J. Phys. Chem. R2007,111,1891-1898 1891

A Microwave and Quantum Chemical Study of (Trifluoromethyl)thiolacetic Acid,
CFsCOSH, a Compound with an Unusual Double-Minimum Potential
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The microwave spectra of GEOSH and one deuterated species;@PSD, have been investigated by Stark
spectroscopy in the 4680 GHz spectral range at78 °C and by quantum chemical calculations using the

HF, MP2, and B3LYP procedures with the aug-cc-pVTZ basis set. The microwave spectrum of one conformer
was assigned. The conformations of the COSH ang gt&ups determine the overall conformation of this
rotamer. It was not possible experimentally to find precise values for the associated dihedral angles, but it
appears that the COSH group is distorted somewhat from an exact synperiplanar arrangement, while the CF
group is rotated several degrees from a position where one of tHel@nds eclipses the-€S bond. This
rotamer tunnels through a transition state that has an €&@tmmetry, where one -€F bond eclipses the

C—S bond and the COSH group is synperiplanar. Relative intensity measurements yielded 281y cm

the tunneling frequency. Two additional vibrationally excited states were assigned and their frequencies
determined to be 94(30) and 184(40) ¢dmrespectively. The theoretical calculations predict conflicting
conformational properties for the identified rotamer. The B3LYP calculations find an exact synperiplanar
arrangement for the COSH group, whereas the MP2 and HF calculations predict that this group is distorted
slightly form this conformation. One of the- bonds is found to eclipse the<S bond in the B3LYP
calculations, while the MP2 calculations predict a slight deviation and the HF calculations a large deviation
from the eclipsed position, as the correspondirgld—C—S dihedral angle is calculated to be O(®1P2)

and 27.8 (HF). All three methods of calculations predict that a second rotamer coexists with the identified

form but is several kd/mol less stable. The spectrum of this form, which has o@rsyimmetry and is
predicted to have an antiperiplanar conformation for the COSH group with one of-tkeb@nds eclipsing
the G=0 bond, was not identified.

Introduction bonding’ Crowde? studied the gas, liquid, and solid states of
. TTA by infrared (IR) spectroscopy. He also investigated the

There are relatively few reports of the structural and confor- o410 spectrum of the liquidA single G=O stretching
mational properties of thiolacids (RCOSH). The prototype \pration at 1755 cm* was observed for the vapor, whereas
molecule, thiolformic acid (HCOSH), and several of its isoto- .. vibrational bands at 1739 and 1717 cdnwere present in
pologues have been studied extensivelyThis compound was e iquid staté It was therefore suggested that there are two
found to exist as a mixture of two planar rotameric forms. The .4 tormers in the liquid state but only one in the gas pHase.
O—C—S—H link of atoms is synperiplanar (sp) in the preferred ¢\ der assumed that conformer 1ll predominates in the
form, which is 2.77(6) kJ/mol more stable than the antiperiplanar gaseous state, because of intramolecular hydrogen bonding
(ap) conformation. One rotamer was assigned for thiolacetic yotyeen the hydrogen atom of the thiol group and the nearest
acid, CHCOSH. This form has a sp conformation for the said f,,orine atom of the CEgroup®
chain of atoms. An electron-diffraction and quantum chemical investigation

Rotation about the €C and C-S bonds may give rise to  \yas reported by Gobatto et &lt was not possible in this
rotational isomerism in (trifluoromethyl)thiolacetic acid (6F  electron-diffraction experiment to determine unambiguously the
COSH), henceforth called TTA. Four typical isomers are conformational properties of TTAThey also undertook ab
depicted in Figure 1. Conformer | and Il have a sp conformation jnitio and density functional theory (DFT) calculations at five
for the thiolcarbonyl (COSH) group, whereas Ill and IV have (jfferent levels of theory. Interestingly, the conformational
an ap conformation for this group. The ©82-C1-F8 chain properties predicted from these calculations were found to vary
of atoms is ap in I and lll and sp in Il and IV. The S€2— significantly depending on the method used, making it impos-
C1-F8 link of atoms is sp in | and Il and ap in Il and IV. sible to draw definite conclusions from them.

TTA has been investigated by several experimental methods This laboratory has had a long-standing interest in intramo-
and quantum chemical calculations. Vapor density measure-lecular hydrogen bonding, which has resulted in a number of
ments showed that there is no association in the gaseous stataecent investigation¥’-22 The thiol group is an interesting but
which is probably due to the absence of weak hydrogen relatively weak proton donor, often representing borderline cases
of hydrogen bonding. However, a number of thiols displaying

*To whom correspondence should be addressed. E-mail: harald. this interaction have been studied to date, includi&x@-
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ments (RFMWDR), similar to those performed by Wodarczyk
and Wilson3” were also conducted to unambiguously assign
c2 F7 . particular transitions. The deuterated sample;@PSD, was

- - prepared by admitting fumes of heavy water into the cell and
then introducing the parent species. Roughly 50% deuteration
was obtained in this manner.
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Conformer I Results and Discussion

Quantum Chemical Calculations. A series of quantum
chemical calculations were conducted on TTA, with the purpose
of obtaining information for use in assigning the MW spectrum
and investigating the structures of minima on the potential-
energy hypersurface. All calculations were performed employing
the Gaussian 03 suite of prografisunning on the 64 processor
HP “superdome” computer in Oslo.

