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Chlorodifluorothioacetic Acid, CF,CIC(O)SH: Synthesis, Characterization,
X-ray Structure and Conformational Properties
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Chlorodifluoroacetic anhydride, [CF,CIC(O)],0, and chloro-
difluoroacetyl chloride, CF,CIC(O)C], react with hydrogen
sulfide to yield chlorodifluorothioacetic acid, CF,CIC(O)SH.
This novel thiocarboxylic acid has been obtained in pure
form and characterized by NMR, IR and Raman spectroscopy.
By extrapolation of the vapour pressure curve, logp = 6.102—
2068/T (p [bar], T [K]), the boiling point was determined to
be 66(1) °C. The melting point of the pure substance is
-83(2) °C. The conformational properties of the gas-phase
molecule have been studied by vibrational spectroscopy [IR
(vapour), Raman (liquid)] and quantum chemical calculations
[BBLYP and MP2 methods with 6-311++G(d,p) and 6-
311++G(3df,2p) basis sets]. The most stable form has C; sym-
metry with a synperiplanar (syn) orientation of the C=0O
double bond with respect to the S-H single bond whereas in
the chlorodifluoroacetyl group the gauche orientation of the

CIC-C=0 moiety is preferred (gauche-syn form). The analy-
sis of the IR spectrum of gaseous CF,CIC(O)SH suggests the
presence of two other conformations in equilibrium at room
temperature. These forms have been fully characterized by
high-level quantum chemical calculations. The structure of a
single crystal, grown by a miniature zone-melting procedure
using focused infrared laser radiation, was determined by X-
ray diffraction analysis at low temperature. The crystalline
solid [monoclinic, space group C2/c, a = 17.6165(14), b =
5.8848(5), c = 11.0877(9) A, f# = 113.5330(11)°] consists exclu-
sively of molecules adopting the gauche-syn conformation.
These molecules associate, forming pairs of cyclic dimers in
the crystal through S-H---O=C hydrogen bonds.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Thioacetic acid, CH3C(O)SH, was first obtained in 1854
by Kekulé!l and represents the first known organic acid
containing sulfur.>3 Currently this compound is widely
used in chemical synthesis as a reagent for the introduction
of the thiol group into organic molecules, being the most
common and versatile reagent for the free-radical addition
of a thiol precursor to terminal alkenes.] Halothioacetic
acids of the type CX;3C(O)SH (X = halogen) are also very
well known. For instance, the addition of trichloro-
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thioacetic acid to olefins was studied early on by Cun-
neen.P! More recently, CCl;C(O)SH has been used as a do-
nor ligand to form stable gold(I) complexes.[®! With a sim-
ilar purpose, the reactivity of group-12 metal thiocarboxyl-
ate species has been used to prepare valuable metal sulfide
materials by thiocarboxylic anhydride elimination.[”] Tri-
fluorothioacetic acid, CF;C(O)SH, was prepared in 1960 by
Sheppard and Muetterties® and its chemistry was further
explored by Rochat and Gard.[! As has been pointed out
by these authors, the presence of the —SH group offers a
way of preparing new sulfenyl halides and sulfides that con-
tain the trifluoroacetyl group.

While the molecular structure and conformational prop-
erties of carboxylic acids have been widely studied, analo-
gous thiocarboxylic species have attracted less attention. In
principle, two planar conformations, with a syn and anti
orientation of the C=0 bond with respect to the S-H bond,
are feasible for the ~C(O)SH moiety (Scheme 1). At this
point, CH3;C(O)SH is by far the most-studied thiocarbox-
ylic acid species. The molecular structure of gaseous
CH;3C(O)SH in its electronic ground state was studied early
on by Gordy. By gas electron diffraction, the geometrical
parameters of the heavy atoms could be estimated.!']
Furthermore, several studies of the vibrational spectra have
been carried out with the aim of seeking evidence of a pos-
sible thiol/thione tautomeric equilibrium.['’-12] Noel'3! in-
vestigated the conformational equilibrium around the C-S
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bond in CH;C(O)SH by a temperature-dependence study
of the 'H NMR spectrum. The syn conformation is pre-
ferred over the anti, with a free-energy difference of
1.9 kcalmol™' between the two rotamers. Recently, this
equilibrium was also studied by matrix infrared spec-
troscopy experiments.'¥ The results indicate that the vap-
our of CH3C(O)SH at ambient temperature consists of a
mixture of the syn and anti conformers with the syn form
predominating (ca. 85%). The electronic properties of val-
ence- and inner-shell levels in CH;C(O)SH have also been
studied.['>1%] An electron diffraction analysis of gaseous tri-
fluorothioacetic acid; CF3C(O)SH, complemented by quan-
tum chemical calculations at the HF/6-31G* and MP2/6-
31G* levels of theory, has also been reported.l'”] The syn
conformation seems to be again the preferred conforma-
tion, in agreement with the vibrational analysis reported
earlier by Crowder.!'8! Recently, Mellendal'”! reported the
microwave spectra of CF;C(O)SH and of the deuteriated
species CF3C(O)SD. Only one rotamer was assigned. It ap-
pears that the —C(O)SH group is distorted somewhat from
an exact synperiplanar arrangement, while the CF3 group
is rotated several degrees from a position in which one of
the C-F bonds eclipses the C-S bond.

