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Gas-phase tautomers of protonated 1-methylcytosine.
Preparation, energetics, and dissociation mechanisms
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Tautomers of 1-methylcytosine that are protonated at N-3 (1+) and C-5 (2+) have been specifically synthesized
in the gas phase and characterized by tandem mass spectrometry and quantum chemical calculations. Ion
1+ is the most stable tautomer in aqueous and methanol solution and is likely to be formed by electrospray
ionization of 1-methylcytosine and transferred in the gas phase. Gas-phase protonation of 1-methylcytosine
produces a mixture of 1+ and the O-2-protonated tautomer (3+), which are nearly isoenergetic. Dissociative
ionization of 6-ethyl-5,6-dihydro-1-methylcytosine selectively forms isomer 2+. Upon collisional activation,
ions 1+ and 3+ dissociate by loss of ammonia and [C,H,N,O], whose mechanisms have been established by
deuterium labeling and ab initio calculations. The main dissociations of 2+ following collisional activation
are losses of CH2 C NH and HN C O. The mechanisms of these dissociations have been elucidated
by deuterium labeling and theoretical calculations. Copyright  2005 John Wiley & Sons, Ltd.
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INTRODUCTION

Nucleobases, nucleosides, and nucleotides have been
actively studied by mass spectrometry with the goal of
elucidating ion dissociations that could be used for DNA
and RNA characterization.1 McCloskey and coworkers used
stable isotope labeling and collision-induced dissociation
in several studies that targeted dissociations of protonated
uracil,2 adenine,3 and guanine.4 These studies revealed some
unexpected features of seemingly simple ion dissociations,
as exemplified by the elimination of NH3 from protonated
adenine that almost equally involves nitrogen atoms orig-
inating from the NH2 group and the ring N-1 position.3

Owing to the advanced stage of quantum chemistry calcula-
tions, it has now become possible and practical to elucidate
the potential energy surfaces for nucleobase ion dissociations
in great detail and thus disclose some unexpected features
of fragmentation mechanisms.5 A complicating factor in the
study of nucleobase ions is the presence of tautomers of
both neutral nucleobase molecules in the gas phase and also
the ions derived therefrom. A case in point is cytosine that
exists as three tautomers that interconvert rapidly in the gas
phase.6 – 11 Gas-phase protonation of the neutral tautomer
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Bagley Hall, Box 3517090, University of Washington, Seattle, WA
98195-1700, USA. E-mail: turecek@chem.washington.edu
Contract/grant sponsor: National Science Foundation;
Contract/grant numbers: CHE-0349595; CHE-0342956.
Contract/grant sponsor: Grant Agency of the Czech Republic;
Contract/grant number: 203/02/0737.
Contract/grant sponsor: Grant Agency of the Academy of Sciences
of the Czech Republic; Contract/grant number: IAA400400502.

mixture is predicted to form an even more complex mix-
ture of ion tautomers,12 which would impair attempts at
mechanistic studies of dissociation mechanisms. Following
our recent studies of adenine cation-radicals13 and cations,5

we now address the dissociations of protonated cytosine.
To simplify this task, we have chosen to study tautomeric
cations derived from 1-methylcytosine (I) in which the N-
methyl group prevents keto–enol tautomerization in the
neutral molecule which is forced to adopt the canonical
1,2-dihydro-4-aminopyrimidine-2(1H)-one ring structure. A
small amount of imino–oxo tautomers (VIIa and VIIb, Fig. 1)
has been reported to accompany I when deposited from the
gas phase in a frozen argon matrix.14 We use specific ion syn-
thesis to generate two tautomeric cytosine cations, 1-methyl-
2-oxo-1,2,3,4-tetrahydro-4-aminopyrimidine-4-yl cation (1C)
and 1-methyl-4-amino-1,2,5,6-tetrahydropyrimidine-2(1H)-
on-6-yl cation (2C�, and implement stable isotope labeling
and high-level quantum chemistry calculations to study the
mechanisms of their dissociations upon collisional activa-
tion. Another motivation for this ion-chemistry study is to
use these well-characterized cations as precursors for the spe-
cific formation of cytosine radicals by femtosecond electron
transfer in the gas phase.15 – 17

EXPERIMENTAL

Materials and synthetic procedures
1-Methylcytosine (I) was synthesized from cytosine with
65% yield according to literature18 (Scheme 1).

The product was purified by recrystallization from
methanol–petroleum ether and had m.p. 290 °C (lit.18

301–302 °C). 1H NMR (DMSO-d6, 25 °C): 3.19 (s, 3H, N-CH3),

Copyright  2005 John Wiley & Sons, Ltd.
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Figure 1. B3LYP/6–31CG(d,p) optimized structures of 1-methylcytosine tautomers. Bond lengths in angstroms.

Scheme 1. a: (CH3�2N-CH(OCH3�2/CF3COOH; b: NH4OH/H2O.

5.61 (d, 1H, J D 7.2 Hz), 6.91 (broad s, 2H, NH2), 7.55 (d,
1H, J D 7.2 Hz). Mass spectrum (m/z, % relative intensity):
125(100), 124(6), 111(3), 110(4), 96(5), 83(10), 81(7), 42(11).

