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ABSTRACT: To directly compare the reactivity of positively
charged carbon-centered aromatic σ-radicals toward meth-
anol in solution and in the gas phase, the 2-, 3-, and 4-
dehydropyridinium cations (distonic isomers of the pyridine
radical cation) were generated by ultraviolet photolysis of the
corresponding iodo precursors in a mixture of water and
methanol at varying pH. The reaction mixtures were analyzed
by using liquid chromatography/mass spectrometry. Hydrogen
atom abstraction was the only reaction observed for the 3- and
4-dehydropyridinium cations (and pyridines) in solution. This
also was the major reaction observed earlier in the gas phase. Depending on the pH, the hydrogen atom can be abstracted from
different molecules (i.e., methanol or water) and from different sites (in methanol) by the 3- and 4-dehydropyridinium cations/
pyridines in solution. In the pH range 1−4, the methyl group of methanol is the main hydrogen atom donor site for both 3- and
4-dehydropyridinium cations (just like in the gas phase). At higher pH, the hydroxyl groups of water and methanol also act as
hydrogen atom donors. This finding is rationalized by a greater abundance of the unprotonated radicals that preferentially
abstract hydrogen atoms from the polar hydroxyl groups. The percentage yield of hydrogen atom abstraction by these radicals
was found to increase with lowering the pH in the pH range 1.0−3.2. This pH effect is rationalized by polar effects: the lower the
pH, the greater the fraction of protonated (more polar) radicals in the solution. This finding is consistent with previous results
obtained in the gas phase and suggests that gas-phase studies can be used to predict solution reactivity, but only as long as the same
reactive species is studied in both experiments. This was found not to be the case for the 2-iodopyridinium cation. Photolysis of this
precursor in solution resulted in the formation of two major addition products, 2-hydroxy- and 2-methoxypyridinium cations,
in addition to the hydrogen atom abstraction product. These addition products were not observed in the earlier gas-phase studies on
2-dehydropyridinium cation. Their observation in solution is explained by the formation of another reactive intermediate, the 2-pyridyl
cation, upon photolysis of 2-iodopyridinium cation (and 2-iodopyridine). The same intermediate was observed in the gas
phase but it was removed before examining the reactions of the desired radical, 2-dehydropyridinium cation (which cannot
be done in solution).

■ INTRODUCTION
Chemical reactivity of radicals toward simple hydrogen atom
donors has been of great interest for decades.1−7 However, the
factors that control the efficiency of hydrogen atom abstraction
are still not well understood, in spite of the importance of this
knowledge on many research areas, such as radical-induced
cleavage of nucleic acids initiated by hydrogen atom abstraction
from the sugar−phosphate backbone.8,9 For example, the
enediyne antitumor antibiotics, such as neocarzinostatin10,11

and calicheamicin,12 undergo rearrangement and aromatization
to form carbon-centered σ,σ-biradical intermediates, which
abstract hydrogen atoms from sugar moieties in DNA and lead
to double-strand scission. Although these enediyne compounds
are potent drugs, they are also highly toxic to normal cells.13,14

Hence, a better understanding of the factors that control the
reactivity and selectivity of σ-radicals and σ,σ-biradicals toward
hydrogen atom abstraction could facilitate the rational design of
antitumor drugs.

Substituent effects on the reactivity of phenyl radicals toward
various hydrogen atom donors have been studied extensively.15,16

For example, electron-withdrawing groups in phenyl radicals (that
increase the electron affinity (EA) of the radical site) have been
found to increase the rate of hydrogen atom abstraction by these
radicals from toluene, cyclohexane and acetone.15 This effect was
rationalized by the ability of the substituents to polarize the
transition state and hence decrease the activation energy of the
reactions.17 Polar effects are known to be a key factor in
controlling the reactivities of phenyl radicals both in solution15,16,18

and in the gas phase.19−21 For electrophilic radicals, such as phenyl
radicals, the transition state of a radical reaction can be represented
by the resonance structures shown in Scheme 1.1,17,22 The barrier
heights of these reactions can be lowered by increasing the
electron affinity (EA) of the radical (R• in Scheme 1), which
increases its ability to polarize the transition state.1,23
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Gas-phase experiments allow the delineation of structure/
reactivity relationships for radicals in a solvent-free environ-
ment. The reactivity of aromatic monoradicals,19−21,24,25

