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ABSTRACT: Noncanonical nucleobases and nucleosides repre-
sent newly discovered species of relevance for DNA ionization. We
report a targeted synthesis of gas-phase 9-methylene(1H)adenine
cation radical (2*) as a low-energy isomer of ionized 9-
methyladenine. Ion 2" showed unique collision-induced dissoci-
ation and UV—vis photodissociation action spectra that distin-
guished it from other cation radical isomers. Ab initio energy
calculations with coupled cluster theory extrapolated to the
complete basis set limit, CCSD(T)/CBS, identified cation radical
2" as the global energy minimum of the adenine-related C;H,N;"™
isomers. The action spectrum of 2" was assigned on the basis of
vibronic absorption spectra that were calculated with time-
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dependent density functional theory for multiple vibrational configurations of thermal ions. The major dissociation of 2"
proceeded by hydrogen loss that was elucidated by deuterium labeling at the exchangeable N-1 and NH, positions and C-8 position
and by kinetic analysis. The dissociation involved a reversible rearrangement to intermediate dihydropteridine structures, yielding a
protonated aminopteridine as the product, which was identified by multistep UV—vis action spectroscopy. We also report a
computational study of related noncanonical isomers of 2’-deoxyadenosine cation radical having the radical defect at C-1" that were
found to be thermodynamically more stable than the canonical isomer in both the gas phase and aqueous solution. The
noncanonical isomers were calculated to have extremely low ion—electron recombination energies of 4.42—5.10 eV that would make

them dead-end hole traps if produced by DNA ionization.

B INTRODUCTION

The DNA nucleobases represent chemically stable and bio-
logically conserved heteroaromatic molecules of essential
importance for terrestrial life forms. Ionization by high-energy
particles or photons disrupts the nucleobase 7-electronic system,
rendering nucleobase cation radicals susceptible to fast electron-
and proton-transfer reactions within DNA or with surrounding
molecules. Previous experimental and theoretical investigations
of nucleobase cation radicals have largely treated these reactive
species within the paradigm of canonical structures produced by
electron removal from neutral nucleobases.'™** However, this
paradigm has been challenged recently by the generation of
stable noncanonical isomers of the thymine'* and 1-methyl-
cytosine'® cation radicals in the gas phase. Computational
energy analysis of the noncanonical cation radicals of both
thymine (4-hydroxy-5-methylene-(1,3H)pyrimid-2-one)'*'°
and 1-methylcytosine (1-methylene-2-hydroxy-4-aminopyrimi-
dine)'® revealed that they were substantially more stable than
the pertinent canonical forms of oxidized DNA nucleobases.
The discovery of noncanonical nucleobase cation radicals has
been made possible by a combination of methods of gas-phase
ion chemistry to generate such unusual species'”"® and UV—vis
photodissociation (UVPD) action spectroscopy' ' to char-
acterize the ions and distinguish them from their canonical
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isomers and other protomers. Ion action spectroscopy relies on
photodissociation of mass-selected gas-phase ions whereby the
wavelength-dependent photofragment ion intensities are used to
reconstruct the absorption profile of the precursor ion. Several
variants of action spectroscopies have been developed working
in the infrared or UV—vis regions of the spectrum.”””**
Multiphoton infrared photodissociation spectroscopy has been
the most popular technique for small ions,> whereas its
applications to strongly hydrogen bonded systems have faced
difficulties with band assignment and spectral interpreta-

. 2627
tion.””

UV—vis spectroscopy utilizing valence electron
excitation and single-photon dissociation largely avoids such
issues and has been shown to provide structural information for
larger biomolecular ions that show characteristic absorption

bands, such as peptide and oligonucleotide cation radicals.”* >
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The previously reported noncanonical nucleobase cation
radicals have been generated by collision-induced oxidation of
nucleobase ligands in metal ternary complexes'”'® that relied on
ion thermodynamics while not allowing one to have a
mechanistic control over the produced ion structures.'*'* We
now report a combined experimental and ab initio computa-
tional study documenting a specific generation of a stable
noncanonical isomer of 9-methyladenine cation radical that we
complement with energy analysis of cation radicals of 2’-
deoxyadenosine. Purine and pyrimidine nucleobases carrying a
methyl group at N-9 or N-1, respectively, which are the linking
positions to 2'-deoxyribose in DNA, have often been used as
simplified models for nucleosides to limit the number of
theoretical protomers while maintaining intact the z-electronic
system of the nucleobase.”'”"®

Two low-energy noncanonical isomers of 9-methyladenine
cation radical (1%") have recently been identified by ab initio
calculations as 9-methylene-(1H)adenine (2*) and 9-methyl-
ene-(3H)adenine (3*) (Scheme 1).** However, synthetic

Scheme 1. Low-Energy Isomers of 9-Methyladenine Cation
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pathways to generating ions 2" and 3" have not been
established, especially in light of the energy analysis of the
potential energy surface that has indicated large energy barriers
separatmg the isomers and precluding unimolecular isomer-
ization.”® We reasoned that an adenine derivative carrying an N-
9 CH,—X group can be protonated, yielding a stable gas-phase
ion in which a labile C—X bond, such as C—I, could be
homolytically cleaved upon collisional activation to form a ring-
protonated 9-CH, radical, such as 2*" (Scheme 2) or its N-3
(3") or N-7-protonated tautomers (4").

