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Abstract

The transition states and the activation energies for the unobserved isomerization reactions between the three possible C2F4S isomers with

divalent sulfur, trifluorothioacetyl fluoride 1, tetrafluorothiirane 2, and trifluoroethenesulfenyl fluoride 3, have been determined by ab initio

Hartree-Fock (HF), Møller-Plesset second-order perturbation (MP2) calculations and by Gaussian-3 theory. The results show that the

unobserved isomerization reactions are feasible. Furthermore, all three isomers should exist as stable species, but the unknown isomer, 3, is

considerably less stable than the known isomers, 1 and 2.
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1. Introduction

The three possible C2F4S isomers with divalent sulfur,

trifluorothioacetyl fluoride 1, tetrafluorothiirane 2, and tri-

fluoroethenesulfenyl fluoride 3, have been investigated by ab

initio Hartree-Fock (HF), Møller-Plesset second-order per-

turbation (MP2) calculations, and by Gaussian-3 theory [1],

G3(MP2), calculations using the programs SPARTAN PRO

[2] and Gaussian 98 (see Gaussian 98, revision A.11.2 [3]).

2. Results and discussion

The chlorine analogs of the molecules presented in Fig. 1

are all known [4]. Of the fluorine compounds, only 1 [5] and

2 [6–10] are known. Compound 2 has been prepared from

thiocarbonyl difluoride and hexafluoropropylene oxide

[6,7]. With catalysts that catalyze free radical pathways 2
forms well-defined polymers [7,8]. Polymers of 2 have been

described as a coating material for razor blades [9].

The structure of 2 has been deduced from gas phase

electron diffraction measurements [10] carried out on a

mixture of 2 and octafluorocyclobutane. In Table 1 the

results obtained from the electron diffraction measurements

by least square fittings are compared with the optimized

structures as determined in our HF calculations using four

different basis sets ranging from 6–31G� to 6–311 þ G�.

Also included are the corresponding results obtained from

MP2 calculations with and without frozen core. The results

presented in Table 1 show reasonable agreement with the

experimental data. All the calculated distances deviate by

less than 0.02 Å from the experimental values. The discre-

pancies between the calculated and the experimental values

for the angles are less than 18 for ffCSC, ffSCC, and ffFCF but

for ffSCF and ffCCF the discrepancies are close to 38. As the

calculated values for the angles deviate by less than 18 from

one another it appears possible that the experimental values

for ffSCF and ffCCF are inaccurate. It is especially noted that

there are no significant discrepancies between the results

obtained in HF and MP2 (full) calculations with the basis set

6–31G�. These methods are employed in G3(MP2) when

optimizing the geometry and determining the vibrational

frequencies used when deriving the thermal data.

HF, MP2, and G3(MP2) calculations have been carried

out for all the molecules and transition state structures

investigated. All the transition states are identified by the

presence of one negative eigenvalue of the Hessian matrix.

These negative eigenvalues define reaction paths, and by

following these paths it has been verified that the reaction

paths identified in the present work do connect the reactants

with the products. Mulliken population analyses have been
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performed for both the stable molecules and the transition

state structures.

The total energies derived when optimizing the geome-

tries in HF calculations, as well as the energies obtained in

MP2 calculations, of the equilibrium structures determined

in the HF calculations are provided in Appendix A. Also

included are the total energies derived by performing full

MP2 and G3(MP2) calculations.

The rotational barriers around the C–C single bond in 1,

and the C–S single bond in 3 have been investigated by

minimizing the energy in HF calculations as the dihedral

angles are changed systematically, and thereafter perform-

ing MP2 calculations on the resulting geometries. The

rotational barrier around the C–C single bond in 1 is derived

as 5.3 kJ mol�1, which indicates free rotation around this

bond. Fig. 2 shows the rotational barrier around the C–S

single bond in 3. For this molecule the rotational barrier is

42.6 kJ mol�1. The most stable conformer of 3, 3(1), is non-

planar, and the dihedral angle C(1)–C(2)–S–F(1) is 97.38.
The conformers 3(2) and 3(3) are both planar, as shown in

Fig. 3. The large rotational barrier is connected with the

change of the symmetry from C1 to Cs. This is reflected in

the highest occupied molecular orbital, HOMO. It is

observed that this orbital in the planar molecule, Cs symmetry,

can be characterized as an antibonding orbital between the

C–C bonding p orbital and a lone pair on S, while the orbital

HOMO-1 is the corresponding bonding combination. As the

dihedral angle is increased from 08 or decreased from 1808, a

bonding interaction occurs between the C–C bondingporbital

and a lone pair on S in both HOMO and HOMO-1.

