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Collisional activation (high or low translational energy) and neutralizati@ionization mass spectrometries
appear inefficient for the characterization of the connectivity of isomes8 Cions generated by dissociative
ionization of 1,2-dithiolo[4,3:][1,2]dithiole-3,6-dione 1), 1,2-dithiolo[4,3€][1,2]dithiole-3-one-6-thionel),

and 1,3,4,6-tetrapentalene-2,5-dioBg (n contrast, ior-molecule reactions (particularly with nitric oxide)
readily differentiate theC-sulfide ethenedithione ion, SCE€S (4), and theS-sulfide ethenedithione ion,
SCCSS' (5). The collisional activation spectra of these iemolecule reaction products have been recorded
on a new type of hybrid tandem mass spectrometer of seetiadrupole-sectors configuration. The
characterization of the isomerie&"* ions is supported by ab initio calculations at the G2(MP2,SVP) level.
The C-sulfide ethenedithione ion is predicted to be more stable thaS-thdfide form by 91 kJ molt. The
calculated reaction enthalpies for the two isomeric forns € with nitric oxide support the characterization
by ion—molecule reactions.

Introduction SCHEME 1

] D#ring the stud)q of tr(1e be)haviﬁr of dithioflodithioles Iupon S-S s;s“
ash vacuum pyrolysis (FVP) making use of matrix isolation o _FH -S; +e
infrared spectroscopy and tandem mass spectrorhé@triyas 0//\2\% -Co O ¢ ,S 0CCCSS mz 116
noticed that, following dissociative electron ionizationlcind s—S S
2, unexpected ion species were generatetvatl 16 for 1 and 1 l-COS
m/z 132 for 2. High-resolution mass measurements have s s
confirmed the composition of these species g% and GS, mz120 Cp8; <t 0= I =0
respectively and applications of tandem mass spectrometric - CO -cos §$7 S
methodologies have supported the OCCCSS and SCCCSS T-Csz 3
connectivities (Scheme 1).

Carbon monoxide is indeed readily expelled from the S-S s-s"
molecular ions of the dithiolodithioled and 2 and, in a El -S, e
consecutive reaction, the intermediate radical cations eliminate S 7 o? S //S SCCCSS  m/z 132
disulfur. Another competitive reaction consists of the loss of s-S S
carbon disulfide or carbon oxysulfide producing3g™ radical 2

cations (Wz 120). If the mechanisms depicted in Scheme 1 are . . )
correct, one may expect the formation of ethenedithione (NR) experiments, and iermolecule reactions at near-thermal

Ssulfide ions, SC=C=S"—S (5). In fact, the isomeric ~5 eV) energies. In addition, high-level ab initio calculations
dithiolodithiole’3 is also an excellent precurso’r of%* radical were used to elucidate the structures and energies of the isomeric

cations? and given the arrangement of the atoms in the neutral C,23,3'+ :
precursor, one would expect that its dissociative ionization could Mtic oxide.
produce the isomeri€-sulfurated species,=SC=CS;** (4).

In connection with our current interest with the chemistry of
CnSz* radical cations,we have therefore applied tandem mass 1. Experiment. All the spectra were recorded on a large-
spectrometry methodologies to theSg™ radical cationsr{yz scale tandem mass spectrometer (Micromass AutoSpec 6F)
120) making use of a new type of hybrid mass spectronféter. combining six sectors of 8:0E,0©E3;B,©E, geometry (E
The performed MS experiments include collisional activation stands for electric sector, B for magnetic sector, and © for the
(CA) at high (8 keV) and low (ca. 2030 eV) translational collision cells installed in various field-free regiorfs)n the
energies of the incident ion beams, neutralizaticgionization hybrid mode, the neutralization cell is replaced by a demagni-

ions and to investigate their ietmolecule reactions with

Mass Spectrometric Results
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TABLE 1: CA (8 keV Translational Energy, Oxygen TABLE 2: CA (ca. 20 eV Translational Energy, Argon
Collision Gas) and NR (Xenon/Oxygen) Spectra of the £+ Collision Gas) of them/z 120 lons Generated by Dissociative
lons Generated by Dissociative lonization of the lonization of 1-3
Dithiolodithioles 1—3 2
m/z
precursor 88 76 64 56 44 32
precursor 88 76 64 GCS 56 44 32 1 17 100 8 <1 <1 <1
1 23 100 3 1 3 11 1 2 17 100 5 <1 <1 <1
2 25 100 3 3 4 10 1 3 6 100 2 <1 <1 <1
3 14 100 2 1 2 11 1
12 21 50 18 14 100 14 an intrinsic instability of the neutral 4S; species or an important
2 ! 36 7 7100 19 geometry difference between the neutral and ionized states
3 8 100 12 6 81 6