biradicals,26−28 and triradicals29−31 has been studied in the
gas phase. On the basis of these studies, the hydrogen atom
abstraction ability of basic aromatic carbon-centered σ-radicals
in solution may be tuned by controlling the pH of the system
because protonation increases the EA and hence the reactivity
of these radicals.19,25,32,33 However, to the best of our
knowledge, the effect of pH on the reactivity of monoradicals
in solution has not been studied. On the other hand, a related
species, the 2,5-didehydropyridine biradical, has been reported
to abstract hydrogen atoms more readily in the presence of a
protic acid (HBF4; solvent and hydrogen atom donor:
diisopropyl ether).34 This observation was attributed to a
smaller singlet−triplet gap (S−T gap: the energy difference
between the singlet ground state and the lowest energy triplet
state) of 2,5-didehydropyridinium cation than 2,5-didehydro-
pyridine. However, polar effects would provide an alternative
(or additional) explanation.
To learn more about the effects of pH on the reactivity of

aromatic carbon-centered σ-radicals, the reactions of isomeric 2-,
3-, and 4-dehydropyridines with methanol were studied in acidic
aqueous solution. These radicals were selected because their
reactivity has been already examined in the gas phase.19,21,32,33

■ EXPERIMENTAL SECTION
3-Iodopyridine (98%), 4-iodopyridine (97%), 2-iodopyridine (98%),
2-hydroxypyridine (97%), 2-methoxypyridine (98%), methanol
(99.9%), and partially labeled methanol (CD3OH, 99%) were
purchased from Sigma-Aldrich and used as received. Photolysis
experiments were carried out in a Rayonet chamber reactor (Model
RPR-200, Southern New England Ultraviolet Co.) equipped with 16
UV lamps (300 nm) and a nitrogen manifold, which was used to cool
the reaction chamber. Iodopyridine (10 mM) were dissolved in a
mixture of methanol and triply distilled water (1:1, v/v). The pH of
the solutions was adjusted by using either hydrochloric acid/potassium
chloride or phosphoric acid/monosodium phosphate solution. UV
irradiation time was 30 min. Cold nitrogen gas from vaporization of
liquid nitrogen was used to cool the reaction chamber to maintain the
temperature at room temperature. In all cases, “dark control”
experiments showed no reactivity in the absence of light. Photolysis
experiments were also performed in the presence of air and under an
Ar atmosphere. Because no difference was found, all experiments were
performed in the presence of air. The concentrations of unreacted
iodopyridinium cations, and their reaction products, were determined
by using liquid chromatography/mass spectrometry.
The HPLC system employed was a Surveyor Plus instrument

(Thermo Scientific) equipped with an autosampler and a photodiode
array detector. The HPLC was coupled with a linear quadrupole ion
trap mass spectrometer (LQIT; specifically, Thermo Scientific LTQ),
which was equipped with an atmospheric pressure chemical ionization
(APCI) source. The reaction mixtures were diluted 100-fold in water
(HPLC grade, Sigma) and spiked with pyridine-d5 (purity, 99.5%;
Sigma-Aldrich) used as the internal standard. Typically, 3 μL of the
diluted and spiked reaction mixture was injected into the LC−MS for
analysis. The column used was an Aquasil C18 column (dimensions:
100 × 2.1 mm; particle size 5 μm; Thermo Scientific). The mobile
phase (flow rate of 0.2 mL/min) was a mixture of two solutions:
solution A (water, 0.1% formic acid) and solution B (methanol, 0.1%
formic acid). The detailed elution conditions are given in Table 1.

The APCI heater temperature was 450 °C, and the MS scan range was
m/z 65−500.

Each reactant and reaction product was quantified by using pyridine-d5
as an internal standard and a calibration curve obtained by using five
concentrations of the analyte (spiked with the same amount of pyridine-d5)
ranging from 30 to 300 pmol. The ratio of the HPLC peak area of
pyridine-d5 and the HPLC peak area of the respective standard solution
was plotted against the concentration of the standard solution to generate
the calibration curve. The concentration of each compound was then
determined by using the ratio of the HPLC peak area of pyridine-d5 to the
HPLC peak area of the analyte and the calibration curve.

The identities of reaction products were verified by their retention time
and mass spectrometric fragmentation patterns created by collisional
activation. Collision-activated dissociation (CAD) was performed by
resonance excitation for 30 ms. Collisions with the helium bath gas
converted the ion’s kinetic energy into internal energy. The hot precursor
ions underwent unimolecular dissociation to form fragment ions.