The energy barrier around the C–S single bond in ethe-

nethiol has been investigated in HF and MP2 calculations

analogous to those performed for 3. For ethenethiol the

energy barrier amounts to 9.7 kJ mol�1, and the top of the

barrier occurs when the dihedral angle C–C–S–H is 71.28.
The most stable conformer of ethenethiol is the analog of

3(2) while the analog of 3(3) has an energy that is

3.1 kJ mol�1 higher. It is observed that the HOMO of

ethenethiol is antibonding between the C–C bonding p
orbital and a lone pair on S, and contrary to 3 this orbital

does not increase its bonding contribution as the dihedral

angle is changed. The HOMO-1 is a C–C–S bonding p
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Fig. 1. The C2F4S isomers with divalent sulfur.

Table 1

Structural data for tetrafluorothiirane 2

Distances

and angles

Experimental [4] Theoretical

HF MP2/6–31G�

6–31G�a 6–31 þ G�a 6–311G�b 6–311 þ G�b Frozen corea Fullb

C–S (Å) 1.799(3) 1.790 1.787 1.789 1.790 1.809 1.806

C–C (Å) 1.45(1) 1.462 1.467 1.463 1.467 1.465 1.463

C–F (Å) 1.322(2) 1.314 1.315 1.309 1.309 1.344 1.342

ffCSC (8) 47.5(5) 48.2 48.5 48.3 48.4 47.8 47.8

ffSCC (8) 66.2(3) 65.9 65.8 65.9 65.8 66.1 66.1

ffFCF (8) 109.1(7) 109.8 109.5 109.7 109.6 109.7 109.8

ffSCF (8) 121.5(6) 118.9 119.1 118.8 118.9 118.6 118.6

ffCCF (8) 116.2(5) 118.8 118.9 118.9 119.0 119.0 119.0

aCalculations have been performed using SPARTAN PRO [2].
b Calculations have been performed using Gaussian 98 [3].
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Fig. 2. The rotational barrier around the C–S single bond in 3 as derived in

MP2 calculations. Also shown is 3 with the dihedral angle C(1)–C(2)–S–

F(1) equal to 08.
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Fig. 3. The two planar conformers of compound 3, 3(2) and 3(3).
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orbital in the planar conformations, and it appears to be the

least bonding when the dihedral angle C–C–S–H is 71.28.
Table 2 shows the relative energies of 1, 2, and 3, as

derived from MP2, and G3(MP2) calculations. Data for two

additional characteristic conformers of 3 are also included.

Furthermore, Table 2 shows the values for DE0 as well as the

relative enthalpies and Gibbs free energies derived in

G3(MP2) calculations. In addition, Table 2 shows the rela-

tive stabilities of the corresponding hydrogen analogs of 1, 2,

and 3, i.e. thioacetaldehyde, thiirane, and ethenethiol.

The DE values reported in Table 2 are derived from MP2

frozen core calculations based on the geometries optimized

in HF calculations, and the DEe values are derived by

optimizing the molecular geometry in full MP2 calculations.

It is noted that the discrepancies between the DE and DEe

values, as derived in the MP2 calculations, amount to at most

2 kJ mol�1. G3(MP2) calculations include various correc-

tions and the decreases in the DEe values as derived in

G3(MP2) relative to the MP2 calculations are due mainly to

the basis set corrections included in the G3(MP2) method.

In G3(MP2) theory, the zero point energy is derived using

the normal frequencies determined in HF calculations

with the basis set 6–31G� but scaled by 0.8929. Furthermore,

the ideal gas law is used when deriving the enthalpies and the

Gibbs free energies. Table 2 shows that 1 is the most stable

isomer followed by 2, and that 3 is the least stable of the

isomers. It is observed that the energy separations between

the fluorinated isomers are much larger than those between

the corresponding hydrogen compounds. The decrease

in the DEe values between thioacetaldehyde and ethenethiol

as derived in G3(MP2) relative to the MP2 calculations

is 28 kJ mol�1 as compared with the corresponding value

of 37 kJ mol�1 between 1 and 3(1). In both cases the

decrease is due mainly to the corrections for the basis set

amounting to 23.3 kJ mol�1 and 29.8 kJ mol�1 for the per-

hydrogenated and the perfluorinated species, respectively.

Correspondingly, the correction due to correlation amounts

to 4.8 kJ mol�1 for the perhydrogenated species and to

6.6 kJ mol�1 for the perfluorinated species.

The isomerization reactions studied are those in which a

given compound is transformed into a more stable species.

Therefore, three reactions are possible: 3 ! 1 (1); 3 ! 2 (2);

and 2 ! 1 (3).

The transition state of each reaction has been identified,

and Table 3 shows the activation energies, enthalpies, and

Gibbs free energies derived. Also included are energies,

enthalpy and Gibbs free energies that are required for

homolytic bond cleavage of the S–F bond in 3. The discus-

sion of the geometries of the transition states below is based

on the results of the full MP2 calculations and the Mulliken

charges reported are obtained in HF calculations using basis

sets that include both polarization and diffuse functions.