(unfavorable FranckCondon factors).Relative intensity dif-
2 Charge stripping peakr(z 60). " NRMS: recovery signal intensity  ferences of the fragment ions are more pronounced in the NR

of 2, 1, and 1% forl, 2, and3, respectively. than in the CA spectra, but difficult to interpret in terms of the
structures of the £ ions.
fication lens, and an rf-only quadrupole collision cell (q) fitted In the low kinetic energy regime using argon as the target,
with deceleration and acceleration lenses is installed behind E the major collision-induced fragmentation yield¥z 64 ions
(E1B1©OEqOE3B,©E, configurationy!> and less intense peaks are also observeuzt4 and 56 (Table
General conditions were 8 kV accelerating voltage, 2860 2). These data are again not useful for structure elucidation.
trap current, 70 eV ionizing electron energy, and 2aDion 3. lon—Molecule Reactions.In its hybrid “sectors-quad-
source temperature. The solid samples3 were introduced  rupole-sectors” configuration, the AutoSpec 6F mass spec-
with a direct insertion probe. trometer allows also the study of iemolecule reactions at near
CA (oxygen collision gas) and NR (xenon/oxygen collision thermal energie$5 Such ion-molecule reactions may comple-
gases) spectra were recorded by scanning the fields @iné ment in several instances the collisional activation data. We have

collecting the ions in the fifth field-free region with an off-axis  therefore investigated the behavior of thgSEt ions toward
photomultiplier detector, residual non-neutralized ions being several neutral reagents including dimethy! disulfide (DMDS),
removed by floating an intermediate ion source at 9 kV. nitric oxide, acetonitrile, and methyl isocyanide.

Details of the use of this instrument in the hybrid mode have  Recent works have indeed indicated that dimethyl disulfide
been reported earlié Briefly, the experiments consist of the (DMDS)'%11can be a useful reagent for the characterization of
selection of a beam of fast ions (8 keV) withBgE, (MS1), ions presenting a distonic character. Nevertheless, in the present
the retardation of these ions at near-thermal energies, and thecase, then/z 120 ions generated frof+3 react only by charge
reaction with a reagent gas at a pressure estimated to be aroundxchange with the production of ionized DMDS, and peaks
1073 Torr. After reacceleration to 8 keV, all the ions presentin corresponding to Ck$ radical abstraction are not observed.
the quadrupole are separated and mass measured by scanning In contrast to the OCCCS%Sand SCCCS$ ions which react
the field of the second magnet.Blhe high-energy CA spectra  specifically with nitric oxide producing SNO(m/z 62) ionst
of selected ions generated in the quadrupole can also be recordeehe behavior of thewz 120 ions ofl is completely unexpected
by a linked scanning of the fields of the last three secteBslE, and appears quite complex, as prominent peaks are now seen
(MS2) (resolved mode) or a conventional scanning pafter at vz 106, 88, 86, 76, and 74 (among these iank 88 and
mass selection with B For the low-energy CA spectra, argon 76 ions are the products of unimolecular fragmentation of
was the collision gas in the quadrupole collision cell and the metastablewz 120 ions); formation of SN®ions is a minor
energy of the impinging ions was regulated in order to maximize process (Figure 1a). Given the composition of the reacting ions
the yield of the fragment ions. and the nature of the reagent gas, the composition of the ion