O——0O

0
I
X/ \s/ X/ \S

syn anti H

Scheme 1. Representation of the syn (left) and anti (right) conform-
ers of XC(O)SH compounds.

In order to gain additional information about the struc-
tural and conformational behaviour of thioacetic acid de-
rivatives, we became interested in the novel CF,CIC(O)SH
species. In this paper, its synthesis and characterization are
reported. The geometric structure and conformational
properties have also been determined by experimental and
theoretical methods.

Results and Discussion

Synthesis

To the best of our knowledge, the preparation of the sim-
ple chlorodifluorothioacetic acid has not been reported in
the literature up to now. The synthesis of CF,CIC(O)SH
was adapted from that reported by Sheppard and Muettert-
iest®! for CF;C(O)SH, by treatment of either CF,CIC(O)Cl
or CF,CIC(O)OC(O)CF,Cl with H,S at elevated pressures
and temperatures (ca. 10 atm and 170 °C, respectively) in a
metal autoclave, according to Equations (1) and (2), respec-
tively.

CF,CIC(0)Cl + H,S — CF,CIC(0)SH + HCl (1)
[CF,CIC(0),0 + 2H,S — 2CF,CIC(0)SH + H,O )

Conventional vacuum techniques were used to condense
the acid chloride or the anhydride (typically 9 mmol) with
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a slight excess of H,S with respect to the stoichiometric
amounts indicated in Equations (1) and (2), respectively.
The autoclave was allowed to reach ambient temperature
and then placed in a glycerine bath at 170 °C. After the
reaction mixture had been held at this temperature for 48 h,
the volatile components were fractionated under dynamic
vacuum through traps held at —50, —80 and -196 °C.
CF,CIC(O)SH was collected in the —80 °C trap in yields of
45 and 40%, based on Equations (1) and (2) and the
amount of CF,CIC(O)CI or [CF,CIC(0O)],0, respectively.
Some of the chemical properties of the new compound have
been determined. Thus, CF,CIC(O)SH readily reacts at
—60 °C with chlorine to give chlorodifluoroacetylsulfenyl
chloride, CF,CIC(O)SCLPY The formation of chlorodifluo-
roacetyl disulfides of the type CF,CIC(O)SSR also becomes
feasible by the reaction of CF,CIC(O)SH with sulfenyl
chlorides.”! Thus, the title compound reacts quantitatively
by Haas’ chemistry with FC(O)SCI, CIC(O)SCl and
CClI5SCl to yield several new disulfides, CF,CIC(O)SSC(O)-
F,?!1 CF,CIC(0)SSC(0)CI and CF,CIC(O)SSCCls, respec-
tively.[20:22]

Physical Properties and Spectroscopic Characterization

The new compound is a colourless liquid with the char-
acteristic overpowering sulfenylcarbonyl odour. In the li-
quid and gaseous states, the compound is stable for days at
room temperature. The vapour pressure over the tempera-
ture range 230-277 K follows the equation logp = 6.102—
2068/T (p [bar], T [K]), and by extrapolation gives a boiling
point of 329(1) K [66(1) °C]. The melting point of the pure
substance is —83(2) °C.

