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ABSTRACT: The fundamental properties of the parent and
substituted 2-pyridones (2-pyridone, 3-chloro-2-pyridone, and
3-formyl-2-pyridone) have been examined in the gas phase using
computational and experimental mass spectrometry methods. Newly
measured acidities and proton affinities are reported and used to
ascertain tautomer preference. These particular substrates (as well as
additional 3-substituted pyridones) were chosen in order to examine
the correlation between leaving group ability and acidity for moieties that allow resonance delocalization versus those that do not,
which is discussed herein.

■ INTRODUCTION
We have long been interested in the leaving group ability of
nucleobases, particularly damaged ones, in relation to the
mechanism of the enzymes that remove such bases from DNA.
Many of our recent studies have focused on uracil, which is an
RNA base that can be mutagenic when it occurs in DNA.1−5

Uracil is removed from the genome by the enzyme uracil
DNA glycosylase, which has been shown to involve N1-
deprotonated uracil as the leaving group (Figure 1).1,2 In

previous work, we examined the properties of uracil in the gas
phase; with a dielectric of 1, the gas phase is an “ultimate”
nonpolar environment and can therefore potentially lend insight
into reactivity in other nonpolar media, including enzyme active
sites.3−5

We found that the intrinsic, gas-phase acidity of uracil is
comparable to that of hydrochloric acid. Since acid strength of
an acid and leaving group ability of its conjugate base are
generally correlated, the implication is that in the gas phase,
deprotonated uracil might be a very good leaving group,
comparable to chloride.

However, when we examined hydrochloric acid and 3-
methyluracil in the gas phase, we found that despite similar
acidities, chloride is a better leaving group than N1-
deprotonated 3-methyluracil (Figure 2).5,6 We proposed that
the reason for the disparity between acidity and leaving group
ability could be due to the resonance delocalization in the N1-
deprotonated 3-methyl uracil anion versus the lack thereof in
the chloride ion. Deprotonated 3-methyluracil is thermody-
namically stable due to delocalization by resonance (Figure 2c);
however, that delocalization might not be fully realized in an
SN2 transition state. Therefore, the stabilizing benefit of
resonance delocalization is not as evident in leaving group
ability, and deprotonated 3-methyl uracil is not as good a
leaving group as chloride ion.
To further probe this hypothesis, we would need a model

system where we could systematically compare resonance-
stabilized and nonresonance-stabilized anionic leaving groups.
We would expect a closer correlation between acidity and
leaving group ability for the nonresonance-stabilized anions
than the resonance-stabilized anions. Toward that end, we
decided to examine the effect of substitution on a series of
2-pyridones (Figure 3). We chose the pyridone system for
various reasons, including simplicity, resemblance to uracil, and
the plan that changing substituent “X” would allow us to probe
effects systematically.
Although understanding the substituent effects on leaving

group ability was the initial motivation for this study, pyridones
are also of interest in their own right. The keto−enol
tautomerism of the parent 2-pyridone has been much studied
in the last century; pyridone/hydroxypyridine is considered
a prototypical model for hydrogen bonding, tautomerization,
and proton shuttling in both chemical and biological systems,
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Figure 1. Uracil is removed from genome by uracil DNA glycosylase
(UDG).
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including those involving nucleobases.7−11 Aqueous studies
point to the keto form (1a); gas phase studies indicate a
mixture, but with a 2-hydroxypyridine (1b) preference.12−18 In
this study, we measure the acidity and proton affinity of various
derivatives not heretofore examined, which establishes

fundamental properties as well as giving insight to tautomer
presence.

■ RESULTS AND DISCUSSION

The substrates we considered are shown in Figure 3. We chose
substitution at the 3-position as this allowed for a negative
charge on N1 to resonate into resonance-stabilizing groups
(−C2H3, −C4H5, −CHO). Chloride and bromide serve as
electron-withdrawing groups into which charge cannot delo-
calize by resonance.
Our first goal was to benchmark calculations by examining

the commercially available parent, 3-chloro-, and 3-formyl-2-
pyridones experimentally and theoretically. These three were
chosen as models for substrates with no substitution, sub-
stitution with a moiety that does not provide resonance
delocalization for an anion at N1, and substitution with a
resonance-stabilizing group, respectively.
2-Pyridone. i. Calculations: 2-Pyridone Tautomers,

Acidity, and Proton Affinity. The keto−enol tautomerism of
the parent pyridone system has been theoretically examined
quite extensively in the past several decades.10 The two
tautomers, 2-pyridone (PY, 1a) and 2-hydroxypyridine (HP,
1b), appear to have less than a 1 kcal mol−1 difference in
stability in the gas phase (with HP being more stable), which
makes it a challenging computational system to examine.

