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ABSTRACT: We report unusual dissociations of protonated RNA
nucleosides tagged with radical initiator groups at ribose 5’-O and
furnished with a 2’,3’-O-isopropylidene protecting group. The ions
undergo collision-induced radical cascade dissociations starting at
the radical initiator that break down the dioxolane ring and trigger
the formation of nucleobase cations and cation radicals. The
adenine cation radical that was formed by radical cascade
dissociations was identified by MS® UV—vis photodissociation
action spectroscopy to be a higher-energy N-3-H tautomer of the
canonical ionized nucleobase. The guanine cation radical was
formed by radical cascade dissociations as the N-7-H tautomer. In
contrast to adenosine and guanosine, radical cascade dissociations

of the tagged ribocytidine ion produced protonated cytosine,

whereas tagged ribothymidine showed yet different dissociations resulting in predominant thymine loss. Reaction mechanisms were
suggested for the cascade dissociations that were based on Born—Oppenheimer molecular dynamics and density functional theory
calculations that were used to map the relevant parts of the potential energy surfaces for adenosine, guanosine, and cytidine radical
ions. The reported radical cascade dissociations represent a new, nonredox approach to nucleobase and nucleoside cation radicals
that has the potential of being expanded to the generation of various oligonucleotide cation radicals.

Bl INTRODUCTION

DNA ionization is known to proceed along oxidative and
reductive pathways, forming respectively cation-radical and
anion-radical intermediates that lead to different radical
products.’ Oxidative ionization by electron removal produces
transient cation radicals that can react further by electron or
proton transfer.” > Reductive ionization involves capture of a
slow secondary electron, forming transient anion radicals that
are converted to radicals by anion elimination or protonation
by solvent.’ Despite extensive research of DNA ionization,
structure characterization of highly reactive cation-radical
intermediates remains challenging.’ Recent studies have
indicated that DNA-related cation radicals, such as nucleo-
bases, nucleosides, and oligonucleotides, can be generated in
the gas phase, isolated by mass, and studied by tandem mass
spectrometry in combination with action spectroscopy in the
infrared or UV-—visible regions.” This technique relies on
wavelength-dependent photodissociation whereby the photo-
fragment ion production is used to reconstruct the absorption
profile of the isolated ion.® When combined with analysis of
theoretical vibrational or vibronic absorption spectra, action
spectroscopy allows structural assignment to be made for the
cation radicals generated in the gas phase. The generation and
structure elucidation of gas-phase cation radicals related to
nucleic acid components have been successfully accomplished
for several standard and modified nucleobases using intra-
molecular electron transfer in complexes with Cu' and a
© 2022 American Society for Mass
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coligand, such as terpyridine, in which nucleobase oxidation by
Cu" was driven by collision-induced dissociation (CID,
Scheme 1, eq 1).”"
has been introduced by O’Hair and co-workers,”'" has been

This oxidative pathway technique, that

shown to work for the formation of cation radicals of the four

Scheme 1. Formation of Nucleobase, Nucleoside, and
Nucleotide Cation Radicals in the Gas Phase
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standard DNA nucleobases,”'® as well as for synthetic
analogues of the hachimoji type.11 However, oxidative
generation of nucleoside and nucleotide cation radicals has
so far been limited to 2’-deoxyguanosine and guanosine.'”"?
The reductive pathway to nucleoside and nucleotide cation
radicals that mimic products of reductive DNA ionization
relies on partial reduction by electron transfer (ET) of
dications represented as derivatives furnished with a fixed-
charge group (Scheme 1, eq 2),"* or multiply charged
oligonucleotide ions (Scheme 1, eq 3).'>'® We now report a
new, nonredox approach to the generation of nucleobase
cation radicals that has the potential of being extended to
nucleoside and nucleotide cation radicals. The new method-
ology relies on the uncoupled generation of the charged and
radical-carrying moieties in a nucleoside conjugate (Scheme 1,
eq 4). Charging is achieved by electrospray ionization to
protonate the most basic position in the nucleobase. The
radical is generated from a mass-selected ion by CID of an
auxiliary and covalently attached group denoted as Radical
Initiator in eq 4. For this study, we chose the standard 4,4'-
azobis(4-cyanovaleric acid) (ABCV) group that was tethered
as an ester to S’-O of protected ribose (Figure 1).
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Figure 1. Ribonucleoside conjugates tagged with the ABCV radical
initiator.

