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ABSTRACT: Recent studies conducted on some “meta
effect” photochemical reactions focused on aromatic carbonyls
having a substitution on one meta position of the
benzophenone (BP) and anthraquinone parent compound.
In this paper, two different substitutions were introduced with
one at each meta position of the BP parent compound to
investigate possible competition between different types of
meta effect photochemistry observed in acidic solutions
containing water. The photochemical pathways of 3-hydroxymethyl-3′-fluorobenzophenone (1) and 3-fluoro-3′-methylbenzo-
phenone (2) were explored in several solvents, including acidic water-containing solutions, using time-resolved spectroscopic
experiments and density functional theory computations. It is observed that 1 can undergo a photoredox reaction and 2 can
undergo a meta-methyl deprotonation reaction in acidic water-containing solutions. Comparison of these results to those
previously reported for the analogous BP derivatives that contain only one substituent at a meta position indicates the
introduction of electron-donating (such as hydroxyl) and electron-withdrawing groups (such as F) on the meta positions of BP
can influence the meta effect photochemical reactions. It was found that involvement of an electron-donating moiety facilitates
the meta effect photochemical reactions by stabilizing the crucial reactive biradical intermediate associated with the meta effect
photochemical reactions.

■ INTRODUCTION

Proton transfer reactions can be found in many chemistry and
biology processes.1 The carbonyl oxygen protonation in
aromatic carbonyl molecules in their excited states in acidic
water-containing solutions is of great interest from a range of
different aspects in photochemistry.2 Wirz and co-workers
examined the protonation of the carbonyl oxygen of the excited
state of several benzophenone (BP) compounds and saw that
an acid-catalyzed photohydration reaction can occur in acidic
aqueous solutions.3 It was suggested that the protonated triplet
state species could cause noticeable delocalization at the meta
and ortho points of the benzene group. This is consistent with
activation of the meta and ortho sites in the benzyl group and
Zimmerman’s ortho−meta effect in photochemical reactions.4

Several research groups, such as Scaiano and co-workers and
Miranda and co-workers, have done systematic studies on the
photophysical and photochemical pathways resulting from the
protonation of carbonyl compounds using steady-state spec-
troscopy methods and laser flash photolysis.5,6 Wan and co-
workers contributed in this research area with the investigation
of novel and efficient photoredox reactions resulting from the
protonation of aromatic carbonyl compounds, such as BP and
anthraquinone (AQ) derivatives. It was shown that the ketone

can be reduced to an alcohol while accompanied by a side chain
alcohol being oxidized to its ketone for a BP or AQ derivative
containing an alcohol side chain attached to a meta position of a
phenyl ring.7 As these photochemical reactions were not
detected for the para counterpart BP compounds under
analogous experimental conditions, these new photochemical
reactions were described as “meta effect” photochemical
reactions.7 The photochemistry of other meta-substituted
benzophenone derivatives like ketoprofen (KP) are also of
interest because irradiation of KP is known to induce
phototoxicity that limits its use in drug applications.5e,f KP-
based derivatives have also been developed for use as
photoremovable protecting groups that have potential
applications for organic synthesis, drug delivery, and photo-
triggers that can release biological effectors very fast and
efficiently for use in biological experiments.6d−f An improved
understanding of the photochemistry of a variety of meta-
substituted BP compounds in water-containing media of
varying pH may be of use in developing KP and other kinds
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of meta-substituted benzophenone compounds as photo-
protecting groups for a range of applications in the future.
We have investigated the photochemical reaction mecha-

nisms associated with the protonation of aromatic carbonyl
molecules in recent years with time-resolved spectroscopic
methods and DFT calculations.8 Time-resolved resonance
Raman (TR3) spectroscopy can provide a useful fingerprint for
transient reactive intermediates to be particularly useful in more
clearly determining the structure, character, and identity of the
excited states and intermediates associated with the photo-
chemical reactions explored.8 Previously, a time-resolved
spectroscopic investigation was done for 3-(hydroxymethyl)-
benzophenone (m-BPOH) that directly characterized the
transient species and observed a biradical intermediate that
was associated with the photoredox reaction of interest (see
Scheme 1).8b Evidence was also found that a meta-methyl

deprotonation reaction can occur after photolysis of 3-
methylbenzophenone (3-MeBP) in acidic water-containing
solutions based on results from mass spectroscopy, and the
proposed reaction mechanism is given in Scheme 2.7b,8d