Geometries for the neutral and positively charged aryl radicals were
computed by using density functional theory (DFT) with the
correlation-consistent polarized valence-double-ζ (cc-pVDZ35) basis
set. The DFT calculations were of two types. Both used the gradient-
corrected exchange functional of Becke,36 which was combined either
with the gradient-corrected correlation functional of Lee, Yang, and
Parr37 (BLYP) or with that of Perdew et al.38 (BPW91). All DFT
geometries were verified to be local minima by computation of analytic
vibrational frequencies. DFT calculations for doublet states employed
an unrestricted formalism and total spin expectation values for Slater
determinants formed from the optimized Kohn−Sham orbitals did not
exceed 0.76.

Atomic charges were calculated at the BPW91/cc-pVDZ level of
theory by using the BPW91/cc-pVDZ optimized geometries and the
CHELPG procedure.39 For these calculations, the atomic charges were
fitted to reproduce the overall molecular dipole moment.

To compute vertical electron affinities (EA) for the neutral and
positively charged aryl radicals, single-point calculations (BLYP/aug-
cc-pVDZ40) using the BLYP/cc-pVDZ optimized geometry for each
aryl radical were also carried out for the states that are produced when
a single electron is added to the nonbonding σ-orbital of each
molecule.41 For the positively charged aryl radicals studied here, these
calculations involve (zwitterionic) singlet states.42 The vertical electron
affinities of the aryl radicals were computed as [E0(monoradical;
doublet state)] − [E0(monoradical + electron; singlet state)]. Note
that because these are vertical electron affinities, zero-point vibrational
energies (ZPVEs) and 298 K thermal contributions to the enthalpy are
not included.

Proton affinities were calculated at the RHF-UCCSD(T)/cc-pVTZ
level of theory by using the BPW91/cc-pVDZ optimized geometries.
The proton affinities include zero-point vibrational energies and 298 K
thermal contributions calculated at the BPW91/cc-pVDZ level of
theory.

All DFT and coupled-cluster calculations were carried out with the
Gaussian 0343 and Molpro44 electronic structure program suites.

Scheme 1

Table 1. Gradient Elutiona Timetable for HPLC/MS
Analysis

time (min) A (%) B (%)

0.0 90 10
7.0 10 90
7.9 10 90
8.0 90 10
10.0 90 10

aA: water containing 0.1% (v/v) formic acid. B: methanol containing
0.1% (v/v) formic acid.
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■ RESULTS AND DISCUSSION

The 2-, 3-, and 4-dehydropyridinium cations (in equilibrium with
the 2-, 3-, and 4-dehydropyridines; Table 2) were generated at

varying pH in a mixture of water and methanol. The ratio of the
protonated to unprotonated 2-, 3-, and 4-iodopyridine mole-
cules at the different pH conditions used in this work is given in
Table 2. After photolysis for 30 min, the reaction mixtures were
analyzed by using liquid chromatography (Table 1) coupled with
an ion trap mass spectrometer. For the 3- and 4-dehy-
dropyridinium cations (and pyridines), only hydrogen atom
abstraction products were observed. The methyl group of
methanol was found to be the main hydrogen atom donor in
the pH range 1−4, as discussed below. The percentage yields of
hydrogen atom abstraction were found to increase with a decrease
in pH in the range 1−3 (Figure 1). For the 3- and 4-dehydro-
pyridinium cations, the trend was found to be linear (R2 = 0.9946
and 0.8520, respectively). These findings are in agreement with
previous gas-phase studies that indicated enhanced reactivity when

the EA of the radical site increases.19,21,33 For the 2-
dehydropyridinium cation, the percentage yields of hydrogen
atom abstraction were found to be unaffected by pH. This is
because of formation of a second reaction intermediate, the 2-
pyridyl cation, which complicates the experiment in solution. The
results are shown in Tables 3−7 and discussed in detail below.

3- and 4-Dehydropyridines. When 3- and 4-iodopyridines
were dissolved in acidic mixtures of methanol and water and
exposed to UV irradiation for 30 min, homolytic cleavages of
the carbon−iodine bonds yielded (charged and uncharged)
monoradicals that abstracted a hydrogen atom, forming
pyridine. This was the exclusive product observed (Tables 4,
5, and 7). Pyridine was not formed in the absence of UV
irradiation under identical conditions. The reactions were not
affected by the presence or absence of oxygen in the solutions.
Similar results have been reported earlier for these two
iodopyridines in pure methanol.45 Further experiments were
carried out to explore the details of the reactions.