We note that ABCV and other radical initiators have been
used previously to form peptide and carbohydrate radical ions
and promote their fragmentation.'”'® Here we show that
radical-triggered dissociations of protonated tagged ribonu-
cleosides form unexpected products that can be characterized
by action spectroscopy in combination with density functional
theory (DFT) calculations to assign gas-phase ion structures.

B EXPERIMENTAL SECTION

Materials and Methods. Ribonucleoside conjugates were
synthesized and characterized as described in detail in the
Supporting Information (Schemes S1—S4). Starting materials
were purchased from Sigma-Aldrich, Fisher Chemical, St.
Louis, MO) and used as received. Acetonitrile was dried using
4A molecular sieves, grade 514 (8—12 mesh). Chromatog-
raphy was performed on Acros Organics silica gel, ultrapure,
60—200 pum, 60A. TLC was performed on TLC silica gel 60
F,s4 aluminum sheets. Spots were detected with permanganate
stains, with bromocresol green stains, or under a UV lamp. 'H
NMR spectra were recorded on Bruker spectrometers at 300
and 500 MHz. *C NMR Spectra were recorded at 126 MHz.
Coupling constants (J) are given in hertz (Hz) and chemical
shifts are on the &-scale (Figures S1—S32, Supporting
Information). NMR characterization was carried out according
to the atom numbering shown in Scheme SI (Supporting
Information). High resolution mass spectra were recorded on
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an LTQ-Orbitrap XL (ThermoElectron, San Jose, CA) at
60 000 resolution. Samples were introduced by flow injection
into the ESI source. Action spectroscopy measurements were
performed on a modified Bruker amaZon (Bruker Daltonik,
Bremen, Germany) ion trap mass spectrometer equipped with
an auxiliary ion source for electron transfer dissociation (ETD)
and coupled to a Nd:YAG laser/OPO laser system."” The
synthetic conjugates were dissolved in 50:50:1 acetonitrile—
water—acetic acid at 10—20 yM concentrations and electro-
sprayed into the ion trap. Singly charged conjugate ions were
selected by mass and subjected to multistep collision-induced
dissociations. The nucleobase cation radicals formed were
again selected by mass in the ion trap and probed by laser
photodissociation. The laser beam was provided by an
EKSPLA NL301G Nd:YAG laser (Altos Photonics, Bozeman,
MT) working at 20 Hz frequency and 3 to 6 ns pulse width.
The photon pulses were treated by a PGI142C unit
(AltosPhotonics) which incorporated a third harmonic
generator and optical parametric oscillator coupled with an
optional second harmonic generator to enable wavelength
tuning in the range of 210—700 nm. The laser beam (6 mm
diameter) exiting the PG142C unit was aligned and focused
into the ion trap. The laser pulse energies were measured at
each experimental wavelength using an EnergyMax-USB J-
10MB energy sensor (Coherent Inc.,, Santa Clara, CA) to
calibrate the action spectra. The measured photofragment ion
intensities were normalized to the number of photons per
pulse.