Gobatto et af.performed self-consistent HartreEock (HF)
ab initio calculations on TTA at the HF/3-21G* and HF/6-31G*
Figure 1. Four possible conformations of TTA. Conformers | and I levels. They also took electron correlation into consideration

have sp conformation for the thiolcarbonyl group, whereas Il and IV using Mﬂller-PI_esset second-order pertur_bation calculations
have a% conformation for this group. Th)é gGZBCkFB chain of (MP2)* employing the 6-31G* wave function (MP2/6-31G*
atoms is ap in | and Ill and sp in Il and IV. The S&2—C1—F8 link level). DFT calculations were also conductegsing both the
of atoms is sp in | and Ill and ap in Il and IV. The four rotamers local DFT approximation of Vosko, Wilk, and Nus&(VWN)
drawn here all havé&s symmetry. The MW spectrum of a rotamer  with a polarized tripleZ basis set and VWN and nonlocal
sim!lar to |, bL_Jt with a significant deviation fror@s symmetry, was corrections of Becke (exchandégnd Perdew (correlatiof?)
sosgned s otk The MW specrm presens cdence ha i polaize tpe basi set

' HF, MP2, and DFT calculations were also performed in the

(HSCH,CH,C=CH) 1 cyclopropanemethanethiol {8sCHy- present case. Becke’s three-parameter hybrid functioeai-

: e loying the Lee, Yang, and Parr correlation functidfal
SH) 24 2-furanmethanethiol (§H:0CH,SH) 25 1,2-ethanedithiol p ! - s
(HS)CHZCHZSH)?G 2-proper§etﬁio| (I2C=)CHCHZSH),27 ami- (B3LYP) was employed in the DFT calculations. Dunnirg’s

noethanethiol ~ (BNCH,CH,SH)28-% methylthioglycolate correlation-consistent tripl&-basis set, aug-cc-pVTZ, which
(HSCH,COCH) 31 thiiranemethanethiol (4:SCHSH) 32 includes polarized functions for the valence electrons and is
3-butene-1-thiol (HSCBCH,CH=CH,) 3334 and3 3-mercaf3to- augmented by additional diffuse functions, was used throughout
propionitrile (HSCHCHC=N).3 this work. .

The possibility that the thiol group might form an intramo- Attempts to calculate the geometries of the four conformers
lecular hydrogen bond with one of the fluorine atoms as assumed>Ketched in Figure 1 were first made. The starting geometries

by Crowder and the fact that no definite conclusions regarding were chosen to _be _close to those _expected for these forms. Full
the conformational properties of TTA had been derived in the geometry optimizations were carried out employing the default

previous electron-diffraction and quantum chemical stly convergence criteria of Gaussian 03. The vibrational frequencies
motivated us to undertaking the present investigation " were calculated in each case, and no symmetry restrictions were

The experimental method chosen was microwave (MW) imposed. . .
spectroscopy because this method has an extreme accuracy and Tpe HF, MPZ,d and BSLYP .Calculatlorr:s all p“?dl"’t that
resolution, which is particularly advantageous in the study of conformers | ?n IV,, are minima on the potentllg-en.ergy
molecules that present unusual structural or dynamical proper_hypersurface ( ;table conformers) since only positive vibra-
ties, which seemed to be the case for TFAThe previous tional frequencies were calculated for each of th_e_m and
guantum chemical investigatidmdicated that TTA represents gorkm)former I év;EYglwalyslfoynd fto b;" Lhe ”globglmmmlmum.
a challenge for such calculations. It was therefore decided to firl;t-?)erggfrﬁansition C:tz:tl:e gtlzri]r?cguonnet ir?wta i{?\r;r v?t(jgﬁgﬁglt
perform quantum chemical calculations at much higher levels frequency of 35.7em-L ’ lculated for || % Yy :
of theory than reported by Gobatto et’db augment the MW q y ! leas cajculated for Il and one Imaginary
study. Fortunately, such high-level studies can now be p(—:trformedfrequency of 26.0cm = was found for IIl. It is therefore

conveniently, owing to the rapid advances in this field that has concluded thfit conformers 1l and Ill are likely to be maxima
taken place in the decade since the work of Gobatto &t al. on the potential-energy hypersurface and they are therefore not

“stable” rotameric forms of TTA.