Hydrogen Atom Donor Sites in a Mixture of CH3OH
and H2O. To identify the hydrogen atom donor site(s) in the
methanol/water mixture, a photolysis experiment was performed
in partially labeled methanol (CD3OH) and water (1:1, v/v) at
pH 5.5 for 3- and 4-iodopyridine. The pH of the solution was
adjusted by adding a mixture of phosphoric acid and monosodium
phosphate. After photolysis for 30 min, both 3- and 4-deutero-
pyridine and pyridine were observed in the reaction mixture. For
4-dehydropyridine, the branching ratio of deuteron abstraction was
92%, whereas for 3-dehydropyridine, it was 50% (Table 3). This
finding indicates that the methyl group of methanol acts as the
main atom donor site for 4-dehydropyridine. However, for 3-
dehydropyridine, both the methyl group of methanol and the
hydroxyl groups of methanol and/or water act as atom donor sites
under these conditions. Although the hydroxyl groups in phos-
phoric acid and monosodium phosphate could potentially also act
as hydrogen atom donor sites, their concentrations are about
6 orders of magnitude lower than those of water and methanol,
and it is therefore unlikely that they play a significant role.
To learn more, photolysis experiments of 3-iodopyridine

were performed in pure, partially labeled methanol (CD3OH)
and in a mixture of methanol and D2O (1:1, v/v). In labeled
methanol (CD3OH), both deuteron (70%) and hydrogen atom
abstraction products (30%) were observed. In the mixture of
methanol and D2O (1:1, v/v), both deuteron (30%) and
hydrogen atom abstraction products (70%) were also detected.
These results demonstrate that the hydroxyl groups of both

Table 2. Ratio of Protonated to Unprotonated 2-, 3-, and
4-Iodopyridine Molecules at Different pH in a Mixture of
Methanol and Water Obtained Using the Henderson−
Hasselbach Equation

aThe pKa values were measured previously in a mixture of water and
ethanol (1:1, v/v). See ref 37. bThe pH of the solution was adjusted by
using a solution containing hydrochloric acid and potassium chloride.
cThe pH of the solution was adjusted by using a solution containing
phosphoric acid and monosodium phosphate.

Figure 1. Yields of the hydrogen atom abstraction product for 2-
dehydropyridinium cation (▲), 3-dehydropyridinium cation (◆), and
4-dehydropyridinium cation (■) as a function of pH. Error bars reflect
standard deviations.
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methanol and water also act as atom donor sites for 3-
dehydropyridine.
The different selectivies observed for the 3- and 4-

dehydropyridinium cations may be explained by the presence
of different amounts of the protonated and unprotonated
radicals. These radicals are expected to show quite different
reactivities due to their different EA values. The calculated
(BLYP/aug-cc-pVDZ//BLYP/cc-pVDZ) EAs of 3- and 4-
dehydropyridines are 0.93 and 0.99 eV, respectively. In sharp
contrast, the calculated (same level of theory) EAs of the 3- and
4-dehydropyridinium cations are 6.08 and 5.84 eV, respectively.
The latter values are substantially greater than those of their
neutral counterparts, and higher reactivity is expected (and was
observed, as discussed below) for the 3- and 4-dehydropyr-
idinium cations. Further, the protonated 3-isomer is expected
to be more reactive than the protonated 4-isomer, whereas the
opposite should be observed for the unprotonated radicals.
To examine the influence of pH on the hydrogen atom

donor site, photolysis of 3-iodopyridine and 4-iodopyridine was
examined (in separate experiments) in a mixture (1:1, v/v) of
water and partially labeled methanol (CD3OH). The pH of the

mixture was adjusted by using hydrochloric acid/potassium
chloride or phosphoric acid/monosodium phosphate. The pKa
values of 3- and 4-iodopyridines in aqueous solution containing
50% ethanol have been reported to be 2.3 and 2.9,
respectively.46 The pKa values of 3- and 4-iodopyridines in
aqueous solution containing 50% methanol are likely to be
similar to these values. When the pH of the reaction mixture is
lower than their pKa values, the majority of 3- and 4-
iodopyridine molecules are protonated (Table 2), and upon
photolysis should predominantly yield 3- and 4-dehydropyr-
idinum cations (Scheme 2). When the pH is higher than the

pKa values, the majority of 3- and 4-iodopyridine molecules are
not protonated (Table 2) and, upon photolysis, yield 3- and 4-
dehydropyridines (Scheme 2).
For 3-dehydropyridine, both deuteron and hydrogen atom

