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The structures and thermodynamic properties of 32 cations of compositigii [W8h n = 2—8 have been

studied by ab initio methods at the G3X(MP2) level of theory. In the global minimum structures, the proton
binds to a single sulfur atom and, except for= 2, this also holds for the less stable isomers. The binding
energies B0 K range from 619.4 kJ mot in [HS;]" to 835.6 kJ molt in [Ss—SH]*, which represents the

global minimum structure of composition [HS. The protonated branched rings are also the global minimum
structures in the case of; @nd S, whereas [H§™ is most stable with a five-membered homocycle. The
smaller cations [H3* (n = 2—4) are all chainlike with the hydrogen atom at a chain end. Unexpectedly,
singlet chainlike structures of [HB (n = 2—8) with the hydrogen terminating the chain at one end are more
stable than the corresponding triplet chains. The protonation of neutral sulfur molecules always takes place
at the atom of highest negative charge and the charge transfer to the proton is between 0.77 and 0.86 electrons.
The S-H bond lengths are calculated as in the range-133 pm. The effect of protonation on the sulfur

sulfur bonds is dramatic, as can be seen in the strong bond length alternation within the cyclic or chainlike
structures with the weakest SS bonds originating from the three-coordinate atoms. Hence, there is a pronounced
bond activation by protonation. The calculated gas-phase basicitiesamidS3 are in good accord with the
experimental values.

1. Introduction strength and change the torsion angle toward a more planar
i i o+ 8 o+ 9
Sulfu_r—sulfur bonds gre_importa_nt and fai_rly re_active building ig;f;g::ﬁlzlgag; i?:nt?)llgila(;'a;L?SZs:{’ al ui?tgstSS_zX (g;?
blocks in many organic, inorganic, and biological mok_agules. symmetry) with S-S bond lengths of 201.0 and 200.3 pm,
Although the cleavage of-SS bonds under redox conditions  aqpectively, at the MP2/6-31G(d) level of theory. These
as well as on _n_ucleophlllc attacl_< has been extgnswely StUdIeCI’internuclear distances are by ca. 5 pm shorter than those
the electrophilic attack by cations has received much less calculated for the corresponding neutral molecules. The adiabatic

P -
attention’ _Thls is somewhat surprising be_cause bonds betweenionizaltion energy of dimethy! disulfane & is 8.18+ 0.0
two-coordinate sulfur atoms are electron-rich systems that shouldOr 8.20+ 0.04 eV10

strongly attract electrophilic reagents. The highest occupied The structures of the monocations'@nd S+ have recentl
mo!ecula_r or*b|tal ('_.'O.MO.) in such an-35 bond is the been calculated with the B3PW91 method. The catigh(Bsg
antibondingz* MO originating from the overlap of the two 3p symmetry) adopts a chair conformatté#? that is much more
at9m|c orbltals that are approximately orthogonal to the two flat (torsion angler = 62.4) than in the neutral molecule &
neighboringo bonds and that are fully occupi@d.The gas- 7%). The seven-membered ring of the/Scation is ap-

phase ionization e“nergles"of the cyclierSolecules such asS proximately ofC, symmetry! rather tharCs, as observedand

and S containing “normal” SS bonds<S—S—) with torsion calculated® for S,

;ang!es cIosle t.o QOarﬁ appr|(|)X|mat|er 9 et;]/ rl;logveve(ri, if ctme The simplest electrophile to react with a molecule in the gas

tﬁrsmn alllng € ISI much smaler or argerd a 8? 9 uﬁ 0 phase is the proton, and in this context the gas-phase basicity
e smaller or larger ring size compared i) S ionization or proton affinity of the species,Ss usually defined as the

energies are smaller because of the larger overlap of the tWOnegative reaction energy, enthalpy, or Gibbs energy of the
mentioned 3p orbitals and the larger energetic splitting betweenreaction as shown in ’ ’

the resultingz and 7* MOs. For example, the experimental
ionization energy otyclo-Ss (9.00 eV# torsion angle 73.8°%) oy, +
is slightly smaller than that afyclo—Sg (9.04 eV# torsion angle Si(@) + H (@)~ [HS,]"(9) (1)
6 - 7 i
98.5 7). In cyclo5; one torsion angle has the valu&'Gesuiting In real experiments of this type, the structures or conforma-

in a considerably lower |_on|zaF|on energy of 8.67 &V. tions of the & fragments may be different on both sides of eq
From the above considerations, it follows that removal of 1 ‘powever, if the neutral and the protonated forms are derived
electron density from afS—S— bond should increase the bond {5 the same structure, then the reaction energy is also called
- the “binding energy” of the proton.
* Tg whom correspondence should be addressed. E-mail: chmwmw@ The molecule $is of C,, symmetry in its ground stafé.It
nu?'ﬁaﬁbsnga University of Singapore. has been reported that the trans-planar cation [HS@&pfesents