Conformer | presented a genuine problem for these calcula-
tions. The B3LYP method predicts that this rotamer has a
A commercial sample of TTA was distilled before use. No symmetry plane@s symmetry) and two out-of-plane fluorine
impurities were seen in the MW spectrum, which was recorded atoms. This finding contrasts the HF prediction, which yielded

in the 40-80 GHz spectral region using the Stark-modulated unusual values for the dihedral angles, exemplifiedH®yr.6°
spectrometer of the University of Oslo, which measures the for the F8-C1—C2—S4 dihedral angle ane4.3 for the O3-
individual transitions with an estimated accuracy~@f.10 MHz. C2—S4—H5 dihedral angle, and consequentlysymmetry for
Details of the construction and operation of this device, which the equilibrium conformation of this conformer. The MP2
has a 2-m Hewlett-Packard Stark cell, have been given calculations did not predict an exaCt symmetry but gave a
elsewheré336While recording the spectrum, the cell was cooled small value of only 0.9for the F8-C1—C2—S4 dihedral angle

to dry ice temperature{78 °C) to increase the intensity of the and —0.1° for the O3-C2—S4—H5 dihedral angle. The MP2
spectrum. Radio frequency microwave double-resonance experitesult is therefore in between the extremes represented by the

Conformer I11 . .Conformer v

Experimental Section
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TABLE 1: HF, MP2, and B3LYP Geometries of Conformers | and IV of CF;COSH?2

HF MP2 B3LYP
I \Y, I v I v
Bond Length (pm)
ci1-C2 154.7 154.7 154.6 155.0 155.8 156.1
Cl1-F6 130.0 131.3 133.2 134.1 133.7 134.6
Cl1-F7 131.0 129.7 133.2 132.2 133.7 132.6
Cl1-F8 1311 131.3 133.8 134.1 134.3 134.6
C2-03 117.1 117.0 120.7 120.7 119.5 119.4
C2—-54 177.2 177.2 176.5 176.3 178.3 178.1
S4—H5 132.9 132.9 134.0 133.9 134.7 134.6
Angle (deg)
C2-C1-F6 110.6 110.3 109.8 110.4 109.8 110.5
C2-C1-F7 109.1 110.7 109.8 110.8 109.8 110.7
C2-C1-F8 1114 110.3 111.8 110.4 112.0 110.5
C1-C2-03 120.1 120.6 119.8 121.0 119.9 120.9
Cl-C2-54 1145 117.4 113.7 116.1 113.7 116.6
C2-S4-H5 93.8 98.1 91.7 96.1 92.6 97.3
Dihedral Angle (deg)
F6—C1-C2-03 33.2 120.4 60.5 120.7 59.7 120.4
F6—-Cl1-C2-S4 —148.5 —59.6 -119.3 —59.3 —120.3 —59.6
F7—-C1-C2-03 —86.5 0.0 —58.9 0.2 —59.7 0.0
F7—C1-C2-S4 91.8 180.0 121.2 —179.8 120.3 180.0
F8—C1-C2-03 154.1 —120.5 —179.2 —120.3 180.0 —120.4
F8—C1-C2-S4 —27.6 59.6 0.9 59.7 0.0 59.6
C1-C2-S4-H5 —173.8 0.0 179.8 0.1 180.0 0.0
03—-C2—-S4-H5 43 180.0 -0.1 180.0 0.0 180.0

aThe aug-cc-pVTZ basis s&thas been used in these calculations; see text. Atom numbering is given on Figure 1.

results of the B3LYP and the HF calculations. The various good agreement between the angles, apart from those associated
structures that were calculated for conformer | are given in with the sulfur atom, where deviations of a few degrees are
Table 1. The values of the uncorrected €12 torsional seen.
fundamental found in the HF, MP2, and B3LYP calculations  Additional results are given in Table 2, including the
were 22.2, 11.9, and 14.6 cih respectively. The remaining  rotational constants 2, defined by Pe.= I, + Ip — I (Where
vibrational fundamentals calculated by the three methods (not|,, I, andl. are the principal moments of inertia), Watson’s
given in Table 1) are all larger than about 200¢€m A-reduction centrifugal distortion constarffsthe components
The reason why the three quantum chemical methods yield of the dipole moment along the principal inertial axes, and the
quite different conformational results for this rotamer may energy differences between the conformers corrected for zero-
perhaps be a result of a short nonbonded contact between S4oint vibrational effect and selected experimental parameters
and F8. This distance is predicted to be 287 (HF), 278 (MP2), obtained for the ground() vibrational state. It is seen in this
and 280 pm (B3LYP), which should be compared with table that there are small differences between the rotational
Pauling’$® sum, 320 pm, of the van der Waals radii of fluorine constants of conformers | and IV for calculations performed
(135 pm) and sulfur (185 pm). The nonbonded distances areby the same procedure. The MP2 rotational constants are closer
therefore 36-40 pm shorter than the sum of the van der Waals to their B3LYP counterparts and the experimental result for the
radii, a situation that appears to be difficult to handle consistently (+) state than to the HF rotational constants. This is also true
using the present levels of calculations. The fact that conflicting for the corresponding values oPg.
results are obtained in the HF, MP2, and B3LYP calculations  Relatively large method-dependent variations are predicted
with the aug-cc-pVTZ basis set implies that more elaborated for the corresponding values @ik, Ak, and dx centrifugal
calculations than the present ones are needed to determinelistortion constants, especially for conformer I. This is not
accurately the geometry of conformer | by quantum chemical surprising since the centrifugal distortion constants depend on
methods. Unfortunately, this could not be undertaken in this the second derivative of the potential-energy hypersurface at
work, because of limitations on computational resources. the minimum formed by conformer I. This surface is rather
The less-stable conformer IV was predicted to have a different according to the computational procedure, as alluded
symmetry plane@s symmetry) regardless of the computational to above.
method that was used. The structures obtained for this rotamer All three methods predict that, is the largest component
are given in Table 1. The lowest vibrational frequency calculated for conformer |, whereag, is largest component of conformer
for conformer IV is the C%+C2 torsional fundamental, whose IV. The energy differences between Il and | are calculated to
uncorrected value was predicted to be 40.2 (HF), 32.9 (MP2), be 0.7 (HF), 1.8 (MP2), and 2.5 kJ/mol (B3LYP), with
and 32.0 cm?! (B3LYP). The remaining vibrational fundamental  conformer | as the more stable.
frequencies were all predicted to be higher than about 200.cm  The unusual HF prediction of the structure of conformer |
There are some other interesting structural predictions in prompted further investigation into the nature of the torsion
Table 1. The B3LYP bond lengths are found to be longer by about the C+C2 bond of this rotamer. HF/aug-cc-pVTZ
0.3—1.8 pm than their MP2 counterparts, with the exception of calculations of energies were therefore performed fof 10
C2—03 bond length, which is about 1 pm shorter. The HF bond intervals, from 0 to 189 of the F8-C1—C2—S4 dihedral angle
lengths are generally, but not always, somewhat shorter thanusing the scan function of Gaussian 03 and allowing all
those found in the two other procedures, as expected. There isemaining structural parameters to vary freely. The first
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TABLE 2: HF, MP2, and B3LYP Rotational Constants, 2P.&, Watson’s A Reduction Centrifugal Distortion Constants and
Energy Differences of Conformers | and IV of CRCOSH

