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Abstract

The gas-phase interactions of uracil with dimethyltin(IV) have been studied by a combined
experimental and theoretical approach. Positive-ion electrospray spectra show that the
interaction of dimethyltin(I\V) with uracil (Ura) results in the formation of the [(CH3),Sn(Ura-
H)]" ion. The MS/MS spectrum of this complex is characterized by numerous fragmentation
processes, notably associated with elimination of H,N,C,O and C3,H3,N,O moieties, as well as
the unusual loss of C,Hg leading to the [Sn(Ura-H)]™ complex. In turn, the [Sn(Ura-H)]"
complex fragments according to pathways already observed for the [Pb(Ura-H)]" analog.
Sequential losses of ‘CHj radicals are also observed from the [(CH3)2Sn(N,C,0)]" species (m/z
192).

Comparison between DFT-computed vibrational spectra and the IRMPD spectrum recorded
between 1000 and 1900 cm™, shows a good agreement as far as the global minimum is
concerned. This comparison points to a bidentate interaction with a deprotonated canonical
diketo form of uracil, involving both the N3 and O4 electronegative centers. This binding
scheme has been already reported for the Pb/uracil system. The bidentate form characterized
by the interaction between dimethyltin with N3 and O2 centers is slightly less stable.
Interconversion between the two structures is associated with a small activation barrier (56
kJ/mol). The potential energy surfaces were explored to account for the main fragmentations

observed upon collision induced dissociation.



Introduction

Cancer chemotherapy based on metal complexes was initiated by the discovery in the 1960s of
cis-diamminedichloroplatinum(ll), commonly known as cisplatin (cis-[Pt(NHs).Cl.]). Since, Pt-
based antitumor agents have been extensively synthetized and some of these complexes, such as
carboplatin, oxaliplatin or iproplatin are used at the clinical level, and have been particularly
successful in treating different types of tumors (lung, ovarian, testicular, head, and neck).* 2

In spite of the clinical success of the Pt-based agents, side effects, natural and acquired resistance
of patients toward the drugs, have motivated the discovery of alternate metal-based antitumor
drugs having higher activity and reduced toxicity. Because platinum and tin have common
physico-chemical properties such as different oxidation states, organotins (OTCs) have emerged
as potential biologically active metallopharmaceuticals. Several hundreds of diorganotin (1V)
complexes were synthetized and tested, and the anti-tumor activity and anti proliferative
potential of organotins have been regularly reviewed.> # > "8

The antitumor activity of organotins may correspond to different mechanisms occurring at the
molecular level. It was shown for example that OTCs may affect the synthesis of
macromolecules, by notably inhibiting the synthesis of DNA and proteins.® Other studies pointed
to the direct interaction of diorganotins with the phosphate backbone of DNA leading to DNA
damage through a change of conformation.'® Given the different possible mechanisms of actions,
the interaction of the organotin compounds with several biologically relevant species such as
amino acids or nucleic acids building blocks have been carried out.*! 2 13 14 151617 \jqpa
particularly, NMR studies of aqueous solutions of diethyltin(IV) dichloride with 5’-CMP, 5°-
dCMP, 5’-UMP, 5’-IMP and 5°-GMP indicated that below pH 4, the diethyltin(I\VV) moiety is
involved in bonding with the phosphate group of the nucleotides. At pH > 9.5, the Et,Sn(1V)

moiety was found to react with the O(2’) and O(3’) oxygen atoms of the sugar unit of the

nucleotide, whereas at intermediate pH values (4.0-9.5), there was no evidence for interaction



with the nucleotide. More recently, an experimental study about the interaction of
dimethyltin(IV) with 5’-UMP indicated that the dimethyl tin moiety would not interact with the
N3 atom of the uracil nucleobase, but instead would be involved in a bidentate interaction with
the phosphate group.’® On the other hand, the formation of 1:1 complexes between
dipropyltin(IV) and nucleobases through release of a hydrogen atom has been reported, including

for uracil (deprotonated at the N3 position, Scheme 1).'8

Uracil

Scheme 1: structure of the diketo form of uracil and atom numbering considered during this
work

In this context, a better understanding at the molecular level of the interactions between OTCs
and DNA building blocks is thought to be helpful. Such information may be accessible through
gas-phase studies which get rid of any solvent effect, and the present paper aims at describing the
interaction of the smallest diorganotin(l1VV) compound, namely dimethyltin(I\VV) with the uracil
(Ura) nucleobase. To the best of our knowledge, the interactions taking place between OTCs and
nucleobases have not been explored so far by mass spectrometry. Presently, gaseous
organotin/uracil complexes were produced by electrospray ionization (ESI), and their
unimolecular reactivity has been extensively studied by combining MS/MS experiments, isotope
labelling and InfraRed Multiple Photon Dissociation (IRMPD) experiments. In order to
rationalize our experimental findings, we also carried out computations using density functional
theory. This present paper completes our global study about the interaction of metal ions with

nucleobases.