A similar approach has been used by Kenttdimaa and co-
workers to generate o-radicals in gas-phase distonic hetero-
aromatic ions.”* >’ According to our preliminary ab initio and
density functional theory (DFT) calculations, thermodynamics
favors N-1 in 9-alkyl-substituted adenines as the most basic
position, possibly providing a pathway to generating 2*".

B EXPERIMENTAL SECTION

Materials. Formaldehyde, adenine, thionylchloride, and
deuterated solvents were obtained from Sigma-Aldrich
(Milwaukee, WI). Solvents used in synthesis were purchased
from Acros Organics (Geel, Belgium) or Penta Chemicals

Unlimited (Prague, Czech Republic). N-Bromosuccinimide was
purchased from Fluka Chemie GmbH (Buchs, Switzerland),
and Pd/CaCO; (5%, type 40S) was from Johnson Matthey
(Prague, Czech Republic). Reagents and solvents were used
without further purification. 9-lodomethyladenine and [8-D]-9-
iodomethyladenine were synthesized according to Scheme 3.

A detailed description of the synthetic procedures and
product spectroscopic characterization are provided in the
Supporting Information (Schemes S1 and S2).

Methods. 'H and *C NMR spectra were recorded on a
Bruker Avance II spectrometer at 300 and 75 MHz, respectively,
at 25 °C. Experiments with tandem mass and photodissociation
action spectra were performed on a modified amaZon speed 3D
ion trap tandem mass spectrometer (Bruker Daltonik, Bremen,
Germany) equipped with an EKSPLA NL301G Nd-YAG laser
(Altos Photonics, Bozeman, MT, USA) working at 20 Hz
frequency and 3 to 6 ns pulse width, as described in detail
previously.”® Photofragment ion intensities were measured in
three sections covering the 210—354, 355—409, and 410—700
nm ranges and normalized to the number of photons per pulse
that was determined from laser pulse energy measurements at
each experimental wavelength. The action spectra were
reproduced on different days and are reported as averages of
two measurements. Experiments involving H/D exchange were
carried out in D,0/CD;CN solution that was used for
electrospray ionization. The D content in gas-phase ions was
maintained by feeding D,0O solvent vapor into the dry nitrogen
stream flushing the enclosed electrospray interface volume. A
high-resolution Orbitrap Velos mass spectrometer (Thermo
Fisher, San Jose, CA, USA) was used to measure accurate mass-
to-charge ratios at a resolving power of 60,000.

Calculations. We used the Gaussian 16 (Revision A03) suite
of programs®” to carry out ab initio and density functional theory
(DFT) calculations of ions and neutral molecules of interest.
Structures were first optimized using the hybrid B3LYP*’ and
CAM-B3LYP*' functionals and the 6-31+G(d,p) and 6-
311+G(2d,p) basis sets, respectively, to obtain a preliminary
ranking of the cation radical tautomers. Harmonic frequencies
were used to identify local energy minima as having all real
frequencies and transition states as having one imaginary
frequency. Based on our previous analysis and benchmarking of
optimized geometries of nucleobase cation radicals,"** we
obtained additional sets of optimized geometries with M06-2X**
and the 6-31+G(d,p) and 6-311++G(2d,p) basis sets to be used
in single-point energy calculations. All these calculations were
performed within the spin-unrestricted formalism. Solvation
energies were calculated with full gradient optimization by the
polarizable continuum model (PCM)* and M06-2X/6-311+
+G(2d,p). Single-point energies were calculated using coupled
clusters** with single, double, and disconnected triple
excitations, CCSD(T)," and extrapolated to the complete