In the '°F and 'H NMR spectra singlet signals are ob-
served at —62.0 and 4.6 ppm, respectively. For the chlorodi-
fluoroacetic acid analogue, CCIF,C(O)OH, the signal in the
19F NMR spectra appears at —62.161 ppm.[>*] The proton
chemical shift value is close to that reported for the
CH;C(O)SH"3 and CF5C(O)SHP! thioacetic acids (5.44
and 5.2 ppm, respectively). The molecular weight, deter-
mined by Regnault’s method, is 147(2) [CF,CIC(O)SH re-
quires 146.5]. Additional evidence for the identity of
CF,CIC(O)SH comes from the IR spectrum of the vapour
and the Raman spectrum of the liquid, as discussed in the
following sections.

Quantum Chemical Calculations

As has already been mentioned in the Introduction, de-
pending on the torsional angle around the C-S bond, two
planar conformations (syn and anti) are expected for thioa-
cetic acid derivatives. Concerning the chlorodifluoroacetyl
group, both gauche and anti orientations of the C—Cl single
bond with respect to the C=0O double bond were observed
for the related molecule CCIF,C(O)Cl in the vapour
phase.’*2° Thus, these antecedents suggest the occurrence
of at least four possible forms of CF,CIC(O)SH. In order to
evaluate this forecast, relaxed potential energy curves were
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obtained from calculations at the B3LYP/6-31G* level of
theory. At first, the potential energy functions around the
C-C bond were estimated by optimizing the molecular ge-
ometry every 20° for constant values of the ¢(CIC-C=0)
dihedral angle between 0 and 180° (Figure 1). In the corre-
sponding potential energy function obtained for the optimi-
zations of structures with a syn orientation of the ¢(C=0-
SH) dihedral angle (curve A), only one minimum occurs for
a gauche structure with a ¢(CIC-C=0) dihedral angle value
close to 75° (this form is shown in Figure 2, referred to as
gauche-syn). Another potential energy curve obtained be-
tween 0 and 180° with the ¢(O=C-SH) dihedral angle set
close to the anti orientation is also shown in Figure 1 (curve
B). Two minima are now observed, the gauche-anti and syn-
anti forms in Figure 2, which are higher in energy than the
gauche-syn form. It is worth mentioning that both “gauche”
minima (gauche-syn and gauche-anti) have quite different
¢(CIC-C=0) dihedral angle values, as can be observed in
Figure 2. When going from the syn to the anti orientation
around the C-S bond, ¢(CIC-C=0) changes from around
75° to around 95°. Thus, in the gauche-syn structure one C—
F bond nearly eclipses the C-S bond, whereas in the
gauche-anti conformer the C=0 and the C-F bonds are ne-
arly eclipsed. The relaxed potential energy curve around the
C-S bond has also been calculated by optimizing the molec-
ular geometry every 20° for constant values of the ¢(O=C-
SH) torsional angle between 0 and 180°. As anticipated,
two minima appear in the potential energy curve (Figure 3)
separated by around 2.1 kcal/mol, the gauche-syn con-
former being more stable than the gauche-anti form. The
same curve is obtained for input geometries corresponding
to a gauche or syn orientation of the C—Cl and C=0 bonds
in the chlorodifluoroacetyl group.

6
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Figure 1. Calculated potential functions for internal rotation
around the C-C bond in CF,CIC(O)SH. In curves A and B the
¢®(O=C-SH) dihedral angle was optimized near values of 0 and
180°, respectively.

Additionally, full geometry optimizations and frequency
calculations were carried out for each of the stationary
structures [three minima and five transition states (TS)] at
high levels of theoretical approximations, including the
B3LYP and MP2 methods with the 6-311++G(d,p) and the
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Figure 2. Molecular models for stationary-point structures of
CF,CIC(O)SH.
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Figure 3. Calculated potential function for internal rotation around
the C-S bond in CF,CIC(O)SH.

extended 6-311++G(3df,2p) basis sets. Predicted relative en-
ergies corrected by zero-point calculations, AE°, are gath-
ered in Table 1. These calculations predict the existence of
three stable forms of CF,CIC(O)SH separated by less than
1.6 kcal/mol. All the methods agree with the fact that the
lower energy form corresponds to a conformer with a
gauche and syn orientation of the C—Cl and the S—H bonds
with respect to the C=0O bond, respectively. The second
stable form, higher in energy by around 0.65 kcal/mol (AE®
values were calculated to be 0.63 and 0.67 kcal/mol by the
B3LYP and MP2 methods, respectively) corresponds to a
conformer with a gauche and anti orientation for the same
dihedral angles, respectively. A third conformer with a syn
and anti orientation of the C—Cl and S-H bonds with re-
spect to the C=0 bond, respectively, also results in a mini-
mum in the potential hypersurface, located at around
1.2 kcal/mol above the minimum-energy conformer.