abstraction products were observed, and the branching ratio of
hydrogen atom abstraction was found to increase with pH
(Table 3). Hence, the hydrogen atom donor site is related
to the pH of the reaction mixture, and as the pH increases (less
of the radicals are protonated), more hydrogen atoms are
abstracted from the hydroxyl groups of water and/or methanol.
However, in the pH range 1.0−3.5, mainly the deuteron atom
abstraction product was observed for 3-iodopyridine (79−97%;
Table 3). Deuteron atom abstraction dominated (>98%) for
4-dehydropyridine over the entire pH range studied. The
observation of a greater selectivity toward the thermodynami-
cally favored hydrogen atom donor site (methyl group in
methanol) for 4-dehydropyridine than for 3-dehydropyridine
under these acidic conditions may be explained by the lower
reactivity of the protonated 4-isomer due to its lower EA.
Previous studies of positively charged phenyl radicals in the gas
phase have shown that the selectivity of hydrogen atom
abstraction from ethanol is related to the EAs of the radicals.47

Radicals with a lower EA (indicating lower reactivity) tend to
attack the CH2 group rather than the CH3 group of ethanol
because the CH2 group has a lower homolytic C−H bond
dissociation energy. Indeed, in the gas phase, the hydrogen
atom abstraction efficiency from methanol is 1.7% and 0.4% for
the protonated 3- and 4-isomers, respectively.33 The lowered
selectivity of both radicals upon increase in pH suggests that
the unprotonated radicals have the opposite polarity from the
protonated radicals, and act as nucleophilic radicals, hence,
preferring abstraction of a hydrogen atom bound to an
electron-withdrawing oxygen atom rather than the α-carbon
atom. The calculated (BPW91/cc-pVDZ//BPW91/cc-pVDZ;
Figure 2) heavy-atom charges for the neutral 3- and 4-isomers
indicate a partial negative charge on the radical site, which
supports the above hypothesis of them behaving like
nucleophilic radicals. In sharp contrast, the 2-isomer has a
partial positive charge on the radical site and hence should
behave like the protonated radicals (i.e., as an electrophilic
radical).

Table 3. Branching Ratios for Deuterium and Hydrogen
Atom Abstraction at Varying pH in a Mixture of Partially
Labeled Methanol (CD3OH) and Water

aThe pH of the solution was adjusted by using a solution containing a
mixture of hydrochloric acid and potassium chloride. bThe pH of the
solution was adjusted by using a mixture containing phosphoric acid
and monosodium phosphate.

Scheme 2
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Effect of pH on the Efficiency of Hydrogen Atom
Abstraction by 3- and 4-Dehydropyridine. The percentage
yields for hydrogen atom abstraction at different pH values
were also determined (Tables 4 and 5). For 3-dehydropyridine,
the percentage yield of hydrogen atom abstraction increased
from 25% to 43% as pH was decreased from 3.1 to 1.1 (Table 4
and Figure 1). A similar but weaker trend was observed for
4-iodopyridine (from 38% to 44%, Table 5). The weaker trend
for 4-iodopyridine can be explained on the basis of the smaller
decrease in the ratio of protonated to unprotonated molecules
as the pH increases, which is related to its pKa (Table 2). For
example, when pH is increased from 1.1 to 2.0, the ratio of
protonated to unprotonated 4-iodopyridine molecules de-
creases by about a factor of 8. The analogous decrease (factor
of 20 from pH 1.0 to 2.3) for 3-iodopyridine is much more
pronounced.
A decrease in the reactivity of the radicals at higher pH is in

excellent agreement with the above prediction that the
protonated radicals (dominating at low pH) are more reactive
than the unprotonated radicals (dominating at high pH), which
can be explained on the basis of their calculated gas-phase EAs.
However, they are not in agreement with the expectation of the
protonated 3-isomer to react faster due to its greater EA than
the protonated 4-isomer. This observation is likely explained by
the greater pKa of 4-iodopyridine in comparison to that of the
3-isomer (Table 7). Because the pKa of 4-iodopyridine is
greater than that of 3-iodopyridine, more protonated 4-
iodopyridine molecules exist in solution at a given pH than

for 3-iodopyridine (Table 2). Hence, photolysis of 4-
iodopyridine yields more protonated radicals than photolysis
of 3-iodopyridine. After formation and before reactions, the
protonated and unprotonated radicals may be able to reach a
new equilibrium controlled by their basicities. Because 4-
dehydropyridine has a PA greater by about one kcal/mol than
its 3-isomer (Table 7), it almost certainly also has a greater pKa
(e.g., for 2-bromopyridine, PA = 216.3 kcal/mol48a and pKa =
0.9,48b whereas for 3-bromopyridine, the corresponding values
are 217.5 kcal/mol and 2.84, respectively; the same situation is
also true for 2- and 3-chloropyridines48). Hence, even in this
situation, more protonated 4-dehydropydidines should remain.
To explore the influence of pH on the yields of radicals

