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Experimental Investigation of Gas Phase lons of the Formd-C,H2,SICH 3]* where n = 2,
3, 4, and 5. Metastable and Collision-Induced Dissociation Results

Joseph E. King and Andreas J. lllies*
Department of Chemistry, 179 New Chemistry Building, Auburrvéhsity, Auburn, Alabama 36849-5312
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We report an experimental study of the metastable and collision-induced dissociation spectra of association
adducts with the suggested general formwehC[H.,SOICH3] ™ wheren = 2, 3, 4, and 5. These association
adducts are examples of gas-phase cations which may contai®e2sulfur-iodine bonding interactions.
Metastable cleavage of the sulftipdine bonds result in predominately one reacti@aCiH2,SO ICH3] ™ —
¢-CHxS* + CHGl; this reaction cleaves the proposed-Be bond. The product ion for each adduct exhibits

a small average kinetic energy release implying a fragmentation with a small or no reverse activation barrier.
Fragmentation by collision-induced dissociation yields two intense product peaks and numerous weaker peaks.
These metastable and collision-induced dissociation results support hypervaldsar&ling within the ionic
adducts. The spectra also suggest that the sulfur-containing moieties in the adducts are ring-closed.

Introduction these ring-expansion reactions involve-Bz bonded adducts

Two-center-three-electron (2e3e) bonds were first proposed in the first step. The ring expansion then proceeds resulting in
a new ring containing two adjacent sulfur atoms; hence, there

by Linus Pauling in 1931;the bonds were described as covalent | . L - -
bonds with bond order of one-half. 28e bonds have been 'S & sulfur insertion into the ring. The produc_t_ ion structures
observed and extensively describatthe gas phase, in solution, 52‘?_;202/; dﬁcs;‘t ?gsb 'V\évre a(gll;fci)cg)ltjTc)de(t:git"szti?llfﬁzﬂggrﬁf gt]ii
in the solid state, and as reactive intermediates. Here, we will reaction which resulted)i/n rina-expanded products peting
only introduce a few studies which directly relate to the current 9-exp P )

research. -+

Several groups, including Nibbering’s, Baer’s, and our group, CHy—s ™+ CHZ/S\
have studied gas-phase cations containing3tbonds. Nib- | S
bering et af have reported 8S and CICI connectivety, CHy—S CHz\CH{

whereas Baer et 4lhave reported ClI Cl connectivety. In our
work, S1S, S1X, XX, and XY atomic connectivity where
X and Y represent |, Br, and Cl have been repofted.We
have found evidence for these bonds in adducts containing both
cyclic’=? and noncycli&®1%-12 moieties. With noncyclic moi-
eties, we have observed 28e bonding between the hetero-
atoms: §1S, S11, SOBr, 101, BrOBr, CIOCI, and [ Br.5616-12 + Tl ) +
Many of these same 2&e bonded interactions have also been C-CiHznS™ F CCobHanS — [C-CyH, ST ¢-SGH)
reported in the condensed ph&de. the gas-phase work, the n=4and5 (2)
association products containing these interactions undergo
metastable and collision-induced dissociation (CID) reactions
that strongly support 2e3e bonds and heteroatom-to-hetero-
atom connectivity? 12

We are not aware of many solution-phase studies involving
2c—3e bonding with cyclic moieties. However, in our gas-phase
research with cyclic moieties aiming to examire(,H2,SO S
¢-CoHan] 1, (n= 2-5), "89we found that §-CoH4SO S ¢-CoHyl ™
and [c-C3HeSO S ¢c-C3Hg] ™ undergo ring-expansion reactions,
reaction 178

a b

With five- and six-membered rings,eaction 1 did not occur,
rather the formation of adducts was facile and the reactions
terminated with formation of adducts, reaction 2.

In these cases, it was even possible to conduct thermodynamic
ion—molecule equilibrium measurements to determine reaction
enthalpies and entropies.

With this background, it seemed logical to investigate the
adducts and reactions of sulfur ring-containing systems with
neutral methyl halide moieties. A strong motivation for the study
is the effect of sulfur-containing ring moieties on the formation
of 2c—3e bonded adducts between sulfur and halogen atoms to
determine if the halogen could be incorporated into the ring
system in a reaction similar to (1). The present research describes
" N the first such studies on mixed sulfur ring-containing moieties
C-CHpS™ + ¢-CHpnS— [c-CH, S e-SGH, - — bonded with the methyl halides. The research also addresses

c-CH,S, "+ CH,, n=2and3 (1) the bonding within the adducts and the fragmentation reactions
that they undergo.