Calculations. Calculations were performed according to
the multistep protocol that had been developed previously.”’
Briefly, in the first step, several conformers were constructed
for each cation-radical protomer where the additional hydro-
gen atom was placed in the adenine (N-1, N-3, or N-7),
guanine (N-7, O-6), cytosine (O-2, N-3), and thymine (O-4,
0-2) positions. A conformation search of the cation-radical
structures was performed by Born—Oppenheimer molecular
dynamics calculations (BOMD) using the Berendsen thermo-
stat algorithm™' at 310 K. BOMD trajectories were run for 20
ps with 1 fs steps using the all-valence-electron semiempirical
PM6-D3H4 method™” that includes corrections for hydrogen
bond and dispersion energies. These calculations were run by
MOPAC*’ under the Cuby4 platform.** This generated 20 000
snapshots from each trajectory from which 200 X n (n =
number of trajectories) structures were selected at regular
intervals and gradient-optimized with PM6-D3H4. The
optimized structures for each protomer were ranked by
energy, and the sets were compacted by removing duplicates.
Gradient optimization of these second-selection structures was
carried out with the B3LYP hybrid density functional™ in the
spin-unrestricted format and the 6-31+G(d,p) basis set. This
provided several structures for each protomer that were
characterized by harmonic frequency calculations as local
energy minima. B3LYP structures within 40 kJ mol™' of each
protomer group energy minimum were then reoptimized with
MO06-2X>° using the 6-31+G(d,p) basis set including harmonic
vibrational analysis. These standard density functional theory
(DFT) calculations were run with the Gaussian 16 program
suite (Revision A01).”” We selected the B3LYP/6-31+G(d,p)
harmonic frequencies, scaled by 0.975, to evaluate the zero-
point energies and vibrational enthalpy and entropy terms.
This was guided by the known reliability of scaled B3LYP/6-
31+G(d,p) harmonic frequencies to provide a good match
with frequencies measured in infrared action spectra in the gas
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phase.”® For single-point energy calculations, we used the
MO06-2X/6-31+G(d,p)-optimized geometries. This is natural
for M06-2X/6-311++G(2d,p) single-point energy calculations,
where triple-{ quality basis sets improve accuracy and were
used by Zhao and Truhlar to benchmark the density
functional.”® On the basis of our previous benchmarks,'"'>"*
we selected time-dependent density functional theory calcu-
lations™ with UM06-2X/6-31+G(d,p) of an extensive set of
vertical and vibronic transitions in the cation radicals. Vertical
excitations were calculated for 45—50 excited states to probe
transitions within the experimentally studied region of 210—
700 nm. To calculate vibronic excitations, we used 300
Boltzmann-ranked Wigner configurations®””' that were
generated by the Newton X program® from the B3LYP/6-
31+G(d,p) calculated harmonic normal modes of each cation
radical at 350 K and submitted for TD-DFT calculations. The
number of excited electronic states in these vibronic TD-DFT
calculations (25) was chosen to include excitations with
wavelengths down to below 200 nm, covering a large part of
the experimental wavelength range of 210—700 nm. Transition
states (TS) were located by stepwise B3LYP and M06-2X
calculations to map the potential energy surface along the
reaction coordinate. The TS were characterized by harmonic
frequency analysis as having one imaginary frequency.

