated that only 3% 7-HQ(C)
exists at pH 7 in the case of 7-HQ in water.® Because the
absorption spectra of BHQ—OAc shows no apparent broadening
of the bands of BHQ—OACc(C), it may be likely that the
BHQ—OACc(C) form are only present in a small amount in
the neutral aqueous solution of BHQ—OAc, which is similar
to the behavior of 7-HQ.? In aqueous solutions of hydroxyquino-
lines,'>!® the UV absorption band contributed by the maxima
of absorption of the tautomeric species usually appears at
wavelengths that are longer than those for the anionic form
(~400 nm). From a comparison of the spectra obtained in the
neutral and alkaline aqueous solutions of BHQ—OAc, the
maxima of BHQ—OACc(A) is located at 373 nm and there is no
new obvious band appearing at wavelengths longer than 373
nm in neutral aqueous solutions that could be attributable to a
tautomeric species. This suggests that the amount of the
BHQ—OAC(T) species is very little in the aqueous system. The
UV spectra of BHQ—OAc at pH 7.2 in a KMOPS buffer
reported by Dore and co-workers®’ shows the absorption of the
phenolate ion (A, & 370 nm) and the phenol (4, &~ 320 nm).
The former is located at about the same position as the maxima
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Figure 4. (a) 266 nm resonance Raman spectrum of BHQ—OAc
obtained in acetonitrile. (b) (U)B3LYP/6-311G** calculated normal
Raman spectrum of the singlet ground-state of the neutral form of
BHQ—OAc, whose structure is shown to the right of the spectrum.
The dashed lines indicate the correlation of the calculated Raman bands
to the experimental resonance Raman bands. The asterisks (*) show
the places of the solvent bands.

of BHQ—OAC(A) (Amax = 373 nm), so the absorption band at
370 nm in the neutral mixed aqueous solution is probably due
to the absorption of BHQ—OAc(A). Compared to 7-HQ,
BHQ—OACc(A) appears to modestly increase but BHQ—OACc(T)
decreases substantially under the aqueous solvent conditions.

B. Resonance Raman Spectra of BHQ—OACc in Acetoni-
trile and in Neutral and Basic Mixed H,O/MeCN Solvents.
To further characterize BHQ—OACc(A) and/or BHQ—OAc(T)
in the neutral aqueous solution coexisting with BHQ—OAc(N),
resonance Raman spectra of BHQ—OAc in acetonitrile, in mixed
NaOH—H,0/MeCN solvent (60:40, v/v, pH 11~12), and in
mixed HyO/MeCN solvent (60:40, v/v, pH 6~7) were obtained.

Acetonitrile Solution. Figure 4 shows the resonance Raman
spectrum of BHQ—OAc in acetonitrile. The experimental
spectrum is compared to the normal Raman spectrum of
BHQ—OACc(N) predicted from (U)B3LYP/6-311G** DFT
calculations. Examination of Figure 4 reveals that there is good
agreement between the resonance Raman spectrum and the
calculated Raman spectrum of BHQ—OAc(N) for their vibra-
tional frequency pattern with the calculated frequencies being
within about 7 cm™! on average for the eleven experimental
Raman bands. A comparison of the experimental and calculated
vibrational frequencies, preliminary vibrational assignments, and
qualitative descriptions of the vibrational modes in the 600 to
1800 cm™! region of Figure 4 is given in Table 1S of the
Supporting Information. The experimental and calculated spectra
in Figure 4 show some differences in their relative Raman
intensity pattern, which can be accounted for by the experimental
spectra being resonantly enhanced, whereas the calculated spec-
tra are nonresonant Raman spectra. The resonance Raman
spectrum and comparison to the predicted Raman spectrum in
Figure 4 confirm the assignment of the predominant species in
acetonitrile being the singlet ground-state of BHQ—OACc(N).