HF MP2 B3LYP expt
| \Y | \Y) | \Y |
Rotational Constants (MHz)
A 3475.9 3473.9 3336.3 3329.6 3328.0 3328.3 3311.06(39)
B 1779.9 1775.5 1776.3 1776.9 1749.1 1743.3 1764.715(26)
C 1470.6 1467.2 1456.7 1456.1 1439.0 1435.8 1460.220(31)
Relation between Moments of Inefi@ 02° u nv)
2P 85.64 85.67 89.06 89.12 89.60 89.75 92.916(29)
Centrifugal Distortion Constants (kHz)
A; 0.172 0.155 0.161 0.167 0.167 0.171 2.5408(45)
ANDS 5.83 1.42 22.9 1.88 14.7 1.80 19.129(16)
Ak —5.57 —1.18 —22.6 —2.13 —14.4 —1.55 e
03 0.0374 0.0335 0.0337 0.0370 0.0340 0.0367 -0.571(14)
Ok —-10.9 —3.42 —34.0 —5.05 —22.2 —4.17 e
Principal Inertial Axes Dipole Moment Componeht0-3° C m)
Ua 6.1 25 7.0 3.2 6.6 3.1 f
b 3.0 7.6 4.0 8.2 3.1 7.1 f
U 0.0 0.0 0.0 0.0 0.0 0.0 f

Energy Differencé(kJ mol?)
0.0 1.8

AE 0.0 0.7 0.0 2.5 f

a2Pe. = la+ Ip — I, wherel,, In, andl. are the principal moments of inertia. Conversion factor 505 379.05 MHz & b. ° 1 Debye= 3.3364
x 1073° C m. The conformers havgs symmetry.¢ Relative to conformer I. Electronic energy corrected for zero-point vibrational energy. These
energies of conformer | were2 224 287.90 kJ/mol (HF)-2 228 211.84 (MP2), and-2 228 210.05 kJ/mol (B3LYPY Ground vibrational state,
denoted the) state.© Not determined. Preset at zero in the least-squares fit; se€ Mot.determined.

08 CFs group. The calculated harmonic frequency of 22.2&m
07_' (the “tunneling frequency”) found for the minimum-energy
o conformer is indicated on this potential function. The lowest
0.6 vibrational energy level is below the top of the barrier &t 0
while the second lowest vibrational energy level is above this
v.:_:‘ 051 barrier (Figure 2).
E o4l The HF and MP2 predictions indicate that there are two mirror
2 T (-)-state images (enantiomers) of conformer 1. Tunneling through the
3 03+ B barrier at 0 transform the two enantiomers into one another.
e 22.2cm There is evidence for this kind of tunneling in the MW spectrum
W= discussed below.
0.1 (+)-state B3LYP/aug-cc-pVTZ calculations were finally undertaken for
T a rotation about the C2S4 bond. The energy was calculated
004 for each 10 of the O3-C2—S4-H5 dihedral angle and at the

50 40 20 o0 20 0 60 same time optimizing all remaining structural parameters by
Dihedral angle / degree employing the scan func_tion of Gaussian 03. C_onformer | was