3,6-Dihydro[1,2]dithiolo[4,3¢][1,2]dithiole-3,6-dione {) was molecule products must be CNQSC,NOS, and CNOS,
prepared according to literature procedlrk3,4,6-Tetrathia- respectively. High-energy collisional activation has been applied
pentalene-2,5-dione3) was commercially available (Aldrich)  to these unexpected ions by linked scanning of the fields of

and used without further purification. MS2 (EsB2Es) after selecting the mass of the precursor ions
2. Collisional Activation (CA) and Neutralization—Reion- with MS1 (Table 3). These CA data suggest that ithie 74
ization (NR) Spectra.The high-energy CA spectra of the$g'+ ions have the SC=N=O connectivity resulting from the

ions formed by dissociative ionization &f3 are collected in displacement of CSby NO. It was surprising at first sight that
Table 1. All these spectra are characterized by intense peaks athe base peak of the CA spectrum of thiz 74 ions corresponds
m/z 88, 76, and 44 which can be ascribed to both SCCSS andto CS™ ions given the fact that the ionization energy of N©
SCC(S)S connectivities. The remaining peaksvat64 and 56 lower than the ionization energy of CS (9.2 eV viz. 11.3 &¥/).
are also present in all cases, and the only difference which couldProduction of triplet ONCS ions can explain this peculiar
be significant is the relative abundance of the doubly charged behaviorl® The m/z 86 ions are SCCNOions, isomers of the
ions (charge strippingy/z 60), but instrumental parameters such OCCNS and OCNCS connectivities established previdtibly
as collector slit width may strongly affect this value. collisional activation and thewz 106 ions are also resulting
Neutralization-reionization mass spectrometry (NRMS) has from the displacement of CS by NQVe have recently observed
been recognized as a valuable tool for the characterization ofthe generation of complexes between nitric oxide and ionized
reactive neutral molecules in the gas phasgne important H,O, H,S, methanol, alkane thiols, and ammoHialt is
characteristic of NRMS is that, due to a high-energy deposition therefore not clear if thevz 74 and 106 ior-molecule products
in the reionized species, rearrangement reactions are generallyare also complexes or covalently bounded ions. Nevertheless,
not favored. As a result, NR spectra may be more structure- the fact that the CA spectra of these ions are dominated by
specific than the CA spectra of isomeric ions. The NR data of fragments atwz 44 and 76, respectively, is indicative of the
the GSz** radical cations ofl—3 are collected in Table 1. The  covalent bonding, as the ionization energies of CS angddts
recovery signals are hardly seen in the three cases pointing outigher than the ionization energy of nitric oxide. Whatever the
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Figure 1. lon—molecule reactions between théz 120 ions ofl (a),
2 (b), 3 (c), and nitric oxide. Mass spectra (B scan) of the products
generated in the quadrupole collision cell after reacceleration at 8 keV.

TABLE 3: Relative Abundances of the Principal lons
Observed in the CA Spectra (Q Collision Gas, 8 keV,
Linked Scan Mode) of the lon—Molecule m/z 106, 86, and 74
Products

m'z
precursor 76 70 58 56 44 32 30
m/z 106 100 7 3 10
m/z 86 13 100 41 20 10 29
mz74 100 6 30

actual structure of these ions, the fact that*Nidplaces §
CS, and Cgmay be indicative of the occurrence of a mixture
of isomers such as SCCSY5) and SCCZ™ (4).

The reactivity of then/z 120 ions generated by dissociative
ionization of the dion&® toward NO is quite different; the peak
at m/z 86 has now disappeared almost quantitatively, and the
ratiom/z 106z 74 is in fact very similar to the ratio observed
in the case ofl (Figure 1c). We propose, therefore, that the
m/z 106 and 74 ior-molecule products can be attributed to
C-sulfide ethenedithione ions==CS"* (4), while them/z
86 ion—molecule product results from the interaction of
Ssulfide ethenedithione ions=8C=C=S—S'* (5), with nitric
oxide (Scheme 2).
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Figure 2. CA spectra (linked scan E/B/E mode) of th#z 85 ions
produced in the iormolecule reaction of £ ions (from 3) with
acetonitrile (a) and with methyl isocyanide (b).

SCHEME 2
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The behavior of ther/z 120 ions derived fron2 appears to
be intermediate betweehand3, again in agreement with the
production of a mixture of isomers in different proportions
(Figure 1b). It is worthy to note that @S ions or the cumulogue
C3Ss*" ions react also with nitric oxide in the quadrupole
collision cell, but the major product ion is in these cases ONS
(m/z62) 131t is proposed that the reactive species are in these
cases SC3Sand SCCCSS ions, respectively, with the losses
of the stable SCS or reasonably stable SCCCS cumulenes. The
same reaction for the SCCSSshould be the loss of ethene-
dithione, SCCS, a less stable cumulene having an even number
of carbon atoms.