Methodology

a) Mass spectrometry.

MS and MS/MS spectra were recorded on a triple-quadrupole instrument (Applied
Biosystems/MDS Sciex API 2000), the ions being generated in the gas phase by an electrospray
(ESI) source (“turboionspray”). A solution mixture of OTC/uracil (5 10*M /10“*M in 50/50
methanol/milli-Q water) was infused in the source with a syringe pump. The ESI conditions were
as follows: flow rate: 300 ul/h; sprayer probe voltage: 5.0 kV; pressure of GAS1 (nebulizing gas,
air): 2.1 bars; pressure of GAS2 (air): 2.1 bars, temperature of GAS2: 100°C; pressure of curtain

gas (N): 1.4 bars.

In order to record low-energy CID spectra, precursor ions were selected by the first mass filter
(Q1), then were allowed to collide with nitrogen in the collision cell (Q2), at different collision
energies. Finally, the fragment ions were analyzed by the second mass filter (Q3). The collision
energy was scanned from 5 to 35 eV (laboratory frame) (the collision energy is set by adjusting
the difference of potentials between QO and Q2). The pressure inside the collision cell being of
several mTorrs,™® MS/MS spectra are very likely obtained under a multiple-collision regime, as

discussed previously.?

b) IRMPD spectroscopy.

During the present IRMPD experiments, the fingerprint region (1000-1900 cm™) has been
explored using the beamline of the free electron laser (FEL) of the Centre Laser Infrarouge
d’Orsay (CLIO).?* The FEL beamline (electron energy set at 44 MeV) was coupled to a Bruker
quadrupole ion trap (Esquire 3000+). This coupling has been described in details in previous

reports-Zz, 23,24,25



The complex of interest has been obtained as gaseous species by ESI of a water/methanol
solution prepared as described previously (vide supra). The ESI source parameters were set as
follows: flow rate: 180 pl/h; spray voltage: 4.5 kV; temperature of the transfer capillary: 200 °C.
The Bruker Esquire Control (v5.2) software was used to record the IRMPD spectra. To this end,
ions of interest were first isolated and then irradiated for 1000 ms during the MS2 step, the
excitation amplitude being concomitantly set to 0 to avoid any CID-like process. Mass spectra
were acquired according the following conditions: accumulation time: 20 ms; number of
accumulations: 10; m/z range: 50-3000; scan resolution: 13000 Th/s. This acquisition cycle was
repeated ten times before changing the photon wavelength.

IRMPD spectra are obtained by plotting the photofragmentation yield R (R = -In[lyrecursor/ (Iprecursor
+ Zlfragments)], Where lprecursor and lragments are the integrated intensities of the mass peaks of the
precursor and of the fragment ions, respectively) as a function of the frequency of the IR
radiation.

All the m/z values discussed in the text correspond to ions incorporating the dominant °Sn
isotope. Uracil and methanol were obtained from Sigma-Aldrich (Saint-Quentin Fallavier,
France). Dimethyltin(IV) dichloride (DMTCI,) was purchased from Riedel de Haen (Seelze,

Germany). All the products were used without further purification.

c¢) Theoretical study.

The geometry of the structures of interest were optimized in the gas phase by performing Density
functional theory-based approach. To this end, we used the M11-L pure functional %® available in
the Gaussian 09 suite.”’” This functional, proposed recently by Truhlar’s group has shown reliable
results for heavy atoms.?® 28 29:30.31.32 The Def2-SVP* hasis set and effective core potential was
used to describe the tin atom, while for the remaining atoms the 6-31+G(d,p) basis set was

chosen. The choice of this basis set is based on the recent work done by Piotr Matczak who



showed that the use of this basis set resulted in small errors.** Harmonic vibrational frequencies
were computed at the same level in order to estimate the corresponding zero-point vibrational
energy (ZPE) corrections and to classify the stationary points of the potential energy surfaces
(PES) either as local minima or transition states (TS). Intrinsic reaction coordinate (IRC)
calculations were carried out to ascertain the connection between TS and local minima. In order
to ensure the reliability of our relative energies when analyzing the topology of the
corresponding potential energy surface (PES), the final energy of each of the stationary points
was refined by single-point calculations at CCSD(T) level of theory combined with the same

basis set. (see Table S1 of the Supporting Information for additional details).

