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The gas phase acidities of a series of uracil derivatives (1-methyluracil, 3-methyluracil,
6-methyluracil, 5,6-dimethyluracil, and 1,3-dimethyluracil) have been bracketed to provide an
understanding of the intrinsic reactivity of uracil. The experiments indicate that in the gas
phase, uracil has four sites more acidic than water. Among the uracil analogs, the N1-H sites
have 
Hacid values of 331–333 kcal mol

�1; the acidity of the N3 sites fall between 347–352 kcal
mol�1. The vinylic C6 in 1-methyluracil and 3-methyluracil brackets to 363 kcal mol�1, and 369
kcal mol�1 in 1,3-dimethyluracil; the C5 of 1,3-dimethyluracil brackets to 384 kcal mol�1.
Calculations conducted at B3LYP/6-31�G* are in agreement with the experimental values.
The bracketing of several of these sites involved utilization of an FTMS protocol to measure the
less acidic site in a molecule that has more than one acidic site, establishing the generality of
this method. In molecules with multiple acidic sites, only the two most acidic sites were
bracketable, which is attributable to a kinetic effect. The measured acidities are in direct
contrast to in solution, where the two most acidic sites of uracil (N1 and N3) are indifferen-
tiable. The vinylic C6 site is also particularly acidic, compared to acrolein and pyridine. The
biological implications of these results, particularly with respect to enzymes for which uracil
is a substrate, are discussed. (J Am Soc Mass Spectrom 2002, 13, 985–995) © 2002 American
Society for Mass Spectrometry

Accurate measurements of the acidities and ba-
sicities of nucleic bases and nucleic base deriv-
atives is essential for understanding issues of

fundamental importance in biological systems. Hydro-
gen bonding modulates recognition of DNA and RNA
bases, and the interaction energy between two bonded
complementary nucleobases is dependent on the intrin-
sic basicity of the acceptor atoms as well as on the
acidity of donor NH groups [1, 2]. In addition, under-
standing the intrinsic reactivity of nucleic bases can
shed light on key biosynthetic mechanisms in which
nucleobases are substrates [3–8].
The gas phase is a valuable environment in which to

examine the properties and reactivity of biological
molecules. Biological media, from intracellular environs
to the interior of proteins, are seldom aqueous in
nature. For example, it has been shown that the interior
of proteins is often nonpolar, causing shifts in acidity
and basicity and changes in reactivity compared to
behavior in aqueous solution [9–11]. The gas phase is
the “ultimate” nonpolar environment and therefore
allows one to establish intrinsic reactivity in the absence
of solvent, and extrapolate the effects of media. Estab-

lishing thermochemical properties of the nucleobases is
of interest for purely chemical reasons, but is also
valuable for biological reasons, providing a basis for
understanding the role of media on reactivity [9, 12–14].
In essence, gas phase experiments can provide the link
between calculations and condensed phase data.
Recently, our studies of nucleobases have focused on

the pyrimidine base uracil. While the proton affinities of
the most basic sites of the major nucleobases, deoxyri-
bonucleosides, and deoxyribonucleotides have been
bracketed, gas phase acidities of the nucleobases are
largely unknown [15–18]. Our studies have also been
motivated by our interest in two pyrimidine-related
enzymes, uracil-DNA glycosylase (UDGase) and oroti-
dine 5'-monophosphate decarboxylase (ODCase).
UDGase catalyzes a genome-protecting reaction that
cleaves misincorporated uracil from DNA, through an
unknown mechanism that presumably involves some
form of N1-deprotonated uracil as a leaving group
(Scheme 1) [4, 5, 19–23]. ODCase lies along the pyrim-
idine de novo synthetic pathway, and catalyzes the
decarboxylation of orotate ribose-5'-monophosphate to
ultimately form uracil ribose-5'-monophosphate
(Scheme 2), via a mechanism that presumably involves
some form of C6-deprotonated uracil [6, 24–27]. Both
mechanisms are hotly debated, the central question
being how the uracil anion—whether the N1� in
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UDGase or the C6� in ODCase—is made an energeti-
cally favorable entity [4, 5, 7, 19–23, 28–60].
In earlier work, we examined the acidities of the N1

and N3 sites of uracil and discovered that the N1 proton
is 14 kcal mol�1 more acidic than the N3 proton. This
was particularly intriguing in light of the fact that the
N1 and N3 solution-phase pKa’s are indistinguishable
[61, 62]. Herein, we describe a more in-depth study of
the acidity of pyrimidine nucleobases. We utilize our
method for measuring multiple acidic sites on a mole-
cule in an FTMS to establish the acidity of a series of
uracil derivatives, and compare those results to calcu-
lated values to benchmark the computational methods.
Computationally and experimentally, we establish that
uracil has four sites more acidic than water in the gas
phase. The biological implications of these results, par-
ticularly with regard to UDGase and ODCase, are also
discussed.