Photolysis of 3-MeBP in acidic D2O (CH3CN cosolvent) (pD
< 3) resulted in introduction of deuterium to the meta-methyl
group.7 Wirz and co-workers reported that 3-fluorobenzophe-
none (3-FBP) may undergo an unusual and efficient photo-
substitution reaction to yield 3-hydroxybenzophenone.3 We
recently performed some time-resolved spectroscopy experi-
ments and theoretical computations to gain some insight into
how the photosubstitution occurs for 3-FBP (see Scheme 3).8e

The overall photoredox, meta-methyl deprotonation, and
photosubstitution reactions, respectively, for m-BPOH, 3-
MeBP, and 3-FBP are depicted in Scheme 4.
Previous studies conducted on meta effect photochemical

reactions focused on aromatic carbonyls having a substitution
on one of the meta positions of the BP and AQ parent
compounds. It is not clear how the BP compounds will behave
when two meta positions are substituted by two different
groups in which there may be competition among the
photoredox, photosubstitution, or meta-methyl deprotonation

reactions. For example, when F and hydroxymethyl appear on
each of the meta positions of the BP molecule, such as in 3-
hydroxymethyl-3′-fluorobenzophenone (1), we do not know
which photochemical reaction will take place and to what
extent for the possible photosubstitution, photoredox, or
photohydration reactions or even if some other novel
photochemical reaction will occur. Here, we take 1 and 3-
fluoro-3′-methylbenzophenone (2) (see the chemical structures
in Figure 1) as example compounds to explore the above

questions using results from both DFT computations and time-
resolved spectroscopy experiments to probe excited states and
intermediates in the photochemistry of interest. Since the
reactive intermediates in the meta effect photochemical
reactions of BP compounds were mainly detected over the
nanosecond and microsecond region of time based on our
previous studies,8 we only focused on exploring the
competition between the possible photochemical reactions for
1 and 2 using nanosecond TR3 (ns-TR3) and transient
absorption (ns-TA) spectroscopy methods. We also compare
and contrast the photochemical reactivity found for 1 and 2
with those previously reported for m-BPOH,8b 3-MeBP,8d and
3-FBP.8e

■ RESULTS AND DISCUSSION
Will the Photoredox and/or Photosubstitution Re-

actions Occur in 1? The preparation of 1 is described in the
Experimental Section, and the synthetic route is given in Figure
2S. The ns-TA and ns-TR3 experimental spectra for 1 were first
recorded in CH3CN, and these results are presented in Figures
5S and 6S, respectively, in order to characterize its photo-
physical processes. These results will be benchmarks to

Scheme 1. Reaction Mechanism Proposed for the
Photoredox of m-BPOH8b

Scheme 2. Reaction Mechanism Proposed for the meta-
Methyl Deprotonation Reaction of 3-MeBP8d

Scheme 3. Reaction Mechanism Proposed for the
Photosubstitution of 3-FBP8e

Scheme 4. Some of the Novel Meta Effect Photochemical
Reactions of BP Compounds Having Different Substituents
on the Meta Position in Acidic Aqueous Solutions8b,d,e

Figure 1. Chemical structures of 1 and 2.
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compare to spectra acquired in aqueous media where the
photochemical reactions of interest are expected to take place.
The ns-TA spectra obtained in CH3CN for 1 exhibited the
typical electronic absorption bands of the BP triplet excited
state at 325 and 525 nm. The triplet excited state of 1
(described as 3(1) subsequently here) has 938, 970, 1170, 1230,
1374, and 1545 cm−1 resonance Raman bands in its ns-TR3

spectra, and these vibrational band frequencies agree well with
those found in the DFT-calculated normal Raman spectrum of
3(1), as shown in Figure 7S.
The ns-TR3 spectra of 1 obtained in isopropyl alcohol (IPA)

are given in Figure 2. The species with diagnostic Raman bands
at 1558 and 1589 cm−1 was attributed to the ketyl radical
intermediate resulting from the hydrogen abstraction reaction
between 3(1) and the solvent IPA based on the similarity of
these spectra to those reported in ref 9 for the hydrogen
abstraction reactions (or photoreduction) of BP with hydrogen
donor solvents.9 Further support for this assignment comes
from the good correlation of the vibrational band frequencies
for the experimental spectrum to the normal Raman DFT-
computed spectrum (Figure 2, right). The photophysical and
photochemical processes of 1 in CH3CN and IPA look like
those of BP and also m-BPOH, 3-MeBP, and 3-FBP under
analogous solvent conditions.8b,d,e This indicates that 1, which
contains two substituents on both meta positions, does not
induce significant changes on the photophysics and photo-
reduction of the BP derivatives in nonaqueous solutions, and
they behave similarly to the BP parent and the one meta
position substituent of BP derivatives.
UV−vis spectra were recorded for 1 (10−5 M, 1:1 H2O−