formed under photolysis, the UV absorption (at 300 nm) of the
3- and 4-iodopyridine in water/methanol solution was
measured as a function of pH. No significant changes were
observed in the pH range 1−3 (Table 8). Therefore, photolysis
of the 3- and 4-iodopyridine under different pH should give the
same yields of radicals.
Furthermore, the dependence of the bond dissociation

energies of the iodopyridines on their protonation state was
also explored. The homolytic C−I bond dissociation energies of
the 2-, 3-, and 4-iodopyridinium cations were calculated
(B3LYP/6-311G(d,p)//B3LYP/6-311G(d,p)) to be 68.7,
67.2, and 67.2 kcal/mol, respectively. The homolytic C−I
bond dissociation energies of 3- and 4-iodopyridines
have been shown49 to be similar to that of iodobenzene.

Figure 2. 2-, 3- and 4-dehydropyridines (top) and their protonated
forms (bottom) shown with atomic charges (calculated at the
BPW91/cc-pVDZ//BPW91/cc-pVDZ level of theory by using
the CHELPG procedure and by fitting to the molecular dipole
moment).

Table 4. Results (Errors Are Standard Deviations) Obtained upon HPLC/MS Analysis of the Reaction Mixtures of
3-Iodopyridine in Methanol/Water

pH unreacted 3-iodopyridine pyridine sum of pyridine and 3-iodopyridine

1.1 dark control (10.5 ± 0.9) mM (0.10 ± 0.01) mM
sample (5.9 ± 0.1) mM (4.5 ± 0.3) mM (10.4 ± 0.3) mM
yield (43 ± 2)%

1.7 dark control (10.7 ± 0.8) mM (0.16 ± 0.01) mM
sample (6.7 ± 0.1) mM (4.1 ± 0.4) mM (10.8 ± 0.4) mM
yield (38 ± 2)%

2.4 dark control (10.7 ± 0.5) mM (0.09 ± 0.02) mM
sample (7.3 ± 0.6) mM (3.2 ± 0.2) mM (10.5 ± 0.6) mM
yield (31 ± 2)%

3.1 dark control (10.5 ± 0.9) mM 0.14 ± 0.01 mM
sample (7.5 ± 0.6) mM (2.5 ± 0.1) mM (10.1 ± 0.6) mM
yield (25 ± 1)%

Table 5. Results (Errors Are Standard Deviations) Obtained
upon HPLC/MS Analysis of the Reaction Mixtures of
4-Iodopyridine in Methanol/Water

pH
unreacted 4-
iodopyridine pyridine

sum of pyridine
and 4-iodopyridine

1.0 dark control (11.0 ± 0.4) mM 0.0 mM
sample (5.7 ± 0.1) mM (4.5 ± 0.1) mM (10.2 ± 0.1) mM
yield (44 ± 1)%

1.7 dark control (10.3 ± 0.3) mM 0.0 mM
sample (6.5 ± 0.8) mM (4.4 ± 0.3) mM (10.9 ± 0.8) mM
yield (40 ± 2)%

2.2 dark control (9.8 ± 0.3) mM 0.0 mM
sample (6.2 ± 0.2) mM (4.2 ± 0.1) mM (10.4 ± 0.2) mM
yield (40 ± 1)%

3.1 dark control (10.2 ± 0.1) mM 0.0 mM
sample (6.6 ± 0.5) mM (4.0 ± 0.1) mM (10.6 ± 0.5) mM
yield (38 ± 2)%
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The calculated C−I bond dissociation energy of iodobenzene (at the
same level of theory as the other calculated values) is 65.7 kcal/mol,
which is in very good agreement with the experimentally
determined50 bond dissociation energy (66.7 kcal/mol). Hence,
the difference in the C−I bond dissociation energies of the

3- and 4-iodopyridines before and after protonation is likely to
be insignificant, and should not play an important role here.