Experimental

All experiments were conducted on a dual-cell Finnigan
2001 Fourier transform mass spectrometer (Bremen,
Germany). Each side of the 2 inch cubic dual cell is
pumped down to a baseline pressure of less than 1 �
10�9 torr. The dual cell is positioned colinearly with the
magnetic field produced by a 3.3 T superconducting
magnet.
Neutral samples were introduced into the FT mass

spectrometer using a Finnigan heated batch inlet sys-
tem, a home-built heated batch inlet system, via a
pulsed valve system, or by means of a heated solids
probe. All chemicals were available commercially and
were used as received. Most ions were produced by
proton transfer to hydroxide. Hydroxide was generated

by pulsing water into the cell and sending an electron
beam (typically 6 eV, 8 �A, beam time 5 ms) through
the center of the cell. A trapping potential of �2 V was
applied to the cell walls perpendicular to the magnetic
field at all times except when ions were transferred
from one cell to another. Transfer is accomplished by
temporarily grounding (50–150 �s) the conductance
limit plate, the trapping plate separating the two cells.
The ions then can pass through a 2 mm hole in the
center of the conductance limit plate. Transferred ions
were cooled with argon [63, 64].
Acidity bracketing was utilized to measure the gas

phase acidities. Species of known acidities are allowed
to react with the substrate of unknown acidity. The
ability of the anionic conjugate base of the substrate of
unknown acidity to deprotonate relatively stronger
acids, and the inability of the anion to deprotonate
weaker acids (stronger bases) allow one to bracket the
acidity of the unknown. Where possible, the reverse
reaction is also explored. Rapid proton transfer (i.e.,
near the collision rate) was taken as evidence that the
reaction was exothermic and is indicated by a � in the
Tables.
We have recently developed a Fourier transform

mass spectrometry (FTMS) method, building upon ear-
lier work in the flowing afterglow, for the bracketing of
less acidic sites in molecules that have multiple acidic
sites; the experimental procedure has been described
previously [14, 65–78]. Briefly, using uracil as an exam-
ple, when hydroxide is used to deprotonate uracil, two
ions are formed, the N1-deprotonated uracil and the
N3-deprotonated uracil. When the ions are allowed to
stay in an environment where there is a constant
pressure of neutral uracil, the N3� ion isomerizes to
N1� (Scheme 3). We then transfer the N1� ion to the

Scheme 1 Uracil cleavage catalyzed by uracil-DNA glycosylase.

Scheme 2 Decarboxylation catalyzed by orotidine 5'-monophosphate decarboxylase.
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second cell, where the reference acid is added at a
constant pressure, and we monitor proton transfer. We
refer to these conditions as “more acidic” conditions,
because we allow for isomerization to the more acidic
site before transfer. If, instead, the (M � 1)� of uracil
(which is some mixture of N1� and N3�) is transferred
from the neutral uracil environment directly (within 200
ms) to the second cell, then the N3� will not isomerize
and that ion can be bracketed. We will refer to this
method as “less acidic” conditions. One experimental
caveat, described further in the Discussion, is that when
bracketing the less acidic site, Complex 7 in Scheme 4

can partition via either Pathway A or Pathway B. If
Pathway B is followed, proton transfer is undetectable.
In some cases, deuterated acids can be used to observe
both pathways. For example, reaction of a mixture of
N1 and N3 ions with a deuterated acid such as DCOOD
results in signal for A� and for m/z 112, described in an
earlier paper [14]. Such an experiment also indicates
that under these conditions, the less acidic N3� ion
comprises about 5�10% of the total (M � 1)� signal.
Throughout the text, the term “gas phase acidity” is

used to refer to the enthalpic (
H) change associated
with deprotonation. Calculations were conducted at

Scheme 3 Uracil-catalyzed isomerization of anion formed from deprotonation of the less acidic N3
site of uracil.

Scheme 4 Possible pathways for bracketing of less acidic site of uracil.
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B3LYP/6-31�G* using Gaussian94 and Gaussian98 [79,
80]. Frequencies were conducted on all structures and
no scaling factor was applied. All acidities reported are
at 298 K.

Computational Results

Calculated acidities for the Compounds 1–6 (uracil,
1-methyluracil, 3-methyluracil, 6-methyluracil, 5,6-di-
methyluracil, and 1,3-dimethyluracil) are summarized
in Table 1. Calculations were conducted at B3LYP/6-
31�G*.