1-Methyl-6-ethyl-5,6-dihydrocytosine (II) was synthe-
sized in five steps, as shown in Scheme 2.

Condensation of ethylcyanoacetate with propionyl
chloride19 (both Sigma–Aldrich) gave ethyl 2-cyano-3-
oxopentanoate (III) which was hydrolyzed and decar-
boxylated in moist DMSO20 to give the polar and
not very stable 3-oxopentanenitrile IV.19 The latter was
purified by careful vacuum distillation and immedi-
ately reductively aminated21,22 with methylamine and
sodium cyanoborohydride (Sigma–Aldrich) to provide 3-
(methylamino)pentanenitrile (V). Reductive amination of

IV with methylamine and sodium cyanoborodeuteride
(Sigma–Aldrich) gave the deuterated derivative, [3-2H]-
3-(methylamino)pentanenitrile (Va). Nitrile V was treated
with nitrourea23 to give the substituted urea VI, which was
cyclized24 to II upon treatment with sodium amide in dry
dioxan. An analogous treatment of Va yielded the 6-deutero
derivative IIa. The synthetic intermediates were character-
ized by infrared spectroscopy, and mass spectrometry or gas
chromatography–mass spectrometry (GC–MS).

3-Oxopentanenitrile (IV)
A mixture of ethyl cyanoacetate (17.0 g, 0.150 mol), anhy-
drous magnesium chloride (14.5 g, 0.152 mol), and redistilled
triethylamine (30.5 g, 0.301 mol, Fisher) in dry acetonitrile
(150 ml, Fisher) was stirred at 0 °C for 15 min. Then pro-
pionyl chloride (13.85 g, 0.150 mol) was added dropwise
over 15 min. The reaction mixture was allowed to warm
up to room temperature and stirred overnight. HCl (30%,
100 ml) was added, the mixture was stirred until the pre-
cipitate dissolved, and the product was extracted with ether
(3 ð 100 ml). The ether phase was washed with water, dried
over anhydrous Na2SO4, the solvent was evaporated, and the
residue was distilled in vacuo (0.2 torr) to give 17.7 g (70%) of

Scheme 2. a: MgCl2/Et3N; b: MeCN, C2H5COCl; c: DMSO/H2O, 120 °C; d: X D H: CH3NH2/NaBH3CN/CH3OH; d: X D D;
CH3NH2/NaBD3CN/CH3OH; e: H2NCONHNO2/MeOH/H2O; f: NaNH2/dioxan.
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ethyl 2-cyano-3-oxopentanoate (III). GC–MS showed essen-
tially one peak, mass spectrum (m/z, % relative intensity):
169 (47), 141(39), 123(44), 112(92), 95(52), 68(69), 57(100).

Compound III (17.6 g) was dissolved in 50 ml of 90%
DMSO and 10% water and the mixture was heated under
argon at 120 °C until the evolution of CO2 ceased. The
mixture was cooled to 0 °C, saturated NaCl solution (250 ml)
was added, and the product was extracted with 3 ð 50 ml
of CH2Cl2. The dichloromethane extract was dried over
anhydrous Na2SO4, the solvent was evaporated, and the
residue was distilled in vacuo (0.2 torr) to give 8.6 g (85%)
of 3-oxopentanenitrile (IV). IR (neat, cm�1)�max: 1630 (C O),
2247 (CN). Mass spectrum (m/z, % relative intensity): 68 (16),
57(48), 42(9), 41(15), 40(22), 39(9), 29(100), 27(42).

3-(Methylamino)pentanenitrile (V)
A solution of IV (8.5 g, 87.5 mmol) in 30 ml methanol was
mixed with 50 ml of 2M methylamine solution in methanol
and the mixture was stirred at room temperature for
15 min. Then a solution of sodium cyanoborohydride (2.2 g,
35 mmol) in 25 ml of methanol was added dropwise over
30 min under stirring. After another 30 min, the reaction
mixture was additioned with solid KOH (15 g), and the
volume was reduced to 50 ml on a rotary evaporator. Water
(10 ml) and saturated brine (25 ml) were added, the organic
layer was separated, and the aqueous layer was extracted
with 2 ð 50 ml of ether. The combined organic layers were
extracted with 3 ð 20 ml of 20% HCl. The HCl extract was
cooled to 0 °C, made basic by adding solid NaOH, and
extracted with 3 ð 20 ml of ether. The ether extract was
washed with saturated brine, dried over K2CO3, ether was
distilled off in vacuo, and the crude product was purified
by vacuum distillation (150 °C/0.2 torr) to give 0.40 g (4%)
of V. IR (neat, cm�1): 2261 (CN), 3447 (NH); GC–MS gave
essentially one peak (>95%). Mass spectrum (m/z, % relative
intensity): 83(78), 73(15), 72(100), 57(28), 56(15), 44(12), 42(74),
41(15), 30(31), 28(32).