2-Dehydropyridine. The photochemistry of 2-iodopyr-
idine has been studied previously in pure methanol.36,50 In
these experiments, 2-methoxypyridine was the major product
(branching ratio, 64%). The hydrogen atom abstraction
product, pyridine, was also formed (branching ratio, 36%).
These results suggested the formation of a cationic
intermediate, 2-pyridyl cation, through electron transfer within
the initially formed radical pair (2-dehydropyridine and iodine
atom; Scheme 3). Molecular orbital calculations provided
support for this mechanism.51 The energy of the singly
occupied molecular orbital (SOMO) of 2-dehydropyridine is
higher than the SOMOs of 3- and 4-dehydropyridines.
Therefore, it is energetically easier for 2-dehydropyridine to
transfer an electron to an iodine atom to form the 2-pyridyl
cation.
In this study, photolysis of 2-iodopyridine in a mixture of

water and methanol produced pyridine, 2-methoxypyridine, and
2-hydroxypyridine. The identities of the 2-methoxypyridine and
2-hydroxypyridine products were confirmed via collision-
activated dissociation (CAD) of the protonated reaction
products and comparison of their fragmentation patterns with
those of the authentic compounds. The same fragment ions
were observed: both the protonated 2-hydroxypyridine and 2-
methoxypyridine fragment to give the 2-pyridyl cation by loss
of water or methanol, respectively.
As discussed above, 2-methoxypyridine is a product of the

reaction between 2-pyridyl cation and methanol. As expected, the
use of partially labeled methanol (CD3OH) instead of methanol
(CH3OH) resulted in the formation of 2-methoxypyridine-d3.

Table 6. Results (Errors Are Standard Deviations) Obtained upon HPLC/MS Analysis of the Reaction Mixtures of
2-Iodopyridine in Methanol/Water

Table 7. Total Yields (Percent of Starting Material
Converted into Products) and Product Branching Ratios in
Methanol/Water after Photolysis for 30 min

aCalculated at the BLYP/aug-cc-pVDZ//BLYP/cc-pVDZ level of
theory. bCalculated at the RHF-UCCSD(T)/cc-pVTZ//UBPW91/cc-
pVDZ level of theory by using an isodesmic reaction involving
pyridine as the reference base; corrected for zero-point vibrational
energy differences at 298 K by using the (unscaled) UBPW91/cc-
pVDZ frequencies. cThe pKa values were reported previously as
measured in a mixture of water and ethanol (1:1, v/v). See Reference
37. dThe pH of the reaction mixtures was adjusted by using a solution
containing a mixture of HCl and KCl.

Table 8. UV Absorption (at 300 nm) of 3- and
4-Iodopyridine in 10 mM Methanol/Water Solutions at
Various pHa

UV absorption at 300 nm

pH 3-iodopyridine 4-iodopyridine

1.1 0.3116 0.3214
1.7 0.3102 0.3223
2.3 0.3080 0.3260
3.1 0.3120 0.3184

aThe pH was adjusted by using a mixture of HCl and KCl in water.
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2-Hydroxypyridine is probably formed in an analogous manner
upon nucleophilic addition of water to the 2-pyridyl cation
(Scheme 3). Indeed, photolysis of 2-iodopyridine in water yielded
2-hydroxypyridine.
The concentration and percent yield of each product formed

upon photolysis of 2-iodopyridine in the different solvents
studied are listed in Tables 6 and 7. Examination of the
photoreaction in a mixture of water and partially labeled
methanol (CD3OH) revealed that this radical, as opposed to its
isomers, abstracts hydrogen/deuterium atom from both methyl
and hydroxyl groups in the pH range 1.0−5.6. For example, at
pH 1.0, both deuteron atom abstraction (65%) and hydrogen
atom abstraction (35%) products were observed (Table 3).
This finding may be explained by the substantially lower PA
(and hence pKa) of 2-dehydropyridine than its 3- and 4-isomers
(Table 7), which means that the fraction of protonated 2-
dehydropyridine molecules is always less than for its isomers
(Table 2). Indeed, at greater pH values, the 3- and 4-isomers
also show major hydrogen atom abstraction products in water
and partially labeled methanol (CD3OH) (Table 3), which is
indicative of the presence of unprotonated radicals.
An earlier gas-phase study showed that the 2-dehydropyr-

idinium cation reacts with methanol only by hydrogen atom
abstraction.33 This result provides further support for the
intermediacy of the 2-pyridyl cation in the formation of the
methoxy- and hydroxypyridines in solution because this ion was
removed before examination of the reactions of the 2-
dehydropyridinium cation in the gas phase.
The pKa of 2-iodopyridine in a mixture of water and ethanol