The bonding characteristics were also investigated by means of the quantum theory of atoms in
molecules (QTAIM),** * in particular through the analysis of the molecular graphs and of the
energy density,

h(F) =v(r)+g(F) 1)

where v(¥) and &(") are the local densities of the kinetic energies, respectively. The regions in
which this magnitude is negative or positive correspond to areas in which the electron density is
built up or depleted, respectively, so that the former can be associated with covalent interactions,
whereas the latter are typically associated with closed-shell interactions, as in ionic bonds or
hydrogen bonds. The molecular graphs are defined by the ensemble of the bond critical points
and the bond paths. The corresponding density energy plots have been obtained by means of the

AIMALL series of programs. ¥

A complementary viewpoint, sometimes crucial to understand bonding can be obtained through
the use of the NBO (Natural Bond Orbital) approach,® which describes the bonding in terms of
localized hybrids obtained as local block eigenvectors of the one-particle density matrix. A

second order perturbation treatment also allows quantifying the interaction energies between



occupied and empty orbitals reflected in a charge transfer from the former to the latter. These
kinds of interactions are typically found in XH---Y hydrogen bonds, which are characterized by
a charge transfer from the lone-pairs of the HB acceptor Y, into the antibonding oxn* orbital of

the HB donor, XH.

In order to compute the vibrational spectra of the complexes generated by electrospray, we chose
the B3LYP functional instead of M11L. Provided the use of an appropriate scaling factor, the
hybrid B3LYP functional has been shown to outperform other DFT methods as well as
traditional ab initio approaches to describe both position * and relative intensities* of IR bands.
With regard to band positions, a scaling factor of 0.98 was chosen on the basis of the overall
good agreement between experimental and computed frequencies for a large set of molecules.
Finally, for ease of comparison with the experimental spectrum, calculated spectra were

convoluted with a 15 cm™ Lorentzian function.

Results-discussion

Positive-ion electrospray spectra of OTC/uracil mixture.

A series of electrospray mass spectra were acquired by scanning the cone voltage (corresponding
to the declustering potential, DP, for our triple-quadrupole instrument) from 0 to 100 V. The
spectrum obtained for the uracil/DMTCI, mixture at a cone voltage of 15 V is given in Figure 1a.

<Figure 1>

Protonated uracil (m/z 113) is observed in significant abundance but does not dominate the
spectrum as it has been observed, for instance, for the Pb®*/cytosine system.** This is not
unexpected because uracil is much less basic than cytosine in the gas phase.*?

Tin-containing ions can be easily identified because of the specific isotopic distribution of this
metal, resulting in characteristic isotopic profiles. Most of the ions detected in the 140-300 mass

range include one tin atom. The isotopic profiles also confirm the lack of any chloride atom.



Interaction between uracil and dimethyltin(1VV) dichloride (DMTCI,) gives rise to a singly
charged complex of general formula [(CH3).Sn(Ura-H)]", detected at m/z 261 and associated
with formal deprotonation of uracil. Working with water/methanol mixtures of solvents slightly
increases their relative intensity as compared to the use of pure water. Other tin-containing ions
are detected at m/z 151, 167 and 185, and correspond very likely to [(CHs).SnH]",
[(CH3)2SnOH]" and [(CH3),SnOH.(H,0)]", respectively. The two latter complexes may result
from the hydrolysis of the DMTCI,. Diorganotins indeed have a strong tendency to hydrolysis in
aqueous solutions, and it has been shown that they can give rise to aquo, hydroxo or polynuclear
complexes of various charge states over a wide pH range.™ !’ Note that we do not detect any
doubly charged complexes of the type [(CHs).Sn(H20),]*" known to be formed in water.** ¥’
However, these latter ones may be transiently generated and spontaneously dissociate to generate
hydroxo species. Finally, we do not observe any doubly charged complex between tin and uracil,
as it was observed for Pb.** Note that we also tried to examine the reactivity of triorganotins with

uracil. However, unlike what we observed with cysteine?® or glycine,** we did not detect any

complex during these experiments.

Low-energy CID spectra.

A whole set of MS/MS spectra has been obtained, combining in source fragmentations followed
by MS/MS spectra of fragments ions, use of labeled compounds and selection of different tin
isotopes. The MS/MS spectrum of the [(CH3),Sn(Ura—H)]" complex (m/z 261) recorded at a
collision energy of 30 eV in the laboratory frame (2.9 eV in the center of mass frame) is shown
in Figure 1b. The different experiments performed resulted in the dissociation pattern

summarized in Scheme 2 and in Table 1.