Although DFT methods generally are known to reverse the
PY/HP tautomer relative energies, they do generate reliable
molecular structures.19−25 The incorrect DFT energies have
been shown to arise from the exchange potentials.19

Because we are interested not just in the relative tautomer
stabilities but also the thermochemical properties (proton
affinity and acidity, which in our previous studies of
nucleobases are well calculated by DFT methods), we
calculated the possible tautomers of pyridone using B3LYP/
6-31+G(d) (Figure 4).3,4,26−33 As expected, B3LYP/6-31+G(d)

incorrectly predicts that PY tautomer 1a should be more stable
than the HP tautomer 1b (Figure 4). (The other possible enol
structure 1b′ is 7 kcal mol−1 less stable than 1a, Figure 4).
We also calculated the pyridone stabilities and properties

using M06-2X/6-311+G(2df,2p) (Figure 5).34−36 Tautomerism

of PY/HP has not been examined by this relatively new suite
of density functionals. Because recent papers have shown the
accuracy of this method for predicting a wide range of
chemistry, we wished to probe whether it could serve as a
reasonable method for predicting stability and thermochemical
properties in these systems.34−36 M06-2X/6-311+G(2df,2p)

Figure 2. Comparison of (a) acidity and (b) leaving group ability for 3-methyluracil and hydrogen chloride. Resonance delocalization in N1-
deprotonated 3-methyluracil anion is also shown (c).

Figure 3. 2-Pyridone and 3-substituted derivatives studied herein.

Figure 4. Pyridone calculations at B3LYP/6-31+G(d). Values in
parentheses are relative stabilities. All are ΔH298 values, in kcal mol−1.

Figure 5. 2-Pyridone calculations at M06-2X/6-311+G(2df,2p). Values
in parentheses are relative stabilities. Proton affinity values are in blue;
acidity values are in red. All are ΔH298 values, in kcal mol−1.
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correctly predicts the higher stability of the enol form HP (1b,
Figure 5). (The other possible enol structure, with the proton
pointing “toward” C3 (1b′), is 5 kcal mol−1 less stable than 1b
at this level). The relative energy of the keto (PY) form 1a
(+1.6 kcal mol−1) is slightly higher than that found by gas-
phase experiments (which predict less than 1 kcal mol−1) but is
still a fairly reasonable calculational estimate.11,13,37,38 More
computationally intensive methods (G3, G4, CBS-APNO)
yield more accurate values, but the faster M06-2X method is
surprisingly quite comparable to CBS-APNO (which gives a
relative stability of HP to PY as 1.3 kcal mol−1).10

The acidity (ΔHacid) and proton affinity (PA, which is −ΔH
for protonation)39 of the 2-pyridone structures at M06-2X/
6-311+G(2df,2p) are also shown in Figure 5. In terms of acidity,
the more stable enol 1b and the keto structure 1a have similar
values (347.9 versus 346.3 kcal mol−1). The PAs, however, may
allow for differentiation between the two tautomers: the most
basic site of enol 1b is calculated to be 213.0 kcal mol−1, while
for keto 1a it is 218.7 kcal mol−1.40 The enol 1b′ is significantly
higher in energy than the other two structures and is unlikely to
be present.
ii. Experiments: 2-Pyridone Acidity. We measured the

acidity of 2-pyridone using acidity bracketing (details in the
Experimental Section).41 In the bracketing experiment (Table 1),

a proton transfer occurs from acetic acid (ΔHacid = 347.4 ±
0.5 kcal mol−1) to deprotonated pyridone; the opposite reaction
also occurs (that is, acetate deprotonates 2-pyridone), placing the
acidity (ΔHacid) of 2-pyridone at 347 ± 3 kcal mol−1.
iii. Experiments: 2-Pyridone Proton Affinity. We measured

the proton affinity (PA) of 2-pyridone using two comple-
mentary methods: PA bracketing and the Cooks kinetic
method (details in the experimental section). In the bracketing
experiment, the reaction is found to proceed in both directions
for N-methylaniline (PA = 219.1 ± 2.0 kcal mol−1), yielding a
PA of 219 ± 3 kcal mol−1 (Table 2).
Using the Cooks kinetic method with reference bases

4-methylpyrazole (PA = 216.7 ± 2.0 kcal mol−1), N,N-
dimethylacetamide (PA = 217.0 ± 2.0 kcal mol−1), N-
benzylamine (PA = 218.3 ± 2.0 kcal mol−1), N-methylaniline
(PA = 219.1 ± 2.0 kcal mol−1), L-phenylalanine (PA = 220.6 ±
2.0 kcal mol−1), and cyclohexylamine (PA = 223.3 ± 2.0 kcal
mol−1) yields a PA of 218 ± 3 kcal mol−1.
iv. Tautomer Composition: 2-Pyridone. Therefore, our

experiments indicate a ΔHacid of 347 kcal mol−1. At M06-2X/
6-311+G(2df,2p), both the keto (1a) and enol (1b) tautomers
have acidities close to this value (346.3 and 347.9 kcal mol−1),

so the experimental acidity cannot be used to ascertain what
tautomers are present.
The M06-2X/6-311+G(2df,2p) calculated PA for the enol