[3-2H1]-3-(Methylamino)pentanenitrile (Va)
Va was prepared analogously from IV using sodium
cyanoborodeuteride. Mass spectrum (m/z, % relative inten-
sity): 84(75), 83(16), 73(100), 72(31), 58(25), 57(24), 43(72),
42(65), 30(32), 29 (18), 28(17).

N-(1-Cyano-2-butyl)-N-methylurea (VI)
Nitrile V (0.39 g. 3.5 mmol) was stirred with nitrourea (0.56 g,
5.3 mmol) in 10 ml of 4 : 1 water/methanol at 50 °C for
1 h. The solvent was removed on a rotary evaporator to
give a solid residue (0.49 g, 90%). Mass spectrum (m/z, %
relative intensity): 126(3), 115(46), 83(54), 72(100), 57(12),
56(13), 44(23), 42(46), 30(12). IR(cm�1): 1653 (C O), 2250
(CN), 3448 (NH).

N-([2-2H1]-1-Cyano-2-butyl)-N-methylurea (VIa)
VIa was prepared analogously from Va. Compound VIa gave
essentially a single peak on GC–MS (>95%): Mass spectrum
(m/z, % relative intensity): 127(3), 116(46), 115(10), 84(47),
83(12), 73(100), 72(22), 58(12), 57(14), 56(11), 44(29), 43(36),
42(28), 31(5), 30(15).

1-Methyl-6-ethyl-5,6-dihydrocytosine (II)
Compound VI (0.55 g, 3.5 mmol) was dissolved in a mini-
mum volume of hot dioxane (5 ml), one crystal of sodium
amide (20 mg) was added to the solution, and the mixture
was maintained at 70 °C overnight under stirring. Prod-
uct II that crystallized upon cooling was collected and the
supernatant was placed at 4 °C to yield a second crop of
crystalline II. Total yield: 0.41 g (73%). Mass spectrum (m/z,
% relative intensity): 155(11), 126(100), 85(15), 83(43), 42(28).
1H-NMR(DMSO-d6, 25 °C): 0.82 (t, 3H, CH3CH2-), 1.28, 1.53
(m, 2H, CH3-CH2-), 2.34 (d, 1H, J D 15 Hz, Heq-5), 2.52 (dd,
1H, J D 15 and 7.5 Hz, Hax-5), 2.82 (br s, 3H, N-CH3), 3.23 (m,
1H, H-6), 7.21(br s, 1H), 7.43(br s, 1H).

1-Methyl-6-ethyl-[6-2H1]-5,6-dihydrocytosine (IIa)
IIa was prepared analogously from VIa. Mass spec-
trum (m/z, % relative intensity): 156.1121 (C7H12N3OD
requires 156.1118, M, 15%), 155 (3), 127(100), 126(24), 86(12),
84(29), 43(19), 42(11). 1H-NMR(DMSO-d6, 25 °C): 0.82 (t,
3H, CH3CH2-), 1.28, 1.53 (m, 2H, CH3-CH2-), 2.33 (d, 1H,
J D 15 Hz, Heq-5), 2.53 (d, 1H, J D 15 Hz, Hax-5), 2.82 (br s,
3H, N-CH3).

1-Methyl-6-ethyl-[5,N-2H2]-5,6-dihydrocytosine (IIb)
Compound II (260 mg) was dissolved in a 1 : 1 mixture of
D2O and CD3OD (10 ml) that contained K2CO3 to adjust to
pH 9. The mixture was kept in the dark at room temperature
for 3 days. Then it was acidified with CD3COOD, the solvents
were reduced on a rotary evaporator, the product was
extracted with acetonitrile, and the solvent was evaporated.
An aliquot of the deuterated intermediate (170 mg) was
dissolved in 3 ml of a 4 : 1 methanol–water mixture and the
solution was stirred at room temperature for 1 h. The solvents
were removed and the solid product was characterized by
1H-NMR (DMSO-d6, 25 °C): 0.84 (t, 3H, CH3CH2-), 1.42, 1.58
(m, 2H, CH3-CH2-), 2.52 (d, 1H), 2.89 (br s, 3H, N-CH3), 3.38
(dd, 1H, J D 4.8 and 8.1 Hz, H-6). Mass spectrum (m/z, %
relative intensity):158(7), 157 (17), 156(23), 155(14), 129(22),
128(61), 127(88), 126(57), 86(14), 85(27), 84(41), 83(31), 42(100).
This showed that the product was a mixture of mainly D1

and D2 species that, rather unexpectedly, had an axial proton
and an equatorial deuteron at C-5.

Methods
1H-NMR spectra were measured on a Bruker Avance 300
spectrometer at 300.13 MHz in DMSO-d6 at 25 °C. GC–MS
was performed on an HP 5971A instrument equipped with
a silicone elastomer DB5 GC capillary column. Electron
and chemical ionization mass spectra were measured on
a JEOL HX-110 double-focusing mass spectrometer of an
EB geometry (electrostatic sector E precedes magnet B).
Samples were introduced from a heated solid probe at
120–150 °C. The ion source temperature was 200 °C. EI
ionization conditions were as follows: emission current,
100 µA; electron energy, 70 eV; acceleration voltage, 10 kV.
Chemical ionization (CI) mass spectra were obtained with
NH3/NH4

C or ND3/ND4
C as the ionization reagents.