Scheme 2. Reaction Sequence Leading to Ion 2%+ Involving Electrospray Ionization (ESI) and Collision-Induced Dissociation
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Scheme 3. Synthesis of 9-lodomethyladenine and [8-D]-9-Iodomethyladenine
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basis set (CBS),* providing benchmark relative energies. We
used the formula E[CCSD(T)/CBS] E[CCSD(T)/aug-
pVDZ] — E[MP2/aug-pVDZ] + E[HF/aug-pVQZ] + E,,, cgs,
to extrapolate the basis set and obtain benchmark relative
energies. The correlation energy at the complete basis set limit
was calculated with least-squares fits to the standard two-
parameter formula,*” E,, cps = im(X = 00)E,,y,x = E[HF/aug-
cc-pVXZ] — E[MP2/aug-cc-pVXZ] = A + BX 3, where X is the
¢ split in the aug-cc-pVXZ basis set.** Higher spin states in the
UMP2 calculations were treated with the spin projection
method*”* by spin annihilation that reduced the total spin close
to the theoretical value (0.75). Electronic excitations were
evaluated using equation-of-motion CCSD (EOM-CCSD)
calculations®" with the 6-31+G(d,p) basis set for 16—18 excited
electronic states, covering excitations down to 200 nm for all
ions. We used the EOM-CCSD transitions to assign transitions
in time-dependent DFT (TD-DFT)>* calculations that were
carried out with M06-2X. We found that 35—40 excited states in
adenine and 9-methyladenine cation radicals were sufficient to
cover the wavelength range to below 180 nm. The M06-2X TD-
DFT calculations with the 6-31+G(d,p) and 6-311++G(2d,p)
basis sets gave very similar results in terms of excitation energies
and oscillator strength, as reported recently for other nucleobase
cation radicals.">*> Therefore, the M06-2X/6-31+G(d,p) TD-
DEFT calculations were used to calculate all vibronic spectra at
310 K. The B3LYP/6-31+G(d,p) normal modes were used to
generate Wigner distributions®*>* of vibrational configurations
of the ground electronic state. This was performed with the
Newton-X 16 program.” The configurations were ordered
according to their Boltzmann factors at 310 K, and 300 lowest-
energy configurations were selected and submitted to TD-DFT
M06-2X/6-31+G(d,p) calculations for 20 excited states to
generate the vibronic spectra reported here. To address the
dissociation kinetics, we performed Rice— Ramsperger Kassel—
Marcus (RRKM) calculations of rate constants™ using the
QCPE program”” that was recompiled and run under Windows
7, as described previously.® Born—Oppenheimer molecular
dynamics (BOMD) trajectories were run with semiempirical all-
valence-electron quantum chemistry calculations using the
Berendsen thermostat algorithm.”” Temperature was set at
310 K to approximate the experimental conditions in the ion
trap. For each 2’-deoxyadenosine tautomer, several (>5) initial
structures were constructed from PM6-optimized adenosine
cation radicals with different nucleobase-deoxyribose orienta-
tions and ring conformations. These structures were subjected
to a preliminary BOMD using PM6%° that was augmented by
including dispersion mteractmns (D3H4).°" These calculations
were run by MOPAC®® that was coupled to the Cuby 4
framework.®>®* Running trajectories with 1 fs steps for 20 ps
furnished 20,000 snapshots per each initial structure from which

~
~
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200 snapshots were extracted at 100 fs intervals. The extracted
snapshot structures were fully gradient-optimized with PM6-
D3H4 and sorted out by their secondary structural similarities to
compact duplicates and reduce the size of the selection. This
yielded 10—20 distinct structures whose geometries were fully
gradient-optimized by B3LYP and M06-2X/6-31+G(d,p)
calculations.

B RESULTS AND DISCUSSION

lon Generation and Spectra. Electrospray ionization of 9-
iodomethyladenine generated the protonated ion (m/z 276)
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Figure 1. (a, b) CID-MS? spectra of (a) protonated 9-iodomethyla-
denine ion and (b) [D;]-9-iodomethyladenine ion. Insets show the
cation radical peak profiles.

that upon mass isolation and collision-induced dissociation
(CID) eliminated iodine, giving rise to the C¢H,N¢* cation
radical that was further characterized by its accurate m/z
149.0616 from a high-resolution CID-MS? spectrum (Figure
1a). Similarly, electrospray of 9-iodomethyladenine from a
D,0/CD;CN solution generated an H/D-exchanged 9-
iodomethyladenine ion at m/z 279 that produced a
C¢H,D3N; ion (m/z 152) upon CID (F1§ure 1b). To further
enhance adenine protonation selectivity,”"”> we also considered
protonated complexes of 9-methyladenine with 2,3:11,12-
dibenzo-18-crown-6-ether (DBCE) where hydrogen bonding
to the crown ether greatly favors conformers of the N-1-H

https://dx.doi.org/10.1021/acs.jpca.0c10293
J. Phys. Chem. A 2021, 125, 338—348


https://pubs.acs.org/doi/10.1021/acs.jpca.0c10293?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10293?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10293?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10293?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10293?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10293?fig=fig1&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c10293?ref=pdf