Figure 2. The HF/aug-cc-pVTZ potential function for rotation about seen t.o be transformed into anformer IV'in j[hls manner. The
the C1-C2 bond. The value of the F&C1—C2-S4 dihedral angle is ~ Potential energy curve for this transformation is shown in
shown on the abscissa. The two lowest vibrational states, denoted theFigure 3. The maximum, 39.6 kJ/mol, is found for a-H54—
(+) and the € ) states, respectively, are indicated. This function repeats C2—03 dihedral angle of 90 There are no other minima but
itself at every 120 This potential function has maxima at 0 0 and 180. This result is supported partly by the HF and MP2
(0.24 k_.](mol relative to thg mi_nimurr_] value) a#h9.6° (0.71 kJ/mol) ' calculations above, where it was found that the-@2—S4—
and minima at-27.6° (arbitrarily assigned the value 0 kJ/mol on this H5 dihedral angle is not exactly®Obut distorted slightly
graph). (Table 1)

maximum of this function was calculated to occur when the  Strategy for Assigning the Microwave Spectrum. The
F8—C1—C2—S4 dihedral angle is exactly @nd the molecule  quantum chemical calculations above indicate that both con-
has exactCs symmetry. The barrier height is as small as formers|and IV have relatively small rotational constants (Table
0.24 kJ/mol. A second maximum (0.71 kJ/mol above minimum) 2), a low C1-C2 torsional frequency (less than 50 ¢ty and
was found when the F8C1—C2—-S4 dihedral angle i4-59.6'. about 5 other fundamental vibrations below 500~&nnot
This conformation is in fact conformer Il (Figure 1). One shown in Tables 1 and 2). All this means that the partition
imaginary vibrational frequency was calculated by the HF function of each of the two rotamers will be relatively large.
procedure for each of these two transitions states. The valuesEach quantum state will consequently have a relatively low

were 17.9cm1 for 0° and 30.7 cm~? for +59.6 of the F8- population, resulting in comparatively weak MW transitions. It
C1-C2-S4 dihedral angle, respectively. The two maxima are was therefore decided to investigate the molecule at dry ice
therefore first-order saddle points. temperature<78°C) to reduce the size of the partition function,

A potential function shown in Figure 2 was now constructed thereby obtaining the strongest possible spectrum with our
using the available information for this rotamer. This function instrumentation. It was also decided to investigate the spectrum
repeats itself for each 120owing to the symmetry of the in the upper frequency region (480 GHz) covered by our
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Figure 3. The B3LYP/aug-cc-pVTZ potential function for the rotation Frequency / MHz

about the C2S4 bond describing the transformation of conformer |  Figure 4. Microwave spectrum of TTA in the 55:665.4-GHz spectral

into conformer 1IV. The O3-C1-C2—-S4 dihedral angle shown on the  interval showing a portion of ti#R J = 1716 transition region. The

abscissa takes the valu¢ Q0 kJ/mol) for conformer | and 180 spectrum was taken using a Stark modulation field strength of about
(2.73 kJ/mol) for Conformer IV. This function has minima at°90 50 V/cnm™. The numbers above the lines indicate the value okihge
(39.6 kJ/mol). coalescing line pair. The- sign denotes thet() state, and the- sign

denotes the ) state caused by the double minimum potential
spectrometer, because MW intensities are proportional to the(see text).
square of the frequency and the strongest transitions are therefore
found in this regiorf® these pile-ups was two intense series of lines, which were used
The low torsional frequency<(50 cnT?) indicates that several  to obtain the first assignments. Transitions with corresponding
excited states of this fundamental should have rather high values ofK_; of each series had similar intensities-at8 °C.
intensities relative to the intensities of the transitions of the A portion of the spectrum illustrating this feature is shown in
ground vibrational state. The spectral patterns formed by theseFigure 4. The two series with almost identical intensities are in
vibrationally excited states depend strongly on the potential accordance with the existence of a double minimum potential
function of the torsion. A near-harmonic potential, such as the for the torsion about the-€C bond, as discussed in the previous
one predicted in the B3LYP calculations, would lead to almost paragraph. The strongest series is therefore calledtihsefies
constant frequency spacing between successively excited stateand the less intense series is denoted theseries.
of a given MW transition. The intensities of the members of = The assignments of several of the lines of both thg gnd
such a series would decrease steadily. Such a pattern was fothe (—) series were confirmed by RFMWDR experimefits.
example observed for the closely related molecule trifluoroacetic Only @R lines with J between 12 and 24 and witk—; > 5
acid, CRCOOH#*® were assigned, because the IBw; transitions have very slow
On the other hand, a potential function with a double Stark effects and could not be modulated. b-Type lines were
minimum, such as the one predicted in the HF calculations, searched for but were not assigned unambiguously presumably
would lead to a strikingly different pattern for the MW because, is much less thap, (Table 2) producing insufficient
transitions of the vibrationally excited states. Two series of intensities for the b-type transitions. The fact that is
transitions, denoted the-) state having the lower energy, and significantly larger thane, is evidence that the assigned lines
the () state having the higher energy, with almost equal indeed belong to conformer I.
intensities would exist in this case and be the strongest A total of 223 2R transitions of the {) series and 217
transitions of the spectrum. Further excited states of the torsiontransitions of the<) series were fitted to Watson’s A-reduction
would in general not appear with a constant frequency spacing Hamiltonian using the' representatiof using Sgrensen’s Rotfit
and a steadily diminishing intensity. program It was only possible to fit the rotational constants
Microwave Spectrum and AssignmentsThe MW spectrum and three quartic centrifugal distortion constamts, (A;x, and
of TTA is very rich at—78 °C with absorption lines occurring  d3). The two remaining quartic centrifugal distortion constants
every few MHz throughout the entire MW region. Intervals (Ax anddk), which have very little influence on the frequencies
separated by-3.3 GHz had a higher density of transitions than of the R transitions assigned here, were preset at zero in the
elsewhere. The strongest lines of the spectrum were found inleast-squares fit. The centrifugal distortion is remarkably large
these pile-up regions. This pattern was expected foPRn  in this case, and it was necessary to include one sextic constant
spectrum of TTA. (®Pky) to obtain a fit with a root-means square deviation
It is shown in Table 2 that the rotational constants predicted comparable to the experimental uncertainty®.10 MHz. The
for conformers | and IV are very similar by coincidence. Both spectroscopic constants of the)(and () states are shown in
rotamers are predicted to have a component of the dipole Table 3. The spectroscopic constants of the §tate is also
moment along the a inertial axis. The observed pile-ups could listed in Table 2 for convenient comparison with the theoretical
therefore contain transitions originating from | and/or V. values. The transitions used in the least-squares fits are listed
A detailed assignment of these pile-ups was achieved by in the Supporting Information, Tables 1S and 2S.
scanning through these regions using a Stark field strength of The root-mean-square deviations (Table 3) obtained for
about 50 V/cm. This field strength is sufficient to modulate the the two states (0.142 for thet§ and 0.204 MHz for the )
near-degeneraf®R transitions that have the highest values of state, respectively) are similar to the experimental uncertainty
the K_; pseudo quantum numbers. A distinct feature seen for (+0.10 MHz), which is an indication that Watson's
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TABLE 3: Spectroscopic Constants8 of the (+) and (=) States of CRCOSH and CRCOSD