Collisionally activated dissociation (CAD) spectra were
obtained with air as a collision gas, which was admitted

Copyright  2005 John Wiley & Sons, Ltd. J. Mass Spectrom. 2005; 40: 1417–1428
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in the first field region at pressures allowing 70 and 50%
transmittance of the ion beam. The spectra were recorded
by scanning B and E while keeping their ratio constant
(B/E linked scan). The mass resolution was adjusted as
needed, e.g. >10 000 for accurate mass measurements in both
regular and B/E mass spectra and >500 in low-resolution
mass spectra. Electrospray ionization-CAD spectra were
measured on a Micromass Quattro II tandem quadrupole
mass spectrometer (Q1q2Q3). Samples were sprayed from
10�4 M solutions in methanol or CD3OD. CAD spectra (Ar,
multiple collision conditions) of mass-selected ions were
obtained at 4, 8, 12, 15, and 23 eV laboratory collision energies
(ELAB) by setting an appropriate voltage bias between the
collision radiofrequency-only quadrupole (q2) and the mass-
selecting quadrupole mass filter (Q1). Spectra were obtained
by scanning Q3 at unit mass resolution. For m/z 126 precursor
ions, these ELAB correspond to 1, 2, 3, 3.6, and 5.6 eV center-
of-mass collision energies, ECOM D ELAB ð 40/(40 C 126).

Another set of spectra were obtained on a ZAB2-SEQ
tandem-hybrid mass spectrometer of a reverse double-
focusing geometry (B precedes E), which is equipped with
a collision quadrupole and a quadrupole mass analyzer for
low-energy CAD measurements of ions passing through
BE. Precursor ions were produced by electron ionization
at 70 eV or by chemical ionization using (CH3�3N/(CH3�3

NHC, NH3/NH4
C, or ND3/ND4

C as reagents. Ions were
accelerated to a kinetic energy of 8 keV and activated by
collisions with He that was admitted to the first field-
free region at pressures to achieve 50% transmittance of
the precursor ion beam. CAD spectra were obtained by
a linked scan of B and E. Low-energy CAD spectra were
obtained by selecting ions by BE, decelerating them to the
desired kinetic energy (ELAB D 10, 20, and 30 eV), and
allowing them to collide with air in a radio frequency-
only quadrupole. For m/z 126 precursor ions, these ELAB

corresponded to 1.8, 3.6, and 5.5 eV center-of-mass collision
energies, ECOM D ELAB ð 28/(28 C 126). Product ion mass
spectra were obtained by scanning the final quadrupole
mass filter at unit mass resolution.

Calculations
Standard ab initio and density functional theory calculations
were performed using the Gaussian 03 suite of programs.25

Geometries were optimized with Becke’s hybrid functional
(B3LYP)26 – 28 using the 6–31CG(d,p) basis set. The optimized
structures for the most relevant species are shown in Figs 1
and 6 (complete geometries in the Cartesian coordinate
format can be obtained from the corresponding author
upon request). The same level of theory was used for
frequency analysis to characterize local energy minima
(all real frequencies) and transition states as first-order
saddle points (one imaginary frequency). Improved energies
were obtained by single-point calculations using B3LYP
and Moller–Plesset theory29 truncated at second order
(MP2, frozen core) and the larger triple-� split valence
6–311CG(2d,p) and 6–311CCG(3df,2p) basis sets furnished
with multiple shells of polarization functions at C, NO,
and H and shells of s and p diffuse functions at C,
N, O, and H. Calculations with the two basis sets gave

very similar relative energies. The B3LYP and MP2 single-
point energies were averaged according to the previously
reported B3-MP2 scheme30 that has been shown to achieve
improved accuracy at the level of highly correlated composite
ab initio methods by canceling small errors inherent to
the B3LYP and MP2 approximations.31 – 38 The B3-MP2
energies were used to calculate relative energies that
were corrected for zero-point vibrational contributions. The
reported relative energies thus correspond to 0 K unless
stated otherwise. Enthalpy corrections and entropies were
calculated from B3LYP/6–31CG(d,p) harmonic frequencies
and moments of inertia within the rigid rotor–harmonic
oscillator approximation.

Solvation free energies were calculated using the refined
Polarizable Continuum Model (PCM) of Tomasi et al.39,40

included in Gaussian 03. As noted in the program, this PCM
model is different from that included in Gaussian 98,41 and
the free energies from these two models should not be mixed.