* Technische UniversiteBerlin. the global minimum structure at the QCISD(T)//HF level of
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theory whereas the cis conformer was found to be slightly less  For all investigated molecules, a charge density analysis was
stable, by 5 kJ mof. Much less stable are branched and cyclic performed using the natural bond orbital (NBO) approach based
isomers of [Hg]*".14 Protonation of the global minimum on the B3LYP/6-31G(2df,p) wave functidA.NBO atomic
structure of $ (Cp, symmetry3 was found to produce a charges of small molecules have recently been demonstrated
chainlike cation [HSSSS] of C; symmetry as the global to agree well with experimental values obtained from X-ray
minimum structure at the G2(MP2) level, with the four sulfur diffraction date® Unless otherwise noted, all relative energies
atoms in a cis-planar arrangement and the hydrogen atom nearlyeported in this publication are given A&y and correspond to
trans-planar to the sulfur chain. However, three more local the G3X(MP2) level.

energy minima have been identified on the potential energy
hypersurface (PES). A trans-planar sulfur-chain structure with
the SSSH unit in a gauche conformation was found to be by 7
kJ mol! less stable than the global minimum structtirén

the case of protonateti/clo-Ss, two cyclic and three chainlike
structures were calculated at the G2(MP2) level with the
branched ring [§-S—H]" as the global minimum structure.
The protonated six-membered ring [§Sof Cs symmetry with

3. Results and Discussion

3.1. Geometrical Structures and Relative Energies3.1.1.
Disulfur. In contrast to the triplet ground state of disulfé®),
the protonated form [H$' favors a singlet ground statéd).
The triplet form1b lies 46.4 kJ mot! above the singlet state.

the proton in an axial position was reported to be by 8 kJ ol This reversal of preference can be rationalized in terms of the
less stabld5 Protonation ofcyclo-Ss has been studied only at greater two-electron stabilization in the singlet state over the

. -electron stabilization in the triplet state. The bent singlet
the MP2/6-31G(d)//HF/6-31G(d) level, and the branched ring €€ ;
structure [$—S—H]™ was found to be slightly more stable (by cation [HS]" has an S'S bond distance (189.0 pm) shorter

8 kJ mol) than the eight-membered ring in octathiocan-1- than that calculated fofS; (191.2 pm) and a bond angle of

. : 103.0 (see Figure 1). Evidently, antibonding electron density
ium [HSg]™ and considerably more stable (by 19 kJ mpthan o . L
the ge??)]nd branched ring );somer of corgn?;ctivity—[sb—s— is withdrawn from the Sunit to form the S-H bond, which is

H]*+.15 slightly longer (137.6 pm) than in the other species yvith one-
coordinate hydrogen reported below. The NBO atomic charges
indicate that 0.80 electrons are transferred from therst to
the proton, leaving the sulfur atoms with charges of 0.42
(central) and 0.38 (terminal). The binding energies of the singlet
and triplet [HS]* are 731.0 and 619.4 kJ m@| respectively.
Interestingly, a symmetrical singlet [HIS structure ofC,,
symmetry with a bridging hydrogen atortdj is predicted to
be a minimum on the PES, but this structure is considerably
less stable thaha, by 253.6 kJ moi! (Table 1). Its geometrical
parametersdss= 200.2 pmdsy = 159.1 pmo = 51.C) clearly
show that the bond energies must be much lower than in the
n global minimum structure (Figure 1). The charge on the
hydrogen atom is nevertheless the sam®.R0).

In this work, we have systematically studied the protonation ?'1|'2' 'I('jrisulfur The ?eometry of &igogf gz” symn;eltr)é. The
of several isomers of all homoatomic sulfur molecules fram S calculated geometrical parameters ( -9 pm and Ijldgee

: Il with the recently determined experimental structure [191.7-
to S at the G3X(MP2) level of theory. The proton is expected we 26
to serve as a probe for the location of the maximum electron (1) pm and 117.36(8).% The .NBO charges are 0.32 for the
density within a given molecule. central and—0.16 for the terminal atoms (see Figure 2). Thus,