Mgllendal

species CECOSH (+) state CECOSH () state CECOSD (+) state CECOSD () state
A (MHz) 3311.06(39) 3336.36(18) 3276.8(11) 3303.07(98)
B (MHz) 1764.715(26) 1764.046(19) 1717.021(68) 1716.245(88)
C (MHz) 1460.220(31) 1468.246(24) 1428.118(82) 1435.75(11)
A; (kHz) 2.5408(45) 0.5742(64) 1.9917(76) 0.695(11)
Ask (kHz) 19.129(16) 2.514(16) 16.155(29) 3.455(30)
09 (kHz) —0.571(14) —0.003(19) —0.424(23) —0.327(40)
Dy (Hz) —4.839(23) 1.827(26) —3.348(42) 1.137(48)
rms' (MHz) 0.142 0.204 0.144 0.206
no. transition$ 223 217 95 106
2Pd (1072 MHz u n?) 92.916(29) 93.759(16) 94.688(81) 95.475(86)

a A reduction I-representatioff. Uncertainties represent one standard deviatiGiurther quartic constants preset at zééurther sextic constants
preset at zerd Root-mean-square deviatiohNumber of transitions used in fit2P.. = I, + Ip — Ic, wherel,, |, andl. are the principal moments
of inertia. Conversion factor: 505 379.0510°2° MHz u n¥.

TABLE 4: Spectroscopic Constant8 of Vibrationally

Hamiltoniart” is a sufficient approximation in this case. It is Excited States of CRCOSH

seen from Tables 2 and 3 that the MP2 and B3LYP calculations

predict rotational constants for conformer | that are close to the state E? E2
experimental values. The centrifugal distortion constants are A (MHz) 3280.3(37) 3370.6(12)
much larger for the£) state than predicted in the theoretical B (MHz) 1759.76(19) 1764.592(78)
calculations, whereas the centrifugal distortion constants of the g('(\l"(zg é417761'?222()21) é‘;‘sl%?fz()lo)
(—) state are sqmewhat_la_rger. This is not surprising, s_ince the AjK (kH2) 5:698(74) 36_584(93)
quantum chemical predictions are base_d on a harmonic model ¢ (kHz) 1.003(74) —1.419(34)
that is hardly expected to be accurate in this case. ®yy? (Hz) 2.15(12) 0.24(20)

The values of Bec = I, + Ip — | obtained for these two L’gsir(g’:]';'ﬁi)ong 24272 86190

20 m2 .

states, 92.916(29) and 93.759(16) 1072° m? u (Table 3), P9 (10-20 MHz u 1P) 98.99(25) 90.281(85)

respectively, are significantly larger than the calculated values
shown in Table 2. They are also remarkably larger than the
values found for trifluoroacetic acid, GEOOH, (89.4736x
10720 m? u),*?its monodeuterated species,{COOD, (89.4832

x 10720 m? u),*® and trifluoroacetaldehyde, GEHO, (89.32

x 10720 m?2 u) 51 These two compounds ha@ symmetry and
two out-of-plane fluorine atoms. o ) )

There could be several explanations for the increased valueslvgtltzaisn'edp Ehn?;]%ahéxgaﬁzcﬂ?éﬂgnneges of Conformers | and
of 2P found for the title compound in comparison with those
of trifluoroacetic acid and trifluoroacetaldehyde, such as changes : v
in C—F bond lengths and CCF bond angles, or changes in the a b c a b c

a A reduction [-representatiof. Uncertainties represent one standard
deviation.P See text® Further quartic constants preset at zérBurther
sextic constants preset at zet&oot-mean-square deviatioNumber
of transitions used in fit 2P.c = . + Ip — I¢, wherel,, Iy, andl. are
the principal moments of inertia. Conversion factor: 505 37& 0% %°
MHz u n?.