RESULTS AND DISCUSSION

1-Methylcytosine tautomers and protonation sites
We use gas-phase and solution protonation of 1-methylcyto-
sine to generate the ions of interest and study their
gas-phase chemistry. Thus, both the structure of neutral
1-methylcytosine (I) and the protonation sites in I are of
importance and have to be addressed first. According to
the literature,14 when deposited from the gas phase at
463 K, 1-methylcytosine consists of a mixture of I and
the (E) and (Z) imine isomers VIIa and VIIb, respectively
(Fig. 1). We calculated the relative free energies of these
three isomers at 298 K and 473 K, as shown in Table 1.
The data indicate that there are 7 and 1% of VIIa and
VIIb, respectively, at equilibrium with 92% of I at 473 K,
but less than 2% total of VIIa and VIIb at 298 K. This
indicates that evaporating I at the typical ion source
temperatures (453–473 K) may result in co-sampling of
up to 8% of imine tautomers VIIa and VIIb. In contrast,
the canonical tautomer I shows a substantially greater

Scheme 3
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solvation free energy in aqueous and methanol solutions
than do VIIa and VIIb, which results in equilibrium that
greatly favors I (¾99.9%, Table 1). This finding is important
for ionization of 1-methylcytosine by electrospray, which
takes place in solution where tautomer I is predicted to
dominate.

The protonation sites in I and VIIa are assessed from
the calculated topical gas-phase basicities and solvation
energies (Table 2). These show that the major tautomer I
has practically identical gas-phase basicities for the O-2 and
N-3 positions (930 and 931 kJ mol�1, respectively). Thus,
positions N-3 and O-2 in I are expected to be competitively

attacked by a gas-phase acid, giving rise to isomeric ions 1C

and 3C (Scheme 3).
Positions C-5, N-7, N-1, and C-6 are substantially less

basic than N-3/O-2 and cannot be protonated competitively
with mild gas-phase acids, such as (CH3�3NHC or NH4

C. This
means that the corresponding ion isomers 2C, 4C, 5C, and 6C

are not accessible by selective gas-phase protonation of I. The
topical gas-phase basicities in VIIa show great preference for
protonation at N-7, giving rise to ion 1C while the isomeric
ion 7C is substantially less stable than 1C.

In contrast to the gas phase, protonation of tautomer I in
aqueous and methanol solutions is predicted to occur at N-3

Table 1. Relative enthalpies and free energies of N-methylcytosine tautomers

Tautomer Hg,0
a,b Gg,298

c Gg,473
d Gsolv,298

e Gsol,298
f

I 0 0 (98.3%) 0 (92%) �83g 0 (99.9%)
�79h 0 (99.9%)

VIIa 12.3 10.2 (1.6%) 10.1(7%) �68g 35 (0.00%)
�65h 24 (0.01%)

VIIb 19.8 17.8 (0.1%) 17.9 (1%) �71g 18 (0.08%)
�68h 18 (0.08%)

a All energies in units of kJ mol�1.
b Gas-phase relative enthalpies at 0 K from B3-MP2/6–311CCG(3df,2p) single-point
energies and B3LYP/6–31CG(d,p) zero-point energy corrections.
c Gas-phase relative free energies at 298 K. The values in parentheses are the equilibrium
fractions.
d Gas-phase relative free energies at 473 K.
e Solvation energies calculated with B3LYP/6–31CG(d,p) and the Polarizable Continuum
Model.
f Relative free energies in solution at 298 K.
g Solvation in water.
h Solvation in methanol.

Table 2. Gas-phase and solution basicities of I and VIIa

Tautomer/
Position Ion PAa GBb Gg,rel

c Gsolv
d Gsol,rel

e

I
N-3 1C 964 931 0 �281f (�274)g 0
C-5 2C 852 823 108 �277f (�270)g 112f (112)g

O-2 3C 964 930 0.7 �250f (�243)g 32f (31)g

N-7 4C 836 805 126 �315f (�306)g 92f (93)g

N-1 5C 803 772 158 – –
C-6 6C 612 584 282 – –
VIIa
O-2 7C 854 822 120 �279f (�272)g 122f (122)g

N-7 1C 975 942 0

a Topical gas-phase proton affinities at 298 K from B3-MP2/6–311CCG(3df,2p) single-point
energies and B3LYP/6–31CG(d,p) zero-point energy corrections and enthalpies. All energies
are in units of kJ mol�1.
b Topical gas-phase basicities at 298 K.
c Relative ion gas-phase free energies at 298 K.
d Solvation free energies.
e Relative ion free energies in solution.
f Solvation in water.
g Solvation in methanol.
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with a high selectivity. This is mainly due to the substantially
greater solvation free energy of the oxo-tautomer 1C

compared to the ‘enol’-tautomer 3C. The calculated free
energy differences, Gaq�1C ! 3C� D 31.7 and 31.2 kJ mol�1

in water and methanol, respectively, indicate >99.9% of
1C at 298 K equilibrium in solution. These results are
perfectly consistent with the previous 1H-NMR study that
showed that I was protonated at N-3 in a hydrochloride
salt in dimethylsulfoxide solution.42 The experimental and
computational data strongly suggest that solution ionization
of 1-methylcytosine should selectively produce ion 1C as the
predominating species by far. Hence, one can expect that
electrospray ionization of 1-methylcytosine that occurs in
acidic solvent droplets43 produces mainly isomer 1C.