Alkaline Mixed Aqueous Solution. To learn more about the
ground-state of BHQ—OACc(A) and whether it coexists in neutral
aqueous solution, the resonance Raman of BHQ—OAc was
obtained in mixed NaOH—H,0/MeCN solvent (60:40, v/v, pH
11~12). Comparison of the two resonance Raman spectra
obtained in acetonitrile and in the alkaline mixed aqueous
solution (shown at the top of Figures 4 and 5, respectively)

An et al.
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Figure 5. (a) 266 nm resonance Raman spectrum of BHQ—OAc
obtained in mixed NaOH—H,0/MeCN solvent (60:40, v/v, pH 11~12).
(b) (U)B3LYP/6-311G** DFT calculated normal Raman spectrum of
the singlet ground-state of the anionic form of BHQ—OAc, whose
structure is shown to the right of the spectrum. The dashed lines indicate
the correlation of the calculated Raman bands to the experimental
resonance Raman bands. The asterisks (*) show the places of the solvent
bands cause subtraction artifacts.

reveals that the double bands with the nominal C=C ring
stretching, C—N stretching, and O—H bending modes at 1564
and 1607 cm ™! in the resonance Raman spectrum of BHQ—OAc(N)
are replaced by a single Raman band with the nominal C=C
ring, C—N, and C—O~ stretching modes at 1593 cm™'. This
indicates that the structure and bonding of the species probed
by the resonance Raman spectrum here change substantially
compared to those of BHQ—OACc(N) observed in acetonitrile.
Because it is conceivable that deprotonation of BHQ—OAc
molecule will take place to form BHQ—OAc(A) in the basic
mixed aqueous solution, the resonance Raman spectrum ob-
tained in Figure 5 is compared with the normal Raman spectrum
of BHQ—OACc(A) predicted from B3LYP/6-311G** DFT
calculations. Inspection of Figure 5 shows good agreement
between the resonance Raman spectrum and the calculated
Raman spectrum for the singlet ground-state BHQ—OACc(A)
vibrational frequency pattern with the calculated frequencies
being within 8 cm™! on average for the 10 experimental Raman
bands. A comparison of the experimental and calculated
vibrational frequencies, preliminary vibrational assignments and
qualitative descriptions of the vibrational modes in the 600 to
1800 cm™! region of Figure 5 is given in Table 2S of the
Supporting Information. The experimental and calculated spectra
in Figure 5 exhibit some differences in their relative Raman
intensity pattern that can be explained by the experimental
spectra being resonantly enhanced, whereas the calculated spec-
tra are nonresonant Raman spectra. The resonance Raman
spectra and comparisons to the predicted Raman spectra in
Figure 5 confirm the assignment of the predominant species to
the singlet ground-state of BHQ—OACc(A) in the mixed NaOH—H,O/
MeCN solvents (60:40, v/v, pH 11~12).

Neutral Mixed Aqueous Solution. The resonance Raman
spectrum of BHQ—OAc measured in mixed H,O/MeCN solvent
(60:40, v/v, pH 6~7) is displayed at the top of Figure 6. We
can see that the Raman bands appear much broader than those
in the resonance Raman spectra obtained in the organic and
alkaline aqueous solutions displayed at the top of Figures 4 and
5, respectively. The spectrum in the neutral mixed aqueous
solution provides the overall Raman information of the different
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Figure 6. (a) 266 nm resonance Raman spectrum of BHQ—OAc
obtained in mixed H,O/MeCN solvents (60:40, v/v, pH 6~7). (b) 266
nm resonance Raman spectrum of BHQ—OACc obtained in acetonitrile.
(c) The bands remaining after subtraction of an appropriately scaled
(b) from (a). (d) 266 nm resonance Raman spectrum of BHQ—OAc
obtained in mixed NaOH—H,0/MeCN solvents (60:40, v/v, pH 11~12).
(e) The bands remaining after subtraction of an appropriately scaled
(d) from (c). (f) DFT calculated normal Raman spectrum of the singlet
ground state of the tautomeric form of BHQ—OAc, whose structure is
shown to the left of the spectrum. The dashed lines indicate the
correlation of two spectra compared to each other. The pound signs
(#) show the places where subtraction artifacts might be noticeable.