The Journal of Physical Chemistry A pubs.acs.org/JPCA
400 - @ 1:9 (150) 151(152) 148 0 06 A % .
a - 05
> 804 %’ W
2 © 04 - \}/ ) A\
£ 60 ? 03 B | Ve
= L AN
) -D K] ~ h \’
g 40 148 -D B 027 L A \\ -
g | 150 8 4 Je
147148149150151 149150151152153 (a) 00 |, I| o : : — | , .
i i B 250 300 350 400 450 500 550 600 650 700
60 70 80 90 100 110 120 130 140 150 160 e . e
KA
122 0.25 4 }‘
100 4 =
(b) -HCN B 020 - 7N
2 801 2 - +o | 1
3 B 045 - c AN \\{
(3] 1 L
- 148 (149) 2 0104
Qo
g 40 8 005 - ‘
Q
o
20 ] (b) 0.00 || T T T T T T T Il T
250 300 350 400 450 500 550 600 650 700
0 T T L T T T T T T i\ m/z 06
. T T T T T T L T
60 70 80 90 100 110 120 130 140 150 160 ~
0.5 S
- (149) £ \}
0 - 149 1515 14g S 04 -~ AN
(c) H ~ 3 D~ =~ Y+Y )
5 03+ E B y Y
2 30 1 g NS \\
2 % 02-
= $ =
< 20 - D S 014 deo
2 148
% (c) 0.0 'l'.'ll'l"l."'l ML B L B N B e
a 10 95 250 300 350 400 450 500 550 600 650 700
l 147148 149150151 449 150 151 152 153 . . . . . . . . .
0 A T T T T+ T T T i m/z 0.4 ~ \W»&A
60 70 80 90 100 110 120 130 140 150 160 E'o’ ~ ?
S 03~ N
Figure 2. (a,b) CID-MS? spectra of (a) C¢H,N" cation radical from 9- 3 | I +i~
iodomethyladenine and (b) [9-methyladenine]” cation radical from g 02 Z TN \\
the [Cu(tpy) (9-methyladenine)]*" complex (ref 33). (c) UVPD-MS? 3 AN
(250 nm) spectrum of the C4H,N;* cation radical from 9- 8 01+ - e
iodomethyladenine. Insets in panels (a) and (c) show the loss of H/ i i
D from the [8-D] (m/z 150) and [N-D;] (m/z 152) ions. (d) oo T T T T T T T T
250 300 350 400 450 500 550 600 650 700
141 T T T T T T T T T A (nm)
’ N [ ] Sum of fragment ions
% 1.2 - s %z ;gsi loss ;)1: HH . Figure 4. (a—d) M06-2X/6-31+G(d,p)-calculated vibronic spectra
S 1.0 X 295 Toss ol &2RN, (310K) of (a) 2, (b) 1%, (c) 3", and (d) 4"". The cyan background is
< 08 an overlay of the action spectrum of C¢H,N;"". The excited states were
2 064 assigned from the comparison of M06-2X TD-DFT and EOM-CCSD
% 04 calculations.
o
0.2 4
(a) 00 . . . protomer (Tables S1 and S2 and Figures S1 and S2, Supporting
550 600 650 700 Information). Electrospray ionization of 9-iodomethyladenine
20 R R R with DBCE produced the noncovalent complex ion (m/z 636)
- ®  Sum of fragment ions that was converted into C;H,N* in two consecutive CID steps,
B 15 X mvz122, loss of HCN first eliminating DBCE and then iodine (Figure S3a,b,
e ¢ m/z95,loss of CHN, S ting Information). Two st h intermediate i
£ A 148 loss of H upporting Information). Two steps with intermediate ion
® 10 isolation were necessary to overcome the low-mass cutoff limit
£ of the ion trap.
2 05 The C¢H,N* ion was further characterized by its CID-MS?
b) 0.0 spectrum, which showed a single dissociation by loss of H
(b) o Do 300 a0 400 450 500 550 600 650 700 (Figure 2a). Loss of H upon CID was also prevalent (>98%)
from the N-D;-exchanged ion at m/z 152 and abundant from the
A (nm)

Figure 3. (a, b) UV—vis photodissociation action spectra of (a)
C¢H,N¢" from 9-iodomethyladenine and (b) canonical 9-methyl-
adenine cation radical 1*" (ref 33).
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[8-D] ion (m/z 150), which showed a 12/88 ratio for D and H
loss (Figure 2a, insets). The CID spectrum of the C¢H,N;" ion
was clearly distinct from that of the canonical isomer, [9-
methyladenine]* (Figure 2b).** The latter showed a prominent
fragment ion by elimination of HCN (m/z 122) that was absent
in the Figure 2a CID spectrum. Loss of H was also the main
photodissociation (UVPD) of C¢H,N;" where it was
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Table 1. Relative, Dissociation, and Transition-State Energies of Adenine Cation Radicals