Because of its lower stability, ion 2C cannot be produced
competitively with the more stable 1C. The route to 2C

utilizes ˛-cleavage dissociation44 by loss of the side-chain
ethyl group from precursor II (Scheme 4). Ion 2C (measured
mass 126.0662, C5H8N3O requires 126.0667) represents the
base peak of the electron-ionization mass spectrum of II (see
‘Experimental’ section), which provides an abundant source
of the desired ion. EI-dissociations of deuterium-labeled
isotopomers IIa and IIb were used to generate ions 2aC

and 2bC, respectively (Scheme 4). The structural integrity of
ion 2C was confirmed by collisionally activated dissociation
mass spectra, which are discussed next.

Dissociations of 1+ and 2+

CAD mass spectra at ECOM D 5.5–5.6 eV of m/z 126 ions
produced by gas-phase protonation with NH4

C, (CH3�3NHC,
and by electrospray ionization of I were very similar, as

Scheme 4
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Figure 2. Collisionally activated dissociation mass spectra at
5.5–5.6 eV center-of-mass kinetic energy of (a) 1C by
electrospray ionization of I in CH3OH/H2O, (b) (1C C 3C) by
NH3/NH4

C chemical ionization of I, (c) 2C by dissociative
ionization of II.

shown in Fig. 2(a) and 2(b). The main fragment ions appear
at m/z 109 (loss of NH3�, 95, 94, 83, 69, 56, and 42. The
CAD spectrum measured on the triple-quadrupole mass
spectrometer (Fig. 2(a)) shows higher relative intensities of
low-mass fragments (e.g. m/z 42), which is due to the
higher pressure of the collision gas used and hence a
higher incidence of multiple collisions. Electrospraying I
from CD3OD produced very clean ions at m/z 129 (1aC)
that contained three exchangeable deuterons. The CAD
spectrum at ECOM D 5.4 eV of 1aC showed product ions
at m/z 109 (loss of ND3), 96, 85, 72, 58, 57, and 42 (Fig. 3(a)).
These indicated that the elimination of ammonia involved
practically exclusively the exchangeable deuterons at N-3
and in the ND2 group. The 43-Da neutral fragment that
was eliminated to form the m/z 83 ion from 1C contained
only one exchangeable proton (by shift to m/z 85 from
1aC that retained two deuterium atoms) and was identified
as [C,H,N,O] (measured mass 43.0061 Da, CHNO requires
43.0058 Da) that most likely involved the N-3 and C-2
ring atoms. By contrast, the m/z 42 fragment ion showed
practically no mass shift when produced from 1aC and
most likely corresponded to CH3N CHC containing the N-1
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methyl and C-6. The CAD spectrum of m/z129 ions produced
by gas-phase deuteration of I with ND4

C showed the same
fragments as the CAD spectrum of 1aC (Fig. 3(b)). Differences
are seen in the relative intensities of low-mass fragments that
are higher in Fig. 3(a) because of higher incidence of multiple
collisions in the triple-quadrupole instrument.

The m/z 126 ions formed by electrospray ionization of
I are expected to be 1C, according to the unambiguous
energetics of protonation in solution, as discussed above. In
contrast, ions produced by mildly exothermic proton transfer
to I in the gas phase are expected to consist of a mixture of
nearly isoenergetic ions 1C and 3C. The fact that 1C and (1CC
3C� give very similar CAD mass spectra indicates that 1C

and 3C may interconvert by proton migrations prior to or
during dissociation. This can be facilitated by the fact that the
main ion dissociations are rearrangements involving proton
transfer such as the loss of NH3 or ring cleavages.

CAD of (1C C 3C) at 8 keV kinetic energy results in losses
of H (m/z 125), CH3 (m/z 111), and formation of several
series of fragments in the m/z 94–98, 80–83, 66–70, 52–58,
40–44, and 27–30 ion groups (Fig. 4(a)). Unfortunately, we
could not study the 8-keV CAD spectrum of 1C formed
by electrospray to compare it with the CAD spectrum of
(1C C 3C�.

The CAD mass spectrum at ECOM D 5.5 eV of ion 2C

(Fig. 2(c)) is markedly different from the spectra of 1C or
(1C C 3C). In particular, ion 2C dissociates by loss of a 41-
Da neutral (m/z measured as 85.0394, C3H5N2O requires
85.0402) that corresponds to C2H3N according to the accurate
mass measurements. Note that the m/z 85 fragment is very
weak in the CAD spectrum of 1C. Loss of [C,H,N,O] (m/z
83) and the formation of the m/z 42 ion (C2H4NC) from 2C

are similar to the dissociations of 1C. However, fragments at
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Figure 3. Collisionally activated dissociation mass spectra of
(a) 1aC by electrospray ionization of I in CD3OD/D2O and (b) of
(1aC C 3aC) by ND3/ND4
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Figure 4. Collisionally activated dissociation mass spectra of
8 keV ions. (a) (1C C 3C) by NH3/NH4

C chemical ionization of I,
(b) (1C C 3C� by (CH3�3N/(CH3�3 NHC chemical ionization of I,
and (c) 2C by dissociative ionization of II.

m/z 109, 95, 69, and 56, which are characteristic of 1C/3C,
are practically absent (<1%) in the CAD spectrum of 2C,
indicating that the latter is not contaminated by the much
more stable isomers 1C and 3C.