tautomer 1b is 213.0 kcal mol−1 (for the most basic site, which
is the ring nitrogen); for the keto tautomer 1a, the computed
PA (at the carbonyl) is 218.7 kcal mol−1. We find that
calculated proton affinities using this same method and level for
a series of model compounds whose PAs are well-known
experimentally (cyclohexanone, N-methyl-2-pyridone, N-meth-
ylacetamide, 3,5,5-trimethyl-2-cyclohexen-2-one) are accurate
to within 1 kcal mol−1 (Supporting Information).39 Therefore,
the bracketed PA value of 219 kcal mol−1 implies that under
our conditions, the keto tautomer is present.
As mentioned earlier, previous gas-phase experiments

indicate a mixture of the keto and enol tautomers. In the PA
bracketing experiment, as long as the neutral keto tautomer 1a
is present, it will deprotonate protonated reference bases with
PAs around 219 kcal mol−1 and lower (“+” in the rightmost
column of Table 2). We cannot know whether the enol 1b is
also present; the enol may contribute to the “+” reactivity at
lower PA values, but there is no way to discern that.43 In the
opposite direction, we find that only bases with PAs of 219 kcal
mol−1 and higher deprotonate protonated 2-pyridone. This
experimental result implies the presence of the protonated
structure 2 but not 3 (Figure 6), since if 3 were present, one

would expect reference bases in the 213−215 kcal mol−1 range to
deprotonate the protonated 2-pyridone. At M06-2X/
6-311+G(2df,2p), 2 is more stable than 3 by 4.2 kcal mol−1.
Presumably, once 2-pyridone is protonated, reaction (Scheme 1)

Table 1. Summary of Results for Acidity Bracketing of
2-Pyridone (1)

proton transferb

ref compd ΔHacid
a ref acid conjugate base

i-propylthiol 354.6 ± 0.5 − +
n-pentanethiol 352.5 ± 2.3 − +
m-cresol 349.6 ± 2.1 − +
acetic acid 347.4 ± 0.5 + +
butyric acid 346.8 ± 2.0 + −
formic acid 346.0 ± 0.5 + −
2,4-pentanedione 343.8 ± 2.1 + −

aΔHacid is in kcal mol
−1.39,42 bA “+” indicates the occurrence and a “−”

indicates the absence of proton transfer.

Table 2. Summary of Results for Proton Affinity Bracketing
of 2-Pyridone (1)

proton transferb

ref compd PAa ref base conjugate acid

N-ethylaniline 221.0 ± 2.0 + −
n-butylamine 220.2 ± 2.0 + −
N-methylaniline 219.1 ± 2.0 + +
3-methylpyrazole 216.5 ± 2.0 − +
2-chloropyridine 215.3 ± 2.0 − +
o-toluidine 212.9 ± 2.0 − +
pyrrole 209.2 ± 2.0 − +

aPA is in kcal mol−1.39 bA “+” indicates the occurrence and a “−”
indicates the absence of proton transfer.

Figure 6. Possible structures for protonated 2-pyridone. Values in
parentheses are relative stabilities. Enthalpy required to deprotonate
protons are in blue. All are ΔH298 values, in kcal mol−1, calculated at
M06-2X/6-311+G(2df,2p).

Scheme 1

The Journal of Organic Chemistry Featured Article

dx.doi.org/10.1021/jo201991y | J. Org. Chem. 2012, 77, 1623−16311625



or rearrangement to the more stable form 2 may occur, leading to
deprotonation only by bases with PAs higher than 219 kcal mol−1.3

Practically speaking, we bracket the more basic tautomer present and
cannot be sure that the tautomer with a lower PA is not also present.
The Cooks kinetic experiment is interesting as a comple-

mentary method in that the pyridone is not vaporized; rather, a
proton-bound dimer of the pyridone and reference base (4) is
electrosprayed from aqueous (20% methanol, 80% water)
solution. The proton-bound dimer is then isolated in the mass
spectrometer, and energy is applied (collision-induced
dissociation, CID, details in the Experimental section). The
measured PA value of 218 kcal mol−1 implies that we measure
the proton affinity on the “C3 side” (the face of the oxygen
facing C3, not N1) of the keto structure 1a.40 Because the
proton-bound dimer is electrosprayed from a water solution,
this result indicates that pyridone probably exists as the keto
tautomer in aqueous solution, which is consistent with previous
solution-phase experimental data.10−12,44,45

Thus, in our experiments, whether we vaporize 2-pyridone
from the solid phase or electrospray a proton-bound dimer of
2-pyridone with a reference base, we measure a PA that is
consistent with the calculated PA of the keto structure. This
result does not discount the possibility of a keto−enol mixture;
we can only say that the keto form is present.
In order to validate the comparison of calculations to experi-

ment, we also calculated the PA of N-methyl-2-pyridone (5) at
M06-2X/6-311+G(2df,2p); methylation of the N removes the
possibility of multiple tautomers and “locks” the pyridone into keto
form. The calculated PA of the most basic site is 222.2 kcal mol−1.
The literature value is 221.3 ± 2.0 kcal mol−1,39,46 which we
also confirmed by bracketing the PA in our FTMS (Supporting
Information). The calculated and measured values are therefore
consistent and support our conclusion for the parent (N−H) 2-
pyridone: the measured PA of 219 kcal mol−1 corresponds to
the keto form (calculated PA of 218.7 kcal mol−1).