the protonation is expected to take place at one of the terminal
atoms. The chainlike trans-planar [HSSSpn 2a of Cg
symmetry (see Figure 1) is calculated to be the global minimum
Standard ab initio calculations were carried out with the Structure, consistent with previous DFT and QCISD(T)//HF
Gaussian 98 series of prograthst the G3X(MP2) level of  calculations by Mineva et &f. At the G3X(MP2) level, the cis
theory20 This theory corresponds effectively to the QCISD(T)/ isomer2bis by just 6.4 kJ mol® less stable than the trans form
G3XL//B3LYP/6-31G(2df,p) energy together with zero-point (Table 1). The cis form is not stabilized by an intramolecular
vibrational and isogyric corrections. The G3X(MP2) theory H:---S interaction between the two terminal atoms of the chain
represents a modification of the G3(MP2) thednyith three because the distance between these atoms of 307.7 pm is too
important changes: (1) B3LYP/6-31G(2df,p) geometry, (2) large although the HSS angle (§%s rather small. Furthermore,
B3LYP/6-31G(2df,p) zero-point energy, and (3) addition of a these atoms both bear a positive charge of 0.20. The very short
g polarization function to the G3Large basis set for the second- SS bonds of 188 pm at the chain ends 2z and 2b are
row atoms at the HartregFock level. All three features are  remarkable. Protonation at the central atom efis rather
particularly important for the proper description of the sulfur- unfavorable. It yields &, structure that is 131.7 kJ mdl
containing compounds examined in this work. For instance, the higher in energy. For the cyclics$somer, protonation leads to
geometries and stabilities of several cluster species are poorly2c (Figure 1), which lies 48.1 kJ mot above the global energy
predicted by the MP2 theo”?.Harmonic fundamental vibrations ~ minimum 2a).
were calculated at the B3LYP/6-31G(2df,p) level to characterize  3.1.3. Tetrasulfur.The cis-planar structure of the free S
stationary points as equilibrium structures, with all frequencies molecule C,, symmetry) is now well established theoreticadly
real, and transition states, with one imaginary frequency. To and has recently also been detected in sulfur vapor exposed to
calculate the Gibbs energy of the proton, a value of 6.197 kJ an electrical discharg&€.The central bond [calcd 212.7/exp 217-
mol~! was used for the temperature correctiblagg — Ho) and (3) pm] is considerably longer than the two terminal bonds
a value of 108.946 J mot K~ was used for the entrop$g).23 [192.2/189.9(7) pm]. The bond angles [107143.9(8)] have

By means of Fourier transform ion cyclotron resonance
spectroscopy the protonation of the gaseous homocygl@d3:$
symmetry) and $(D4g) has been determined as exothermic by
—702 and—783 kJ moft?, respectively (Gibbs energies of
protonation; 41 kJ mol1).15 Although the structures of the
species [Hg™ and [HS] ™ produced in these experiments are
unknown, the basicity data obtained are comparable to the
protonation enthalpy of 8, which has been calculated at the
G2 level of theory as-702 kJ mof?® at 298 K6 in excellent
agreement with previous calculatidhsand with the experi-
mental value of-705 kJ mot.28 To the best of our knowledge,
protonation experiments of sulfur rings in solution have not bee
reported.

2. Computational Details
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Figure 1. Optimized [B3LYP/6-31G(2df,p)] geometries of the various,HSHS;", HS,, and HS" isomers. Selected structural parameters are
given, with bond lengths in picometers and bond angles (in italics) and torsional angles in degrees.

TABLE 1: Calculated G3X(MP2) Total Energies (Hartrees)
and Relative Energies (kJ mof?), and Dipole Moments f,
Debye) of the lons H§™ (n = 2—8)

relative
total energy
species symmetry energy AEy AHzeg u?
SH* bent (singlet) {a) Cs —795.74654 0.0 0.0 1.59
SH* bent (triplet) (Lb) Cs —795.72866 46.4 46.7 1.18
S;H* bridged (Lc) Co —795.64994 253.6 253.9 0.59
S;HT trans chainZa) Cs —1193.54507 0.0 0.0 1.69
S;HT cis chain 2b) Cs —1193.54261 6.4 6.5 1.11
S;H 3-ring (20) Cs —1193.52673 48.1 47.2 2.13
S,H* cis chain 8a) Cs —1591.32521 0.0 0.0 1.76
S,H* trans chain3b) C —1591.31674 22.2 23.5 1.00
SH* branched 3c) C, —1591.30423 55.1 55.8 1.69
SyH* 4-ring (3d) Cs —1591.28341 109.8 109.0 2.40
SsH* 5-ring (4a) Ci —1989.09754 0.0 0.0 2.23
SsH* branched4b) Ci —1989.06490 85.7 86.7 1.17
SsHt chain @c) C, —1989.09025 19.1 21.1 1.10
SsH branched %b) C —2386.87390 0.0 0.0 2.13
SsH 6-ring (52) Cs —2386.86971 11.0 10.1 2.71
SsH™ branched%c) C: —2386.86767 16.3 17.6 1.57
SsH chain 6d) C —2386.85760 42.8 44.5 1.62
S;H* branched §b) Ci —2784.64604 0.0 0.0 1.43
SH 7-ring (64) C —2784.64535 1.8 1.5 3.03
SgH branched 7¢) Ci —3182.42352 0.0 0.0 3.03
SgH branched 7b) C, —3182.42063 7.6 7.2 3.54
SgH 8-ring (74) Cs —3182.41641 18.7 17.6 4.67

aB3LYP/6-31G(2df,p) values.