Acetonitrile also reacts with the ;S** ions from 1—3
producing with an excellent yield [GJEN + CS}™ ions (/z
85) by displacement of GSvith acetonitrile. The CA spectrum
of these ior-molecule products shown in Figure 2a features
very intense peaks for the losses of 15 and 26 Da ascribed to
the losses of a methyl radical and ethyne, respectively, owing
to the use of acetonitrilds in the ion—molecule reactionn/z
88 fragmenting intan/z 70 andn/z 60). In fact, this spectrum
is not very different from the spectrum of the gENS™ ions®
with the displacement of the main peaks by 12 Da. It is therefore
proposed that they have the gENCS connectivity and result
from the displacement of carbon disulfide by acetonitrile in the
S=C=CS" species ).
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Figure 3. CA (linked scan E/B/E mode) spectrum of tinéz 97 ions
produced in the iormolecule reaction of €5t ions (from 3) with
methyl isocyanide.

Another reaction of importance when$'t ions (from3)
react with acetonitrile is the displacement of CS producivig
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the neutralizatiorrreionization methodology. In sharp contrast,
ion—molecule reactions, in particular with nitric oxide, clearly
indicate the production of SCCSSand SCC8™ radical cations.
Upon reaction with acetonitrile or methyl isocyanide, the
SCCS** ions are shown to produce isomeric €HNCS™ and
CH3NCCS™ radical cations. Cumulenic GNCCCST radical
cations have also been unambiguously characterized by colli-
sional activation.

Molecular Orbital Calculations

1. Computational Methods.Standard ab initio calculations
were carried out with the GAUSSIAN 94 series of progréfhs.
The structures and energies of3g™ radical cations and related
fragments and iormolecule reaction products were examined
at the G2(MP2,SVP) level of theo®). This corresponds
effectively to QCISD(T)/6-311+G(3df,2p)//MP2/6-31G* ener-
gies together with zero-point vibrational and isogyric corrections.
Spin-restricted calculations were used for closed-shell systems,

117 ions; the structure of these ions associates therefore theyng spin-unrestricted ones for open-shell systems.

elements of CHCN and CS.

Further confirmation of the C#NCS connectivity for the
m/z 85 ions was found in the study of the reaction of th&£"
ions of 3 with methyl isocyanide. Then/z 85 ions are also

2. C,Ss*t Isomeric Structures. Ethenedithione, SC=C=
S, has three possible sites of sulfuration, nam&hgulfurated
(SCCS', 4), Ssulfurated (SCCSS, 5), andCC-sulfurated ions
(SC(S)CS', 6) (Figure 4). TheCC-sulfurated ion §) corre-

readily produced in the quadrupole, and the CA spectrum of sponds to a three-membered ring structure. The most stable

these ions (Figure 2b) differs very significantly from the
spectrum shown in Figure 2a. Indeed, tinz 59 peak is no

C,Sst ion is the C-sulfurated form 4). The cyclic structure
(6) lies close in energy (8 kJ mol above 4), while the

longer significant, and the most intense fragmentation is the ssulfurated form §) is significantly higher in energy (91 kJ

loss of a methyl group. In fact, this spectrum is identical to the
spectrum of CHNCCS™ radical cations published previously
and prepared by dissociative ionization of a thiazolopyrimidine
dione (Scheme 3¥

Beside them/z 85 ions, we also observed the prominent
production ofm/z 97 and 117 ions assigned to the D +
CCS (displacement of disulfur) and GRIC + CS; (displace-
ment of CS) compositions, respectively. The variation of the
abundance ratios of the/z85, 97, and 117 ions on going from
1 to 3 suggests again that the SCCC€%nd SCCZ™ radical
cations are present in different proportions and that the SCCS
ions @) react predominantly with methyl isocyanide by dis-
placement of C5(nmVz 85) or CS Wz 117) while the SCCSS
ions 6) react by displacement of,$m/z 97).