[(CH3)ZSn(C3,H2,N,O)]+ [(CHg)zSN(CZ,H,O)]+

m/z 218 -H,C,N m/z 191
m/z 218 > m/z 191
m/z 219 m/z 191
-H,N,C,0
[(CH;),Sn(Ura-H)]* [(CH;),Sn(N,C,0)]*
m/z 261 -C3,H3,N,0 m/z 192 .
m/z 262 - m/z 193 -CHj3
m/z 264 m/z 194 -
[(CH3)Sn(N,C,O)]
m/z 177
-C-H -C-H m/z 178
26 26 m/z 179
[Sn(Ura-H)T* [sn(N,C,0)]* AS
m/z 231 -C3,H3N,O — m/z 162
m/z 232 - m/z 163
m/z 244 m/z 164
40 ¢ o]
-H,N,C,0
3
HNT 4 N5 HN HN
[Sn(Cs,Hz;N,O)]+ /1‘2\ ‘ )\ ‘ )\ ’
m/z 188 2 6 X s
m/z 188 N © N O N
m/z 189

Scher_ne 2: fragmentation pattern observed when selecting the *?°Sn isotope during CID
experiments.

Starting from the precursor ion (m/z 261), three different processes are observed. The first one,
characteristic of this complex, corresponds to the elimination of 30 mass units (very likely
associated to the loss of C,Hsg) and leads to the [Sn(Ura-H)]" complex (m/z 231). The two other
processes correspond to the elimination of 43u (H,N,C,0) and 69u (C3,H3,N,O), generating the

m/z 218 and 192 fragment ions, respectively. These dissociations are also observed for the
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[Sn(Ura-H)]" ion (giving m/z 188 and 162), and have been already reported for the [Pb(Ura-H)]"

ion.* Note also that elimination of 43u (H,N,C,0) is common to both protonated ** “¢ 47 43

or
metal-uracil.** ** % °1 52 Another interesting dissociation pathway is the sequential elimination
of methyl radicals from the [(CH3).Sn(N,C,0)]" complex. Remarkably, such a sequence is not
observed from the initial complex. This difference of fragmentation suggests that the NCO
moiety may present a radical character within the [(CH3),Sn(N,C,0)]" complex, promoting the
homolytic cleavage of the C-Sn bond.

The interactions of uracil with different metal ions have been extensively studied experimentally.
In the context of measuring the alkali cation affinity>® of uracil, the structure and unimolecular
reactivity of M*-uracil complexes (M=Li, Na, K) have been investigated by different
techniques.®® > In presence of alkali metals, deprotonation of uracil is not observed and
[M(Ura)]" complexes are generated in the gas phase. Upon collision, these complexes react
solely by loss of the intact uracil. The reactivity is radically different as far as divalent metals are
concerned. Different types of interactions may occur, leading either to singly-charged [M(Ura-
H)]* ions through deprotonation of the nucleobase,* * ** or doubly-charged [M(Ura)]**
(M=alkali earth metals) complexes.”® In all cases, studies have demonstrated that singly- or
doubly-charged complexes of divalent metals dissociate extensively according to numerous
fragmentation pathways which involve the cleavage of the pyrimidic ring. Regardless the charge
state and the nature of the metal, one process is systematically observed, namely the elimination
of 43u (H,N,C,0). Use of labeled uracils has shown that in presence of Cu®*, Pb** and Ca®*, the
loss of HNCO either from the [M(Ura-H)]* ,* *° *! or the [M(Ura)]** ion,*! involves exclusively
the elimination of the C2 and N3 atoms and consequently that the (H,N3,C2,0) fragment is
expelled. According to the present labelling experiments (Table 1), the same process is very

likely observed for the Sn/uracil complexes. For instance, in presence of 2-**C-uracil the m/z 218

11



ion is not shifted, demonstrating that the C2 center is eliminated. Given the similarity between

Sn and Pb complexes, one may reasonably expect that the N3 center is also eliminated.

Structural characterization of the Sn/uracil complexes.

Computational study. In order to complete our experimental findings, we have carried out DFT
calculations in order to characterize in detail the geometry of the [(CHs),Sn(Ura-H)]* complex.
Starting from different neutral tautomeric forms of uracil, we considered that the deprotonation
of uracil to generate the [(CHs3),Sn(Ura-H)]" complex could formally occur either on N1, N3 or
the hydroxyl groups of the various neutral tautomers. Note that the deprotonation of different
neutral tautomers can result in the same form. We have tried to optimize both monodentate and
bidentate complexes. We have also considered the situation when the (CH3),Sn** moiety does
not interact with the deprotonated site. The different structures found for the [(CH3),Sn(Ura-H)]*
complex complexes are gathered in Figure 2. From this figure, one can see that all the most
stable minima are characterized by a metallic center lying in the plane of the nucleobase.
Structures with a metal located out of the plane are less stable. The most stable forms always
correspond to bicoordinated species. The structures obtained can be classified within two
families depending on the structure (diketo or enolic) of uracil. Examination of Figure 2 shows
that the enolic forms are systematically less stable than the diketo forms, if one excepts the
N1/02 coordination scheme. Similarly to what was observed for Pb-containing complex, the
global minimum, Ura-O4N3, corresponds to a bidentate interaction with the N3 and O4 centers.
This particular structure therefore results from the deprotonation of the N3 atom, as it was
reported in solution from a potentiometric study.*® The interaction of the metal with both N3 and
O2 leads to a slightly less stable form (Ura-O2N3; +17.2 kJ/mol), whereas the bidentate
interaction involving O2 and the deprotonated N1 center is significantly less favorable (+31.7

kJ/mol).