Two species with C, global symmetry with a syn [¢(CIC—
C=0) = 0°] and anti [¢(CIC-C=0) = 180°] orientation of
the C—Cl and C=0 bonds, respectively, correspond to max-
4919
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Table 1. Calculated relative energies [kcal/mol] (corrected by zero-point calculations) for the stationary structures of CF,CIC(O)SH.

& HL[Ch(f-Sy n & auche-anti S)’"'anf [ ngauuhe-gau(’he Tsr VI-Syn Tsanti-syn TSS' yn-gauche Tsanti-anl/'
B3LYP 6-311++G(d,p) 0.008 0.86 1.43 8.71 1.28 1.99 9.32 4.11
6-311++G(3df,2p) 0.00! 0.67 1.24 8.25 1.25 1.76 9.53 3.52
MP2 6-311++G(d,p) 0.00 0.98 1.58 8.27 1.33 2.41 8.83 491
6-311++G(3df,2p)d! 0.00l 0.63 1.15 - - - — -

[a] E° = —1210.229399 hartree. [b] E° = —1210.264162 hartree. [c] E° = —1208.308707 hartree. [d] Zero-point corrections calculated at the
MP2/6-311++G(d,p) level of theory; transition-state structures were not calculated at the MP2/6-311++G(3df,2p) level of theory. [e] £ =

—1208.6321075 hartree.

ima in the potential energy curve. These forms were charac-
terized as the TSs (Nimag = 1) connecting enantiomeric
gauche structures with ¢(CIC-C=0) = =75°. Molecular dia-
grams of these forms are shown in Figure 2 (TS II and TS
IT1, respectively). It is worth mentioning that the corre-
sponding structures with a syn orientation around both the
C-C and C-S dihedral angles are also characterized as tor-
sional TSs. In effect, the calculated [B3LYP/6-
311++G(3df,2p)] barrier heights, corrected zero-point ener-
gies, for the planar TS II and TS III are 1.25 and 1.76 kcal/
mol, respectively (Table 1). The TS IV structure shown in
Figure 2 corresponds to a high-energy TS for torsional in-
terconversion around the C-C single bond. The structure
calculated for the near-perpendicular orientation of the thi-
ocarboxylic group [¢(O=C-SH) = 90°] is also characterized
as a TS connecting the syn and anti forms by internal rota-
tion. Indeed, two structures that correspond to torsional
TSs were found for the gauche-syn— gauche-anti conforma-
tional transition. These forms have a near-perpendicular
orientation of the ¢(O=C-SH) dihedral angle and either a
syn or gauche orientation of the C—Cl and the C=0 bonds.
Calculations at the B3LYP/6-311++G(3df,2p) level of
theory predict a height barrier of 8.25 (TS I) and 9.53 kcal/
mol (TS V), respectively, values which are in the range of
those reported for thioesters.[?6-27]

Vibrational Spectra

The IR (vapour) and Raman (liquid) spectra of
CF,CIC(O)SH are shown in Figure 4. A tentative assign-
ment of the observed bands was performed by comparison
with calculated spectra and the description of modes is
based on the calculated displacement vectors of the funda-
mentals as well as on comparison with spectra of related
molecules, especially CF;C(O)SHI'8281 and CF,CIC(O)-
CL.24 Furthermore, the potential energy distribution (PED)
associated with each normal vibrational mode under the
harmonic assumption was calculated. Experimental and
calculated [B3LYP/6-311++G(3df,2p)] frequencies, inten-
sities and their tentative assignments are given in Table 2.
In view of the rich conformational behaviour envisaged by
the quantum chemical calculations, a quite detailed analysis
of the vibrational spectra has been carried out in order to
assess the presence of conformers of CF,CIC(O)SH in the
gaseous phase. Structural changes should affect specific
force constants for each conformer, making possible their
identification in the vibrational spectra.

4920
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Figure 4. Gas IR spectra at 2.0 and 28.1 mbar (top; glass cell,
200 mm optical path length, Si windows, 0.5 mm thick) and liquid
Raman spectra for CF,CIC(O)SH (bottom).