relative energy™”

species/reaction MO06-2X/6-311++G(2d,p) CCSD(T)/‘aug-cc-pVTZ CCSD(T)/‘aug-cc-pvVQZ CCSD(T)/CBS
1" 6.0 S.3 6.7 6.4
2" 0 0 0 0
3" 10 10 9.8 9.9
4" 30 31 30 30
2a"+H 305 298 300 303
2b* + H 371 358 360 363
2ct+ H 468 474 478 481
2d"+ H 348 346 348 352
§* + H,C=N—CN 293 281 284 286
2" - TS1 164 165 167 166
2e" 124 128 130 128
2" - TS2 170 158 159 161
2f" 49 S1 53 53
2" - TS3 148 152 153 154
2" 44 48 50 50
2" — TS4 181 186 189 190
2" > TS§ 182 187 190 191
2h* + H 160 158 160 159

“In kJ mol™. bIncluding B3LYP zero-point energies scaled by 0.975 and referring to 0 K. “From extrapolation: E[CCSD(T)/aug-cc-pVXZ)] =~
E[CCSD(T)/aug-cc-pVDZ)] + E[PMP2/aug-cc-pVXZ)] — E[PMP2/aug-cc-pVDZ)]. “Extrapolated to the complete basis set: E[CCSD(T)/
CBS)] = E[CCSD(T)/aug-cc-pVDZ)] — E[PMP2/aug-cc-pVDZ)] + E[HF/aug-cc-pVQZ] + Ecorx-co-

Scheme 4. High-Energy Dissociations of 2*+“
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accompanied by a minor elimination of C,H,N, (m/z 95, Figure
2c) from both the unlabeled and [N-D;] forms (Figure S4ab,
Supporting Information). The loss of D from the labeled ions
showed a slightly increased D/H ratios, 7/93 and 14/86 for the
[N-D;] and [8-D] ions, respectively (Figure 2c, insets) The
overall MS? results strongly indicated that the C¢H,N¢* ion was
different from the canonical [9-methyladenine]* isomer.
Action Spectra. The m/z 148 and m/z 95 fragment ions
identified in the CID and UVPD spectra were selected to
monitor the action spectra of the C;H,N* ions in the 210—700
nm region. We obtained action spectra for C;H,N™ ions
generated from both 9-iodomethyladenine (Figure la) and its
complex with DBCE (Figure S3b, Supporting Information).
The spectra were identical, as documented by comparing the
Figure 3a and Figure S5 data, indicating that the same ions were
generated by both methods. The action spectrum of C;H,N™
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showed a composite band with maxima at 220 and 260 nm,
several bands in the 340—410 nm region, and a shoulder at 440
nm extending to 510 nm. These bands were represented in both
mass-resolved photodissociation channels, with the m/z 95
fragment ion contributing more to the 220 nm band (Figure 3a).
The action spectrum of C4H,N;* markedly differed from the
previously reported spectrum of 17,>* which showed prominent
bands with maxima at 335 and 580 nm (Figure 3b). These bands
were not represented in the action spectrum of C;H,N ™.

lon Structures and Action Spectral Assignment. To
assign structure to the new C4H,N;" ion, we considered several
isomers for which we calculated theoretical vibronic absorption
spectra for excitations in thermal ions at 310 K (Figure 4).
Transitions were assigned on the basis of comparing the TD-
DFT and EOM-CCSD excited-state calculations (Figure S6,
Supporting Information). The calculated spectra unambigu-
ously distinguished 2" from 1" and 3"". In particular, excitation
to the A and B states of 2" at 361 and 352 nm, respectively
(Figure 4a), accounted for the near-UV band in the action
spectrum, while 1" and 3" did not have adequate transitions in
this wavelength region. The intense transitions of 2% at 200, 213,
216, and 228 nm accounted for the dominant composite band at
210—250 nm in the action spectrum. Conversely, transitions to
the F and G excited states of 1*" (Figure 4b) and 3" (Figure 4c)
were outside the absorption region of 2. Overall, the vibronic
spectrum of 2" provided the best match with the action
spectrum of C¢H/ N ™ across the entire wavelength range.
However, the calculated vibronic spectrum of the higher-energy
tautomer 4" also showed absorption bands matching the action
spectrum, namely, for the 359 and 346 nm transitions to the A
and B states, respectively (Figure 4d). The match for 4" was
poorer for the strong experimental band at 220 nm. Based on its
unique CID-MS? and action spectrum, the CsH,N;* ion was
identified as having a noncanonical structure of a distonic ion
represented by the global energy minimum of an N-1-
protonated adenine radical 2" or possibly the higher-energy
isomer 4"
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Scheme S. Proposed Mechanism for H Loss Dissociation of 2"+
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The electronic transitions in 2% and 4" were investigated by
molecular orbital (MO) analysis of the low excited states (Figure
S7, Supporting Information). In both ions, the first (A) excited
state resulted in dipole-allowed electron transitions from the
singly occupied MO (SOMO39a) to the lowest unoccupied
MO (LUMO40q) that were of the 7, — 7,* type. Differences
were apparent for the transitions within the f-orbital manifold,
MO38p — MO39p, that corresponded to the D and B states at
AE,,.=4.02and 3.58 eV for 2" and 4", respectively (Figure S7).
In both 2 and 4", the SOMO had a large amplitude at the
exocyclic CH, group, which was consistent with the high
calculated atomic spin density at this carbon atom, 0.90 and 0.88
for 2" and 4%, respectively. The electron transitions in 2" and
4" were fundamentally different from those in 1*" (Figure S8,
Supporting Information). The four lowest excited states in the
canonical cation radical (A—D) involved internal electron
transitions within the -orbital manifold, out of which only the B
(MO378 — MO039f) and C (MO36/8 - MO39p3) states were
of the m, — m,* type to have oscillator strength allowing
detection in the action spectrum. This feature further
underscored the difference between 1% and its noncanonical
isomers.