12



<Figure 2>

The two most stable forms therefore imply that deprotonation occurs at the N3 position, which is
the least acidic nitrogen atom in the gas phase.”® > *® *° Similar N3 deprotonation and N3+04
interaction has been also evidenced for the [Pb(Ura-H)]" complex, first theoretically** and more
recently experimentally by IRMPD spectroscopy.* ® The same binding scheme has been also
systematically characterized for different complexes involving deprotonated uracil, such as
[M(Ura-H)Ura]" ®* % (M=Mg, Ca, Sr, Ba, Pb, Zn, Cu) or [M(Ura-H).H,0,]" ® % * (M=Mg,
Ca, Sr, Ba, Pb, Zn; n=1,2), by combining action spectroscopy to DFT calculations. One may note
the peculiar behavior of the Cu** cation within the [Cu(Ura-H).H,0,]" complexes, (n=0,1) which
promotes the deprotonation of N1 and is involved in a bidentate interaction with N1 and O2
electronegative centers. %%

When the interaction with the metal does not involve deprotonation of the uracil moiety, a
different coordination scheme is generally observed. Both theoretical and/or experimental studies
have indeed shown that the O4 center is the preferred coordination site for [M(Ura)]" (M=alkali
metals®® ® % Mg* ®"), [M(Ura).H,0]" complexes (M=alkali metals®®) and [Cu(Ura)]** ions.”
This binding scheme has been experimentally confirmed by IRMPD spectroscopy for the
complexes with alkali metal ions.”® On the other hand, bidentate interactions with N2 and O3
atoms of a tautomeric form of uracil correspond to the most stable structures with alkaline earth
metal dications,”” "> Mn** " and Cu*.™

In order to gain further insights about the structure of the [(CH3),Sn(Ura-H)]" complex we have
carried out a NBO and AIM population analysis. The main objective is to elucidate the
differences that tin presents with respect to other interactions already exposed in the literature.
First, we can affirm that the interaction taking place is strong enough that in the NBO analysis

the metal presents a bond wherever it is placed. The electron density and the energy density at
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the bond critical points of Sn-N and Sn-O bonds for the most stable complexes (Figure 3) ratify
these findings.
<Figure 3>

If we take the most stable complex as example (Ura-O4N3), the electron density of these bonds
is estimated similar for both linkages (about 0.087 a.u) within a negative value of the energy
density in each one. So, the bindings present an important covalent character between the metal
and the heteroatom involved. Analysis of the Wiberg bond index (WBO) shows the same trends
if one focusses on the same linkage. However, compared to what was observed in the cysteine-
DMT complexes,?® the WBO values are slightly higher which might point out to a less
pronounced electronic transfer between the interacting entities. In fact, while for cysteine the
charge transferred to DMT is around 1.2 e, in term of natural charge, the electronic transfer in

the case of uracil leads to a net charge on the dimethyltin moiety of about 1.53 e (Table 2).

To get deeper insight on the highest electronic reorganization involved in uracil when the
formation of [(CHs),Sn(Ura-H)]* complex takes place, we have explored the perturbation at the
second order in the NBO population analysis, which allows estimating the interaction energies
between occupied and empty orbitals. The electronic donation and retro-donation between the
occupied and empty orbitals involved in the interaction has shown higher energy values (Figure
4).
<Figure 4>

In fact, if we focus on the most stable complex (Ura-O4N3), the donation from the occupied
orbital associated to the on.sn bond to the anti-bonding c”c2.n1 empty orbital involves about 26.4
kJ/mol (Figure 4). Similar energy value is estimated from the donation of cos.sn Orbital to the
empty orbital ¢"c4.nz. About 9.4 and 8.7 kd/mol from occupied orbital ¢y to the empty orbitals

o 'na-sn and o oa.sn, respectively, quantify the back-donation. It is worth noting that in this case

14



the orbital of two different C-N bonds are involved in the interaction, C2N1 and C4N3 (Figure
4), which could explain the pronounced stability of this structure over the others. In fact, the
linkage strength of DMT to the carbonyl attached at position 4 increases the electronic
delocalization in the uracil ring, making the rupture of their bonds more difficult. However, in
the structures where the carbonyl group at position 2 is involved, the second order perturbation
analysis shows an electronic transfer localized in the region of the interaction. In fact, the
donation from oy.sp and co.s, Orbitals falls on the empty orbital 6*co.ng in Ura-O2N3 structure,
whereas for the complex Ura-O2N1 the donation from the same occupied orbitals involves the
G co.n3 empty orbital. The energies involved in these cases are two times higher than those

encountered in the most stable compound.