“normal” values. The NBO charges at®.17 for the two central
and —0.17 for the terminal atoms (Figure 2). On protonation,
the cis-planar chainlike ion [HSSSSbf Cs symmetry 8a) is
predicted to be the global minimum structure (Figure 1).
However, previous calculations favored a nonplanar cis con-
formation of the sulfur chain and the hydrogen atom nearly
trans-planar to the sulfur atorts.The [HS)]™ structure, as
shown in Figure 1, is stabilized by an intramolecular hydrogen

double minimum potential is to be expected for the energy
dependence on the hydrogen atom position. The calculated
barrier for the proton transfer is just 5.6 kJ mblThe NBO
charges oBaare presented in Figure 3. The trans ison) (

is calculated to be 22.2 kJ mdlless stable than the cis form
(Table 1). Interestingly3b is nonplanar, with an SSSH torsion
angle of 107.6 (Figure 1).

The S molecule is known to exist as several isomers in sulfur
vapor?28 and one of these isomers has been proposed to be a
branched three-membered ring=52° Protonation of this
species at the exocyclic atom produces the cation-§H]"

(30) of C; symmetry (Figure 1), which is 55.1 kJ mdlless
stable tharBa. The S—H group is slightly oriented toward the
S—S bond of length 207.6 pm of the 8iangle, thus lowering
the symmetry from the expected, to C;. Protonation of the
unbranched cyclic Sisomer results irBd (Figure 1), which is
significantly higher in energy (109.8 kJ mélabove3a).

3.1.4. PentasulfurThe § molecule forms a five-membered
ring of envelope conformatiorCg symmetry)t3 with a planar
arrangement of four atoms (Figure 2). The torsion angle of zero
at the unique bond results in a maximum overlap of the
nonbonding 3p orbitals of locat-symmetry at this bond, and
consequently, the HOMO will be centered at these atoms. In
fact, the NBO charges of the corresponding atom8.03) are
the most negative in the molecule (Figure 2). Therefore, it is
not suprizing that the protonation takes place at one of these
two atoms. The lowest energy homocyclic cation fHS(44)
has no symmetry at all (Figure 1). The hydrogen atom occupies
an axial position. The increase in coordination number at the
protonated atom changes the formerly planar arrangement to a
nonplanar structure with an SSSS torsion angle of %154t
the overall conformation of the five-membered ring is still the
same as in $ The SS bond involving the three-coordinate atom
is lengthened from 221.0 to 229.2 pm upon protonation (Figure
1). The atomic charge on the three-coordinate atom is 0.27 and

bond between the two terminal atoms, separated by only 215.50n the hydrogen atom is 0.22 (Figure 3).

pm. Because the hydrogen atom may occupy one of two
equivalent positions between the two terminal sulfur atoms, a

A branched four-membered ring isomer,fSSH]" (4b)
protonated at the exocyclic atom is@f symmetry (see Figure
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Figure 3. NBO atomic charges [B3LYP/6-31G(2df,p)] of the ions Fi%n = 2—8).

1), but its energy is 85.7 kJ mdl above the global energy  The triplet chain structure of [H$" is much less stable than
minimum. The S-H bond points toward the rather flat four- the singlet chaimc, by 67.1 kJ moi! (Table 2).

membered ring (bond angles within the ring starting at the three- 3 1 5. HexasulfurThe formal protonation of the ground-state
coordinate atom: 8471 87.0°, and 88.7), but there is N0 chairlike structure otyclo-Ss (D3 Symmetry) takes place at a
additional S--H interaction. More stable than the protonated single atom rather than bridging a bond. The cationgFi$5a)
branched ring is the singlet open chain isose(Figure 1). It is of Cs symmetry with an axial arrangement of the SH bond
has a relative energy of only 19.1 kJ mblin other words, the (see Figure 4). The equatorial conformer is by 5.5 kJthol
ring opening reaction of protonated @&a) requires an enthalpy  less stable. The preference of the axial form may be rationalized
of just 19 kJ mot¥ Remarkably, this ring opening takes place in terms of the stronger lone-pair-lone-pair repulsion in the
on the singlet PES of [H$", in sharp contrast to the ring  equatorial form. In5a, there is a transfer of 0.79 electrons to
opening of the §molecule which produces a triplet chah. the proton (Figure 3). This charge-transfer induces a symmetrical
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TABLE 2: Calculated G3X(MP2) Relative Energies AE,, angle is—156.6. This branched form is 16.3 kJ ndlless
kJ mol~?) of the Branched and Open-Chain H§" (n = 5-8) stable than the global minimum structusb (Table 1).
Isomers Somewhat less stable, by 42.8 kJ motompared tcb, is
species unbranched ring branched ring singlet chain triplet chain the singlet open chain structubel, which is of C; symmetry
SH* 0.0 —54.7 -109.8 —14.7 and which shows a very pronounced bond alternation effect
SHF 0.0 85.7 19.1 86.2 (Figure 4). In this chain, the four torsion angles, starting from
gc;ni 8-8 —1i-g 2;-2 ;g-g the hydrogen atom, are80.9°, —89.6>, —101.2, and—1.C".