lon Energies, Dissociation Mechanisms, and Product
lon Action Spectrum. We used ab initio calculations to
establish the relative energies of cation radicals 1" —4" and to
explore the parts of the potential energy surface that were
relevant for the characteristic loss of hydrogen and competing
dissociations. CCSD(T)/CBS relative energies are discussed in
the text and schemes, and energies obtained at other levels of
theory are compiled in Table 1. Ion 2" was the global energy
minimum of the adenine-related CH,N;* ions, closely followed
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by 1* and 3*. The N-7—H isomer 4" was 30 kJ mol ™ less stable
than 2. Threshold and transition-state (TS) energies were
obtained for the loss of H from different positions of 2%, 3%, and
4%; those for 2% are discussed here.

Loss of H from N-1, NH,, C-2, and C-8 was calculated to
require high threshold energies, forming fragment ions 2a*, 2b",
2c*, and 2d*, respectively (Scheme 4). This was consistent with
the labeling data that showed lack of D loss from exchangeable
(N-1-D and ND,) positions. However, the very high threshold
energy for the loss of C-2—H, leading to a triplet ion 2¢*, did not
provide a plausible explanation for the ion dissociation. The
calculated threshold energies for loss of H are to be compared
with the threshold energy for the ring cleavage and elimination
of H,C=N—CN, forming ion §* that corresponds to the very
minor m/z 95 ion in the CID-MS?® spectrum. These results
suggested that a direct loss of H from 2% was energetically
unfavorable, and the dissociation must follow a different
mechanistic pathway to outcompete the ring cleavage while
being consistent with the labeling data.

We propose an indirect mechanism (Scheme S), which is
compatible with the labeling data and reaction energetics and is
supported by the reaction kinetics (vide infra). In the first step,
the radical carrying a CH, group in 2*" is assumed to cyclize to C-
8, forming an aziridine ring in intermediate 2" at 128 kJ mol™
relative to 2%, The cyclization proceeds through TS1 at 166 kJ
mol ™" relative to 2"". The aziridine ring in 2e"" is opened via TS2
at 161 kJ mol™" relative to 2% (33 kJ mol™" relative to 2e"),
resulting in a ring expansion and forming the dihydropteridine
intermediate 2f" at 53 kJ mol™". Ion 2f" can undergo facile
reversible isomerization by 1,2-H atom shift between the CH,
group and C-8, proceeding via TS3 at 154 kJ mol ™" and forming
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Figure S. (a) UV—vis action spectrum of m/z 148 (C¢HgN;") ion by
loss of H from 2". (b, ¢) M06-2X/6-31+G(d,p)-calculated vibronic
spectra (310 K) of (b) 2h* and (c) 4d*. The cyan background is an
overlay of the action spectrum of C{HN;".

dihydropteridine ion 2g"" at 50 kJ mol™" relative to 2*". Finally,
loss of H from the ring CH, groups in 2f" and 2g" required 190
and 191 kJ mol™ in TS4 and TSS, respectively, to form a
common product, which is an N-1-protonated aminopteridine
2h* at 159 kJ mol™’ relative to 2*. Note that we retain the
adenine ring atom numbering for the aminopteridine dissoci-
ation products. The salient feature of the Scheme 5 mechanism
was that all the TS and threshold energies were substantially
lower than the threshold energy for the ring cleavage leading to
elimination of H,C=N-—CN (Table 1). Thus, the Scheme 5
mechanism was consistent with the CID-MS? spectrum. We also
considered alternative mechanisms of H atom loss, but those
required high TS energies (TS6—TS9), as described in detail in
the Supporting Information (Schemes S3 and S4). Loss of H
from the N-7-H protomer 4% was also evaluated by its energetics
and kinetics as visualized in Scheme SS and Figures S9 and S10
(TS10—TS14, Supporting Information).