dihedral angles. c1 -834 -126 -05 —839 —119 0.0
It was not possible to derive the dipole moment of this C2 53.1 603 -23 53.0 60.3 0.0
compound because none of the transitions observed displayed03 57.1 1773 -14 58.7 177.2 0.0
a resolved Stark effect. Relative intensity comparisons of the o& 939 —47.3 —0.7 = 1984 = —409 0.0
) ; Yy p H5 281.1 52.3 11.4 138.7 —159.5 0.0

(+) and ) states were made according to the procedure of gg  —172.8 56.2 —65.1 —95.0 —88.2 106.2
Esbitt and Wilsorf? assuming that, is the same for the two F7 —122.7 —27.2 1236 -—181.1 73.9 0.0
states. An energy difference corresponding to 28(15)'onas F8  —-747 -1316 -549 —-950 —88.2 -106.2

obtained in this manner, with thet{ state being lower in

energy. splittings. A decrease of this quantity compared to that of the
Vibrationally Exited States. Two additional vibrational ~ ground vibrational state would be expected for a bending

excited states were assigned. They are denoted E1 and E2 ifnode.

Table 4, where their spectroscopic constants are displayed. The Deuterated SpeciesThe assignment of the MW spectrum

transitions belonging to these two states have not been indicatecf the deuterated species, LLFOSD, was straightforward. The

on Figure 4. The transitions used to derive these parametersspectroscopic constants of the)(and (-) states are shown in

are listed in Tables 3S and 4S in the Supporting Information. Table 3 and the spectra are listed in Tables 5S and 6S in the

Relative intensity measurements yielded 94(30) tfior E1 Supporting Information.

relative to the energy of theH) state, whereas the E2 state is Interestingly, it is seen in Table 3 that the differences between

184(40) cm* higher in energy. There are large differences in the rotational constants of the-Y and (-) states of the parent

the values of the centrifugal distortion constants as well as in species, CECOSH, are close to the corresponding differences

the values of P (Table 4). Some of the transitions of the E1  of the deuterated species, £LFOSD. If only the hydrogen atom

state displayed partly resolved splittings. This state is therefore took part in the tunneling process, these differences would have

tentatively assigned as a successively excited state, presumablypeen much smaller for the deuterated species than for the parent

the third, of the C+C2 torsion. The E2 state is perhaps an species, because of the relatively large change in the reduced

excited-state of a bending mode, because a frequency of aboumass of this atom. If heavy atoms were involved in the

200 cmlis calculated for the lowest bending vibration in the tunneling, much smaller changes, such as those seen here, would

HF, MP2, and B3LYP procedures. This excited-state has the be observed. The data in Table 3 therefore support the

lowest value found for B, and there was no indication of assumption that heavy atoms indeed take part in the tunneling.



Microwave Spectrum of CF

It is noted that the values off; of both the () and )
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the majority of the strongest lines have been assigned to I. This

states increase significantly (Table 3) for the deuterated speciedinding is in accord with the theoretical predictions that
compared with the counterparts of the parent species. If conformer | is the more stable.

conformer | hadCs symmetry, the values of 2. would be

Intramolecular Hydrogen Bonding. It was suggested by

expected to change only slightly, as was for example observedCrowde# that conformer Il is the preferred form of TTA,

for trifluoroacetic acid (P, = 89.4736 for the parent and
2P, = 89.4832 x 10720 m? u for the deuterated species,
respectively; see above).

because this rotamer would be stabilized by -a-Hintramo-
lecular hydrogen bond. The nonbonded distance between the
hydrogen atom of the thiolcarbonyl group and the nearest

Itis now possible to locate the position of the hydrogen atom fluorine atom of this rotamer is about 222 pm, according to the
(H5) using the rotational constants of the parent and deuteratedB3LYP calculations above, compared to 255 pm, which is the

species shown in Table 3 in Kraitchman’'s equatieh$he
values obtained in this manner de¢ = 264.8(6),|b| = 85.9-
(18), and|c|] = 96.4(16) pm using the rotational constants for
the parent and deuterated species of the Etate. The
corresponding values obtained in case of thg ftate are
la] = 265.8(5),|b] = 83.3(17), andc| = 94.9(15) pm. The

sum of the van der Waals radii of hydrogen (120 pm) and
fluorine (135 pm)*® The fact that the H-F distance is shorter
than the sum of the van der Waals radii by about 30 pm is
obviously insufficient to make conformer Il “stable”. Instead,
conformer Il is found to be a transition state in the present
theoretical calculations (see above).

uncertainties in these Cartesian coordinates have been derived The hydrogen atom of the thiolcarbonyl group would be
by propagating the uncertainties of the rotational constants. Thebifurcated to the two fluorine atoms in conformer IV. However,
uncertainties may be somewhat larger than the values shownthe nonbonded B3LYP-distance between the fluorine atoms and

here, owing to the large-amplitude vibration.

the hydrogen atom is 265 pm, which is larger than 255 pm, the

The values of the corresponding Cartesian coordinates areSum of the van der Waals radfi.Intramolecular hydrogen
seen to be quite similar in the two cases, which is conclusive Ponding would thus be a very minor effect in this rotamer.

evidence that theH) and () states belong to the same

There could be a hydrogen bond interaction between the

conformer and not to two different rotamers. The comparatively hydrogen atom of the thiolcarbonyl group and the oxygen atom
small variation between the two sets of coordinates is ascribedin conformer I. The nonbonded B3LYP distance between the

to be largely a result of the large-amplitude vibration.