: b : : The bonding in this remarkable ion can approximately be
SH* 0.0 —18.7 50.6 1402 described by the following Lewis structure:
bond length alternation within the homocycle with the two bonds - ¥ - _ _ _
originating from the three-coordinate atom (213.9 pm) becoming §=8—8—8—S8—S—H

longer, the neighboring bonds shrinking from 209.0 pm én S

to 206.8 pm and the two other bonds remaining almost The NBO atomic charges &d are (from left to right): 0.13,

unchanged (208.5 pm). However, this ion with a six-membered 0.38, 0.18, 0.06, 0.07, 0.01, and 0.18.

ring is not the global minimum structure in the gas phase. The thermodynamic data 6&—c show that the ring opening

Rather, the branched ion{SSH]" (5b) is by 11.0 kJ moi?! of [HS¢] ™ (5a) requires a reaction enthalpy of only 20.8 kJ miol

more stable (Table 1). Although this structure had been found and produces a singlet chain (Table 2). Starting from the global

beforel® our calculated branched cation geometry is quite minimum structuréshb, the reaction enthalpy is predicted as 42.8

different, with the longest SS distance of 224.4 pm (see Figure kJ mol1. The branched structuic may be an intermediate in

4) rather than 251.7 pAt.Nevertheless, the protonation of the the latter reaction. As with [H$", the triplet chain is

symmetrical homocycle ¢activates one of the sulfaisulfur significantly less stable than the singlet, by 46.2 kJTh¢Table

bonds considerably. Remarkably, the hydrogen atom of the axial2). The terminal planar Sunit in 5d is similar to that in4c.

SH group is turned away from the five-membered ring, which This cis-planar arrangement of the @it is prevalent in the

has a similar conformation as in the Bolecule. The SH group  longer singlet [H§ ™ chains as well as in the triplet, 8hains®©

is connected to the homocycle at the same atom to which the 3.1.6. HeptasulfurThecyclo-S; molecule is ofCs symmetry

proton is attached in the related cation BH'S(44). The torsion (Figure 2) with a distinct bond length alternation pattern (starting

angle HSSS to the longest bond of the cycle is 108.6 at the unique atom: 207.1, 212.9, 200.9, and 222.1 pm). As in
In recent theoretical studies ofs,532 a trigonal prism the case otyclo-S;, there is a planar arrangement of four atoms

structure was found as a stable isomer of hexasulfur, which lieswith a torsion angle of zero. The HOMO is centered at this S

51 kJ mol* above the most stable chair foAhOn protonation, unit. The two atoms forming this bond are negatively charged

the prism rearranges to a branched ring structbgg With an by —0.02 (Figure 2). The formal protonation oyclo-S; takes

exocyclic SH group in an axial position but with a very long place at one of the atoms, forming the unique bond with

SS bond of length 274 pm between the formal chain end and 0°. This bond opens up from 222.1 pm ir ® 230.7 pm in

the atom bearing the SH group (Figure 4). The HSSS torsion [HS7]* (64), whereas the SSSS torsion angle increases from

213.2

Figure 4. Optimized [B3LYP/6-31G(2df,p)] geometries of the variousgH3HS;", and HS" isomers. Selected structural parameters are given,
with bond lengths in picometers and bond angles (in italics) in degrees.
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zero to 4.7 (Figure 4). The other SS bond lengths alternate TABLE 3: Calculated G3X(MP2) Proton Binding Energies
around the asymmetrical ring, with values between 198.9 and and Gas;]Phase lBaSI'C'tleS (k}]‘ mok) of the Branched and
211.9 pm. This effect is well-known from the X-ray structures Unbranched Molecules § with n = 28

of =033 $Br+ 34 1,35 and S (the last consists of two unbranched branched rings
S; rings connected by a chain of five sulfur ator#syhe overall molecular molecules (§ (5-1=9)
chair conformation of the seven-membered rings ina8d size)) —AEs —AHxs —AGups AEy AHzs AGges
[HS7]* is the same, and the hydrogen atom is in an axial position H,S 703.7 709.8 678.4
with the two torsion anglesysss= —30.7 and 109.7 (Figure H2S, 7249  730.1 701.6
4). 2 (triplet) ~ 619.4 6239  600.5