Uracil. The calculated values for the acidity of the N1
and N3 sites of uracil are 329.0 and 342.6 kcal mol�1,
respectively. Despite solution phase pKa’s that are in-
differentiable, the gas phase N1 and N3 acidities are
calculated to be 13.6 kcal mol�1 apart, with the N1 site
being more acidic. Zeegers-Huyskens et al. have also
previously calculated uracil deprotonation energies at
B3LYP/6-31��G**; these values compare favorably to
our numbers (332.5 and 345.8 kcal mol�1 for N1 and N3,
respectively) [1].
When considering the acidity of uracil, the N1 and

N3 protons are the most obvious sites. Interestingly,
however, the C5 and C6 sites are calculated to be more

acidic than might be expected. The predicted C5-H
acidity is 376.1 kcal mol�1; the C6-H calculated acidity
is 361.5 [81].

1-Methyluracil. This compound is of interest to us
because the N1 site is blocked, and experimentally, this
will allow us to concentrate on the other remaining
acidic sites. There are three potentially acidic sites on
1-methyluracil: N3, C5, and C6. These values are calcu-
lated to be quite close to the values of the parent uracil
(343.8, 377.3, 362.9 kcal mol�1, respectively).

3-Methyluracil. As with 1-methyluracil, 3-methyluracil
is valuable experimentally, because the 3-position is
blocked. 3-Methyluracil has three predicted acidic sites:
N1, C5, and C6; these values are also comparable to
those of uracil: 331.3, 378.4, 363.5 kcal mol�1, respec-
tively.

6-Methyluracil. 6-methyluracil has three acidic sites,
N1, N3, and C5, which are calculated to be 330.5, 344.1,
and 377.8 kcal mol�1, comparable to the other uracil
derivatives.

5,6-Dimethyluracil. Experimentally useful because
only the N1 and N3 can be bracketed, 5,6-dimethylura-
cil has N1 and N3 calculated acidities that are in
keeping with the other uracils (331.7 and 344.6 kcal
mol�1).

1,3-Dimethyluracil. Use of this compound allows us to
block both the N1 and N3 sites and concentrate on the
lower acidity sites C5 and C6. These sites have calcu-
lated acidities of 378.7 and 365.6 kcal mol�1. Our results
are also in agreement with calculations by Gronert et al.,
who calculated the C6 acidity of 1,3-dimethyluracil at
MP2/6-31�G**//HF/6-31�G* (367.6 kcal mol�1) and
at B3LYP/6-31�G**//HF/6-31�G* (366.0 kcal mol�1)
[81].
Calculations predict that methylation changes acid-

ity very little; therefore, these methylated analogs can
be used experimentally to establish the validity of the
earlier bracketing of the N1 and N3 sites in uracil.

Experimental Results

Uracil. The N1 and N3 sites of the parent uracil have
been bracketed by us previously, to be 333 � 4 and
347 � 4 kcal mol�1, respectively [14]. The acidity of
uracil has also been measured by Marshall and co-
workers, who bracketed the N1-H of uracil; their value
is in agreement with ours (
Gacid � 328.9 � 0.3 kcal
mol�1) [82].

1-Methyluracil. The results for the bracketing of
1-methyluracil can be found in Tables 2 and 3. When we
run under conditions in which we should see only the
most acidic site (Experimental), we find that the conju-
gate base of para-trifluoro-aniline (
Hacid[p-CF3PhNH2]

Table 1. Calculated gas phase acidities of the different sites of
uracil, 1-methyluracil, 3-methyluracil, 6-methyluracil, 5,6-
dimethyluracil, and 1,3-dimethyluracil at B3LYP/6-31�G* in
kcal mol�1a

Structure N1 N3 C5 C6

Uracil 329.0 342.6 376.1 361.5
1-Methyluracil — 343.8 377.3 362.9
3-Methyluracil 331.3 — 378.4 363.5
6-Methyluracil 330.5 344.1 377.8 —
5,6-Dimethyluracil 331.7 344.6 — —
1,3-Dimethyluracil — — 378.7 365.6

aAt 298 K.
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� 353.3 kcal mol�1), the enolate of trifluoroacetone
(
Hacid[CF3COCH3] � 349.2 kcal mol�1), and acetate
(
Hacid[CH3COOH]� 348.1 kcal mol�1) all deprotonate
1-methyluracil, while formate (
Hacid[HCOOH] �
345.3 kcal mol�1) does not. The conjugate base of
1-methyluracil also deprotonates acetic acid, implying
close-to-thermoneutral reactions, since the reactions
proceed in both directions. The conjugate base of
1-methyluracil deprotonates formic acid (
Hacid[H-
COOH] � 345.3 kcal mol�1). Based on these results, we
bracket the most acidic site of 1-methyluracil to be
348 � 3 kcal mol�1.
We can also run under conditions in which the less

acidic site(s) is bracketable (Experimental). Under these
conditions, we find that the conjugate base of 1-methyl-
uracil can deprotonate 2-fluoroaniline (
Hacid[m-F-
C6H6N] � 362.6 kcal mol�1), but cannot deprotonate
4-fluoroaniline (
Hacid[p-F-C6H6N]� 364.3 kcal mol�1).
We therefore bracket only one site under these condi-
tions, with a 
Hacid of 363 � 3 kcal mol�1 (Table 3).