Scheme 1 shows the transition state identified in the

isomerization reaction (1), TS(1).

Table 2

The relative energies, DE, enthalpies, DH, and Gibbs free energies, DG, in kJ mol�1 of the C2F4S isomers 1–3, as derived in MP2 and G3(MP2) calculations

Compound Name Symmetry MP2, 6–31G� G3(MP2)

HF geometry

(frozen core) (DE)

Full optimized

(DEe)

DEe DE0 DH298.15 DG298.15

1 Trifluorothioacetyl fluoride Cs 0 0 0 0 0 0

2 Tetrafluorothiirane C2v 86 88 76 76 75 81

3(1) Trifluoroethenesulfenyl fluoride C1 198 197 160 156 157 155

3(2) Trifluoroethenesulfenyl fluoride Cs
a 236 236 201 197 197

3(3) Trifluoroethenesulfenyl fluoride Cs
a 241 241 205 200 200

Thioacetaldehyde Cs 0 0 0 0 0 0

Thiirane C2v 5 5 8 12 10 14

Ethenethiol Cs
a 42 41 13 7 8 7

Ethenethiol C1 44 43 14 8 9 8

Also included are the relative energies of the corresponding hydrogenated molecules.
a The molecule is planar.

Table 3

Activation energies, DE, enthalpies, DH, and Gibbs free energies, DG (kJ mol�1) as derived in MP2 and G3(MP2) calculations

Isomerization

reaction

Transition

state

MP2 MP2 G3(MP2)

HF geometry

(frozen core) (DE)

Optimized

(full) (DEe)

DEe DE0 DH298.15 DG298.15

3 ! 1 (1) TS(1) 177 180 188 184 182 187

3 ! 2 (2) TS(2) 303 287 277 272 271 275

2 ! 1 (3) TS(3) 225 224 214 209 209 207

3 ! 2F þ 2CF2 ¼ CFS 304 315 308 298 301 263

Also included are the corresponding values for the homolytic bond cleavage of the S–F bond in 3.
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The difference in Gibbs free energy, DG298.15, in reaction

(1) is 187 kJ mol�1. This is the smallest of the DG values

derived for the three isomerization reactions studied but it is

so large that both molecules, 1 and 3, should exist as stable

species. The displacement vectors of the imaginary fre-

quency determined in TS(1) clearly show that the F atom

approaches the C atom to which it finally becomes bound

in 1. In TS(1) the S atom is out of the plane defined by the

two C atoms and the three F atoms in 3. The distance

between the F atom that is attached to S in 3 and to C in

1 has increased from 1.66 to 2.06 Å, and the distance to the

C atom to which F becomes attached in 1 has decreased from

3.47 Å in 3 to 2.02 Å. Although this is still considerably

longer than the final C–F distance in 1 of 1.34 Å, the F atom

that is bonded to S in 3 has approached the C atom to which it

becomes bound in 1. The C–C distance in TS(1) is 1.41 Å

which is in between the length of the C¼C double bond in 3,

1.35 Å, and that of the C–C single bond in 1, 1.52 Å. The

C–S distance is 1.63 Å, and this is closer to that of the

product 1, 1.60 Å, than to that of the reactant 3, 1.71 Å.

According to a Mulliken population analysis, the F atom that

is attached to S in 3 has acquired a charge of �0.44e in

TS(1). In the transition state the F atom that is attached to

S in 3 and to C in 1 is only weakly bonded.

A possible transition state, TS(2), has been identified for

the isomerization of 3 to 2 as shown in reaction (2),

Scheme 2. TS(2) is more ionic than TS(1). The charge on

the F atom that is bonded to S in 3 and to C in 2 amounts to

�0.57e. The displacement vectors of the imaginary fre-

quency in TS(2) show that the distance between the atoms

F and S increases while the F atom approaches the C atom

to which it becomes bound in 2. The bond distance between

S and F in 3 is 1.66 Å. In TS(2) this distance has increased to

2.14 Å as compared with 2.72 Å in 2. The C–F bond distance

in 2 is 1.34 Å and thus considerably smaller than the C–F

distance of 2.08 Å in TS(2). The F atom that is attached to

S in 3 and to C in 2 appears to be less bonded than the

corresponding F atom in TS(1). The DG298.15 amounts to

275 kJ mol�1. This value is considerably larger than that

associated with the isomerization of 3 to 1, and therefore it is

unlikely that 3 will isomerize to 2. Furthermore, as shown in

Table 3 the activation energy identified is comparable to the

energy required for the homolytic cleavage of the S–F bond.

It is noted that the entropy contribution included in the

DG298.15 value leads to a value for the homolytic cleavage

that is 12 kJ mol�1 less than the activation energy in the

isomerization reaction 3 to 2.