3-Chloro-2-pyridone. i. Calculations: 3-Chloro-2-Pyri-
done Tautomers, Acidity, Proton Affinity. The calculated
values at M06-2X/6-311+G(2df,2p) for the acidity and proton
affinity for the possible tautomers of 3-chloro-2-pyridone are
shown in Figure 7. As with the parent pyridone, calculations
predict that the more stable enol tautomer (6b, with the proton
“pointing” toward N1) will be slightly more stable than the keto
6a, by 1.2 kcal mol−1. Both tautomers have similar acidity
(338−339 kcal mol−1), but the proton affinities of the most
basic sites differ by 8 kcal mol−1 (208.0 (enol) versus 215.9 kcal
mol−1 (keto)). There is also the other enol structure (with the
proton “pointing” toward C3, 6b′) that is 2.1 kcal mol−1 less
stable than the enol tautomer 6b; its PA and acidity are
comparable to the keto form. In the parent pyridone, the
analogous enol form (H “pointing” toward C3, 1b′) is not
particularly stable. However, in this 3-chloro compound, a

stabilizing interaction between the 3-Cl and the 2-OH exists
(calculated Cl−H distance is 2.4 Å), stabilizing the tautomer.

ii. Experiments: 3-Chloro-2-Pyridone Acidity. Acidity. We
measured the acidity of 3-chloro-2-pyridone using both
bracketing and the Cooks kinetic method. In the bracketing
experiment (Table 3), the reaction between the deprotonated

3-chloro-2-pyridone and trifluoro-m-cresol (ΔHacid = 339.3 ±
2.1 kcal mol−1) proceeds, as does the reaction in the opposite
direction (trifluoro-m-cresolate with neutral 3-chloro-2-pyr-
idone), yielding a ΔHacid value of 339 ± 3 kcal mol−1.
Using the Cooks kinetic method and reference acids

anthranilic acid (ΔHacid = 337.3 ± 2.2 kcal mol−1), 2,6-
dimethylbenzoic acid (ΔHacid = 338.4 ± 2.1 kcal mol−1),
trifluoro-m-cresol (ΔHacid = 339.3 ± 2.1 kcal mol−1), benzoic
acid (ΔHacid = 340.1 ± 2.2 kcal mol−1), and methoxyacetic acid
(ΔHacid = 341.9 ± 2.1 kcal mol−1) gives a ΔHacid of 340 ±
3 kcal mol−1.

iii. Experiments: 3-Chloro-2-Pyridone Proton Affinity. 3-
Methylpyrazole (PA = 216.5 ± 2.0 kcal mol−1) deprotonates
protonated 3-chloro-2-pyridone, but 2-chloropyridine (PA =
215.3 ± 2.0 kcal mol−1) does not (Table 4). In the opposite
direction, 3-chloro-2-pyridone deprotonates protonated 2-
chloropyridine, but not protonated 3-methylpyrazole. There-
fore, the bracketed PA of 3-chloro-2-pyridone is 216 ±
3 kcal mol−1.
In the Cooks kinetic method experiment, reference bases

2-chloropyridine (PA = 215.3 ± 2.0 kcal mol−1), anthranilic
acid (PA = 215.5 ± 2.0 kcal mol−1), 3-methyl pyrazole (PA =
216.5 ± 2.0 kcal mol−1), 4-methylpyrazole (PA = 216.7 ±
2.0 kcal mol−1), and N,N-dimethylacetamide (PA = 217.0 ±
2.0 kcal mol−1) were used, yielding a PA of 216 ± 3 kcal mol−1.

iv. Tautomer Composition: 3-Chloro-2-pyridone. The
ΔHacid of 3-chloro-2-pyridone, regardless of method used, is
measured to be 339−340 kcal mol−1. Since the calculated

Figure 7. 3-Chloro-2-pyridone calculations at M06-2X/6-311+
G(2df,2p). Values in parentheses are relative stabilities. Proton affinity
values are in blue; acidity values are in red. All are ΔH298 values, in
kcal mol−1.

Table 3. Summary of Results for Acidity Bracketing of
3-Chloro-2-pyridone (6)

proton transferb

ref compd ΔHacid
a ref acid conjugate base

formic acid 346.0 ± 0.5 − +
2,4-pentanedione 343.8 ± 2.1 − +
methyl cyanoacetic acid 340.8 ± 0.6 − +
trifluoro-m-cresol 339.3 ± 2.1 + +
2-chloropropionic acid 337.0 ± 2.1 + −
malononitrile 335.8 ± 2.1 + −
pyruvic acid 333.5 ± 2.9 + −

aΔHacid is in kcal mol
−1.39,42 bA “+” indicates the occurrence and a “−”

indicates the absence of proton transfer.