IRMPD spectrum of the [(CH3).Sn(Ura-H)]" complex. According to the theoretical study, the
most stable form of the [(CHs),Sn(Ura-H)]" ion implies the interaction of both N3 and O4 centers
with the metal. Consequently, in order to check if this particular structure or alternate forms were

actually generated by electrospray, we have recorded its IRMPD spectrum.

Presently, IRMPD spectra have been recorded between 1000 and 1900 cm™. The fragment ions
resulting from the IRMPD activation of the [(CHs),Sn(Ura-H)]* complex, are associated with the
elimination of [H,N,C,0] (m/z 218) and C,Hs (m/z 231), and the experimental spectrum
presented in Figure 5a was obtained by taking into account these two photofragments. This
spectrum shows a small signal at 1220 cm™, an intense band at 1475 cm™ and three very intense
features detected at 1565 cm™, 1603 and 1780 cm™. The IRMPD bands can be assigned by
comparing the experimental spectrum with the DFT-computed vibrational spectra of the most
stable optimized structures, and more particularly those involving the diketo form of
deprotonated uracil, namely Ura-O4N3, Ura-O2N3 and Ura-O2N1 (Figures 5b-d). It is worth

75, 76, 77

noting that because of the complex nature of the IRMPD process, the computed IR

15



intensities, which assume single photon absorption, may not correspond well with the
experimental abundances.

<Figure 5>

When examining Figure 5, one can observe that the experimental IRMPD spectrum and the
computed IR spectrum of the global minimum Ura-O4N3 (Figure 5b) are in very good
agreement. All the IRMPD bands can indeed be assigned by considering the IR active modes of
this particular structure, which are summarized in Table 3. The IRMPD feature detected at
1220 cm™ may be interpreted as the combination of NH and CH bending modes. The intense
band detected at 1475 cm™ can be attributed to the CO stretch of the C404 bond associated
with NH bending. The very intense feature detected between 1540 and 1610 cm™ corresponds
to two strong signals. The first one, centred around 1565 cm™ is associated with C4C5 and
N1C6 bond stretches, whereas the band at 1603 cm™ can be ascribed to the C5C6 bond stretch.
Finally, the very sharp signal detected at 1780 cm™ correspond to the stretching of the
unperturbed C202 carbonyl group. This C=0 stretching mode is characteristic of the presence
of bare keto forms.

Comparison with the vibrational spectrum computed for Ura-O2N3 (Figure 5¢) globally shows
less agreement, though some vibrations are consistent with some experimental signals. This is
the case for the bands observed at 1475 and 1565 cm™, and consequently this form cannot be
completely discarded. On the other hand, the bands experimentally observed at 1603 and 1780
cm™ are not correctly reproduced since the C5C6 and C404 carbonyl group stretches are
slightly blue-shifted and red-shifted, respectively, with respect to the experimental trace.
Finally the Ura-O2N1 structure (Figure 5d) exhibits the worst agreement with experiment.

Although it reproduces correctly the experimental CO stretch, the spectrum cannot account for
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the bands measured at 1210, 1475 and 1603 wavenumbers. Consequently, its formation during

experiments seems unlikely.

Unimolecular reactivity of the [(CH3),Sn(Ura-H)]" complex.

In order to rationalize the unimolecular reactivity observed upon collision, we have also tried to
examine the potential energy surface associated with the formation of the most intense product

ions.

As discussed previously (vide supra), the prominent dominant peak in the MS/MS spectrum is
detected at m/z 231. The corresponding loss has been assigned to the two methyl moieties which
can be also viewed as the elimination of an ethane molecule. According to our computational
study, the interaction between deprotonated uracil and the dimethyltin dichloride preserves the
integrity of the dimethyltin moiety, the methyl groups being attached to the metal. Hence, all the
complexes could be candidate for this fragmentation. Reasonably, the most stable complex is the
most probable that may lead to [Sn(Ura-H)]" by rupture of the Sn-C bonds. The activation barrier
of the corresponding transition state is estimated at about 225 kJ/mol at the CCSD(T)/6-
31+G(d,p)//IM11L/6-31+G(d,p) level of theory (see Figure 6b). It is worth noting that the
resulting fragment ion is similar to the complex obtained in the case of lead interaction with
uracil.** Considering that both [Pb(Ura-H)]* and [Sn(Ura-H)]* complexes present the same
experimental fragmentation patterns, we may reasonable assume that the associates potential

energy surfaces would be similar.
<Figure 6>

Concerning the second more intense peak obtained in the MS/MS spectra, namely m/z 192, and
taking into account the results deduced from isotope labelling, we can propose a mechanism for
the formation of [(CH3),SnC,O,N]* from the initial complex. Indeed, this fragment ion