Differences were also observed for the 8 keV CAD spectra
of (1C C 3C) and 2C, as shown in Fig. 4(a–c). Metastable ions
2C undergo facile elimination of C2H3N and HN C O
neutral molecules, so that the m/z 85 and 83 fragment ions
dominate the MI-ion spectra. This indicates that eliminations
of C2H3N and [C,H,N,O] are the lowest-energy unimolecular
dissociations of 2C.

Deuterium labeling in 2aC and 2bC reveals some
interesting nuances of ion dissociations.

The CAD spectrum of 2aC (Fig. 5(a)) shows loss of a
C2H3N molecule that does not contain the 6-D atom. The
elimination of [C,H,N,O] forms the 6-D-containing ion at
m/z 84. The CH3N CDC ion from 2aC appears at m/z
43 accompanied by a small satellite at m/z 42 at a [m/z
43]/[m/z 42] ratio of 6.3. Taking into account the 2 : 1 H/D
occurrence in the exchange-prone positions C-5 and C-6 in
2aC, the fragment ion relative intensities indicate that the
ring cleavage resulting in the formation of CH3N CDC

is accompanied by <7% H/D exchange between these
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Figure 5. Collisionally activated dissociation mass spectra of
(a) 2aC and (b) 2bC at 5.4–5.5 eV center-of-mass kinetic
energy.

positions. The CAD spectrum of 2bC (Fig. 5(b)) shows loss
of a C2HD2N molecule that contains the 5-D and ND
atoms. The loss of both [C,H,N,O] (m/z 85) and [C,D,N,O]
(m/z 84) indicates competing proton and deuteron transfers
from the NHD group onto the N-3–C O fragment during
dissociation. The CH3N CHC ion appears at m/z 42 with
[m/z 42]/[m/z 43] D 7.5, indicating again that there is little
H/D exchange between H-6 and D-5 prior to or during the
dissociation.

Potential energy surfaces for dissociations of 1+

and 2+

To interpret the CAD spectra and the results of the label-
ing experiments, we carried out calculations of dissociation
and transition state energies for reaction pathways includ-
ing several ion intermediates. The relative and TS energies
are summarized in Tables 3 and 4. The optimized struc-
tures of ions 1C –5C are depicted in Fig. 6. The reaction
scheme for the dissociations of 1C is shown in Scheme 5.
Elimination of ammonia from 1C is calculated to require
an energy of 374 kJ mol�1 at the thermochemical threshold
corresponding to the cyclic 1-methyl-4-cytosyl cation (8C).
This dissociation threshold is higher than the TS for the
reversible isomerization of 1C and 3C by 1,3-proton migra-
tion, ETS(1C ! 3C� D 153 kJ mol�1. Proton migration from
N-3 to the NH2 group proceeds through a transition state that
has ETS(1C ! 4C� D 211 kJ mol�1. Reversible prototropic iso-
merizations of 1C, 3C, and 4C are thus possible not only in
dissociating ions but also in stable ions of internal energies
greater than 153 or 211 kJ mol�1 relative to 1C. Fragment
ion 8C can isomerize exothermally to an open-chain isomer
9C, which is 15 kJ mol�1 more stable. While unimolecular
8C ! 9C isomerization requires additional 15 kJ mol�1 in

Table 3. Relative and transition state energies in dissociations
of 1C

Relative energya,b

B3LYP B3-MP2
Species/Reaction 6–31CG(d,p) 6–311CCG(3df,2p)

1C 0 0
2C 113 111
3C 1.3 �0.2
4C 134 128
5C 161 160
6C 332 350
7C 128 121
8CC NH3 387 374
9CC NH3 388 358
10C 82 82
11C 258 252
TS(8C ! 9C) 414 389
TS(1C ! 3C) 152 153
TS(1C ! 4C) 214 211
TS(1C ! 10C) 333 323
TS(10C ! 11C) 350 352
12C C HO–C N 324 321
13C C HN C O 334 342
12C C HN C O 207 206
CH2 C NH2

C C
CH3N C C HN C O

429 437

CH3N CHC C
CH2 C�NH2�N C O

359 342

CH3N CHC C 20 428 419

a In units of kJ mol�1.
b Including B3LYP/6–31CG(d,p) zero-point vibrational energies
and referring to 0 K.

the transition state, the isomerization can be possibly facili-
tated by the ammonia molecule. Details of such a catalyzed
isomerization45 have not been studied in this work.

The competing formation of CH3N CHC at m/z 42
probably involves hidden proton transfers in the neutral
fragment to form a stable molecule. For example, H-
migration from N-3 to C-5 can form CH2 C(NH2)N C O
(20) and CH3N CHC at 342 kJ mol�1 threshold energy,
which is competitive with the elimination of ammonia
from 1C (Table 3). Other dissociation mechanisms leading to
cyclic neutral fragments (21) or formation of CH2 C NH2

C

(Scheme 5) require higher threshold energies and are likely
to be disfavored.