forms of BHQ—OACc in it. From both the investigation of the
UV absorption spectra and the similar resonance Raman spectra
obtained in acetonitrile and the neutral mixed aqueous solvent
(parts a and b of Figure 6), it is reasonable to assume that
BHQ—OAC(N) is still the major species in the neutral aqueous
solution and contributes to the resonance Raman spectrum
obtained in the neutral mixed aqueous solvent. The spectrum
(c) in Figure 6 shows the bands remaining after subtraction of
an appropriately scaled spectrum shown in part b of Figure 6
from the spectrum shown in part a of Figure 6. After subtraction,
the medium bands existing in the resonance Raman spectrum
of the neutral form of BHQ—OAc at 1564 and 1285 cm™!
disappear. Then, comparing the spectrum after subtraction (part
c of Figure 6) with the experimental resonance Raman spectrum
of BHQ—OAc obtained in the basic mixed solvent (part d of
Figure 6), the main bands in part d of Figure 6 at 1593, 1485,
1435, 1326, 1211, 827, 787, 651 cm™! are all included in part
c of Figure 6. This suggests that the amount of BHQ—OACc(A)
may increase modestly in the neutral aqueous solution. In
addition, taking into account the UV —vis spectra in Figure 2,
the strong bands of BHQ—OACc(A) obtained in the mixed
solution can also be due to its strong absorption at 266 nm even
though its concentration may be noticeably lower than
BHQ—OACc(N). Similarly, part e of Figure 6 was obtained by
subtracting an appropriately scaled spectrum of part d of Figure
6 from the spectrum shown in part ¢ of Figure 6. The strong
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bands in the spectrum of part d of Figure 6 at 1593, 1326, 827,
and 651 cm™! assigned as BHQ—OAc(A) disappear, and the
remaining bands at 1626, 1589, 1350, and 1213 cm™! have
partial agreement with the normal Raman spectrum of the singlet
ground state of the tautomeric form of BHQ—OAc predicted
from the DFT calculations (part f of Figure 6). The double bands
at 1589 and 1626 cm™! in the resonance Raman spectrum of
BHQ—OAC(T) are described as the nominal C—C stretching,
C—O" stretching, and N—H bending modes in the calculation
results (Table 3S in the Supporting Information). This suggests
there may be a small amount of BHQ—OACc(T) in the solution
since the resonance Raman spectrum of the tautomeric form of
BHQ—OACc cannot be obtained directly because of the equi-
librium between the BHQ—OAc(N) and BHQ—OACc(T) species
and oversubtraction when obtaining the spectrum of BHQ—
OAc(T) by subtracting the spectra of BHQ—OAc(N) and
BHQ—OACc(A) (parts b and d of Figure 6) from the overall
spectrum obtained in the neutral aqueous solution (part a of
Figure 6).

Examination of the resonance Raman spectra in Figure 6
reveals that unlike 7-HQ in water at pH 7, the amount of
BHQ—0ACc(A) modestly increases in the neutral mixed aqueous
solution. With the increase of BHQ—OAc(A), the number of
molecules in the form of BHQ—OAc(T) decreases appreciably
in the solution.

It is reasonable that the anionic form can be easily formed
through the deprotonation of the phenol group of the neutral
form in water environments. However, the formation of the
tautomeric form is more complicated. Some previous studies
showed that the participation of the solvent molecules plays an
important role in the formation of the tautomeric species in both
the excited and ground-state proton transfer reactions.’”'® The
cyclic 7-HQ—solvent complex involving two solvent molecules
was assumed as being precursors for the ground-state proton
transfers (GSPT) to form the tautomeric molecules, and a more
compact complex structure formed by two water molecules with
7-HQ may result in a higher probability of tautomerization.'?
This suggests that the ease of formation of the hydroxyquinoline—
water complex could substantially affect the amount of the
tautomeric form present in aqueous solutions. The appreciable
decrease of the amount of BHQ—OAc(T) observed in the neutral
mixed aqueous solution could mean that it is not favorable to
form the cyclic BHQ—OAc—water complex here. This may be
due to the presence of the 8-bromo group in several aspects.
First, because of the presence of the bulky Br group, the steric
hindrance introduced by the 8-bromo group might reduce the
ability to form the complex species needed for tautomerization.
This hypothesis is consistent with the observation of only small
amounts of the complex of 8-methyl-7-hydroxyquinoline (8-
Me-7-HQ) with two water molecules can be formed because
of the hindrance of the 8-methyl group.'* Second, the inductively
electron-withdrawing nature of bromine disfavors formation of
a positively charged nitrogen. Third, because the Br atom can
easily form hydrogen bonding with the water molecules in
aqueous solutions, the competitive hydrogen bonding between
the Br group and the water molecules also could make the cyclic
complex hard to form. This explanation is consistent with the
solvent rearrangement for 7-azaindole,' which is necessary for
its tautomerization but proceeds with difficulty in the ground
or excited states in water because competitive hydrogen bonding
yields a prevalence of the 7-azaindole polyhydrate species. Our
experiments do not delineate which of these possibilities is the
predominant reason for the different distribution of the ground-
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Figure 7. Resonance Raman spectrum of BHQ—OACc in acetonitrile
solution obtained with 266 nm excitation (~3 mM concentration). The
asterisks (*) mark solvent subtraction artifacts. The double asterisks
(**) mark bands due to scattering from laser lines.