3-Methyluracil. Acidity bracketing results for 3-methyl-
uracil are summarized in Tables 4 and 5. The more
acidic site of 3-methyluracil brackets to 333 � 2 kcal
mol�1 (Table 4). Reactions with pyruvic acid
(
Hacid[CH3COCOOH] � 333.5 kcal mol�1) and hydro-
chloric acid (
Hacid[HCl]� 333.4 kcal mol�1) proceed in
both directions. The conjugate base of 3-methyluracil
deprotonates difluoroacetic acid (
Hacid[C2H2F2O2] �

331.0 kcal mol�1) but difluoroacetate does not deproto-
nate 3-methyluracil.
The less acidic site of 3-methyluracil was bracketed

as shown in Table 5. Under “less acidic” conditions, the
conjugate base of 3-methyluracil deprotonates 2-
fluoroaniline (
Hacid[m-F-C6H6N] � 362.6 kcal mol�1)
but does not deprotonate 4-fluoroaniline (
Hacid[p-F-
C6H6N] � 364.3 kcal mol�1). We therefore bracket this
site to be 363 � 3 kcal mol�1.

6-Methyluracil. The conjugate base of 6-methyluracil
deprotonates difluoroacetic acid (
Hacid[C2H2F2O2] �
331.0 kcal mol�1) and 1-trifluoro-2,4-pentadione
(
Hacid[C5H5F3O2] � 328.3 kcal mol�1), but does not
deprotonate HCl (
Hacid[HCl] � 333.4 kcal mol�1). Cl�

is also able to deprotonate 6-methyluracil. We therefore
bracket the more acidic site of 6-methyluracil to be
331 � 3 kcal mol�1 (Table 6).
The more basic conjugate base of 6-methyluracil does

not deprotonate crotonaldehyde (
Hacid[C4H6O2] �
354.7 kcal mol�1, Table 7), but is able to deprotonate
trifluoroacetone (
Hacid[C3H3F3O] � 349.2 kcal mol�1).
We therefore bracket the less acidic site of 6-methyl-
uracil to be 352 � 5 kcal mol�1.

Table 2. Summary of results of proton transfer from reference
acids and bases to 1-methyluracil N3

Reference compound 
Hacid
a

Proton transferb

Reference
acid

Conjugate
base

HCCl3 357.6 � 2.1 � �
CH3CHCHCHO 354.7 � 2.1 � �
p-CF3PhNH2 353.3 � 2.1 � �
CF3COCH3 349.2 � 2.1 � �
CH3COOH 348.1 � 2.2 � �
HCOOH 345.3 � 2.9 � �

aAcidities are in kcal mol�1 and come from reference 87.
b� Indicates the occurrence; � denotes the absence of proton transfer.

Table 3. Summary of results of proton transfer from reference
acids and bases to 1-methyluracil C6

Reference compound 
Hacid
a

Proton transferb

Reference acid

CH3COCH3 369.1 � 2.1 �
CH3CHO 365.8 � 3.7 �
4-Fluoroaniline 364.3 � 2.1 �
2-Fluoroaniline 362.6 � 2.2 �
Pyrrole 358.6 � 2.2 �
CH3CHCHCHO 354.7 � 2.1 �

aAcidities are in kcal mol�1 and come from reference 87.
b� Indicates the occurrence; � denotes the absence of proton transfer.

Table 4. Summary or results of proton transfer from reference
acids and bases to 3-methyluracil N1

Reference compound 
Hacid
a

Proton transferb

Reference
acid

Conjugate
base

CH3COCH3 369.1 � 2.1 � �
CF3COCH3 349.2 � 2.1 � �
CH3COOH 348.1 � 2.1 � �
HCOOH 345.3 � 2.9 � �
CH3COCH2COCH3 343.8 � 2.1 � �
m-CF3PhOH 339.3 � 2.1 � �
CH3CHClCOOH 337.0 � 2.1 � �
CH3COCOOH 333.5 � 2.9 � �
HCl 333.4 � 0.1 � �
CHF2COOH 331.0 � 2.1 � �
CF3COCH2COCH3 328.3 � 2.9 � �

aAcidities are in kcal mol�1 and come from reference 87.
b� Indicates the occurrence; � denotes the absence of proton transfer.