is 1.1.46 The pKa of 2-iodopyridine in a mixture of water and
methanol is likely to be similar. Hence, at pH 1.0, both 2-
iodopyridine and its protonated form, 2-iodopyridinium, are
present in solution (Table 1). Upon photolysis, 2-dehydropyr-
idine and 2-dehydropyridinium cations, as well as 2-pyridyl
cation, are likely formed. Both 2-dehydropyridine and the 2-
dehydropyridinium cation can undergo hydrogen atom
abstraction. However, because the hydrogen atom abstraction
product is a minor reaction product, the pH effect is not
obvious in the photolysis of 2-iodopyridine. 2-Methoxypyridine
and 2-hydroxypyridine were observed as the major products.
The yields of these products were not affected by pH (Table 6),

possibly because the 2-pyridyl cation may be formed from
both 2-dehydropyridine and the 2-dehydropyridinium cation.
Earlier gas-phase experiments have revealed that 2-pyridyl
cation is formed from 2-iodopyridinium cation upon collisional
activation.52 Methanol was found to react with the 2-pyridyl
cation exclusively by nucleophilic addition, as observed in
solution.

■ CONCLUSIONS
The isomeric 2-, 3-, and 4-dehydropyridinium cations were
generated by using UV photolysis in an acidic mixture of water
and methanol to compare their solution reactivity to previously
published33 gas-phase reactivity. Liquid chromatography−mass
spectrometric analysis of the reaction mixtures revealed
hydrogen atom abstraction from the solvent as the only
reaction for the 3- and 4-isomers. The same observation has
been made previously for these radicals in the gas phase.33 For
the 2-dehydropyridinium cation, however, nucleophilic addition
products, 2-hydroxypyridine and 2-methoxypyridine, were also
observed in solution (formation of 2-methoxypyridine has been
reported previously36,51) but not in the gas phase. These
products are rationalized by the formation of a second
intermediate, 2-pyridyl cation, under both conditions. However,
in the gas-phase studies, it was possible to eject the 2-pyridyl
cation from the reaction chamber before examination of the
reactions of the 2-dehydropyridinium cation, and hence, only
hydrogen atom abstraction was observed.
Isotope labeling experiments were employed to investigate

the identity of the hydrogen atom donor sites in methanol and
water. In less acidic conditions, both the methyl group of
methanol as well as the hydroxyl groups in methanol and water
can act as hydrogen atom donors to the radicals studied. The
abstraction of hydrogen atoms from the hydroxyl groups is
attributed to unprotonated radicals that dominate at high pH.
However, in the pH range 1−4, the methyl group of methanol
was found to be the main hydrogen atom donor site for 3-
dehydropyridinium and 4-dehydropyridinium cations (as
observed for these radicals in the gas phase). Hence, this pH
range was chosen for a study on the effects of pH on the
efficiency of hydrogen atom abstraction by the radicals from
methanol. For 3-dehydropyridinium cation, the yield of the

Scheme 3
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hydrogen atom abstraction product, pyridine, increased from
25% to 43% as the pH decreased from 3.1 to 1.0. A similar but
weaker pH effect was observed for 4-dehydropyridinium cation.
These results demonstrate that the efficiency of hydrogen atom
abstraction can be increased by lowering the pH of the system,
as predicted in previous gas-phase studies.19,25,33 This finding is
explained by the higher polarity (and hence greater gas-phase
electron affinity) of the radical site after protonation of the
molecule. For example, the gas-phase electron affinity of
the radical site for 3-dehydropyridine increases from 0.93 to
6.08 eV upon protonation of the nitrogen atom, which enhances
its ability to polarize (and hence stabilize) the transition states of
its reactions in the gas phase.17 On the basis of the results
presented here, this is also true for aqueous solutions. Hence,
these results suggest that the reactivity of charged radicals in
solution may be predicted on the basis of gas-phase studies
as long as exactly the same species is studied in both
environments.
The finding that the reactivity of some radicals may be

enhanced by lowering the pH of the solution is interesting in its
own right. Although the conditions used here are more acidic
than in tissues, these results may facilitate the design of drugs
that are more selective for tumor than normal tissues due to the
lower pH in tumor tissues.53

Finally, the attribution of the enhancement in reactivity upon
protonation of 2,5-didehydropyridine in solution34 to a
reduction in the singlet−triplet gap now warrants reconsidera-
tion. On the basis of the results presented here, the different
polarities of these two biradicals should cause a major differ-
ence in reactivity, with that of the protonated species being
greater. The influence of different polarities (EAs) and singlet−
triplet gaps on biradicals’ reactivity in the gas phase and in
solution is currently under investigation.
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