CH3CN, pH 2, Ar purged) after increasing irradiation time by a
low-pressure mercury lamp with its main excitation wavelength
at 254 nm. Obviously, an isosbestic point was detected at
around 245 nm, suggesting a dynamical photochemical
transformation of 1 in acidic aqueous solution. The spectra
transformation trend and profile showed great similarity with
that of m-BPOH under analogous experimental conditions,
where the photoredox reaction was detected with the
generation of 3-formylbenzhydrol. Therefore, one could expect
that the photoredox reaction also takes place for 1, and the

well-formed UV−vis spectrum in Figure 3 exhibited reasonable
similarity with the calculated UV−vis spectrum of 3-fluoro-3′-

formylbenzhydrol (Figure 8S). The sample solution (5 × 10−5

M, 1:1 H2O−CH3CN, pH 2, Ar purged) after 30 min
irradiation was treated as described in the Experimental Section
and then analyzed by 1H NMR and 13C NMR spectra (Figure
9S). Detection of the benzhydrol proton (δ 5.90 ppm) and the
aldehyde proton (δ 9.98 ppm) of 3-fluoro-3′-formylbenzhydrol
further supports that the photoredox reaction of 1 takes place
in acidic aqueous solutions (Figure 4).
Figure 5 depicts ns-TA spectra of 1 obtained in a pH 0

solution. Compared to the characteristic electronic transient
absorption profile of 3(1), the transient species detected in a
pH 0 water-containing solution has a shoulder band, and as the

Figure 2. Left: ns-TR3 spectra of 1 in IPA acquired with 266 nm photoexcitation and a 319.9 nm probe wavelength. Right: (a) experimental ns-TR3

spectrum of 1 taken in IPA at 30 ns with (b) computed normal Raman ketyl radical species with the chemical structure shown above the spectra.

Figure 3. UV−vis spectra for 1 in acidic aqueous solutions upon
photolysis time, as indicated in the figure.

Figure 4. Photochemical reaction of 1 in a pH 2 acidic water-
containing solution.
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pump and probe delay time increased, the population of the
species that contributes to the absorbance at a lower
wavelength around 316 nm becomes comparable to the species
that absorbs at 330 nm. This change suggests a transformation
of 3(1) to a new transient species in a pH 0 acidic water-
containing solution. To unravel the photochemical reaction
mechanism of 1 in a pH 0 aqueous solution and gain structural
information on the species involved, ns-TR3 experiments were
carried out.
The ns-TR3 spectra (Figure 6) were obtained for 1 in pH 2

and pH 0 CH3CN−H2O (1:1) solutions using a 266 nm pump

and a 319.9 nm probe. In acidic water-containing solutions, the
photohydration, photoredox, and photosubstitution reactions
may all possibly take place. We therefore compared the
experimental ns-TR3 spectrum at a delay time of 100 ns
recorded in a pH 0 aqueous solution to the computed DFT
normal Raman spectrum for the intermediate correlating with
the photoredox process and the intermediate associated with
the photosubstitution reaction (see Figure 7). The good
correlation of the vibrational frequencies for the spectra of
Figure 7b,c indicates that the new transient seen in the pH 0
and pH 2 acidic water-containing medium of 1 is the
intermediate with its chemical structure above Figure 7b tied
to the photoredox reaction. It is noted that biradical species
have several resonance structures, and the meta-xylylene is the