Table 5. Summary of results of proton transfer from reference
acids and bases to 3-methyluracil C6

Reference compound 
Hacid
a

Proton transferb

reference acid

CH3COCH3 369.1 � 2.1 �
CH3CHO 365.8 � 3.7 �
4-Fluoroaniline 364.3 � 2.1 �
2-Fluoroaniline 362.6 � 2.2 �
Pyrrole 358.6 � 2.2 �
CH3COOH 348.1 � 2.1 �
HCOOH 345.3 � 2.1 �

aAcidities are in kcal mol�1 and come from reference 87.
b� Indicates the occurrence; � denotes the absence of proton transfer.
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5,6-Dimethyluracil. The results for the bracketing
studies of the more acidic site of 5,6-dimethyluracil
are summarized in Table 8. Reactions with pyruvic
acid (
Hacid[CH3COCOOH] � 333.5 kcal mol�1) and
hydrochloric acid (
Hacid[HCl] � 333.4 kcal mol�1)
proceed in both directions. The conjugate base of
5,6-dimethyluracil deprotonates trifluoropentadione
(
Hacid[CF3COCH2COCH3] � 328.3 kcal mol�1), but
the enolate of the pentadione does not deprotonate
5,6-dimethyluracil. We therefore bracket the most acidic
site of 5,6-dimethyluracil to be 333 � 2 kcal mol�1.
The less acidic site of 5,6-dimethyluracil brackets to

349 � 3 kcal mol�1. While the conjugate base of
5,6-dimethyluracil is unable to deprotonate trifluoroac-
etone (
Hacid[C3H3F3O] � 349.2 kcal mol�1), it does
deprotonate acetic acid (
Hacid[C2H4O2] � 348.1 kcal
mol�1, Table 9).

1,3-Dimethyluracil. The more acidic site of 1,3-di-
methyluracil was bracketed as shown in Table 10. The
conjugate bases of 2-fluoroethanol (
Hacid[C3H5FO] �
371.2 kcal mol�1) and acetone (
Hacid[C3H6O] � 369.1
kcal mol�1) deprotonate 1,3-dimethyluracil, but the eno-
late of 3-pentanone (
Hacid[C5H10O] � 368.6 kcal mol�1)
does not. The conjugate base of 1,3-dimethyluracil does
not deprotonate acetone, but does deprotonate 3-pen-
tanone. Based on these results, we bracket the more acidic
site of 1,3-dimethyluracil to be 369 � 2 kcal mol�1.
The results for the bracketing of the less acidic site of

1,3-dimethyluracil are summarized in Table 11. While
the conjugate base of 1,3-dimethyluracil deprotonates
methanol (
Hacid[CH3O] � 381.8 kcal mol�1), it cannot
deprotonate 2-methylfuran (
Hacid[C5H6O] � 383.9
kcal mol�1). This less acidic site brackets to 384� 3 kcal
mol�1.

Table 6. Summary of results of proton transfer from reference
acids and bases to 6-methyluracil N1

Reference compound 
Hacid
a

Proton transferb

Reference
acid

Conjugate
base

CH3COCH2COCH3 343.8 � 2.1 � �
m-CF3PhOH 339.3 � 2.1 � �
CH3COCOOH 333.5 � 2.9 � �
HCl 333.4 � 0.1 � �
CHF2COOH 331.0 � 2.1 � �
CF3COCH2COCH3 328.3 � 2.9 � �

aAcidities are in kcal mol�1 and come from reference 87.
b� Indicates the occurrence; � denotes the absence of proton transfer.

Table 7. Summary of results of proton transfer from reference
acids and bases to 6-methyluracil N3

Reference compound 
Hacid
a

Proton transferb

reference acid

Pyrrole 358.6 � 2.2 �
CH3CD2NO2 355.9 � 2.2 �
CH3CHCHCHO 354.7 � 2.1 �
CF3COCH3 349.2 � 2.1 �
CH3COOH 348.1 � 2.1 �
HCOOH 345.3 � 2.1 �
CH3COCH2COCH3 343.8 � 2.1 �
m-CF3PhOH 339.3 � 2.1 �

aAcidities are in kcal mol�1 and come from reference 87.
b� Indicates the occurrence; � denotes the absence of proton transfer.

Table 8. Summary of results of proton transfer from reference
acids and bases to 5,6-dimethyluracil N1

Reference compound 
Hacid
a

Proton transferb

Reference
acid

Conjugate
base

CF3COCH3 349.2 � 2.1 � �
CH3COOH 348.1 � 2.1 � �
HCOOH 345.3 � 2.2 � �
CH3COCH2COCH3 343.8 � 2.1 � �
m-CF3PhOH 339.3 � 2.1 � �
CH3COCOOH 333.5 � 2.9 � �
HCl 333.4 � 0.1 � �
CF3COCH2COCH3 328.3 � 2.1 � �

aAcidities are in kcal mol�1 and come from reference 87.
b� Indicates the occurrence; � denotes the absence of proton transfer.