state forms of BHQ—OAc in neutral aqueous solution and they
all may be operative to some degree.

The experimental resonance Raman spectra of the different
forms of BHQ—OAC in aqueous solution also provide informa-
tion about the electronic transition being excited and the
Franck—Condon region dynamics in the excited state. We shall
focus our discussion on the neutral and anionic forms of
BHQ—OAC that can be directly obtained in acetonitrile and in
the alkaline aqueous solution. Inspection of the experimental
resonance Raman spectra shown in Figures 4—6 for the neutral
and anionic forms of BHQ—OAc shows that the Raman intensity
is partitioned into a number of vibrational modes that indicates
the Franck—Condon region dynamics in the excited state have
significant multidimensional character. At the 266 nm excitation
wavelength, no clear feature was seen below 600 cm™! in all of
the resonance Raman spectra. The resonance Raman spectra
obtained in both neutral and basic aqueous solutions appeared
to have no obvious bands above 1800 cm~'. However, several
combination and overtones bands were observed in the high
wavenumber region for the resonance Raman spectrum obtained
in acetonitrile. A full spectrum covering the 0—5000 cm™' region
along with tentative assignments of the observed bands is
presented in Figure 7. In addition to the fundamental Raman
bands, the resonance Raman spectrum obtained in acetonitrile
displays significant intensity in overtone progressions up to
second order for the ring C=C and C~N stretching (v) modes.
This spectrum also displays intense combination bands between
this mode and other resonance-enhanced modes (such as the
V2,V Vso, and vs; modes). The lack of or substantially lower
intensity of similar overtones and combination bands in the
spectra obtained in the aqueous solutions suggests that water
may noticeably perturb the Franck—Condon region of the
electronic excited state.

Time-dependent DFT calculations with the random phase
approximation (RPA) were done to estimate the vertical
transition energies, the oscillator strengths, and the changes in
molecular orbitals involved in the electronic transitions. Table
1 shows the strongest oscillator strength transition obtained from
TD-DFT calculations for the neutral and anionic forms of
BHQ—OACc in the 225 to 275 nm region. The relevant frontier
molecular orbitals related to the electronic transitions are
displayed in the Supporting Information. According to the TD-
DFT-RPA calculations (Table 1), the lowest unoccupied mo-
lecular orbital (LOMO) and the highest occupied molecular
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TABLE 1: Electronic Transition Energies, Oscillator
Strengths, and Related Molecular orbital Transitions for the
Strongest Oscillator Strength Transition Obtained from
(U)B3LYP/6-311G** DFT Calculations for the Neutral and
Anionic forms of BHQ—OAc in the 225 to 275 nm Region

neutral form

230.26 nm (0.5375)
74— 76 (0.47645)
73— 76 (0.11294)
73 — 78 (—0.13453)
73— 75 (—0.25742)

anionic form

261.56 nm (0.2790)
72 — 75 (0.38299)
74 — 80 (0.33869)
74— 79 (0.29858)
69— 75 (0.13082)

excitation energy ¢

molecular orbital
changes”