The Journal of Organic Chemistry Featured Article

dx.doi.org/10.1021/jo201991y | J. Org. Chem. 2012, 77, 1623−16311626



acidity of the enol and keto tautomers are in the same range
(337−339 kcal mol−1 for the three different structures 6a, 6b,
6b′), the acidity is not indicative of which tautomers may be
present. The bracketed PA is 216 kcal mol−1. As with the parent
pyridone, when compared to calculations, the measured PA
does not correspond to the most stable enol tautomer 6b. In
this case, the bracketed PA is consistent with either the keto
form 6a or the less stable enol form 6b′. The latter is calculated
to be 2.1 kcal mol−1 less stable than the more stable enol 6b; if
this estimate is accurate, this particular form should constitute
a relatively small portion of the tautomer mixture. In the
following discussion, therefore, we will focus on the keto form
6a and the enol form 6b.
In the bracketing experiment, the neutral 3-chloro-2-

pyridone is able to deprotonate conjugate acids of reference
bases with PAs 215 kcal mol−1 and lower (rightmost column,
Table 4). This is consistent with the PA of keto form
(calculated PA = 215.9 kcal mol−1), indicating the presence of
the keto tautomer 6a. At PAs less than 208 kcal mol−1, the enol
tautomer 6b could also be reacting, but we would not be able to
discern its contribution to the overall reactivity. In the opposite
direction, reference bases below 216.5 kcal mol−1 cannot
deprotonate protonated 3-chloro-2-pyridone. This would imply
the presence of structure 7, but not of structure 8. As with the
parent pyridone, we speculate that if 8 is present, it converts
under our conditions to the more stable protonated form 7
(more stable than protonated 8 by 6.7 kcal mol−1) (Figure 8).

As with the parent pyridone, therefore, we can conclude that
the keto (6a) tautomer is present but cannot discount a mixture
that possibly also includes enol tautomer (6b), since the nature
of the experiment dictates that we bracket only the most basic
tautomer. Given that calculations indicate a roughly 1 kcal mol−1

difference in stability for 6a versus 6b, a mixture is probable.
The Cooks kinetic PA value is also 216 kcal mol−1, which

indicates that we are measuring the carbonyl O (on the “C3”
side or face) of 6a, implying the keto form dominates in
solution.40,45

3-Formyl Pyridone. i. Calculations: 3-Formyl-2-pyri-
done Tautomers, Acidity, Proton Affinity. 3-Formylpyridone
is somewhat more complicated in that several different
structures are possible due to both the formyl and the enol
moieties. The three lowest energy structures at M06-2X/
6-311+G(2df,2p) are shown in Figure 9. (The remaining

structures are over 4 kcal mol−1 less stable than the most stable
tautomer 9b′; all can be found in the Supporting Information.)
As with the parent and 3-chloro-2-pyridone, an enol structure
(9b′) is predicted to be most stable in the gas phase. However,
in this case, the proton of the most stable enol is pointing
“toward” the C3. This is in contrast to the parent and 3-chloro
derivatives, where the analogous structures (1b′ and 6b′ for the
parent and 3-chloro, respectively) were the least stable. The
high stability of this structure is due to the internal hydrogen
bond that exists between the enol H and the carbonyl O
(calculated distance of 1.8 Å). The parent pyridone has no such
hydrogen bond, so structure 1b′ is quite unstable, relative to 1b
(Figure 5). In the 3-chloro-2-pyridone, the analogous structure
6b′ is somewhat stabilized by a weak internal hydrogen bond
(calculated Cl−H distance of 2.4 Å). Interestingly, with the
formyl system, the stabilities are reversed and 9b′ becomes the
most stable structure. The calculated acidities and proton
affinities are also shown in Figure 9 for the three tautomers.

ii. Experiments: 3-Formyl-2-pyridone Acidity. Acidity. Using
the bracketing method, we find that deprotonated 3-formyl
pyridone does not deprotonate 2-chloropropionic acid
(ΔHacid = 337.0 ± 2.1 kcal mol−1); the opposite reaction
occurs (Table 5). Deprotonated 3-formylpyridone does deprotonate

malononitrile but deprotonated malononitrile does not
deprotonate 3-formyl pyridone. We thus bracket 3-formylpyr-
idone to be ΔHacid = 336 ± 3 kcal mol−1.

Table 4. Summary of Results for Proton Affinity Bracketing
of 3-Chloro-2-pyridone (6)

proton transferb

ref compd PAa ref base conjugate acid

N-methylaniline 219.1 ± 2.0 + −
N,N-dimethylacetamide 217.0 ± 2.0 + −
3-methylpyrazole 216.5 ± 2.0 + −
2-chloropyridine 215.3 ± 2.0 − +
m-toluidine 214.7 ± 2.0 − +
o-toluidine 212.9 ± 2.0 − +
pyrrole 209.2 ± 2.0 − +

aPA is in kcal mol−1.39 bA “+” indicates the occurrence and a “−”
indicates the absence of proton transfer.

Figure 8. Possible structures for protonated 3-chloro-2-pyridone.
Values in parentheses are relative stabilities. Enthalpy required to
deprotonate protons are in blue. All are ΔH298 values, in kcal mol−1,
calculated at M06−2X/6-311+G(2df,2p).

Figure 9. 3-Formyl-2-pyridone calculations at M06-2X/6-311+
G(2df,2p). Values in parentheses are relative stabilities. Proton affinity
values are in blue; acidity values are in red. All are ΔH298 values, in
kcal mol−1.