Table 9. Summary of results of proton transfer from reference
acids and bases to 5,6-dimethyluracil N3

Reference compound 
Hacid
a

Proton transferb

Reference acid

CH3CHCHCHO 354.7 � 2.1 �
CF3COCH3 349.2 � 2.1 �
CH3COOH 348.1 � 2.2 �
HCOOH 345.3 � 2.9 �
CH3COCH2COCH3 343.8 � 2.1 �
m-CF3PhOH 339.3 � 2.1 �

aAcidities are in kcal mol�1 and come from reference 87.
b� Indicates the occurrence; � denotes the absence of proton transfer.

Table 10. Summary of results of proton transfer from reference
acids and bases to 1,3-dimethyluracil C6

Reference compound 
Hacid
a

Proton transferb

Reference
acid

Conjugate
base

C(CH3)3CHO 387.4 � 4.1 � �
cyclohexene 386.5 � 5.1 � �
CH2CHC(CH3)CH2 385.6 � 5.1 � �
CH3OH 381.8 � 1.0 � �
CH3CH2OH 378.3 � 1.0 � �
CH(CH3)2OH 375.9 � 1.2 � �
CH2CHCH2OH 373.5 � 2.9 � �
CH2FCH2OH 371.2 � 2.9 � �
CH3COCH3 369.1 � 2.1 � �
CH3CH2COCH2CH3 368.6 � 2.2 � �
CH3COCH2CH3 367.2 � 2.4 � �
CH3CHO 365.8 � 3.7 � �
2-Fluoroaniline 362.6 � 2.2 � �
Pyrrole 358.6 � 2.2 � �

aAcidities are in kcal mol�1 and come from reference 87.
b� Indicates the occurrence; � denotes the absence of proton transfer.
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Discussion

A summary of the experimental results for the com-
pounds in this study are in Table 12, with assignations of
the site that is believed to have been measured. Corre-
sponding calculated values, computed at B3LYP/6-
31�G*, are in parentheses. The calculations and experi-
mental data are in agreement, within experimental error.
B3LYP/6-31�G* therefore appears to be a reasonable
method and level at which to calculate gas-phase enthal-
pies of deprotonation of nucleobases [1, 2, 14, 81, 83–85].

N1 and N3 acidities. The acidity of uracil is of particular
interest because it impacts directly on issues of biolog-
ical relevance. In solution, the N1 and N3 acidities of
uracil are indistinguishable [61, 62]. Measuring the
acidity of uracil yields a pKa of 9.5, a mixture of N1 and
N3 deprotonation. 3-Methyluracil has a pKa of 10.0,
while 1-methyluracil has a pKa of 9.8. The fact that the
acidities are indistinguishable is of interest since glyco-
sylation of a nucleobase to make a nucleic acid takes place
specifically at N1; the sites should be similarly reactive, yet
nature glycosylates specifically at N1. Also of interest is
the deglycosylation of uracil, which is effected by UDGase
(Scheme 1). Themechanism appears to involve some form
of N1-deprotonated uracil as a leaving group; however,
because uracil has a relatively high pKa, deprotonated
uracil should be a mediocre leaving group and mechanis-
tic hypotheses have focussed on ways in which the uracil
could be activated to encourage its leaving group ability
[4, 5, 19–23].

Intriguingly, although the N1 and N3 acidities of
uracil are indifferentiable in solution, calculations pre-
dict they should be 13.6 kcal mol�1 apart in the gas
phase [1, 14]. Measurement of the parent uracil under
our “more acidic” and “less acidic” conditions are in
agreement with these calculations (N1-H, 333 kcal
mol�1, N3-H, 347 kcal mol�1, Table 12) [14]. However,
measurement of a less acidic site is, by virtue of the
experiment, somewhat limited. First, the reaction can
only be conducted in one direction; with uracil, that is
N3� plus reference acids (HA). Second, the formation of
the [uracil N3� � HA] complex followed by proton
transfer results in ion molecule Complex 7 (Scheme 4).
Complex 7 can partition in two ways: The complex can
separate, thus producing a signal for A� that indicates
proton transfer; or, A� can deprotonate the N1-H of
uracil, which simply yields the [M � H]� of uracil,
which is indistinguishable from the starting anion at
m/z 111. Should the ion-molecule Complex 7 “choose”
to take the latter pathway exclusively, it will appear that
proton transfer does not take place, which is an exper-
imental caveat. One motivation, therefore, for the study
of the methylated analogs of uracil is to block more
acidic sites to measure less acidic sites, and confirm the
measurements of the parent uracil [67–69].
Calculations predict that methylation should affect