most stable one.10 The absence of the strong Raman band
around 1480 cm−1 calculated for the key intermediate
associated with the photosubstitution reaction at the meta
position with F and the photohydration reaction at the meta
position with a hydroxylmethyl group excluded the key
intermediate associated with these reactions. Thus, it can be
thought that the protonated species of 3(1) containing a
positive charge localized at the meta site with hydroxylmethyl
attached is unstable in polar solvents (like in the CH3CN−H2O
solvent system employed here), and this can provide a driver
for deprotonation at the meta-hydroxymethyl by producing a
more stable transient species, such as the biradical species
detected in the ns-TR3 with a diagnostic feature at 1520 cm−1.
We therefore calculated the electronic absorption spectrum of
the biradical species and compared this with the ns-TA spectra
of 1 observed in a pH 0 aqueous solution (see Figure 10S).
Examination of Figure 10S indicates the new species produced
from the protonated species of 3(1) is the biradical species,
which is the same one detected in ns-TR3 experiments. Another
transient with a diagnostic Raman band at 1558 cm−1 emerges
after irradiation. Re-examination of the ns-TR3 spectra for 1 in
IPA suggests the band at 1558 cm−1 probed in acidic aqueous
solutions at both pH 2 and pH 0 probably derives some
contribution from the ketyl radical species associated with the
photoreduction reaction. Detection of ketyl radical transients in
water-containing solutions was observed by several groups of
researchers over the years.11−21 In an earlier study by our
group, it was suggested that the ketyl radical formation from
photoexcitation of BP compounds in aqueous solutions may be
formed by a ketone protonation combined with an electron
transfer. Hence, the observed 1558 cm−1 Raman band can be
thought to be a characteristic signal for a photoreduction
reaction. Both photoredox and photoreduction reactions may
provide intensity to the 1588 cm−1 Raman feature. When the
ns-TR3 experiment was conducted in a pH 2 solution, both
reactions may occur and compete with each other. On the
other hand, the 1520 cm−1 band becomes the predominant
contribution, and the main photochemical reaction becomes
the photoredox reaction in a more acidic condition at pH 0; the
1558 cm−1 band for the transient of the photoreduction was
substantially reduced compared to the 1520 cm−1 Raman band

Figure 5. Shown are the ns-TA spectra of 1 in a pH 0 solution (1:1,
H2O/CH3CN).

Figure 6. ns-TR3 spectra of 1 in (a) pH 2 solution (1:1, H2O/
CH3CN) and (b) pH 0 solution (1:1, H2O/CH3CN) acquired with
266 and 319.9 nm pump and probe wavelengths, respectively.

Figure 7. (a) Calculated triplet hydration species of 1 at a meta
position having F (see the chemical structure in the figure) normal in
the Raman spectrum. (b) Delay time (50 ns) experimental spectrum
taken in a pH 0 CH3CN/H2O (1:1) solution with 2.0 × 10−3 M of 1.
(c) Biradical species associated with a photoredox reaction of 1 (see
the chemical structure in the figure) computed normal in the Raman
spectrum.
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attributed to the photoredox process. Compared to m-BPOH,
the involvement of the electron-withdrawing group F of 1 in
the meta position makes the carbonyl oxygen group less basic;
the photoredox reaction could only be obviously detected
under a more acidic condition of pH 0, and the photoreduction
reaction is noticeable at pH 2.
The effect of water in such reactions is well-recognized as

involving water bridges or water clusters. To simulate the
reaction route at an affordable computational time cost, DFT
calculations for 3(1) with two water molecules considered in
the calculation system were performed to explore the
photoredox reaction pathway at the (U)B3LYP/6-311G**
method level, and the energy profile for the photosubstitution
and the photoredox reaction are displayed in Figure 8. It is can

be reasonably expected that more water molecules will facilitate
the reaction by decreasing the reaction barrier. Protonation
occurs as the common first step of the photoredox reaction and
the photosubstitution reaction for 1, and this reaction is
barrierless for 1 in acidic aqueous media. Subsequent to
production of the protonated species, the photosubstitution
encounters a 6.9 kcal/mol barrier, while the photoredox process
was preferred with a lower 3.3 kcal/mol barrier. The
significantly higher energy barrier of the photosubstitution
almost excludes the occurrence of the photosubstitution of 1 in
aqueous acidic media. These calculation results are consistent
with experimental measurements and help explain why the
photosubstitution reaction was not detected experimentally for
1 due to competition from the photoredox reaction that has a
lower reaction energy. The preceding results were used to
develop a probable reaction mechanism for the photoredox
process of 1 in aqueous acidic solutions, as depicted in Scheme
5. It is suggested that the meta position with F of 1 does not
compete with the photoredox process and the photo-
substitution was not detected, while the other meta position
containing the hydroxymethyl moiety is reactive and leads to
the overall photoredox reaction observed in the experiments
reported here.
Will the meta-Methyl Deprotonation Reaction and/or