undoubtedly contains the C2 carbon atom (Sscheme 1). As already mentioned in the NBO
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analysis, the interaction of DMT with both O4 and deprotonated N3 atom of uracil is highly
stabilized and results in the strongest C-N bonds. Their cleavage, which can lead to desired
fragment, turns to be very difficult. All our attempts to find a theoretical transition state by
breaking these bonds from the Ura-O4N3 structure were unsuccessful. Alternatively, this
process could occur from the second more stable complex, based on the fact that the
isomerization toward the Ura-O2N3 structure is associated with a small activation barrier (56
kJ/mol; Figure 6a). However, the C2-N1 bond is still strong enough that a transfer of (CH3),Sn
entity from N3 to N1H was required, leading to a first intermediate, min1, before its cleavage.
The activation energy for such transfer was estimated about 247 kJ/mol as illustrated in Figure
6¢. The second step of the dissociation corresponds to the cleavage of the C2N1 and is associated
with a small energy barrier (35 kJ/mol) with respect to minl, and leads to an intermediate, min2,
where the (CH3),Sn group is part of a macrocycle. The third step corresponds to the formation of
the OCN moiety by cleavage of the N3C4 bond and results in the formation of the min3
intermediate, in which Sn interacts with the OCN moiety through 02, and with a C,H3NO
fragment through N1, a tetrahedral arrangement being obtained around the metal. The associated
activation energy is about 20 kJ.mol™ with respect to min2. The last step is associated with the

elimination of the C,H3NO neutral and the formation of the m/z 192 ion.

Conclusion

The information obtained by complementary experimental and theoretical approaches, allowed
the detailed characterization of the [(CH3),Sn(Ura-H)]" complex generated in the gas-phase by
the interaction between dimethyltin(IVV) with uracil. The MS/MS spectra of this complex are
characterized by numerous fragmentation processes, notably associated with elimination of

H,N,C,0 and Cs3,H3,N,O moieties, and a characteristic loss of C,Hs leading to the [Sn(Ura-H)]"
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complex. Sequential losses of ‘CHjs radicals are also observed from the [(CH3).Sn(N,C,0)]
species.

Comparison between DFT-computed IR spectra and IRMPD data indicates that the (CH3),Sn**
moiety establishes a bidentate interaction with the deprotonated uracil, involving the N3 and O4
centers of the uracil diketo form, deprotonation occurring at N3 like in solution. An O2N3 form
cannot be rigorously excluded although the agreement with experiment is not as good as with the
O4Na3 structure.

The DFT study also points out a strong interaction between the nucleobase and the metal. The
NBO analysis ratify these findings by showing up the existence of a bond between the metal and
the heteoroatoms involved and the higher energy of the electronic donation and the back-
donation between the o orbital of the formed bonds and the = orbital of the nucleobase C-N
bonds. Several dissociation pathways are explored to rationalize the formation of the main

fragment ions generated by collision induced dissociation.
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Table and Figure Caption

Figure 1: a) Positive-ion electrospray mass spectrum of an 5:1 mixture of (CH3),SnCl,/uracil
(H2O/methanol 50/50 v/v) recorded at DP=15 V, and b) low-energy CID spectrum of
[(CH3)2Sn(Ura-H)]" ions recorded with a collision energy of 30 eV (laboratory frame).

Figure 2: Structure and CCSD(T)/6-31+G(d,p)//M11L/6-31+G(d,p).+ZPE relative energies
(kJ/mol) of the lowest-energy structures obtained for the [(CHs),Sn(Ura-H)]® complex.
Values obtained at the M11L/6-31+G(d,p)+ZPE level are given in parenthesis.

Figure 3: AIM topological analysis of the structures involving the diketo forms of uracil.

Figure 4: NBO molecular orbital interactions between occupied and empty orbitals in the
most important complexes (values are kJ/mol).

Figure 5: (a) IRMPD spectrum obtained for the [(CHs),Sn(Ura-H)]" complex compared to
DFT-computed IR absorption spectra (b—d) of some relevant structures. The experimental
IRMPD spectrum is overlayed in grey.

Figure 6: Energy profile associated with the a) Ura-O4N3 — Ura-O2N3 interconversion, b)
the formation of C,Hs and [Sn(Ura-H)]" fragments (m/z 231), and c) the formation of
(C3,H3,0,N) and [(CH3),SnNCO]" fragments (m/z 192) from the [(CH3),Sn(Ura-H)] *
precursor ion. Relative energies are given in kJ/mol at the CCSD(T)/6-31+G**//IM11L/6-
31+G** level of theory.