B RESULTS AND DISCUSSION

Radical Cascade Dissociations of Adenosine Con-
jugates and Formation of Adenine Cation Radicals.
Electrospray ionization of the ribonucleoside conjugates
produced singly charged ions that were selected by mass and
subjected to CID. Starting with the adenosine ABCV conjugate
CID-MS? of cation 1* (m/z 570) resulted in the combined loss
of N, and 2-methylglutaronitrile radical, forming the m/z 416
radical ion (Figure 2a) that was selected and subjected to CID-
MS®. Dissociation of this intermediate proceeded by a
consecutive elimination of 2-methylprop-2-enenitrile (67 Da)
and acetone (S8 Da) from the dioxolane ring, forming the
respective radical ions at m/z 349 and m/z 291 (Figure 2b).
Rather unexpectedly, the dissociation proceeded even further
by loss of the entire deoxyribose moiety, forming the adenine
cation radical A*® at m/z 135. All these fragment ions were
assigned by accurate mass measurements. The highest yield of
A** was obtained by CID-MS* of the isolated m/z 291
intermediate where it was the only major product that was
formed by the elimination of the neutral 5’-O-acetyldeoxyr-
ibose (C;HgO,) molecule (Figure 2c). This last dissociation
step was critically linked to the presence of the 2',3'-O-
isopropylidene group in 1" and m/z 349 reaction inter-
mediates. This was probed by CID-MS" spectra of protonated
conjugate 1b" in which the 2’-OH and 3’-OH groups were
deprotected. CID-MS* of 1b* (m/z 530) showed radical
dissociations of the ABCV side chain, yielding successively
fragment ions at m/z 376 by loss of N, and 2-methylglutar-
onitrile radical (Figure 3a), and m/z 309 by loss of 2-
methylprop-2-enenitrile (Figure 3b). Thus, the dissociations of
the radical initiator group in 1b* were completely analogous to
those starting from 1°. However, subsequent CID of the m/z
309 intermediate predominantly resulted in a ribose cross-ring
cleavage, forming an even-electron fragment ion at m/z 163
(Figure 3c). Ion A** at m/z 135 was also formed, but only as a
very minor product, whereas most of the adenine ions were
protonated (m/z 136).
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Figure 2. Collision-induced dissociation mass spectra of (a) 1%, (b)
m/z 416, and (c) m/z 291 cation-radical intermediates showing the
formation of A*°.

As a next step in elucidating these ion dissociations, we
isolated ion A** and investigated it by MS® UV-—vis
photodissociation action spectroscopy by monitoring photo-
fragment ion channels for the major loss of HCN (m/z 108),
and a minor loss of two HCN (m/z 81). We note that to the
best of our knowledge these are the first MS® ion photo-
dissociation spectra ever reported. The spectra showed two
major absorption bands with maxima at 515 and 340 nm, as
well as shoulders or maxima at 300, 270, 230, and 220 nm
(Figure 4a). A Dj-labeled derivative, CsH,D;Ns**, was
generated following H/D exchange of the adenine labile
protons, and its UV—vis action spectrum is shown in Figure
4b. The dissociations leading to the absorption band at 515 nm
displayed equal contributions from the loss of HCN and DCN
(Figure 4b). In contrast, the 340 nm band was composed of a
major band for DCN loss that had a maximum at 340 nm, and
a minor band for HCN loss with a maximum at 320 nm. The
relative intensities of these two distinct bands did not reflect
the 3:2 ratio of D and H in the ion, which along with the
different band maxima indicated distinct mechanisms for the
hydrogen cyanide eliminations.

The action spectrum of A™ was assigned on the basis of the
vibronic absorption spectra of several adenine cation-radical
tautomers that were calculated by time-dependent DFT.***
The best match was obtained for the N3—H tautomer A1**
which showed a prominent band for excitation to the F state
and a broad band in the visible region of the spectrum for
excitations to the C and D states (Figure 4c). Several other
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Figure 3. (a) CID-MS? spectrum of protonated adenosine conjugate
1b at m/z 530. (b) CID-MS? spectrum of fragment ion at m/z 376.
(c) CID-MS* spectrum of fragment ion at m/z 309. Insets show the
(A + H)" and A" ion profiles at m/z 136 and 135, respectively.

adenine ion isomers (Figure S) were excluded, because their
calculated vibronic spectra showed m Jor bands that were
absent in the action spectrum of A**.>® Previous ab initio
calculations with CCSD(T) that were extended to the
complete basis set’® have indicated that A1** was the second
lowest-energy tautomer among adenine cation radicals, being
18 kJ mol ™" higher by energy than the canonical N9—H isomer
(A2**) and 4 k] mol™" lower than the N1-H,N6-imine isomer
A3". The action spectrum of A2** that has been reported
previously showed a band with a maximum at 290 nm, which
coincided with the shoulder at 300 nm in the spectrum of
A1**. Although a shoulder was also predicted to belong to
A1** according to the calculated vibronic spectrum (Figure
4c), a minor presence of the most stable A2** isomer in the
spectrum of A™® cannot be excluded. Similarly, the calculated
absorption spectrum of isomer A3** showed a strong band
with a maximum at 240 nm” which was absent in the action
spectrum of A*.