Photosubstitution Reaction Occur for 2? After studying

the photophysics and photochemistry of 1 in several solvents,
especially the elucidation of the photoredox reaction in acidic
aqueous solutions, we turned to study the photochemical
reactions of 2 to determine which photochemical reaction of
this compound will occur in acidic aqueous solutions. Time-
resolved spectroscopic results for 2 in CH3CN are given in
Figures 11S and 12S. Based on previously reported analyses
done for several related BP derivatives, 2 underwent an ISC
process in CH3CN, and no obvious photochemical reaction was
observed. The time-resolved spectroscopic results for 2 in pH 7
(see Figure 13S) and pH 2 aqueous solutions (see Figure 14S)
exhibited great similarity, and the main photochemical reactions
under these conditions were assumed to be the photoreduction
reaction based on the similarity of these results to the preceding
analysis of 1.
The photolysis experiment was conducted for 2 (10−4 M, 1:1

D2O−CH3CN, pD 1, Ar purged) for 40 min and analyzed by
1H NMR and 13C NMR spectroscopy (Figure 15S). The
detection of the deuterium incorporation to the m-methyl
group suggests the main photochemical reaction of 2 in acidic
D2O-containing solution was the meta-methyl deprotonation,
which was the same reaction probed for 3-MeBP as reported.
To find information regarding the structure of the transients
and unravel the reaction mechanism, ns-TR3 Raman spectra of
2 were obtained in pH 0 (Figure 9), and the results are
obviously different from those observed in the pH 2 and pH 7
water-containing solutions. The main transient with diagnostic

Figure 8. Energy profiles for the photosubstitution reaction and the
photoredox reaction for 1.

Scheme 5. Reaction Mechanism Proposed for the
Photoredox of 1 in Acidic Water-Containing Solutions

Figure 9. (Left) Spectra from ns-TR3 experiments obtained for 2 in a
pH 0 solution (1:1, H2O/CH3CN) acquired using 266 nm photolysis
and a 319.9 nm probe. (Right) (a) Calculated normal Raman
spectrum of the triplet hydration species of 2 (see the chemical
structure in the figure) at a meta position associated with the
photosubstitution reaction. (b) Time delay (50 ns) spectrum acquired
in a pH 0 CH3CN/H2O (1:1) solution with 2.0 × 10−3 M of 2. (c)
Normal Raman spectrum computed for the biradical transient (see
chemical structure) associated with the meta-methyl deprotonation
reaction.
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bands around 1514 and 1586 cm−1 in Figure 9 exhibits spectra
similar to that of the transient observed for the photoredox
reaction of 1, as well as that of the transient species observed
for the meta-methyl deprotonation reaction for 3-MeBP.
Hence, the experimental Raman spectrum of this species
recorded at 50 ns was compared with the calculated biradical
character intermediate associated with the meta-methyl
deprotonation reaction of 2, and the good agreement between
these spectra for their vibrational frequency patterns supports
the assignment of the main photochemical reaction of 2 under
a pH 0 aqueous solution as being attributed to the key biradical
character intermediate associated with the meta-methyl
deprotonation reaction, rather than the photosubstitution that
could possibly take place at the meta position with the F atom.
DFT calculations for 2 were also conducted using the

(U)B3LYP/6-311G** method, and the energy profile of the
photosubstitution and the meta-methyl deprotonation reaction
is displayed in Figure 10. The photosubstitution encounters a

10.9 kcal/mol barrier, while the meta-methyl deprotonation
reaction was much preferred due to a lower 2.8 kcal/mol
barrier. The significantly higher energy barrier of the photo-
substitution almost excludes the occurrence of the photo-
substitution reaction of 2 in acidic aqueous solutions.
Combining the time-resolved spectroscopic data and results
from the DFT computations, the reaction pathway for the
meta-methyl deprotonation reaction of 2 was proposed and is
presented in Scheme 6. Our results in this study indicate that 2
behaves similar to 1 in that the meta position with a F atom
does not undergo noticeable reaction while the methyl group

attached to the other meta site undergoes predominant
reactions after protonation of the 1 and 2 triplet excited states.
It is noted that the photoredox reaction of 1 was detected in