Table 1: product ions observed in the fragmentation of different labeled uracil
[(CH3),Sn(Ura-H)]* complexes. m/z values are given for the ions including the *2°Sn isotope.

Table 2: Natural charge (in €) on the metal and DMT moiety in the complex, and Wiberg
bond index of the most relevant bonds in the complexes.

Table 3: Experimental and computed IR vibrational bands for the [(CHa3),Sn(Ura-H)]*
complex.
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Figure 1: a) Positive-ion electrospray mass spectrum of an 5:1 mixture of (CHz),SnCl,/uracil
(H20/methanol 50/50 v/v) recorded at DP=15 V, and b) low-energy CID spectrum of
[(CH3)2Sn(Ura-H)]" ions recorded with a collision energy of 30 eV (laboratory frame).
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Figure 2: Structure and CCSD(T)/6-31+G(d,p)//M11L/6-31+G(d,p).+ZPE relative energies
(kd/mol) of the lowest-energy structures obtained for the [(CHs),Sn(Ura-H)]* complex.
Values obtained at the M11L/6-31+G(d,p)+ZPE level are given in parenthesis.

28



Ura-0O4N3 Ura-O2N1 Ura-O2N3

Figure 3: AIM topological analysis of the structures involving the diketo forms of uracil

29



Donation Retrodonation

Ura-O4N3

Ura-O2N3

Ura-O2N1

>’ G0-sn

Figure 4: NBO molecular orbital interactions between occupied and empty orbitals in the most
important complexes (values are kJ/mol).
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Figure 5: (a) IRMPD spectrum obtained for the [(CHs),Sn(Ura-H)]* complex compared to
DFT-computed IR absorption spectra (b—d) of some relevant structures. The experimental
IRMPD spectrum is overlayed in grey
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energies are given in kJ/mol at the CCSD(T)/6-31+G**//M11L/6-31+G** level of theory.



Table 1: product ions observed in the fragmentation of different labeled uracil [(CH3),Sn(Ura-H)]" complexes. m/z values are given for the ions
including the *2°Sn isotope.

Uracil Precursor ion Product ions
[(CH3)2Sn(Ura-H)I" | [Sn(Ura-H)1" [(CH3),Sn(C3,H2,N,0)]" | [(CH3);Sn(C,N,0)]" | [(CH3),Sn(C,,H,0)]" | [Sn(C3,H2N,0)]" | [(CH3)Sn(C,N,0)]" | [Sn(C,N,0)]*
— C,Hs —H,N,C,0 —C3H3NO —H,N,C,0/-HCN — C,He/ —C3H3NO /-CHy —C3H;3NO/
—H,N,C,0 —C,Hs
not labelled m/z 261 m/z 231 m/z 218 m/z 192 m/z 191 m/z 188 m/z 177 m/z 162
2-8¢C m/z 262 m/z 232 m/z 218 m/z 193 m/z 191 m/z 188 m/z 178 m/z 163
2-1%C-1,3-®N, m/z 264 m/z 234 m/z 219 m/z 194 m/z 191 m/z 189 m/z 179 m/z 164

Table 2: Natural charge (in €) on the metal and DMT moiety in the complex, and Wiberg bond index of the most relevant bonds in the

complexes
Structure Charge (e) Wiberg bond index
Qsn Qsn(cHa)2 Qqura-H) Sn-0 Sn-N
Ura-O4N3 2.23 1.52 -0.52 0.328 0.372
Ura-O2N3 2.23 1.53 -0.53 0.295 0.383
Ura-O2N1 2.23 1.53 -0.53 0.326 0.366
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Table 3: Experimental and computed IR vibrational bands for the [(CHs),Sn(Ura-H)]"

complex
Ura-O4N3
Wavenumbers DFT-computed Vibrational mode
(cm™) intensities (km/mol)
EXp. Calc.?
1220 1210 82 5 CH+ 6 N1H
1396 92 v N3C4
1475 1469 225 8 N1H + v C404
1565 1555 400 v C4C5 + v N1C6
1603 1609 345 v C5C6
1780 1782 625 v C202
a) Scaled by a factor of 0.98
Ura-O2N3
Wavenumbers DFT-computed Vibrational mode
(cm™) intensities (km/mol)
EXp. Calc.?
1220 1245 76 v N3C4
1475 1484 110 v C2N3
1565 1555 704 v C202+ 3 N1H
1652 108 v C5C6
1780 1752 433 v C404
a) Scaled by a factor of 0.98
Ura-O2N1
Wavenumbers DFT-computed Vibrational mode
(cm™) intensities (km/mol)
Exp. Calc.?
1220
1271 51 6 CH
1306 65 d N3H
1475 1493 302 8 N1H + v C404
1565 1558 277 v C202
1638 357 v C5C6 + v C2N3
1780 1789 616 v C404

a) Scaled by a factor of 0.98
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