Mechanism of Adenine Cation-Radical Formation.
The unexpected formation of A1** from the adenosine—ABCV
conjugate raised the question of the reaction mechanism. The
conjugate was designed with the intention to undergo a
cascade dissociation of the ABCV chain to generate a reactive
5'-O-acetyl radical (2**) which was presumed to be quenched
by a tertiary hydrogen migration from a ribose position
(Scheme 2). We used density functional theory calculations
with M06-2X/6-311++G(2d,p) to establish the ion structures,
map the potential-energy surface, and locate transition states
(TS) for H atom migrations to the 5’-O-acetyl radical from the
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sterically accessible ribose positions. We note that adenine
protonation at N3 in conjugate 1 was calculated to be
energetically preferred over protonation at N1 and N7,
consistent with previous studies of gas-phase adenosine ions
by Rodgers and co-workers.” The TS energies for H atom
migration in 2** from CS’, C4’, C3’, and C2/, E1¢ = 108, 129,
73, and 100 kJ mol™, respectively, pointed to a kinetic
preference for the migration of C3’-H, forming the C3’ radical
3** (Scheme 2). All these H migrations were exergonic,
forming isomeric ribose radicals 4"*—6** (Scheme S$5-S7,
Supporting Information) and indicating the possibility of
spontaneous isomerization.

It should be noted that radical 3"® that was produced by the
kinetically most favorable migration via TS, ,; was not the
lowest-energy isomer. The further reaction course leading to
A1"* involved radical-induced cleavage of the dioxolane ring in
3" via TS;_, and elimination of acetone, forming ion 7** with
a radical-activated C1’=N9 bond (Scheme 3). The final

Scheme 3. Ribose Dissociations Forming Ion A1"**

Y

(—g.;.) —(CH,),C=0 P/\J/\“
+
S~
Ny (e
- U T
— 7+ (37)
Y N\

~
?\’

\ /\ Al (178

\/\}Q\ ) f\

“Structure and energy description as in Scheme 2.

dissociation of 7** may proceed via an ion—molecule complex
(8") to yield A1** and its neutral counterpart, S-
acetoxymethyloxol-2-en-4-one (9). It is noteworthy that the
overall dissociation energy to produce A1™®, acetone, and 9
from 2" (178 kJ mol™') was notably lower than that for
neutral Al, acetone, and 9** (316 kJ mol™!), which was
consistent with the absence of ion 9** (m/z 156) in the Figure
2 spectra.

The suggested mechanism pointed out the role of the
dioxolane ring dissociation to steer the radical site to C2’
where it was in a position suitable for C1'—N9 bond cleavage
and f-elimination of A1"°. This was corroborated by the CID-
MS" spectra of the unprotected 2/,3’-OH ABCV conjugate 1b
that formed A1™ much less efficiently upon multistage
collisional activation. The radical cascade starting from 1b**
was analogous to that from 1" leading to the intermediate
cation radical at m/z 309 (Figure 3a,b). However, CID-MS* of
this ion resulted in a cross-ring cleavage (m/z 163) while the
major nucleobase ion product was protonated adenine at m/z
136 (Figure 3a,b).

The Scheme 3 activation energies may provide a clue to
explain the radically different dissociations of 1* and its
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deprotected analogue 1b*. The low TS;_,, energy facilitates the
formation of the 2’-radical in 7" which is associated with
cleavage of the C2’—0O bond and elimination of acetone. An
analogous reaction in the 2’,3'-OH radical intermediate, such
as the one shown in Figure 3¢, would require a hydrogen atom
migration to 2’-OH followed by loss of water. However,
neutral oxygen atoms in alcohols and ethers are very poor
hydrogen atom acceptors because a H atom addition would
produce high-energy hypervalent oxonium radicals.*® This may
make the formation of a C2’ radical in the 2,3'-OH
intermediate energetically prohibitive, resulting in the observed
competitive cross-ring cleavage (Figure 3c).