The strongest band in the IR spectrum of the vapour
centred at 1753 cm™' is assigned to the C=O stretching
mode. The vibrational spectra of thioacetic acid derivatives
were found to be very similar to those of its acetyl chloride
counterparts.'® In effect, as noted by Crowder et al.,[*! the
C-SB% and C-CIBY force constants are almost the same
and since the masses of the sulfur and chlorine atoms are
similar, the C(sp?)-S and C(sp?)-Cl stretching frequencies
in CF,CIC(O)SH (459 cm™!, Raman) and CF,CIC(O)CI
(456 cm™!, Raman)P®¥ are about the same. However, the
Vv(C-S) stretching modes reported for similar thiocarboxylic
acids, such as CF;C(O)SH and CH;C(O)SH, are consider-
ably higher: 747 (IR, vapour)!'®! and 615cm™! (IR, ma-
trix),['4 respectively. Hence, the frequency at 454 cm™' pro-
posed for v(C-S) seems to be a fairly low value for a C(sp?)—
S stretching mode. In order to obtain a complete descrip-
tion of the molecular motions involved in the normal
modes of CF,CIC(O)SH, a normal coordinate analysis was

Eur. J. Org. Chem. 2007, 4917-4926
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Table 2. Observed and calculated vibrational data [em™'] for CF,CIC(O)SH.

Experimental Calculated!®! Assignment/approximated description of mode
IR Ramanl®! gauche-syn gauche-anti syn-anti (PED)I
3584 vy + vs
3478 (2.0) 2X v,
2797 Vy + Vs
2434 V3t vy
2311 2X vy
2051 2 X vs
2618 sh 2580 (94.7) 2677 (1.5) 2696 (1.0) 2680 (1) vi/v(S-H) (100)
2596 (2.8)k
1753 (100) 1730 (32.0) 1801 (100) 1799 (100) 1807 (94) vo/v(C=0) (100)
1220 (31.6) 1215 (8.1) 1205 (30.2) 1208 (25.4) 1163 (43) v3/v(C-C) (40) + v(C-F) (35) + v,(C-F) (10)
1161 (73.6) 1168 (3) 1152 (65.0) 1141 (55.7) 1092 (72) V4/vas(C-F) (90)
1046 (74.7) 1040 (10.8) 1026 (55.5) 1041 (61.2) 1074 (39) vs/vy(C-F) (50) + 8(C-S-H) (20) + v(C-Cl) (10)
919 (45.1) 929 (17.5) 917 (31.9) 915 (39.9) 953 (49) v/8(C-S-H) (50) + v(C-Cl) (20) + CF, wag (20)
829 (62.7) 846 (7.0) 822 (86.5) 837 (53.0) 783 (100)! v,/CF, wag (35) + v(C-S) (25) + 3(CSH) (20)
800 (34.0)
681 (7.9) 682 (85.5) 683 (6.5) 684 (5.8) 695 (1) vg/oop (C=0) (30) + 8,(CF,Cl) (15)
639 sh 609 (56.7) 603 (11.2) 600 (7.5) 668 (<0.1) Vo/V(C-C]) (40) + oop (C=0) (35) + CF, def (20)
608 (8.8
501 (10.4)1 508 (100) 508 (6.6) 495 (3.6) 481 (3) V1o/6(SCO) (30) + CF, def (20) + p, (CF,Cl) (20)
454 (2.0) 459 (17.3) 455 (0.8) 450 (1.0) 433 (0.1) vi1/V(C-S) (45) + p, (CF,CI) (25)
427 (2.5) 429 (55.4) 420 (0.1) 419 (0.2) 397 (<0.2) V12/V(C-CI) (40) + 3 (CF,CI) (40)
394 (4.7) 351 (0.3) 379 (<0.1) V13/T(C-S)

355 (25.9) 352 (0.3) 329 (3.2) 321 (3) Vid/pas (CF,Cl) (40) + p (C=0) (20) + CF, twist (20)

310 (12.5) 296 (0.7) 306 (0.6) 264 (0.2) v15/CF; twist (65) + 3(S-C=0) (15)

273 (4.7) 198 (0.7) 216 (1.6) 230 (2) V16/6(SC=0) (60) + p,s(CF,Cl) (30)

180 (30.1) 177 (0.05) 168 (0.8) 180 (2) v17/CCCl def (90)

34 (0.3) 37 (0.8) 25 (1) v1/t(C—C) (100)