The reactions proceed with retention of both sulfur atoms in Experimental Methods

the newly formed ionic products. Computations suggested that
Tandem mass spectrometric studies were carried out on a
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which has been described in detail elsewlfefeur modifica- [c-CsHqS . ICH,]*
tions are relevant to this work. First 1 cmlong collision cell
was added before thg slit in the second field-free region.
Second, the electron multiplier (an ETP Scientific AF130) was
placed in-line to the ion beam. This geometry significantly
reduces the energy discrimination in metastable peak shape
analysis. Third, an ion source consisting of a coaxial electron
entrance/ion exit geometry was built. The coaxial electron
entrance/ion exit geometry allows for high ion source sensitivity
at high ion source pressures. The ion source is heated and cooled
by gaseous nitrogen which is temperature controlled by either Figure 1. Metastable spectrum of{CsHsS0ICH;] +showing only
Ohmic heating or by cooling with liquid nitrogen. The heat one major fragmentation reaction resultingch€sHgS™ + CHal.
transfer takes place though a stainless steel tube silver-soldere
to the source body and isolated from ground potential by glass
to metal seals. Fourth, the ZAB was interfaced with a PC. The
PC was used to control the MIKES scan and collect pulsed
signals from a MTS 100 pulse preamplifier.

Adducts were formed by ioamolecule reactions within the
ion source. In all cases, adduct formation required high source
pressures. The actual ion source pressures are not known in thi

apparatus, but the background gas pressure in the ion SOUrCe rmediate [reaction 1]. Apparently, for the@,HanST ICH] *

. . . 4 )
housmg was \:erytﬁlos_e to our trip pomthpfﬁLlO‘ Torr. With th adducts presented in this paper, such rearrangements do not
comparisons to oner 1on sources in which we can measure €y, inata for the small rings, and it is possible to stabilize and
gas pressure, we estimate the ion source pressure to be on th

. ) o gtudy all of the adducts. This result suggests to us that the rings
order of 0.5 Torr. The high pressure in the source region induced in the adducts may be intact. Hence, a rearrangement reaction,
CID background peaks during our metasable scans in the secon
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%ontrasts with the bicyclic studies discussed in the Introduction
where adduct formation was facile only foc-C4HgSO c-
SCGHg]t and [c-CsH10S0c-SGHyg) [reaction 2] and where
adducts for thed-CoH4SO ¢-SGH4) T and [c-C3HeS c-C3HgS]™
systems were very difficult to form because of the second step
in reaction 1. In our previous studies on these last two adducts,
we proposed that adducts were not observed because of
?earrangement and fragmentation involving a ring-opened

X . X uch as the example shown below, involving a ring-opened
field-free region. These induced peaks probably arose from aspecies does not predominate in the metastable time window

as it does for the three- and four-membered bicydicSases.
It is possible that in the present examples the large size and

combination of activation in the first field-free region and from
the slightly increased pressures in the second field-free region.

Pressure-dependent experiments were conducted to determin

the genuine metastable processes. In these qualitative experi

ments, the relative variation of peak intensities were examined

ﬁolarizability of iodine stabilizes the sulfur containing rings.

. . L CH,—S +
to determine the true metastable reactions. Kinetic energy release / 2 CHy—S )
distributions, KERD’s, were obtained by standard methods from CH, I\CH‘+ ’ | + CH3
metastable peak shape analy8i€ID spectra were recorded A\ 3 CHy—I

using helium as the stationary gas at pressures needed to reduce
the main beam intensity by 40%. We note, however, that, for the gas mixture used in the

All chemicals used were commercially available. Sample [c-CoH4SOICHs]* studies, a peak a'z = 187 corresponding
preparation was accomplished by simple outgassing throughto C:HsSI™ was observed in the normal mass spectrum. In
several freezepump-thaw cycles with a Pyrex vacuum line  addition, peaks at/z= 201, 215, and 229 were also observed
with a base pressure of approximate|y<]_’|_(rs Torr. in the normal mass SpeCtI’a of the mixtures used for the
[C—CgHeSD |CH3]+, [C—C4HgSD |CH3]+, and b—CﬁH;LQSD |CH3]+,
respectively. We did not further investigate these ions in the
normal mass spectra.

Metastable Spectra of £-C,H2,S0ICH 3] *. The metastable
reactions for ¢-CyH2SUICH3]t (n = 2-5) are all similar,
implying all four ions have similar structural features. The
metastable spectra and results for all four ions will thus be
presented together. Figure 1 shows a representative metastable
spectrum for §-C3HgS ICH3] ™. As shown in Figure 1, there
is only one major metastable fragmentation path, that resulting
from cleavage of the 2e3e bond yieldinge-CsHeS™ miz 74.