.Howeve.r, the branched isomersfSSH]* (6b), as shown in g(smglet) 774321.'5? 7737578 7711913?
Figure 4, is by 1.8 kJ mol more stable than the protonated 4 775.7  781.0 751.0 7823 786.8 758.0
unbranched ring6a and, therefore, represents the global 5 760.2  765.7 7341 7954 8005 769.3
minimum structure (Table 2). This isomer is 6f symmetry ? ;gi% ;gg-g Zég-g gii-g géllg-g ggg-é
and also exhibits an alternating bond length pattern within the 8 2440 7487 7945 7954 7997 7726

six-membered ring of chair conformation. Because the hydrogen
atom is 300.2 pm apart from the two closest sulfur atoms of
the ring, there may be a weak attractive interaction between
the 3p lone pairs of these atoms (pointing toward the H atom)
and the positively charged hydrogen atotrD(17).

As with the smaller [Hg™ ions, the cation [Hg™ favors a
singlet open chain isomer. However, this chain isomer is less
competitive in energy (Table 2) compared to the chainlike ions
[HSs]* and [HS]™. It is by 47.0 kJ mot? less stable than the
global minimumeéb.

3.1.7. Octasulfur.The formal protonation of theyclo-Sg

the neutral cluster, with the longest distance of 344.9 pm being
almost identical to the van der Waals distance between sulfur
atoms (350 pm). In other words, structiterepresents another
isomer of connectivity [$-SH]™. Its connectivity is similar to
that of the $=0 molecule®?

The singlet chain isomei() is predicted to lie 69.3 kJ mo}
above the branched structur&). As with other [HS]* open-
chain isomers, the triplet chain [HS is higher in energy, by
89.6 kJ mot? (Table 2). For comparison, the neutral chainlike
Sg molecule favors the triplet state, which is significantly less
molecule results in an ion [HE" (78) of Cs symmetry with  staple than the global minium, the crows-By 151 kJ mofL.3
the eight-membered ring conformation similar to that of the free 3 1.8 General Trends in the Geometries and Redati
Sg molecule and an hydrogen atom linked to one atom in an EnergiesAs with the neutral molecules,Sthe cations [H§*
equatorial position (see Figure 4). The increased coordination yith n = 2—4 are chainlike, and those with= 5—8 are cyclic.
numbe_r induces again a symmetrical bond length alternation in onq as one might have expected, the proton usually binds to
7a as in the case of [H$" (5a). Compared to the freesS  {he atom of highest negative atomic charge. This statement holds
molecule, the torsion angle values within the ring are now more poth for the global minimum structures of the sulfur molecules
scattered, between 94nd 103, but the arithmetic mean of  ang for their higher energy isomers. In the unbranched ho-
99.8 is very close to the value calculated fog 88.0°). The mocycles the proton usually binds in an axial or endo position,
NBO charges of this isomer of [HF are +0.23 for the  \yith the protonated $ring (7a) as the only exception. In the
hydrogen atom and-0.25 for the three-coordinate sulfur atom  pranched species S, protonation always takes place at the
(see Figure 3). exocyclic atom. With the exception of the disulfur molecule,

As in the cases of gSand S, the branched structure {S the protonation leads to an increase in the bond length of the
SHJ* (7b, Figure 4) is more stable thafs, by 11.1 kJ mot? neighboring SS bond(s) and in this way these bonds are
(Table 1). This finding is in agreement with a previous study activated. To cleave one of these bonds thermally requires much
at the HF/3-21G(d) level, which also predicted the branched less energy than in the corresponding unprotonated molecules.
structure [S—SH]" as more stable thare.' Structure of7b is In all cases, protonation of the branched isomer is more
of C; symmetry with a strong bond length alternation within  favorable than the corresponding unbranched structure. For
the seven-membered ring, with SS bonds of between 200.0 andHSg]*, [HS;]*, and [HS]*, the differential proton stabilization
226.1 pm. The exocyclic SH group is in an axial position and is sufficiently large that the branched species becomes the global
connected to the ring by a single bond of normal length (207.1 energy minimum. In sharp contrast to the neutrah®lecules
pm). This geometry is very similar to the experimental structure that favor a triplet chaif? the ground state of the open-chain

of the S&# cation with the connectivitydyclo-S;—Ss-cyclo-
$7]%1.36:37 The latter ion forms on oxidation ofg3y AsFs in
solvents of low basicity such as liquid $& It may well be
that the first step of this reaction is an isomerizatiorcyélo-

Ss to S/=S under the influence of the strong Lewis acid AsF
which is expected to strongly stabilize the branched form by
coordination to the exocyclic atom as the proton7im does.