[a] Relative absorbance at band maximum are given in parentheses; gas phase, glass cell 200 mm optical path length, Si windows, 0.5
mm thick. [b] Relative absorbance at band maximum are given in parentheses; liquid, room temperature. [c] B3LYP/6-311++G(3df,2p)
method, relative band strengths are given in parentheses; 100% = 265.8, 288.0 and 251.3 km/mol for the gauche-syn, gauche-anti and cis-
anti conformers, respectively. [d] Calculated for the gauche-syn conformer with the B3LYP/6-311++G(3df,2p) method. The internal coordi-
nates are defined in the Supplementary Information. Contributions of less than 10% have been omitted. [e] PQR-structured A-type band
centred at 2596 cm ™! with a PR separation equal to 10 cm ™. [f] PR-structured B-type band with a PR separation equal to 7 cm™!.

carried out. From the PED analysis, the S;o symmetry coor-
dinate, which mainly describes the C-S stretching mode (see
Table S5 and Figure S1 given as electronic supporting infor-
mation), is predicted to contribute 45 and 25% to the pre-
dicted fundamental modes at 455 and 822 cm™! [B3LYP/6-
311++G(3df,2p)], respectively. Thus, the internal coordi-
nate related to C-S stretching seems to be highly mixed
between these normal modes of CF,CIC(O)SH.

The v,((C-F) and v(F,C-Cl) normal modes of vibration
for CF,CIC(O)Cl are 1188 and 607 cm™!, respectively,**
whereas for the title compound, the bands located at 1161
and 608 cm™! were assigned to these modes, respectively.
The §(CSH) deformation mode is assigned to the 919 cm™!
absorption observed in the IR spectra (929 cm! liquid Ra-
man). This mode appears at 860 and 874 cm™' in the IR
and Raman spectra of CF;C(O)SH, respectively,!'8-28l
whereas for CH;C(O)SH it occurs at 820 (IR, matrix)!'4
and 830 cm™! (IR, vapour).[']

Some controversies exist about the assignment for the
v(C-C) and v4(C-F) stretching modes in difluorohaloacetyl
species [CF,XC(O)-, X = halogen]. For instance, for
CF,CIC(0O)Cl, Durig et al.**! assigned the bands located at
1017 and 1188 cm™! to these modes, respectively, whereas
for CF;C(O)SH, Crowder et al.l'®2% reversed the assign-
ment, the higher frequency band (1286 cm™!) being assigned
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to the v(C—C) and the absorption at 1032cm™' to the
v¢(CF3) mode. In agreement with the PED obtained for the
title compound, these two normal modes of vibration are
formed by highly mixed sets of symmetry coordinates.
Therefore, we tentatively assign the high frequency band
observed at 1220 cm! to the v(C—C) stretch, while the ab-
sorption observed at 1046 cm™' is assigned to the v{(C-F)
mode. For CH3;C(O)SH, the bands located at 1127 and
1128 cm ™! in the matrix and vapour IR spectra, respectively,
were assigned to the v(C—C) normal mode.!'¥]

Most of these features observed in the vibrational spectra
are well reproduced by standard quantum chemical calcula-
tions for the more abundant gauche-syn form (Table 2). An
enlargement of the 2750-2450 cm™ region of the IR (vap-
our) spectrum of CF,CIC(O)SH is shown in Figure 5 (trace
B). The A-type absorption centred at 2596 cm™!, with a PR
separation of 10 cm™, is assigned to the v(S—H) stretching
mode of the gauche-syn conformer, while a shoulder ob-
served at higher frequencies (ca. 2618 cm™') could be due
to the presence of the less stable gauche-anti form. This as-
signment is in agreement with quantum chemical calcula-
tions. In effect, the v(S—H) stretching mode can be seen as
a conformational sensor for the molecule. The main fre-
quency divergence expected from the calculated IR spectra
of both the gauche-syn and gauche-anti conformers falls on
4921
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the v(S-H) stretching mode, with a value of 19 cm™!. The
simulated spectra for the weighted mixture of the three
stable forms obtained from frequency calculations at the
B3LYP/6-311++G(3df,2p) level of theory is shown in trace
A of Figure 5. The enlargement of the v(S—H) stretching
region shows a very similar feature when compared with
the experimental spectrum. Vertical bars indicate the v(S—
H) frequencies calculated for the three forms.
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Figure 5. Simulated IR spectrum calculated at the B3LYP/6-
311++G(3df,2p) level of theory for a mixture of three stable con-
formers (trace A) and the vapour IR spectrum (2.0 mbar) for
CF,CIC(O)SH (trace B). The insets show enlargements of the v(S—
H) stretching region, with vertical bars indicating the frequency
values calculated for the three forms.