Experimental evidence for the proposed mechanism was
sought by determining the structure of the m/z 148 product ion
by CID-UVPD-MS* action spectroscopy. The action spectrum
showed two major photodissociation channels leading to loss of
NH; (m/z 131) and HCN (m/z 121), forming bands with
maxima at 285, 250, and 220 nm (Figure Sa). The spectrum of
this ion was different from that obtained for the m/z 148 ion
generated by CID-MS® from [9-methyladenine]* (Figure S11,
Supporting Information). Significantly, the absorption bands in
the action spectrum were matched by the calculated bands in the
vibronic spectrum of 2h* (Figure Sb). The latter showed a weak
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fractions of the 2" reactant and 2h* product after 50 ms in the ion trap.

transition to the A state at 351 nm and more intense transitions
to the C, F, and H states at 262, 225, and 196 nm, respectively.
Upon vibronic redshift and broadening, these transitions gave
rise to bands matching the prominent features in the action
spectrum. In contrast, the spectrum of the N-7-protonated
pteridine ion 4d" showed a major mismatch with the action
spectrum. For example, the intense transitions to the B and G
states at 348 and 228 nm, respectively (Figure Sc), did not match
the bands in the action spectrum. In particular, the absence in
the action spectrum of the 348 nm band excluded the N-7-
protonated isomers for the m/z 148 and, by implication, also its
precursor 4”. Hence, UV—vis action spectroscopy alone proved
to be sufficient for resolving the protomeric forms and allowed
us to assign structure 2% to the noncanonical adenine cation
radical. It is fair to note that structures 2" and 4% are
theoretically distinguishable by infrared spectra that show
different bands for the N-1—H and N-7—H stretching and in-
plane bending modes in the calculated spectra (Figure S12,
Supporting Information). Structures 2* and 4* thus present a
future challenge to be addressed by infrared action spectros-
copies.

Dissociation Kinetics. To quantitatively evaluate the
Scheme S mechanism, we utilized the CCSD(T)/CBS-
calculated potential energy surface for the H atom loss from
2" to calculate unimolecular rate constants, by the Rice—
Ramsperger—Kassel—Marcus theory model.*® The rate con-
stants (log k) for the reversible reactions, 2" < TS1 < 2e* (k;,
k_y), 2e" o TS2 < 2f" (ky, k_,), and 2f" < TS3 « 2g" (k;,
k_;), and the exit channels, 2f* — TS4 — 2h* + H' (k,) and
2g"'— TSS — 2h* + H' (k;), (Scheme 5) were plotted on a
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Scheme 6. Kinetic Analysis of the Distribution of D-Labeled Intermediates and Rate Constants for Competitive Loss of H and D
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common energy scale and are shown in Figure 6a. The rate
constants indicated that the rate-determining steps for the
dissociation were the ring closure in 2* (k) and the C—H bond
cleavages in 2f" (k,) and 2g" (ks), while the reversible
interconversion of 2f" and 2g" (k;, k_;) was >2 orders of
magnitude faster at all relevant internal energies of 2. Under
these conditions, the populations of 2", 2f", and 2g"" preceding
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equilibrium to simplify the dissociation kinetics, where the
energy-dependent mole fractions of 2f* and 2g*" are functions of
ki, k_y, ky k_, ki, and k_;. When combined with the rate
constants for the rate-determining steps of H atom loss, k, and
ks, respectively, we can calculate the energy-dependent mole
fractions of the reactant (2*") and products (2h* + H’) after SO
ms of the ion residence time in the ion trap (Figure 6b). The
Figure 6b data indicated that >10% dissociation was achieved in
ions having >230 kJ mol ™" internal energy and the dissociation
was complete in ions having 260 k] mol ™. These figures were
reasonable considering the typical collisional excitation in 3D
ion traps.”> "%’ The calculated range of the kinetically limited ion
internal energies was also consistent with photoexcitation,
allowing single-photon dissociation at laser wavelengths up to
520 nm. This was fully compatible with the UV—vis action
spectrum (Figure 3a).
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Isotope Effects. We further used the equilibrium formation
of 2f" and 2g" to address the isotope effects on the competitive
loss of H and D from [8-D]-2" (Figure 2a). Equilibrium
populations were calculated for intermediates A, B, A’, and B’
(Scheme 6), in which the D atom (D15), originally placed at C-
8, was distributed by reversible H and D migrations with rate
constants ksp, k_sp, ksg, k_sp, ksc, and k_s¢, (Figure 7a) followed
by dissociation with rate constants ks = ksamie Kspris
kyatie and ksgigs = ksprg for loss of H. The loss of D was
analogously expressed by rate constants kspp;s and kysps. All
these rate constants were calculated including primary and
secondary isotope effects with appropriate zero-point energies,
vibrational frequencies, and moments of inertia of the D-
containing intermediates and the pertinent transition states
(TS3, TS4,and TSS). The results are summarized as the energy-
dependent kp/ky ratio, expressing the overall loss of D and H
(Figure 7b). This showed that the fraction of D loss increased
with ion internal energy, which was caused by a combination of
kinetic factors, such as the increasing population of intermediate
A’ that can dissociate by D loss and the lower kinetic isotope
effect affecting this dissociation. The experimental ratio for
collisional activation (kp/ky = 12/88 = 0.136) was matched at
the internal energy of 295 kJ mol™'. The ratio for photo-
excitation (14/86 = 0.163) was matched at 360 kJ mol™". This
was less than the photon energy used to obtain the photo-
dissociation spectrum (443 kJ mol™"), but the difference can be
accounted for by ion collisional coolin§ after photon absorption
during the 50 ms ion storage time.*”°