In this fragmentation reaction, the positive charge is retained
on the sulfur-containing moiety with loss of neutral €Hrhe
corresponding metastable reaction, yieldingsCHandc-CsHgS

is not observed (the small peakratz 142 in Figure 1 is due to
Reaction 3 was repeatedly attempted with=XBr and Cl; residual CID; compare peak intensities in Figures3b). The
however, the parent adduct ion beams were very weak, andobserved fragmentation reaction is in accord with what one
reliable metastable and CID experiments were not possible. Thiswould expect from the relative ionization energies of the two
result differs from previous studies of dimethyl sulfide and the moieties. The three other association adducts have similar
methyl halides. With dimethyl sulfide, adducts of the form fragmentation paths, always resulting in loss of neutraklCH
[(CH3),S0O XCH3]* were formed for CHI, CH3Br, and CHCI, The kinetic energy release distribution for t;HeS™ peak
whereas with ChF, a hydrogen bonded adduct was obseffed. in Figure 1 is shown in Figure 2. The distribution has a sharp

Another interesting finding is that, in this work, with 3% | peak near zero KER and a small average kinetic energy release
we were able to form adducts for all four-ring systems. This of 8 meV. These features suggest direct cleavage reactions with

Results and Discussion

Adduct Formation. With the history described in the
Introduction, we decided to initiate the present investigation on
the reactions of the sulfur-containing ring system&,HsS™™,
Cc-C3HeS™, c-C4HgS™, andc-CsH oS with the methyl halides,
CHsX where X = I, Br, and CI. The first finding is that
formation of adducts of the fornt{C,H2,S XCHs]* through
reaction 3 was successful in our hands only with methyl iodide.

¢-C,H,,S" + XCH,; — [c-C,H,,SOXCH,] "
n=2,3,4,and5 (3)



12250 J. Phys.

Chem. A, Vol. 106, No. 51, 2002

14 Average KER = 8meV
0.8 1
[C3HS . ICH;]* 5[C;HS]* +CH,l
£
S 0.6 1
2
E 0.4 1
0.2 4
(] T T T
0.00E+00 1.00E-02 2.00E-02 3.00E-02
Energy (eV)

Figure 2. Kinetic energy release distribution for the fragmentation in
Figure 1. The average kinetic energy release for this distribution is 8

meV.
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Figure 3. (a—d) Collision-induced dissociation spectra for

[C—C2H4s|:| |CH3]+,

[c-CsH10SO ICH3] * top to bottom, respectively. The spectra show how
the c-CH2S* to CHsl** ratio varies with increasing ring size. This
variation correlates with the difference in ionization energies of the

two moieties.

[C-CgHeSD |CH3]+, [C-C4Hss|:| |CH3]+,

and

King and lllies

TABLE 1: Difference in the lonization Energies (IE)
between the Adduct Moieties

adduct AIEP (eV)
[C-C2H4SD |CH3]+ 0.49
[c-CsHeST ICH3] 0.93
[C-C4HBSD |CH3]+ 1.16
[c-CsH10ST ICH3]* 1.24

a|E of CHzl minus the IE of the sulfur containing moietyThe
NIST Chemistry webbook, http://webbook.nist.gov/, and references
therein. When available, the evaluated IE were used. The IE of the
other species were evaluated by the authors.

all our previous studies on direct metastable fragmentations of
2c—3e bonded ions.

We note the absence of metastable processes involving
skeletal rearrangements with ejection of neutral iodine or sulfur
atoms (Figure 1). These metastable spectra differ from some
previous results of other 23e bonded adducts between
different heteroatoms observed by our group. Previous work
on 2c¢c-3e bonded adducts sometimes resulted in two competing
metastable fragmentation paths, direct cleavage of the3@c
bond and a fragmentation path that required structural re-
arrangement of the skeletal atoms. For instance, with
[(CH3),SOICH3]™, two metastable ions were observed,
(CHg),S+ at m/z 62 and (CH),S—CHz" at mvz 7710 The ion
at m/z 77 could only result from rearrangement of the adduct
with loss of iodine. In that work, we proposed that thelS
bond in the adduct would lengthen as the methyl group migrates
and inserts into the lengthened-Bbond. The kinetic energy
releases for the rearrangement paths were always greater than
those for the direct cleavage. This finding is consistent with
large reverse activation barriers upon skeletal rearrangement
followed by fragmentation. As stated, analogous peaks in the
present experiments were not observed. We suggest that the
absence of the rearrangement paths in the experiments reported
here may be due to the presence of an intact ring on the sulfur
moiety. We suggest that, if there were &ISinkage but with
a ring-opened R group on the sulfur atom, the spectra might
have a competing intense peak for the loka & group or for
loss of one of the heteroatoms. Such processes would parallel
the metastable reactions observed in the spectra of some of the
2c—3e adducts with noncyclic moieties.