Table 5. Summary of Results for Acidity Bracketing of 3-
Formyl-2-pyridone (9)

proton transferb

ref compd ΔHacid
a ref acid conjugate base

methyl cyanoacetate 340.8 ± 0.6 − +
trifluoro-m-cresol 339.3 ± 2.1 − +
2-chloropropionic acid 337.0 ± 2.1 − +
malononitrile 335.8 ± 2.1 + −
pyruvic acid 333.5 ± 2.9 + −
difluoroacetic acid 331.0 ± 2.2 + −
1,1,1-trifluoro-2,4-pentanedione 328.3 ± 2.9 + −

aΔHacid is in kcal mol−1.39 bA “+” indicates the occurrence and a “−”
indicates the absence of proton transfer.
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We also measured the acidity of 3-formyl-2-pyridone using
the Cooks kinetic method. Five reference acids were used:
2-chloropropionic acid (ΔHacid = 337.0 ± 2.1 kcal mol−1),
2-bromopropionic acid (ΔHacid = 336.8 ± 2.1 kcal mol−1),
p-hydroxybenzoic acid (ΔHacid = 335.9 ± 2.1 kcal mol−1),
2-chlorobenzoic acid (ΔHacid = 335.1 ± 2.1 kcal mol−1), and
pyruvic acid (ΔHacid = 333.5 ± 2.9 kcal mol−1). The
experiments yield an acidity of 335 ± 3 kcal mol−1.
iii. Experiments: 3-Formyl-2-pyridone PA. When bracketing

the PA of 3-formyl-2-pyridone, we find that the reaction
proceeds in both directions for 3-methylpyrazole (PA = 216.5 ±
2.0 kcal mol−1) and N,N-dimethylacetamide, placing the PA =
217 ± 3 kcal mol−1 (Table 6).

Six reference bases were used to measure PA via Cooks
kinetic method: n-butylamine (PA = 220.2 ± 2.0 kcal mol−1),
N-methylaniline (PA = 219.1 ± 2.0 kcal mol−1), N-benzylamine
(PA = 218.3 ± 2.0 kcal mol−1), N,N-dimethylacetamide (PA =
217.0 ± 2.0 kcal mol−1) 3-methylpyrazole (PA = 216.5 ±
2.0 kcal mol−1), and 2-chloropyridine (PA = 215.3 ± 2.0 kcal
mol−1). These yield a PA of 217 ± 3 kcal mol−1.
iv. Tautomer Composition: 3-Formyl-2-pyridone. The

measured acidity is 335−336 kcal mol−1, with a ± 3 kcal mol−1

error bar. Because this value is right “in between” and could
correspond to any of the various acidities of the three low energy
structures (enol 9b′ has a calculated ΔHacid of 340.6 kcal mol−1;
the other enol 9b and the ketone 9a, both around
333 kcal mol−1), the acidity cannot be used to discriminate
among the possible tautomers.
The measured proton affinity of 217 kcal mol−1 (by both

bracketing and Cooks) corresponds to the calculated PA for the
most stable enol tautomer 9b′: in this case, the most basic site
and the most stable tautomer are consistent. Again, the other
enol 9b could also be present (as could, to a lesser extent, the
least stable keto 9a) as a mixture, but we can conclude that we
do have enol 9b′ present, whether bracketing or Cooks
conditions are used.
SN2 Studies. As stated previously, the initial motivation for

this study was to examine the correlation between acidity and
leaving group ability for resonance-stabilized versus non-
resonance-stabilized anionic leaving groups. However, charac-
terization of the model systemsubstituted pyridonesis of
interest in its own right, as described in much of this paper. In
this section, we wish to briefly report computational results
comparing the acidity (ΔHacid) and SN2 barrier (ΔH⧧ for the

SN2 reaction using formate as a nucleophile) for a series of
3-substituted pyridones (Figure 3, Scheme 2, Table 7). The

parent 2-pyridone is X = H. The moieties C2H3, C4H5, and
HCO were chosen as groups that can delocalize by resonance
an anion at N1. Groups that do not allow for resonance
delocalization stabilization are X = Cl and Br.5 In Table 7,
“ΔΔHacid” represents the difference in ΔHacid between the
parent 2-pyridone and a given substituted pyridone. “ΔΔH⧧”
represents the difference in ΔH⧧ between the parent
2-pyridone and a given substituted pyridone. The ratio of
ΔΔH⧧/ΔΔHacid (last column of Table 7) indicates the
relationship between the effect an X group has on acidity
versus the effect of that same X group on the SN2 enthalpic
barrier. The “better” the correlation between acidity and the
SN2 barrier, the closer to 1 this value should be. We
hypothesize that groups that stabilize the N1-anion by
resonance delocalization will have a weaker correlation (smaller
value) because that delocalization will enhance acidity more
than it will lower the SN2 barrier. The argument is that in the
SN2 transition state, the N1-anion is not fully formed so the full
benefit of the resonance delocalization is not realized.5 The
trends in Table 7 do appear to support the hypothesis: the
resonance-delocalized groups C2H3 and C4H5 have a smaller
ΔΔH⧧/ΔΔHacid value (0.575 and 0.549) than do the halide
substituents (0.654 and 0.620 for Cl and Br, respectively). The
formyl group is an interesting data point as its correlation is
quite high (0.642) for a resonance-delocalized group. We
speculate that HCO may not be a good model since the oxygen
is inductively electron withdrawing, making the HCO not
strictly a resonance delocalization moiety. Hammett σ values
support this theory: the σm values, which reflect inductive
ability, are similar for Br, Cl and HCO (0.39, 0.37, and 0.35,
respectively).47−49 In contrast, the σm value for C2H3 is very
small: 0.05. The comparison of C2H3 and HCO is particularly
useful, as the groups differ by the”exchange” of a CH2 for an O