72— 77 (—0.11368)

70 — 76 (—0.14970)

70 — 75 (—0.22142)

74 — 76 (—0.11587)
74 — 77 (—0.19422)

“Numbers in parentheses are oscillator strengths of the
corresponding excitations. ” Numbers in parentheses are contri-
butions of the configuration coefficients for the corresponding
orbital changes to the excitations.

orbital (HOMO) of both neutral and anionic forms of BHQ—OAc¢
are orbital 74 and 75, respectively. The excitation of the neutral
form of BHQ—OACc is mainly formed from the transition of
LUMO+1 < HOMO with contributions of about 0.48. This
excitation is predominantly a transformation of electron density
from the 77 bonding orbital to the antibonding s7* LUMO+-1 orbital.
This excitation is mostly localized on the phenolic moiety, so it
may accordingly be taken as a stsr* state, consistent with the general
assignment of the S; excited-state in similar systems.”> Such a
change in the electronic configuration is expected to have a large
oscillator strength as predicted by the RPA calculation. This
transition results in a substantial weakening of the 7 ring system,
which is consistent with the overtone and combinations of the ring
1607, 1564, and 1450 cm™' C=C and C—N stretching modes
observed in the resonance Raman spectrum obtained in acetonitrile.
The excitation of the anionic form of BHQ—OAC has contributions
from LUMO — HOMO-—2 with a configuration coefficient of 0.38,
LUMO+5 <= HOMO with a configuration coefficient of 0.33, and
LUMO-+4 — HOMO with a configuration coefficient of 0.29,
leading to the promotion of ring bonding 7 electron to the
antibonding 7* orbitals. The excitation of LUMO ~— HOMO-2
involves the promotion of a large scale conjugated 7 system to
the 7% LUMO orbital. From Table 1 and the results given in
Figure 2S of the Supporting Information, it can be seen that almost
all the relevant frontier molecular orbitals in the calculations of
the neutral and anionic forms have little contribution from the
acetate leaving group. This explains the absence of obvious
resonance Raman bands related to the vibration of the acetate group
in both of the resonance Raman spectra. It is interesting to note
that the calculations for the anionic form show the LOMO-1 and
LOMO+2 together with the LOMO and LOMO+-3 frontier orbitals
have noticeable contributions from the leaving group. This appears
consistent with the hypothesis that the anionic form is the precursor
of the photocleavage process as suggested in a previous experi-
mental study.®’

Conclusions

The 8-bromo-7-hydroxyquinolinyl group (BHQ) is a deriva-
tive of 7-hydroxyquinoline (7-HQ). BHQ molecules coexist in
different forms in aqueous solution and we employed absorption
and resonance Raman spectroscopy to study the forms of the
ground-state species of 8-bromo-7-hydroxyquinoline caged
acetate (BHQ—OAC) in acetonitrile (MeCN), in H,O/MeCN (60:
40, v/v, pH 6~7) and in NaOH—H,0/MeCN (60:40, v/v, pH
11~12). The absorption spectra of BHQ—OACc in water display
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no discernible absorption bands of the tautomeric form in
contrast to the strong band at about 400 nm observed for the
tautomeric species of 7-HQ in aqueous solution. The resonance
Raman spectra have two Raman bands (the nominal C=C ring
stretching, C—N stretching, and O—H bending modes at 1564
and 1607 cm™!) characteristic of the neutral form and a single
Raman band (the nominal C=C ring, C—N, and C—O~
stretching modes in the 1593 cm™' region) characteristic of the
enol-deprotonated anionic form. This suggests that the neutral
form of BHQ—OACc is the major species in neutral aqueous
solution. For BHQ—OAc, there is a modest increase in the
population of the anionic form and a large decrease in the
population of the tautomeric form of the molecules compared
to 7-HQ in neutral aqueous solution. This indicates that steric
and/or electronic effects of the 8-bromo group and/or competi-
tive hydrogen bonding between the 8-bromo group and water
molecules hinders the formation of a cyclic BHQ—OAc—water
complex, which could account for this large substituent effect.
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