The CA spectrum of thewz 97 ions (Figure 3) features a
base peak for the loss of*Him/z 96), an intense loss of GH

mol~! above4). Rearrangement of th&-sulfurated ion ) to
the more stabl€-sulfurated form4), via a 1,2-S shift transition
structure? (Figure 4), has a significant activation barrier of 72
kJ moll. On the other hand, rearrangement of the cyclic
structureb to 4, via transition structur8, has a small barrier of
33 kJ mot L. Thus,4 and5 are predicted to be observablgSz™
ions in the gas phase, while the cyclic struct8gi¢ unlikely
to be experimentally accessible. The greater stabilit¢ ahd
6 may be explained by the fact that the central carbon atoms of
S=C=C=S bear strong negative charges and are the most
probable sites of sulfuratio. The calculated atomic charges,
based on natural bond orbital (NBO) analy®isf the carbon
and sulfur atoms in SC=C=S are—0.25 and 0.25, respec-
tively.

There are some interesting structural features of $®&'C
ions that warrant discussion. Th@-sulfurated ion 4) is

(m'z82), a series of peaks corresponding to (poly)carbon sulfides characterized by a rather short CS bond (1.493 A, Figure 4).

(m/z 68, 56, 44) and a characteristic loss of sulfuz65). All

For comparison, the CS bond length in carbon sulfide is 1.546

these fragmentations are in good accordance with the proposed (MP2/6-31G*). In addition4 is calculated to have large SCC

cumulenic structure, C#l=C=C=C=S"*. The loss of CHN

bond angles (139. In fact, the S-S distance (2.221 A) is

(m/'z 70) must be the result of a rearrangement process. significantly less than the sum of the van der Waals radii. The
Iminopropadiene thione ions have not yet been reported in the S-sulfurated ion %) has a long SS bond length (1.991 A),
literature, while iminopropadienone ions are well-established similar to that in carbon disulfid&-sulfide ion (SCSS) (2.034

species.’18

A),3 which suggests that-SS bond cleavage i is rather easy.

Summarizing the experimental results, dissociative ionization For the cyclic structureg), the C-C and C-S bond distances

of the heterocyclic dithiolodithiole$—3 generates mixtures of
isomeric GS;** radical cations ascribed &andC-sulfide ions
derived from ethenedithione5 (and 4, respectively). These
species cannot be differentiated with their collisional activation
spectra in the high or the low kinetic energy regime nor with

in the three-membered ring (Figure 4) are close to that of a
typical single bond.

3. Fragmentation Energies of 4 and 5We have calculated
the unimolecular fragmentation energies of the SEC@&) and
SCCSS' (5) radical cations using the G2(MP2,SVP) theory
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Figure 4. Optimized (MP2/6-31G*) equilibrium and transition structures @8 ions and related fragments (bond lengths in A and bond angles

in degrees).

TABLE 4: Calculated Fragmentation Energies (kJ mol1)2
of SCCS** (4) and SCCSS (5)

TABLE 5: Calculated Reaction Enthalpiest for Reaction of
SCCS** (4) and SCCSS' (5) with NO*

relative relative
species energy species energy
SCCS (4) 0.0 SCCsS (5 0.0
SC(S)CS' (6) 9.4  CS+CSS*(mz76) 35.0
SCCSS' (5) 91.3 S+ SCCS*(mz88) 264.4
CS+CS* (mz76)  131.2 CCSS;*(mz64)  415.0
CS, + CS™ (m/z44) 2585 CSS-CS*™(miz44) 4531
S+ SCCS" (m'z88) 355.7 S+ CCS*(m/z56) 461.0
SCCS+ St (mz32) 6311 SCCS S*(mz32) 539.9
S+ CCS (m/z88) 7375 S+ CCSS'(m/z88) 696.2
CCS + ST (mz32) 7440 CCSS-S*(mz32) 765.9

aG2(MP2,SVP) level. G2(MP2,SVIE), energies include-1269.90970
(4) and —1269.87494 §) hartrees.

(Table 4). Dissociation to C$ CS*+ (nVz 76) represents the
lowest-energy fragmentation process of @sulfurated ion 4).
Loss of C$S is the next most favorable dissociation reaction.