Radical Cascade Dissociations of Guanosine Con-
jugates and Formation of Guanine Cation Radicals.
Electrospray protonation of the guanosine ABCV conjugate 10
formed ions at m/z 586 that were subjected to CID (Figure
6a—c). Dissociations proceeded by elimination of the side
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Figure 6. (a) CID-MS? spectrum of protonated guanosine conjugate
10 at m/z 586. (b) CID-MS? spectrum of fragment ion at m/z 432.
(c) CID-MS* spectrum of fragment ion at m/z 365. Insets show the
G* and (G + H)" ion profiles at m/z 151 and 152, respectively.

chain (m/z 432, m/z 365, Figure 6a,b), followed by loss of the
entire ribose moiety, forming the guanine cation radical at m/z
151 (G**). Interestingly, the intermediate fragment ion after
loss of acetone (m/z 307) was only very weakly represented in
the CID-MS* spectrum (Figure 6¢). Similar to adenosine
cation radicals, CID-MS" of the deprotected 2,3'-OH
guanosine ABCV derivative did not lead to the formation of
guanine cation radicals. The spectra (Figure S33, Supporting
Information) showed the formation of protonated guanine (m/
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2 152) in all steps involved in the radical cleavage of the ABCV
side chain and ribose ring,

We further used MS® UV—vis action spectroscopy to
characterize the G** ion (Figure 7). The spectrum was
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Figure 7. (a) UV—vis action spectrum of G**. M06-2X/6-31+G(d,p)
calculated vibronic spectra of (b) G1** and (c) G2** from 300
configurations at 350 K. The vertical lines indicate TD-DFT electron
transitions.

monitored at the m/z 110 fragment ion channel for the loss of
CHN,, showing a broad band extending from 410 to 600 nm, a
composite band with a maximum at 330 nm, and sharper
bands with maxima at 280 and 230 nm (Figure 7a). The other
observed photofragment channel at m/z 127, which showed a
very similar wavelength profile, probably corresponded to a
water adduct to the m/z 109 fragment ion by loss of CH,N,
from G*. The action spectrum of G** was distinctly different
from the previously reported spectra of the canonical guanine
cation radical,"” indicating that a new isomer was produced by
the radical cascade pathway. Comparison of the action
spectrum with the calculated vibronic spectra showed
matching bands for the NI-H, N7—H tautomer G1'° at
215 and 280 nm, as well as broad bands extending from 390 to
600 nm (Figure 7b). However, the composite band at 330 nm
showed a better match with the band in the vibronic spectrum
of the N1—H, N3—H isomer G2** (Figure 7c). Both of these
isomers lacked substituents at N9, which was consistent with
the cation radical formation by C1’—N9 bond cleavage in the
guanosine conjugate. Ion G1** has been reported to be only
5.6 kJ mol™ less stable than the canonical isomer,"” whereas
G2** is a high-energy isomer at 75 kJ mol™" above G1*°. The
formation of G2** may be allowed by N3 protonation in the
5’-O-acetyl radical which according to our calculations was
only 25 kJ mol™" less favorable than protonation at N7 and
thus can possibly compete to form the N3—H protomer as a
minor coproduct.

We used DFT calculations to elucidate the facile formation
of G1™ upon CID. Two possible pathways to G1*° were
identified, starting from the guanosine §’-O-acetyl radical 11*°
(Scheme 4). Migration of H3' on the acetyl radical in 11** was
calculated to proceed with a TS energy of 141 kJ mol™" in
TS;1_15 forming the C3’ radical 12** at 7.3 kJ mol ™' relative
to 11*°. However, migration of H2' on the acetyl radical in
11" had a markedly lower TS energy (103 kJ mol™ in
TS,,_13) to form the C2’ radical 13** at 13 k] mol™" relative to
11*°. Dissociation of the C1'-N9 bond in 13** had a
threshold at 187 kJ mol™" forming G1** and the neutral ribose
fragment 14. The possibility of two pathways could explain the

Scheme 4. Radical Dissociations Forming Ion G1**“
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spontaneous formation of G1™* from the $'-acetoxy radical
intermediate upon CID (Figure 6¢).