The Cartesian coordinates obtained in the HF calculations

two atoms is 258 pm compared to 260 pm, which is the sum of
the van der Waals radii of hydrogen (120 pm) and oxygen (140

for conformers | and IV are displayed in Table 5. The pm), which implies that there is only a very minor interaction

coordinates of the hydrogen atom in conformer l|aje= 281.1,
|Ib] = 52.3, and|c| = 11.4 pm. For conformer IV, a very
different result ofla] = 138.7,|b| = 159.5, andc| = 0.0 pm
is predicted. The coordinates for conformer I, especiallyand

in this case too.

Conclusions

The MW spectrum of one rotamer of gFOSH has been

bl, are in much better agreement with the experimental set of assigned. This rotameric form is similar to conformer |

coordinates derived from the-j and () states in the previous

(Figure 1) but distorted somewhat froBa symmetry resulting

SeCtion, than the second set is. This is conclusive evidence thalin the existence of enatiomeric forms of this rotamer. The
the assigned spectrum indeed belongs to conformer | and notspectrum of the ground vibrational state is accompanied by

to IV.

One problem remains. Thecoordinate of the hydrogen atom
calculated from Kraitchman’s equations is rather large €
96.4(3) pm for the ) state andc| = 94.9(3) pm for the £)
state) compared to the HF result|(= 11.4 pm). The large
difference of more that 80 pm between the Kraitchman

coordinate (96.4 or 94.9 pm) and the HF counterpart (11.4 pm)
is far too large to be explained by a large-amplitude vibration.

It is in fact a strong indication that the thiolcarbonyl group is

several vibrationally excited states, whose irregular patterns
indicate that tunneling between the two enatiomers occur,
presumably through a transition state that Basymmetry. The
tunneling frequency of the associated double minimum potential
was determined to be 28(15) cf by relative intensity
measurements.

Quantum chemical calculations were performed using the
aug-cc-pVTZ wave functidt in HF, MP2, and B3LYP calcula-
tion procedures. The predictions for conformer | vary remark-

considerably more nonplanar than predicted in the HF calcula- ably, since the HF and MP2 calculations predigtsymmetry,

tions, where a dihedral angle of 4 ®as predicted for this chain

whereas B3LYP calculations predict an ex@8symmetry for

of atoms (Table 1). However, it is not possible to say exactly conformer |. The HF and MP2 results imply that enantiomeric

how much the O3 C2—-S4—H5 dihedral angle deviates from
0°, owing to the large-amplitude tunneling motion.

Searches for Conformer IV. All theoretical procedures

forms exist for this rotamer.
A potential function for rotation about the €C2 bond was
calculated for conformer | using the HF procedure. This function

predict that conformer IV should be somewhat less stable than (Figure 2) has a minimum when the S&2—C1—-F8 dihedral
| (Table 2). The largest dipole moment component of this angle is+27.6° for one of the enantiomers (ef27.6* for the
rotamer isup, according to the calculations (Table 2). This dipole other) and the C2C2—S4—H5 dihedral angle is-4.3° for this

moment component is predicted to be somewhat largerghan

enantiomer (ane-4.3*for the other enantiomer). One maximum

for conformer | in the three quantum chemical procedures (0.24 kJ/mol above the minimum) is found at the exact sp
(Table 2). If this form were present in the same concentration conformation, where both the S€2—C1—-F and C+C2—-

as conformer I, it would have had a MW spectrum of

S4—H5 dihedral angles are°0Other maxima (0.71 kJ/mol

comparable intensity to that of |. Extensive searches for b-type above the minimum) are found when the -S22—C1-F
transitions of this rotamer have been performed, but no dihedral angle is+59.6 or—59.6. It is not claimed that this
assignments could be made. There are, however, many unaspotential function is accurate, but it seems to be in qualitative
signed lines remaining in the spectrum, so the existence of thisagreement with the observations.

species cannot be ruled out, but we think that there is

The quantum chemical calculations predict that a second

significantly less of this rotamer than of conformer |, because rotamer, denoted conformer IV (Figure 1), coexists with
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conformer | but has a higher energy than |. The three methods
of calculation predict that conformer IV has an ap conformer

of the thiolcarbonyl group and one of the-€ bonds is eclipsing
the C=0 bond, resulting in an overdlls symmetry. Conformer
IV was not identified by MW spectroscopy.

Intramolecular hydrogen bonding does not seem to have much

influence on the conformational properties of TTA.
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