a pH 2 water-containing solution, while the meta-methyl
deprotonation of 2 was not clearly detected under comparable
experimental conditions and was only significant under a more
acidic condition in a pH 0 water-containing solution, suggesting
the protonation of 1 is easier than that of 2. This is in
accordance with previous studies on m-BPOH and 3-MeBP,
illustrating that the quantum yield for photoredox of m-BPOH
(Φ ≈ 0.6)7g is significantly greater than the quantum yield of
the meta-methyl deprotonation for 3-MeBP (Φ ≈ 0.1).7b This
can likely be explained by the electron-donating OH moiety
which stabilizes the biradical intermediate. We also introduced
a methoxy moiety to the meta site of BP compounds, and the
photochemical reactions of 3′-methyl-3-methoxylbenzophe-
none (3) and 3′-methoxyl-3-hydroxylmethylbenzophenone
(4) were studied. It is somewhat surprising that no meta effect
photochemistry was seen for 3 and 4 in acidic water-containing
solutions when examined using ns-TR3 experiments. This is
proposed to be caused by the strong electron-donating ability
of the methoxy group, which induces the excitation to an nπ*
population rather than the ππ* transition that leads to the
carbonyl oxygen protonation. Additional mechanistic study on
these compounds is underway to better understand their very
different photochemical behavior.

■ CONCLUDING REMARKS

In this study, the photochemical reactions of the BP derivatives
1 and 2 containing two different substituents at the meta
positions were studied in several different solvent systems using
time-resolved spectroscopy experiments and DFT calculations.
It was found that 1 can undergo a photoredox reaction and 2
can undergo a meta-methyl deprotonation reaction in acidic
aqueous solutions.
From examination of results from the present work in

conjunction with results from previous studies on m-BPOH and
3-FBP, it can be deduced that the introduction of a hydroxyl
(or another moiety) that has an electron-donating capacity or
of F (or another moiety) that has an electron-withdrawing
capacity on the meta positions will lead the BP compounds to
different photochemical reaction outcomes. On the other hand,
when both electron-donating and electron-withdrawing moi-
eties are present, the meta positions with the electron-donating
moiety were more activated so the BP compounds will undergo
the photochemical reaction resulting from this phenyl ring.
Thus, the meta effect photochemistry could be activated or
stifled by changing the substituents on the meta positions and
changing the pH values of the sample solutions. This new
insight into meta effect activation of benzophenone derivatives
may prove helpful in the design and development of
photoremovable protecting groups based on meta-substituted
benzophenone derivatives such as KP derivatives and other
systems.

■ EXPERIMENTAL SECTION
Synthesis of Compound 1 and Photolysis Experiment. 3-

Fluoro-3′-methylbenzophenone (compound 2) was commercially
available (CAS: 864087-22-9), and its 1H NMR spectrum is given in
Figure 1S in the Supporting Information. 3-Hydroxymethyl-3′-
fluorobenzophenone (compound 1) was synthesized from compound
2 following a similar reaction route of m-BPOH as reported in ref 7c,
and a brief description is presented in the Supporting Information

Figure 10. Energy profiles for the photosubstitution reaction and the
meta-methyl deprotonation reaction for 2.

Scheme 6. Reaction Mechanism Proposed for the meta-
Methyl Deprotonation of 2 in Acidic Water-Containing
Solutions
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along with the 1H NMR spectra, which estimated the purity of 1 to be
greater than 98% (Figure 3S). The 13C NMR spectrum of 1 is
provided in Figure 4S.
The sample solution of 5 × 10−5 M was purged with Ar for 15 min

and was irradiated with two 254 nm lamps for 2 min of photolysis.
CH2Cl2 was used for extraction of the photolyzed mixture twice, and
the CH2Cl2 layer was dried with anhydrous MgSO4. This was filtered,
and the solvent was taken away in vacuo and characterized via 1H
NMR (CDCl3).
ns-TA and ns-TR3 Experiments and DFT Computations. The

ns-TA and ns-TR3 experiments and methods have been previously
given, and one is referred to refs 8c and 8d for the experimental details.
Similarly, the description of the DFT calculations, including the
method, basis sets, and software (e.g., (U)B3LYP/6-311G** and
Gaussian 03) used was previously reported, and the reader is referred
to ref 8d for details and the Supporting Information for selected results
from the calculations discussed in this article.
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mized geometry Cartesian coordinates, total energies,
and vibrational zero-point energies for the species
discussed in the text (PDF)
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