acidities very little. For example, while uracil N1 has a
predicted deprotonation enthalpy of 329 kcal mol�1,
3-methyluracil N1-H is calculated to be 331 kcal mol�1.
Although differing by 2 kcal mol�1, certainly N1 is still
nowhere near the less acidic site, N3. The N3-H of the
parent uracil has a calculated acidity of 343 kcal mol�1,
while the N3-H of 1-methyluracil (which conveniently
blocks the more acidic N1 site) is calculated to be 344 kcal
mol�1.
Experimentally, the methylated analogs behave as

predicted. The N1-H of 3-methyluracil brackets to 333
kcal mol�1, while the N3-H of 1-methyluracil brackets
to 348 kcal mol�1, comparable to the N1 and N3 protons
in the parent uracil (333 and 347 kcal mol�1, respective-
ly). Among all the analogs with an available N1 proton,
the N1-H acidities bracket to between 331–333 kcal
mol�1, and are essentially the same within experimental
error. The N3 sites bracket to 347–352 kcal mol�1.
Therefore, there is indeed a disparity between the N1

Table 11. Summary of results of proton transfer from reference
acids and bases to 1,3-dimethyluracil C5

Reference
compound 
Hacid

a
Proton transferb

Reference acid

CH3C(CH2)C(CH2)CH3 388.1 � 2.1 �
Cyclohexene 386.5 � 5.1 �
CH2CHC(CH3)CH2 385.6 � 5.1 �
2-Methylfuran 383.9 � 3.1 �
CH3OH 381.8 � 1.0 �
CH3CH2OH 378.3 � 1.0 �
CH(CH3)2OH 375.9 � 1.2 �

aAcidities are in kcal mol�1 and come from reference 87.
b� Indicates the occurrence; � denotes the absence of proton transfer.

Table 12. Summary of experimental and calculated gas phase acidities of the different sites of uracil, 1-methyluracil, 3-methyluracil,
6-methyluracil, 5,6-dimethyluracil, and 1,3-dimethyluracil, in kcal mol�1a,b,c

Structure N1 N3 C5 C6

Uracil 333 � 4 (329.0) 347 � 4 (342.6) NM (376.1) NM (361.5)
1-Methyluracil NA 348 � 3 (343.8) NM (377.3) 363 � 3 (362.9)
3-Methyluracil 333 � 2 (331.3) NA NM (378.4) 363 � 3 (363.5)
6-Methyluracil 331 � 3 (330.5) 352 � 5 (344.1) NM (377.8) NA
5,6-Dimethyluracil 333 � 2 (331.7) 349 � 3 (344.6) NA NA
1,3-Dimethyluracil NA NA 384 � 3 (378.7) 369 � 2 (365.6)

aValues in parentheses are calculated at 298 K at B3LYP/6�31�G*.
bNA is not applicable (site is alkylated).
cNM is not measured (see text).
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and N3 acidities in the gas phase, and solvation causes
these acidities to coalesce. Nature may take advantage
of this differential acidity in a nonpolar environment
such as an enzyme active site to glycosylate specifically
at N1. Furthermore, our results show that N1-deproto-
nated uracil may not be a poor leaving group in the gas
phase; its proton affinity is the same as that of chloride.
Therefore, in a nonpolar cavity, N1-deprotonated uracil
may be easier to cleave than the solution phase pKas
imply. In keeping with our predictions, recent experi-
mental studies with UDGase indicate that the anionic
base is most probably a leaving group, contrary to
previous hypotheses that involved protonation of the
uracil before cleavage [22, 31–33].

C5 and C6 acidities. Through these studies, we have
also found that the N1 and N3 sites are not the only
positions of relatively high acidity. Uracil has four
potentially acidic sites, the N1, the N3, the C5, and the
C6. Calculations predict that the C5 and C6 positions
will have acidities of 376.1 and 361.5 kcal mol�1, respec-
tively. Our experimental results are in agreement with
computational predictions (Table 12); the C6 in
1-methyluracil and 3-methyluracil brackets to 363 kcal
mol�1, and 369 kcal mol�1 in 1,3-dimethyluracil. The C5
of 1,3-dimethyluracil brackets to 384 kcal mol�1. Our
results are also consistent with earlier work by Gronert
et. al, who bracketed the C6 site of 1,3-dimethyluracil
(via decarboxylation of orotate in Structure 8) to be
369.9 � 3.1 kcal mol�1 [81].