The elimination of [C,H,N,O] shows some interesting
features (Fig. 7). Ring opening by an N-1–C-2 bond cleavage
in 1C requires a fairly high energy in TS ((1C ! 10C),
ETS D 323 kJ mol�1) forming intermediate 10C at 82 kJ mol�1

relative to 1C. Upon breaking the N-3–C-4 bond, the N–C–O
fragment develops hydrogen bonds to both N-1–H and
N-7–H protons in the transition state TS (10C ! 11C).
Interestingly, the minimum energy reaction path from this
TS leads to a transfer of N-7–H, not N-1–H, forming the
ion–molecule complex 11C. This pathway was confirmed
by intrinsic reaction coordinate calculations46 starting in
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Table 4. Relative and transition state energies in dissociations
of 2C

Relative energya,b

B3LYP B3-MP2
Species/Reaction 6–31CG(d,p) 6–311CCG(3df,2p)

2C 0 0
TS(2C ! 4C) 234 236
14C 23 20
TS(2C ! 14C) 56 51
15C 23 19
TS(15C ! 16C) 24 21
16C 68 65
TS(16C ! 17C) 202 191
17C 176 152
TS(17C !
18C C CH2 C NH)

196 189

18C C CH2 C NH 177 179
19C C O C NH 189 175
12C C O C NH 71 75

a In units of kJ mol�1.
b Including B3LYP/6–31CG(d,p) zero-point vibrational energies
and referring to 0 K.

TS(10C ! 11C). Further dissociation of 11C leads to
the formation of ion 12C and HO–C N at 321 kJ mol�1

threshold energy. Note that the alternative elimination

of HN C O with transfer of the N-1–H proton would
require 342 kJ mol�1 threshold energy forming ion 13C,
[H2N C CH–CH N–CH3]C, which is 21 kJ mol�1 above
the threshold energy for 12C C HO–C N (Table 3). The
formation of the most stable neutral (HN C O) and
ion fragments (12C) would have the lowest threshold
at 206 kJ mol�1, but is mechanistically impossible from
11C, unless HO–C N undergoes isomerization in an
ion–molecule complex. Overall, the mechanistic subtleties
in the exit channel are rather moot, because the dissociation
kinetics are likely to be controlled by the flux through the
rate-determining step in the highest-energy TS (10C ! 11C�.

Dissociation of ion 2C starts by breaking the weak N-
1–C-2 bond, which is substantially elongated in 2C (1.571 Å)
(Fig. 6). This bond dissociation requires only 51 kJ mol�1 in
the TS and forms the isomeric cation 14C (Scheme 6), which
is only 20 kJ mol�1 less stable than 2C (Table 4). Intermediate
14C can further rearrange by a practically barrierless proton
transfer to ion 15C. Internal bond rotation in the latter
forms a less stable intermediate (16C) that can undergo
isomerization by a migration of the O C N group (17C),
followed by loss of a CH2 C NH molecule forming the
m/z 85 ion (18C) at 179 kJ mol�1 threshold energy. The kinetic
bottlenecks of the overall sequence are at TS(16C ! 17C) and
TS(17C ! 18C C CH2 C NH), which are, respectively,
191 and 189 kJ mol�1 above 2C. An interesting feature of
the chemistry of 2C is that it and structures 14C and
15C can coexist at equilibrium at relatively low internal
energies above ETS(2C ! 14C� D 51 kJ mol�1. Intermediates
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14C and 15C are conceivable as branching points for the
competing elimination of HN C O from 2C. For example,
the thermochemical threshold for the formation of ion 19C by
HN C O elimination from 14C is at 175 kJ mol�1 relative
to 2C (Scheme 6). The threshold for HN C O elimination
from 15C to form ion 12C is only 75 kJ mol�1 relative to 2C

(Table 4). Note, however, that both eliminations require 1,3-
proton migrations to form the HN C O molecule and are
likely to require additional energy in the respective transition
states.

CONCLUSIONS

A proper design of ionization methods and ion chem-
istry allowed us to selectively generate two tautomers of

protonated 1-methylcytosine and show that they were dis-
tinct species. The N-3-protonated tautomer 1C can undergo
prototropic isomerization to the isoenergetic O-2-protonated
tautomer 3C prior to dissociation by loss of ammonia. The
competitive elimination of a [C,H,N,O] neutral molecule
is predicted to form HO–C � N, not the more sta-
ble HN C O. The dissociation mechanism is driven by
the thermochemistry of the fragment ions, not neutral
molecules. The C-5-protonated tautomer 2C undergoes facile
ring opening and dissociates by competitive eliminations of
HN C O and CH2 C NH molecules. This study shows
that seemingly simple dissociations of nucleobase cations
involve multistep mechanisms and result in the formation of
unexpected fragments.
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35. Wolken JK, Tureček F. Modeling nucleobase radicals in the
gas phase. Experimental and computational study of 2-
hydroxypyridinium and 2(1H)-pyridone radicals. J. Phys. Chem.
A 1999; 103: 6268.
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