As shown in Scheme 3 below a possible transition

state has been identified for the isomerization reaction of

2 to 1, TS(3). The value of DG298.15 for reaction (3) is

207 kJ mol�1. This value is consistent with the fact that both

molecules, 1 and 2, exist as stable species. The transition

state is less ionic than those of the reactions (1) and (2).

The displacement vectors of the imaginary frequency in

TS(3) show that the F atom approaches the C atom to

which it finally becomes bound in 1. In TS(3) the F atom
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Scheme 1. The isomerization reaction 3 ! 1.
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that is transferred from one C to the other has acquired

a charge of �0.34e. The bond length between C and F

is 1.34 Å in 2. This distance has increased to 1.57 Å in

TS(3), but the distance to the C atom to which the F atom

becomes attached is 2.01 Å. The S atom is positioned 1.65 Å

from one C atom and 2.65 Å from the other C atom. Thus, in

TS(3) the S atom is approaching its final position, and

the reaction appears to proceed as the F atom slides along

the C–C bond.

In a search for yet another transition structure, one was

located that basically describes the reaction between thio-

carbonyl difluoride 4 and singlet difluorocarbene 5 to pro-

duce 2. This reaction (4) is shown in Scheme 4.

In transition structure TS(4), reaction (4), the distance

between the C atoms is 2.02 Åwhile those between S and the

two C atoms are 2.77 and 1.63 Å, respectively. The activa-

tion energy, DEe, is determined as 29 kJ mol�1, and DG298.15

as 81 kJ mol�1. The energy gain in the reaction is derived as

172 kJ mol�1. These results are consistent with the expecta-

tion that singlet difluorocarbene adds spontaneously to the

C¼S double bond of thiocarbonyl difluoride. However, the

displacement vectors of the imaginary frequency in TS(4)

show that the incipient chemical bond is between the two C

atoms. This is presumably accomplished by charge flowing

from the highest occupied molecular orbital of CF2, i.e. the

lone pair on C, into the lowest unoccupied orbital of F2C¼S.

The non planar geometry of the transition state is essen-

tial for the constructive interactions between the frontier

orbitals. Molecules and transition state structures with all

the atoms of CF2 and S¼CF2 in one plane and with either

C–S–C linear or bent have also been investigated but

no equilibrium geometry or transition state structure with

planar geometry has been identified.

Compound 1 is known to photodimerize to yield approxi-

mately equal amounts of trans- and cis-2,4-difluoro-

2,4-bis(trifluoromethyl)-1,3-dithietane, trans-6 and cis-6,

respectively [5]. The dimerization reactions are illustrated

in reactions (5) and (6) (Scheme 5).

Both dimers are thermodynamically stable relative to

the monomer, and of almost equal stability. The DEe and

DG298.15 values determined in the G3(MP2) calculations of

the dimers relative to the monomers are 115 and 45 kJ mol�1

for cis-6, while the corresponding values for trans-6 are 112

and 44 kJ mol�1. In both isomers the 1,3-dithietane ring

is planar.

The results obtained in the present investigation are

consistent with the fact that compounds 1 and 2 are known

to be stable but suggest that 3 should also exist.
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Table A.1

The total energies in au of compounds 1–7 as derived in HF, MP2 and G3(MP2) calculations

Compound Symmetry HF 6–31G� MP2 6–31G� G3(MP2) Zero point

energy (au)
HF geometry

(frozen core)

MP2 full

optimized

Trifluorothioacetyl fluoride, 1 Cs �870.97245 �872.02506 �872.06045 �872.88145 0.02375

Tetrafluorothiirane, 2 C2v �870.93464 �871.99219 �872.02711 �872.85238 0.02351

Trifluoroethenesulfenyl fluoride, 3(1) C1 �870.89989 �871.94960 �871.98536 �872.82065 0.02235

Trifluoroethenesulfenyl fluoride, 3(2) Cs �870.88806 �871.93512 �871.97062 �872.80476

Trifluoroethenesulfenyl fluoride, 3(3) Cs �870.88558 �871.93325 �871.96868 �872.80354

Thiocarbonyl fluoride, 4 C2v �634.22382 �634.81047 �634.83429 �635.30364 0.01125

Singlet difluorocarbene, 5 C2v �236.66074 �237.10967 �237.12047 �237.48314 0.00694

trans-2,4-Difluoro-2,4-bis(trifluoromethyl)-

1,3-dithietane, trans-6

Cs �1741.97733 �1744.09078 �1744.16130 �1745.80552 0.05059

cis-2,4-Difluoro-2,4-bis(trifluoromethyl)-

1,3-dithietane, cis-6

C2v �1741.97825 �1744.09238 �1744.16305 �1745.80669 0.05063

Also included are the zero point energies.
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