The simple bond €S cleavage processes are less favorable.

Although theS-sulfurated form %) is characterized by a long
S-S bond, the simple-SS bond cleavage, giving SCECYnm/z

SCCS™ (4) + NO* SCCSS' (5) + NO*

produck AE produck AE
CS+ SCNO*(T)  —584  SCCNO +S,(T)  —98.4
SCNO'(T)+CS  —10.0 SCCS (T} SNO*  —37.6
SCCS (T)+ SNO* 53.7 CS+ SSCNO 56.8
SNO + CCS, 1788  SCNO(T)+CSS 1845
S (T)+ S;,CCNO* 203.3 CCSSt+ SNO* 200.8
SCCSNO + S (T) c CCS+ SSNO 282.0

SCCSNO +S(T) ¢
SSCCNO +S(T) ¢

aG2(MP2,SVP) values (in kJ mdl). P T denotes triplet state.
¢ SCCSNO and SSCCNO do not exist as a stable species.

are complicated by the rearrangement process. As a conse-
guence, it is not straightforward to deduce the structures of the
two isomeric GSz* ions simply from their CA mass spectra.

4. lon—Molecule Reactions with NO. We have considered
all possible reactions between the3g* ions and nitric oxide
(NO). The calculated reaction enthalpies for the-@nolecule
reactions are summarized in Table 5. For 8wulfurated ion

88), is the second most favorable fragmentation process. The(5), cleavage of the €S bond, leading to the formation of

lowest-energy dissociation pathway corresponds to th&€C
cleavage, giving CSF CS**" (m/z 76). Other fragmentation

SCCNO' and S, is calculated to be the most favorable reaction
(AE = —98 kJ mof?). Cleavage of the SS bond in5 leading

processes are significantly higher in energy (Table 4). It is worth to the formation of SNO s also calculated to be an exothermic

noting that the loss of CS for bothand5 requires significantly
less energy than other fragmentation processes. #hasd5
are expected to have a very intense peaknméat 76 in the

process. This result is in excellent agreement with the experi-
mental observation. The iefmolecule reaction of theC-
sulfurated ion 4) with NO* is predicted to have different

respective CA spectrum. This result is in good accord with the products than the corresponding reaction of Ssulfurated

observed spectra (Table 1). Since isomerization betweerd

form. C—C cleavage id leading to the formation of triplet

5 has a moderate energy barrier, it is likely that their CA spectra S;,CNO" or SCNO' is the most favorable reaction pathway
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TABLE 6: Calculated Fragmentation Energies (kJ mol1)2 tandem mass spectrometer have been used to investigate the
of SCNO" (9T), CNO™ (10T), and SCCNO'(11) structures of gS;*+ isomers. The CA and NR spectra cannot
relative relative be used to differentiate the structures of the isomer8;C
specie$ energy speciés energy ions. On the other hand, iermolecule reactions clearly indicate
SCNO (T) (9T) (Vz 74) 0.0 SCCNO (11) (m/'z86) 0.0 the production of SCGS' (4) and SCCSS (5) radical cations.
NO" + CS™ (m/z44) 268.5 CCSFNO*(m/z30)  460.4 Ab initio calculations using the G2(MP2,SVP) theory support
CS (T)+ NO* (m/z30) 410.7 évf;rCSqu*(évn;/ég?) gggg the existence of the two isomeric ions. TBesulfide ethene-
S,CNO* (T) (10T) (mz106) 0.0 CNO+ CS* (mz44)  604.6 dithione ion @) is more stable than th&sulfide form §) by
NO* + C,S* (m/z 76) 189.6 CS+CNO'" (mz42)  679.8 91 kJ moft. The calculated reaction enthalpies fbrand 5
CS (T) + NO* (m/z30) 389.5 Sk CCNO*(miz54)  766.3 reacting with NO are in excellent accord with experimental
CCNO + S* (m'z32)  936.2 findings. The calculated fragmentation energies ofiomlecule

SCCN + O+ (mz16) 1182.9

aG2(MP2,SVP) level. G2(MP2,SVIE, energies include-565.12552
(9T), —962.95208 10T), and —603.19524 11) hartrees® T denotes Acknowledgment. The Mons laboratory thanks the “Fonds
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