Radical Cascade Dissociations of Cytidine Conju-
gates. CID of the protonated cytidine ABCV conjugate (m/z
546) proceeded by the expected cleavage of the radical
initiator side chain, forming intermediate cation radicals at m/z
518 and 392 (Figure 8a). Upon CID-MS* and MS? we
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Figure 8. (a) CID-MS? spectrum of protonated cytidine conjugate at
m/z 546. (b) CID-MS® spectrum of fragment ion at m/z 392. (c)
CID-MS* spectrum of fragment ion at m/z 325. Insets show the C**
and (C + H)" ion profiles at m/z 111 and 112, respectively.

observed the respective formations of the 5'-O-acetyl radical
ion (m/z 325) and the next generation fragment ion by loss of
acetone (m/z 267). Interestingly, the CID-MS?® spectrum in
Figure 8a showed a fragment ion at m/z 407 which
corresponded to loss of neutral cytosine from the (M — N,)
ion at m/z $18, indicating recombination of the 2-
methylglutaronitrile radical with the complementary cation
radical after N, loss. However, subsequent dissociations of the
intermediate cation radicals led to the formation of protonated
cytosine cation (m/z 112), whereas the desired cytosine cation
radical (m/z 111) was formed as a very minor byproduct
(Figure 8b,c). We investigated another pathway to radical
intermediates which was based on UV photodissociation
(UVPD) of a protonated $'-O-iodoacetyl conjugate of cytidine
to generate radicals according to the method developed by
Julian and co-workers.”” Photodissociation at 265 nm was
selected on the basis of the UV absorption spectrum of
iodoacetamide which shows a broad absorption maximum at
265 nm.”® The high excitation energy upon photon absorption
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(4.68 eV at 265 nm) was expected to promote C1'—N bond
homolysis and formation of the desired cytosine cation radical
at m/z 111. UVPD produced the 5'-O-acetyl radical ion a m/z
325 along with a fragment ion at m/z 341 by loss of neutral
cytosine (Figure S$34, Supporting Information). However,
despite the high excitation upon UV photon absorption, the
UVPD spectrum showed a direct and abundant formation of
protonated cytosine at m/z 112, indicating again a dominant
proton transfer accompanying the C1’—N bond cleavage
(Scheme S).

Scheme S. Photodissociation of the Protected Cytidine 5'-
O-Iodoacetyl Conjugate

NH,
| @® “NH
o o. m/z341
O ~.
. ——» (Cytosine + H)*
200 H m/z112
m/z 325 07/0
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It should be noted that protonated cytosine has an intense
absorption band at 231-268 nm in the gas phase, as
established by action spectroscopy.” It is therefore possible
that photodissociation of the protonated 5’-O-iodoacetylcyti-
dine ion is triggered by electronic excitation in the cytosine z-
electron system, driving proton transfer and elimination of
protonated cytosine.

Mechanism of Cytidine Cation-Radical Dissociations.
To explain the divergent behavior of cytidine conjugates, we
investigated the potential energy profile of the cytidine cation
radical dissociations, as shown in Scheme 6. This revealed a
standard pathway starting from the 5’-O-acetyl radical 15"*
undergoing a facile H3' transfer via TS5 ¢ that was 15 kJ
mol™" exergonic and was followed by loss of acetone from the
C3’ radical intermediate 16™°. However, the dissociation of the
C1’—N9 bond in the critical C2’-radical intermediate 17"° was
substantially endergonic (AH, = 186 kJ mol™) to form the
cytosine ion 19™°. A more facile pathway was found that
proceeded via a complex of the cytosine cation radical with the
ribose neutral fragment (18**). Rather than separating to the
components at 203 k] mol™" threshold energy, complex 18**
can undergo a hydrogen transfer to cytosine via TS4_,, at 161
kJ mol™!, forming the very stable complex 20** of protonated
cytosine 21** and ribose radical 22°. Complex 20*° was at —76
k] mol™' relative to radical 15*°, preventing a reversible
formation of 18" and enabling dissociation to its components
at a very low overall threshold energy (81 kJ mol ™/, Scheme 6).
This reaction sequence, involving a stable intermediate (20**)
and a low threshold energy, may explain the formation of
protonated cytosine instead of cation radical 19*°.