The vinylic protons of acrolein calculate to 382.6
(terminal) and 374.5 (adjacent to carbonyl) kcal mol�1,
and the acidity of pyridine is 391 kcal mol�1 [86, 87].
The C6 proton of uracil therefore does appear to be
unusually acidic. This anion is of particular biological
interest, because the final step in the de novo synthesis
of pyrimidine nucleotides involves decarboxylation of
orotate ribose 5'-monophosphate to ultimately yield
uracil ribose 5'-monophosphate, presumably via some
form of the C6 anion as an intermediate (Scheme 2). The
reaction is catalyzed by orotidine 5'-monophosphate
decarboxylase, a key antitumor target, via a mechanism
that is hotly debated. The nature of the C6 anionic inter-
mediate resulting from decarboxylation of orotate is of
course the focus of mechanistic studies—how stable is it,
and how does the enzyme catalyze the reaction? We have
established, through earlier computational studies, that
the C6 anion may garner special stability because of its

resonance Structure 9, a carbene-ylide [7, 49, 60]. The C5
anion, with a calculated proton affinity of 376 kcal mol�1,
is comparable in proton affinity to the conjugate base of
acrolein. The present work establishes experimentally the
stability of the C6 ion, as manifested by its acidity.
Interestingly, the transformation of orotate to uracil is the
only known biochemical decarboxylation where the re-
sultant anion has no pi system into which to delocalize.
Our results establish that, despite its lack of pi stabiliza-
tion, the resultant C6 anion is not as unfavorable in a
nonpolar environment as onemight initially think, despite
its lack of pi stabilization, which may be related to
catalysis by ODCase.

Kinetic effects. We have found that for each uracil
analog, we are able to bracket the acidities of the two
most acidic positions. Therefore, although hydroxide
(
Hacid � 390.7 kcal mol�1) is sufficiently basic to
deprotonate all four sites of uracil, we bracket only the
N1 and the N3 sites, not the C5 and the C6. Likewise,
with 1-methyluracil we bracket only the N3 and C6
sites, although the C5 site has a proton; with 3-methyl-
uracil we bracket N1 and C6, not C5; the pattern
continues with all the uracils.
We initially speculated that the issue might be one of

ion mobility, which has been observed in the reaction of
deuterated reagents with p-difluorophenyl anions [88].
For example, with uracil, perhaps the N3�reacts mostly
via Pathway A in Scheme 4, whereas the C5� and C6�

ions react primarily via Pathway B and therefore cannot

be bracketed. One possible reason for this difference in
behavior is that after the N3� accepts a proton, the
resultant conjugate base may not be mobile enough to
move easily past the 2-carbonyl and around the ring
and deprotonate the N1 site (that is, Pathway B could be
somewhat suppressed). If this were true, however,
presumably, the C6 in 3-methyluracil should not be
bracketable, but it is. More likely, our bracketing only
the two most acidic sites of each uracil is a kinetic effect.
Hydroxide probably removes the proton from the third
least acidic site most infrequently [65, 66]. Additionally,
the anion formed from the least acidic site will be partic-
ularly prone to isomerization, because there are two or
more sites with which it could react. For example, with
3-methyluracil, there are three potentially acidic sites, the
N1, the C5, and the C6. Reaction with hydroxide should
result in the least amount of C5�. Because there is so little
of C5�, it will be a difficult position to bracket. In addition,
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the C5�will also rearrange readily to theN1� and the C6�

ions, which will further decrease odds of bracketing the
C5 position. We believe that these two effects—minimal
formation of the C5� and facile isomerization to N1� and
C6�—make bracketing the third and fourth least acidic
sites in a molecule improbable.

Conclusions

We have discovered that uracil has four surprisingly
acidic sites. Calculations and experiments indicate that
methylation is an effective means of targeting specific
sites for acidity bracketing. Among all the uracil ana-
logs, the N1-H acidities bracket to between 331–333 kcal
mol�1. The N3 sites all bracket to 347–352 kcal mol�1.
The C6 in 1-methyluracil and 3-methyluracil brackets to
363 kcal mol�1, and 369 kcal mol�1 in 1,3-dimethylura-
cil. The C5 of 1,3-dimethyluracil brackets to 384 kcal
mol�1. The C6 carbon vinylic site is particularly acidic
with respect to acrolein and pyridine, which has impli-
cations with regard to ODCase. The relatively stability
of the C6� means that decarboxylation of orotate to
form uracil in a nonpolar environment is more facile
than might be expected, which might constitute an
enzymatic advantage. The measured gas phase N1 and
N3 acidities are in direct contrast to those in solution,
where the N1 and N3 are close enough in acidity to be
unresolvable. Such a separation of acidities in the gas
phase may be why N1 is the preferred site of glycosyl-
ation, and why UDGase cleavage of uracil from DNA is
not unfavorable, since the uracil N1� is relatively stable
in a nonpolar environment. Calculations conducted at
B3LYP/6-31�G* are in agreement with the experimen-
tal values. The bracketing of several of these sites
involved utilization of a novel protocol to measure the
less acidic site in a molecule that has more than one
acidic site, establishing the generality of this method. In
molecules with more than two acidic sites, only the two
most acidic sites were bracketable, which is attributable
to a kinetic effect.
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