CID Spectra of [c-ChH2nSOICH 3]*. The CID spectra of
[c-CiH2nSOICHz] " are shown in Figure 3ad. The main
features of these spectra are all similar; however, the intensities
of the two major peaks vary in a systematic way. A general
feature of the CID spectra are intense peaks for the direct
cleavage of the S| bond with retention of charge on either of
the two moieties. Comparison of the four spectra shows how
the intensity of CHI*t decreases as the ring size increases. This
trend correlates with the ionization energy difference between
the two competing moieties. The ionization energy (IE) differ-
ences are presented in Table 1. Clearly, the smaller the IE
difference the larger the GH* intensity relative to the intensity
of the sulfur-containing moiety.

The spectra in Figure 3&d also show peaks for cleavage of
a methyl group. Such peaks result from simple cleavage of the
methyl group on the iodine moiety. In contrast, the S}CH
peaks corresponding to loss of the hydrocarbon portion of the
rings attached to the sulfur atoms are weaker and varied in
intensity with the ring size. The strongest SI€Hpeak was
observed for the three-membered ring, the adduct with the

small or no reverse activation barriers. The average kinetic greatest ring strain. If the rings were intact, loss of the
energy releases for all four fragmentations are all relatively small hydrocarbon portion of the rings resulting in SI€Hwould

(on the order of 59 meV). These data are in agreement with

require breaking two €S bonds, whereas loss of @hequires
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breaking only one €I bond. Hence, the more intense peaks (2) Forleading references, see: (a) Braida, B.; Hazebroucq, S.; Hiberty,

from loss of CH® provide convincing evidence that the ring in ;’(ﬁ&g gh?C")lAS;?r%)SOZKlZS fr?g L}Euzféin(tt;)r :dsggzég-'l'r?tl\ém:ggfss
the adducts are intact. . PN

. . in Chemistry and BiologyChatgilialoglu, C., Asmus K.-D., Eds.; Plenum
Strong evidence for SI connectivity comes from CID product press: New York and London, 1990; p 155.

peaks resulting in St this peak is particularly evident in Figure (3) (a) de Visser, S. P.; de Koning, L. J.; Nibbering, N. M. Mt. J.
3a. The intensity of the Slpeak varies dramatically with the = Mass Spectrom1998 120, 1517. (b) de Visser, S. P.; Matthias, B. F.; de
ring size. St is a significant product in Figure 3a, and its Koning, L. J.; Nibbering, N. M. MJ. Am. Chem. Sod.99§ 179, 9/180,
intensity drops until it can barely be discerned in Figure 3d. 43.

This intensity variation correlates with the expected ring strain ~ (4) Booze, J. A.; Baer, TJ. Chem. Phys1992 96, 5541.

energy; presumably, the ring strain helps cleave the tw€ S (5) (a) llies, A. J.; Livant, P.; McKee, M. LJ. Am. Chem. S0d.988
and the G-1 bonds. All of the observed fragments in these CID blq 7980. (b) Deng, Y, lliies, A. J.; James, M. A.; McKee, M. L., Peschke,

- . . . J. Am. Chem. S0d.995 117, 420. (c) James, M. A.; McKee, M. L,
Spectra are consistent with the proposed structures Conta""llng”ies, A. J.J. Am. Chem. Sod.996 118 7842.

2c—3e bonded adducts. (6) (a) lllies, A. J.: Nichols, L. S.; James, M. A. Am. Soc. Mass
c USi Spectrosc1997 8, 605. (b) James, M. A;; lllies, A. J. Phys. Chenil996
onclusions 100 15704,

These metastable and CID spectra all lend strength to the 7y Erern, s.; Illies, A.; McKee, M. L.; Peschke, M. Am. Chem.
proposed structures with intact rings andlISbonds. The S0c.1993 115, 12510.
data presented here indicate that the four adduct ions (g) peschke, M.; McKee, M. L.; lllies, A. J. unpublished work on the
[c-CH4SO |CH3]+ , [c-C3HeSO |CH3]+, [c-C4HsSO |CH3]+, and ring expansion involvingd-C3HeS S ¢c-C3Hg] ™
[c-CsH10SOICH3)* are all bonded by 2e3e interactions (9) lllies, A. J.J. Phys. Chem1998 102, 8774
between sulfur and iodine atoms. Unlike other3e bonded (10) Nichols, L. S.; lllies, A. JJ. Am. Chem. S0d.999 121, 9176.
adducts, we did not observe fragmentation involving loss of a (11 (a) Livant, P.; lliies, AJ. Am. Chem. S0d991 113 1510. (b)
heavy atom in the metastable spectra. The data presented herRichols, L. S.; McKee, M. L.; lllies, A. JJ. Am. Chem. Sod.998 120,
strongly suggest that the reactant ring is intact in the stabilized 1538.

adducts. (12) Nichols, L. S.; lllies, A. JInt. J. Mass Spectromi999 185/186/
187, 413.
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