In our previous study of Sisomers® a cluster structure of

ions [HS] ™ is always a singlet state. The relative stabilities of
these singlet chains are significantly smaller than the corre-
sponding neutral (unprotonated) chains. Thus, forsJHSthe
singlet chain is just 19.1 kJ mol above the global minimum.
In summary, the branched ring and chainlike isomers are
competitive in energy in the protonated sulfur clustersHS

A common feature of the chainlike species, suclBasAc,
5¢c, and5d, is the planar or almost planar arrangement of the

C, symmetry was found to be most stable structure besides thefour atoms at the unprotonated chain end. This almost planar

crown cyclo-Sg. Protonation of this cluster leads to the cation
7c (Figure 4), which is by 7.6 kJ mol more stable than the
branched isomerb (Table 1). Thusyc represents the global
energy minimum of [Hg ™. The overall conformational changes

S, terminal unit is also a characteristic structural feature of the
triplet diradicals of § (n = 1—10)20

3.2. Thermodynamic Properties.The proton affinities (PA)
of the various isomers of the,&nd $-1=S moleculesrf =

are small on going from the neutral to the protonated cluster 2—8) are summarized in Table 3. The reliability of proton

form. In particular, the planar,Sunit arising from anz* —z*
interaction is maintained iic. However, the SS bond lengths
within this planar unit are now rather different from those of

affinities calculated by the G3 and related method$ (kJ
mol~1) is well established®213°For instance, the calculated
G3X(MP2) proton affinity AHzgg) Of H2S (709.8 kJ mot?) is



Electrophilic Attack on SulfurSulfur Bonds J. Phys. Chem. A, Vol. 108, No. 34, 2004097

TABLE 4: Calculated B3LYP/6-31G(2df,p) Vibrational Frequencies (cnT?) and Infrared Intensities (km mol~1) of the
Protonated S, species

species frequency (infrared intensity)

HS;* (1) 2483 (16.6), 953 (0.6), 708 (0.1)

HS;* (2a) 2621 (35.2), 878 (11.3), 711 (36.4), 506 (34.3), 378 (18.4), 222 (2.7)

HS," (33) 2153 (16.0), 925 (2.5), 678 (37.3), 550 (14.0), 433 (7.8), 341 (12.1), 336 (0.1), 198 (0.1), 153 (1.6)

HSs' (4a) 2593, (29.0), 816, (2.4), 733, (7.7), 532, (2.0), 484, (1.7), 423, (1.1), 342, (0.1), 289, (0.1), 282, (0.8), 251, (1.7),
195, (5.2), 130, (3.5)

HSs* (5a) 2556, (19.5), 839, (6.8), 689, (7.9), 484, (0.0), 467, (0.8), 449, (0.7), 438, (0.9), 348, (1.0), 303, (0.0), 301, (4.7),
249, (0.9), 184, (0.6), 175, (0.0), 154, (1.9), 135, (0.2)

HSs* (5b) 2647, (37.2), 889, (2.0), 534, (0.8), 496, (14.4), 474, (8.3), 409, (0.6), 334, (4.3), 312, (0.1), 302, (11.7), 270, (4.8),
246, (0.6), 241, (11.4), 201, (1.1), 133, (0.9), 65, (1.4)

HS;* (6) 2622, (28.9), 827, (3.2), 625, (11.0), 538, (6.9), 492, (0.5), 470, (0.9), 429, (0.4), 387, (3.6), 361, (1.1), 273, (0.9),
262, (2.9), 237, (6.1), 234, (2.8), 192, (2.7), 158, (0.8), 154, (0.3), 102, (0.6), 50, (1.3)

HS;* (6b) 2593, (3.7), 875, (7.2), 496, (10.1), 477, (3.4), 475, (1.0), 445, (2.5), 430, (1.1), 342, (0.4), 320, (0.4), 304, (1.5),
264, (1.9), 256, (18.4), 216, (1.3), 197, (8.6), 168, (0.2), 159, (1.7), 104, (1.7), 74, (0.6)

HSst (7) 2611, (59.7), 827, (2.8), 645, (10.1), 487, (2.8), 481, (1.4), 478, (0.2), 462, (0.0), 420, (0.2), 383, (2.2), 363, (0.1), 328,
(0.0), 240, (1.8), 237, (0.1), 216, (0.2), 200, (0.4), 192, (4.2), 161, (4.7), 135, (0.8), 128, (0.3), 68, (1.1), 67, (0.0)

HSst (70) 2651, (47.0), 866, (3.2), 631, (20.6), 541, (2.0), 521, (8.0), 497, (3.9), 382, (0.3), 349, (2.6), 320, (0.6), 304, (0.1), 286,