It may be noted that the adiabatic recombination energy of
the cytosine tautomer ion 19** (calculated as an absolute value
of IRE,4|l = 8.42 eV by M06-2X/6-311++G(2d,p)) was lower
than the adiabatic ionization energy of fragment 9 (9.55 €V),
so an electron-transfer equilibrium between those two
fragments would favor ion 19"°. The preferential formation
of protonated cytosine 21" and neutral radical 22° was due to
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Scheme 6. Dissociations of the Protected Cytidine 5'-O-Acetyl Radical”
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the more favorable thermodynamics for this dissociation
channel.

Dissociations of Thymidine Conjugates. CID and
UVPD spectra were also investigated for the 5-O-ABCV and
-iodoacetyl conjugates of 2',3’-O-isopropylidene thymidine,
respectively (Scheme 7). The CID spectra showed substantial
deviations from those of its adenosine, guanosine, and cytidine
analogues. The CID-MS? spectrum of protonated thymidine

ABCV conjugate (m/z 561, 23*) showed dominant peaks for
loss of thymine (m/z 475, 281, Figure S3S, Supporting
Information), which was also the major dissociation in the
CID-MS" spectra of the intermediates, whereas no thymine
cation radicals were formed. UVPD at 265 nm of the
protonated 5'-O iodoacetyl thymine conjugate (24, m/z
467, Figure S36a, Supporting Information) showed compet-
itive loss of iodine (m/z 340) and thymine (m/z 341). The
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spectrum also showed fragment ions at m/z 127 for protonated
thymine, and m/z 126, the latter indicating potential formation
of a thymine cation radical. However, CID-MS? of the m/z 126
ion (Figure S36b, Supporting Information) displayed a major
loss of CH; which is absent in the reference electron ionization
spectra of thymine and its isomers."” We tentatively assigned
the m/z 126 ion to a cumulene cation radical produced by
dissociation of the ribose ring (Scheme 7).

It may be noted that thymine has a substantially lower
proton affinity than the other DNA nucleobases.”” This makes
the protonated thymine ring a better leaving group than the
other protonated nucleobases for cleaving the C1'—N bond
and loss of the neutral nucleobase.

B CONCLUSIONS

In summary, the nonredox radical cascade pathway to
nucleobase cation radicals was successfully applied to generate
novel isomers of adenine and guanine cation radicals which are
inaccessible by direct or transition-metal-mediated ionization
of standard nucleobases. The ion yields achieved in radical
cascade dissociations were sufficient enough to allow us to
obtain UV—vis action spectra and assign ion structures.
Although radical dissociations of unprotected 2',3'-OH
conjugates did not produce nucleobase cation radicals, they
did form noncanonical ribonucleoside cation radicals in which
the radical and charge sites were separated. Such intermediates
are of interest in studies of DNA damage®' ™" and are the
subject of ongoing investigations. The formation of cytidine
cation radicals was only marginal for reasons revealed by
energy analysis of the radical dissociations. A radical pathway
to cytosine cation radicals may benefit from photodissociation
of conjugates in which the ribose moiety was modified to
bypass hydrogen migration in the last step of the dissociation
cascade. To this end, additional initiators are being developed
that utilize electron-transfer dissociation of fixed-charge groups
to form transient radical intermediates** and thus provide new
synthetic methods for nucleoside and nucleotide cation radical
generation. Generation of thymine cation radicals remains a
challenge and may require a yet different approach, analogous
to that used in solution studies,” in order to be successful in
the gas phase.
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