Distonic Isomers of 2’-Deoxyadenosine Cation Radi-
cals. The specific generation and stability of the elusive distonic
isomer of 9-methyladenine cation radical, along with those of
thymine'* and methylcytosine,"” indicated that nontraditional
structures may play a role in DNA oxidation. To investigate this
unusual aspect of nucleobase cation radical chemistry, we
investigated the structures and relative energies of 2'-
deoxyadenosine isomers produced by H atom migrations in
the canonical structure Ad1*". The lowest-energy 2'-deoxyribose
conformers for each nucleobase tautomer were selected after
Born—Oppenheimer molecular dynamics trajectory calculations
and optimized by DFT calculations. Here, we report CCSD(T)/
CBS energies with zero-point corrections, enthalpies, and
entropies at 310 K. The calculated free energies (Table 2)
indicated a substantial stabilization of the noncanonical isomers
Ad2" and Ad3" relative to Ad1" in both the gas phase and
solvation by water. Structures Ad2"—Ad4" have the proto-
nation (N-1, N-3, or N-7) and radical (C-1’) sites on separate
atoms and thus represent stable distonic ions.””” Their
enhanced stability relative to that of Ad1*" can be related to
the difference in the N—H and C-1'—H bond dissociation
energies in protonated adenosines. The available energy data
placed the 298 K dissociation energy of the C-1'—H bond in 2'-
deoxyribofuranose at 384 kJ mol™.”" This is to be compared
with the 298 K energies for homolytic dissociation of the N-1—
H, N-3—H, and N-7—H bonds in protonated 9-methyladenines
that we calculated with CCSD(T)/CBS as 420, 412, and 395 kJ
mol ™!, respectively. These energies indicated that a hydrogen
atom transfer from C-1’ to the adenine nitrogen positions was
also exothermic in ionized Ad1", leading to the noncanonical
structures Ad2"—Ad4"". The Table 2 data for 2'-deoxyadeno-
sine further revealed that the stability of Ad2"—Ad4" relative to
Ad1" was retained after including solvation with water. Thus,
the findings for gas-phase 9-methyladenine cation radicals can
be extended to the case of nucleoside ions. The potential
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importance of the noncanonical nucleoside cation radical
isomers stems from their recombination energies that affect
electron transfer in ionized DNA. For the canonical isomer
Ad1*, we calculated an adiabatic recombination energy (RE,,
given as an absolute value) of 7.82 eV, which was between those
of guanosine (7.49—7.51 eV),”* thymidine (8.12 V), and
cytidine (8.14 eV). Thus, Ad1* can abstract an electron from
guanosine and promote the ionization site moving along the
DNA molecule. In contrast, the low-energy isomers Ad2" and
Ad3" have very low RE,, 4.41 and 4.73 eV, respectively. If
formed in ionized DNA, these cation radicals would function as
hole traps that would not engage in electron transfer along the
backbone or in the Watson—Crick pairs.

B CONCLUSIONS

In conclusion, noncanonical isomers of 9-methyladenine and
adenosine cation radicals represent new low-energy species of
distinct electronic properties. The noncanonical 9-methylene-
(1H)adenine cation radical was generated for the first time using
targeted gas-phase ion chemistry, and its structure was entirely
characterized by UV—vis photodissociation action spectrosco-
py. The discovery of stable noncanonical nucleobase and
nucleoside cation radicals presents a challenge for future
experimental and computational studies to search for the
formation and role of such noncanonical intermediates in DNA
ionization.
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