(2.4), 248 (1.1), 231, (1.3), 205, (3.5), 177, (4.1), 161, (6.0), 144, (1.1), 136, (2.9), 103, (0.3), 90, (0.8), 58, (0.3)

in pleasing agreement with the experimental value of 705.0 kJ between the most stable isomers of each composition. As can
mol~1.18 Among all the § cluster species, the maximum proton be seen below, these reactions are partly endothermic and partly
affinity is obtained for =S (835.6 kJ moll) and the minimum exothermic:

for triplet S, (619.4 kJ mot?). For the unbranched molecules

Ss to S, the predicted proton affinities lie in the range 731 2[HS]]" (2a) — [HS,] " (1a) + [HS,]" (39)

776 kJ moll These values are slightly larger than those of _ 1

H,S (703.7 kJ molY) and HS; (724.9 kJ mol?) (Table 3). AE,= +48.3kJmol™ (2)
The PA values of the branched species are expectedly higher N N N

than those of the related unbranched rings because of the higl"?[HSz;] (3a) — [HS;]" (28) + [HS4] " (4a)

negative charge on the exocyclic atom (see Figure 2). The odd- AE,= +20.5 kJ mol* (3)
numbered ringssand S with their planar arrangement of four
atoms have higher PA values thagié®d S with their torsion + + +
angles of 73-90°; torsion angles near°Oresult in a larger 2[HS]" (48) = [HS,]" (3a) + [HS]" (5b)

splitting between ther andz* molecular orbitals and conse- AE,=—10.6 kI mol* (4)
quently in a higher HOMO energy. The following trend of the

proton binding energies of the unbranched species is pred|cted.2[HSG]+ (5b) — [H85]+ (4a) + [HS7]+ (6b)

$,>S5>S,>5~S,> S > 15,5, AE,=+11.1kImol" (5)

The gas-phase basicities-AG) of the unbranched ho-  2[HS,]" (6b) — [HSy] ™ (5b) + [HSg ™ (70)
mocycles $and S at 298 K are calculated as 714.8 and 724.6 _ 1
kJ mol%, respectively, and for the branched rings as 809.2 and AEy=—14.0kmal” (6)
772.6 kJ mot! (Table 3). The experimental values are 702 kJ S
mol~! (Ss) and 783 kJ mol! (Sg), respectively (absolute Gibbs 4. Summary
energies of protonation determined by FTICR spectroscopy at Protonation of gaseous neutral sulfur moleculegS= 2—8)
298 K, 41 kJ mol1).15 Thus, the experimentakSalue agrees results in dramatic structural changes, and a large number of
well with the PA value predicted for the formation of the isomers of comparable energies including branched rings and
unbranched protonated rirfiga. In the case of & the observed singlet chains are predicted to exist as stable structures on the
value is in accord with the formation of the branched protonated corresponding potential energy surfaces. Strong bond length
homocycle, i.e., [5-SH]" (70), in the reported experiment. alternation effects are predicted with the longest SS bonds
Because the proton affinities of the neutral sulfur molecules originating from the three-coordinate atoms. The global mini-
S, are similar in value to those of 43 (see Introduction) and  mum structures have the following connectivities and sym-
H,S, (718 kJ mot?),16 it should be possible to prepare solid metries (by increasing numbers of sulfur atoms): [HS&]),
compounds of composition [HE (n = 6—8; X: univalent [transHSSST (Cy), [cisHSSSS] (Cs), [cycloHSs]tT (Cy),
anion of low basicity) in a fashion similar to that of the [cycloSs—SH]" (Cy), [cycloSs—SH] (Cy), [cyclo-S;—SHT*
crystalline salts [HS][SbF],*° [H3S;][AsF¢],*t and [HS,]- (Cy). All chainlike cations [H§]* (n = 2—8) are more stable
[SbFR],*t which have been prepared from,$ and HS;, in the singlet rather than the triplet state. The proton binding
respectively, by protonation in the superacidic mixtures HF/ energies of the unbranched sulfur molecules are predicted to
AsFs and HF/SbE. Access to the species [HZ with n=2-5 decrease in the following order:;4s$ S > S, > S~ > S
may be more difficult. To facilitate the future experimental > 1S,> 3S; (range: 619-776 kJ mot?). The binding energies
observation, the predicted fundamental vibrations of the most of the branched rings with = 4—8 are larger than those of the
stable [Hg]' ions (h = 2—8) and their infrared intensities have  unbranched isomers because of the negative charge on the
been compiled in Table 4. exocyclic atoms. The experimental protonation of gasegus S
Because sulfur transfer reactions are very common betweenand S studied by Abboud et df using FTICR spectroscopy is
neutral and ionic sulfur molecules, we have calculated the shown to lead to the six-membered homocyclic cationgfS
reaction energies of the following disproportionation reactions (6a) and to the branched ring {SSHJ" (7¢), respectively.
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