Table 6. Summary of Results for Proton Affinity Bracketing
of 3-Formyl-2-pyridone (9)

proton transferb

ref compd PAa ref base conjugate acid

n-butylamine 220.2 ± 2.0 + −
N-methylaniline 219.1 ± 2.0 + −
N,N-dimethylacetamide 217.0 ± 2.0 + +
3-methylpyrazole 216.5 ± 2.0 + +
2-chloropyridine 215.3 ± 2.0 − +
o-toluidine 212.9 ± 2.0 − +
pyrimidine 211.7 ± 2.0 − +
aniline 210.9 ± 2.0 − +
pyrrole 209.2 ± 2.0 − +
m-chloroaniline 207.5 ± 2.0 − +

aPA is in kcal mol−1.39 bA “+” indicates the occurrence and a “−”
indicates the absence of proton transfer.

Scheme 2

Table 7. M06-2X/6-311+G(2df,2p) Calculations of Acidity
and SN2 Barrier for a Series of 3-Substituted-2-Pyridonones
(Structure Shown in Figure 3, R = H)

X ΔHacid,
a kcal mol−1 ΔH‡, kcal mol−1b ΔΔH‡/ΔΔHacid

H 346.3 (0) 18.4 −
C2H3 342.3 (4.0) 16.1 (2.3) 0.575
C4H5 339.2 (7.1) 14.5 (3.9) 0.549
HCO 332.6 (13.7) 9.6 (8.8) 0.642
Cl 338.2 (8.1) 13.1 (5.3) 0.654
Br 337.1 (9.2) 12.7 (5.7) 0.620

aThe values in parentheses are the differences in ΔHacid (ΔΔHacid) for
the various X substituents, relative to the parent pyridone (X = H)
[ΔHacid(parent) − ΔHacid(substituted)].

bThe values in parentheses
are the differences in ΔH‡ (ΔΔH‡) for the various X substituents,
relative to the parent pyridone (X = H) [ΔH‡(parent) −
ΔH‡(substituted)].
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(H2CCH2 versus H2C=O). Both provide resonance stabiliza-
tion through the double bond, but HCO is also stabilizing via
induction, which means it is not a strictly resonance-stabilizing
group.

■ CONCLUSIONS

In summary, we have characterized the acidity and proton
affinities of 2-pyridone, 3-chloro-2-pyridone, and 3-formyl-2-
pyridone (Figure 10). For 2-pyridone, we find that gas-phase
calculations at M06-2X/6-311+G(2df,2p) correctly indicate
that the keto and enol forms (1a and 1b) are close in energy,
with the enol being slightly more stable. Comparison of
calculated and measured PAs indicate that the keto form is
present. Most likely, the more stable enol form is also present:
we do not bracket its PA as it is less basic. Interestingly,
measurement of the PA using the Cooks kinetic method, which
vaporizes the pyridone from aqueous solution, indicates the
keto tautomer. This is consistent with the solution phase
preference for the keto structure.
For the 3-chloro-2-pyridone, which has not heretofore been

studied, calculations indicate that the keto 6a and enol 6b are
close in energy, with the enol being slightly more stable (much
like the parent pyridone). The PA measurements point to the
keto structure, again because the bracketing experiment targets
the more basic tautomer. The more stable enol tautomer is
probably also present, in a mixture of keto and enol. The
alternate enol structure 6b′ is somewhat stabilized by a weak
internal hydrogen bond between the Cl and H, but is still the
least stable structure and if present, will be a small component
in the mixture. As with the parent 2-pyridone, the Cooks
kinetic experiment indicates the keto tautomer, which is
probably more stable in solution.

The 3-formyl derivative, which also has not been studied, has
an enol conformation with an internal hydrogen bond
(between the aldehyde O and the enol H) that renders 9b′
as the most stable tautomer. The PA measurements confirm the
presence of this enol form (both with bracketing and the Cooks
kinetic method). This particular derivative is interesting as the
presence of the formyl group reverses the relative stability of
the two enol tautomers (compared to the parent and 3-chloro
compounds). Different substitution can therefore allow one to
“tune” for tautomer preference.
In terms of the substituted pyridones as a model system for

testing acidity-leaving group correlations, our calculations
indicate that leaving groups that allow for resonance
delocalization of the product anion (pyridones substituted
with X = C2H3, C4H5 (Figure 3)) do show less correlation than
nonresonance-stabilizing groups (X = Cl, Br). That is, anions
that are stabilized by resonance may be stable conjugate bases
(thus their conjugate acids are acidic), but may not be
correspondingly good leaving groups since that stabilization is
not fully felt in the SN2 transition state. More studies to test this
hypothesis are underway.

■ EXPERIMENTAL SECTION
All pyridones as well as reference acids and bases are commercially
available and were used as received.

Acidity and proton affinity bracketing experiments were conducted
using a Finnigan 2001 Fourier transform ion cyclotron resonance
mass spectrometer (FT-ICR) with a dual cell setup described
previously.3,4,27,29,31 The magnetic field is produced by a 3.3 T
superconducting magnet. The dual cell consists of two adjoining 1-in.
cubic cells positioned collinearly in the magnetic field and pumped
down to a baseline pressure of 1 × 10−9 Torr. Solid pyridones were
introduced to the cell via a solids probe and slightly heated if

Figure 10. Summary of gas-phase computational (M06−2X/6-311+G(2df,2p)) and experimental data for the pyridones studied herein. Calculated
relative stabilities are in parentheses; values in blue are calculated PAs and values in red are calculated acidities. All are ΔH298 values. For the
experimental data, (i) indicates use of the bracketing method; (ii) indicates Cooks kinetic method measurement.
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necessary. Liquid reference acids or bases were introduced via a
heatable batch inlet system. Hydroxide or hydronium ions were
produced from water pulsed into the cell, and ionized by an electron
beam (typically 8 eV (for OH−), 20 eV (for H3O

+), 6 μA, 0.5 s). Ions
were generated by deprotonation or protonation of commercially
available reference acids or bases with hydroxide or hydronium ions,
respectively. Reactive cations and anions of interest were selected and
transferred from one cubic cell to another via a 2-mm hole in the
middle trapping plate. Transferred ions were cooled with pulsed argon
gas that forced the pressure to rise to 10−5 Torr. Experiments were
conducted at ambient temperature. The typical protocol for bracketing
experiments has been described previously.3,4,27−30,32 Proton transfer
reactions were conducted in both directions. For example, for the first
set of reactions for proton affinity bracketing of pyridone hydronium
ion protonates neutral pyridone (P), resulting in PH+ formation. PH+

is transferred into the adjoining cell where it is allowed to react with
the neutral reference base with known proton affinity. In the opposite
direction, the protonated reference base BH+ is generated and
transferred into the adjoining cell where it is allowed to react with P.
The occurrence of proton transfer is regarded as evidence that the
reaction is exothermic (denoted as “+” in the tables).
Bracketing experiments were run under pseudo-first-order con-

ditions since the amount of the neutral reactant was always in excess,
relative to the reactant ions. Reading the pressure of the neutral
compounds from the ion gauges is not always accurate; therefore, we
“back out” the neutral substrate pressure from fast control reactions
(described previously).28−30,32,50,51

We also used the Cooks kinetic method in a Finnigan quadrupole
ion trap (LCQ) mass spectrometer52−56 to measure proton affinity
and acidity. The proton-bound complex ions are generated by
electrospray (ESI).57 For each experiment, a solution of the pyridone
(250 μM) and reference acid or base (250 μM) is prepared (in 20%
methanol/80% water). An electrospray needle voltage of ∼4 kV was
used. The flow rate is 25 μL/min. The proton-bound complex ions
were isolated and then dissociated by applying collision-induced
dissociation (CID); the complexes were activated for about 30 ms.
A total of 40 scans was averaged for the product ions.
The Cooks kinetic method involves the formation of a proton

bound complex, or dimer, of the conjugate bases of the unknown AH
and a reference acid BiH of known acidity (eq 1). (The same can be
done for proton affinity, where a positively charged proton-bound
dimer is formed).

The proton-bound dimer [AHBi]
− is dissociated via collision-

induced dissociation (CID). The rate constants k1 and k2 are for the
two different dissociation pathways. The relationship of these rate
constants to ΔHacid is shown in eq 2. R is the gas constant, and Teff is
the effective temperature58 of the activated dimer.52−56 The ratio of
the amounts (intensities) of the two deprotonated products yields the
relative acidity of the two compounds of interest, assuming the
dissociation has no reverse activation energy barrier and that the
dissociation transition structure is late and therefore indicative of
the stability of the two deprotonated products. These assumptions are
generally true for proton bound systems. In order to obtain the acidity
of compound AH, the natural logarithm of the relative intensity ratios
is plotted versus the acidities for a series of reference acids, where the
slope is 1/RTeff and the y-intercept is (−ΔHAH/RTeff). The Teff is
obtained from the slope. The acidity of compound AH (ΔHAH) is
calculated from either eq 2 or the y-intercept.

Calculations. Calculations were conducted at the B3LYP/

6-31+G(d)59−61 and M06-2X/6-311+G(2df,2p)34,35 levels as imple-

mented in Gaussian09.62 The geometries were fully optimized, and

frequencies were calculated. No scaling factor was applied. All of the
values reported are at ΔH at 298 K. The acidity and PA values include
the enthalpy of the proton at 298 K (1.5 kcal mol−1). All calculated
transition state structures have one negative frequency.
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