Durig et al.?¥ studied the conformational equilibrium
between the gauche and anti conformers of CF,CIC(O)Cl
(F>C—ClI bond oriented in the gauche and anti position with
respect to the terminal C—Cl bond, respectively) by using
vibrational spectroscopy techniques. The analysis of the
CF, deformation mode (wagging) results being especially
suitable for this purpose because two absorptions at 862
and 810 cm™!' were identified as belonging to each form,
respectively. For CF,CIC(O)SH only one absorption is ex-
pected at around 800 cm~!. Nevertheless, two bands with
strong and medium intensity appear in this region at 829
and 800 cm™!, respectively. The values calculated for the
gauche-syn and gauche-anti forms are 822 and 837 cm™!,
respectively. Thus, while the most intense of these bands
(829 cm™') can be assigned with confidence to the more
stable gauche-syn form, it is unlikely that the gauche-anti
conformer creates the absorption at 800 cm™!, a frequency
value lower than that of the former form. Frequency calcu-
lations performed for the third stable syn-anti conformation
[B3LYP/6-311++G(3df,2p)] predict the CF, deformation
mode to be the most intense IR absorption at 783 cm™!
(Table 2), 39 cm™! lower than that calculated for the gauche-
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syn form. In this way, comparison with the calculated fre-
quencies allows the assignment of the 800 cm™' band to the
syn-anti conformer. According to our calculations, other
fundamental modes of these three conformers either differ
by less than 5 cm™! or present too weak an intensity to be
observed in the spectra. The experimental IR spectrum of
vapour CF,CIC(O)SH and the spectrum calculated for a
mixture of the three stable forms are included in Figure 5
for comparative purposes. The agreement between them is
remarkable.

Crystal Structure

Chlorodifluorothioacetic acid crystallizes in the mono-
clinic space group C2/c¢ with eight CF,CIC(O)SH molecules
per unit cell (for all the crystallographic data and treatment
information see Table S1 of the Supplementary Infor-
mation). Only the gauche-syn conformer is observed in a
single crystal of CF,CIC(O)SH at 169 K. The thiocarbox-
ylic moiety exhibits the following structural parameters: the
C=0 and C-S bond lengths are 1.202(3) and 1.742(3) A,
respectively, and the S-C=0, C-C-S and O=C-C bond
angles are 127.42(18), 113.5(17) and 119.1(2)°, respectively.
The gauche orientation of the CI-C bond with respect to
the C=0 double bond is observed in the crystal with a
¢(CIC-C=0) dihedral angle of 83.2(3)°. The structure of
the molecule is shown in Figure 6 and Table 3 includes the
main geometric parameters derived from the structure re-
finement as well as those obtained from quantum chemical
calculations. Little crystallographic information is available
on thiocarboxylic acids. To the best of our knowledge, only
the crystal structure of the substituted thiobenzoic acid 2-
HOCH,4C(O)SH (2-hydroxythiobenzoic acid) has been re-
ported in detail [T = 200 K, P2,/a, a = 14.903(5), b =
5.203(3), ¢ = 9.114(6) A, p = 92.40(4)°],3¢! while for the sim-
ilar 4-CH3;CsH4C(O)SH hardly any crystallographic data
have been reported.’”) Selected geometrical parameters ex-
perimentally determined for 2-HOC4H,C(O)SH are also
collected in Table 3. Similar values are found for both
CF,CIC(O)SH and 2-HOC4H,C(O)SH. Deviations, such as
those observed for the O=C-S bond angle, originate from
the O-H--O=C intramolecular interaction present in 2-
HOCH4C(O)SH, clearly absent in the title molecule.

The two computational methods used predict dihedral
angles for the molecular skeleton to be similar to those ob-
tained from the X-ray analysis. Actually, the structure of the
chlorodifluoroacetyl group is better described by the MP2
method, with @#(CIC-C=0) = 82.2°, while the B3LYP
method gives a value of 78.8° which is slightly lower than
the experimental one [¢(CIC-C=0) = 83.2(3)°]. Both meth-
ods reproduce the bond angles very well. The reproduction
of the bond lengths around the sulfur and chlorine atoms
is not quite so good. Thus, even with large basis sets [6-
311++G(3df,2p)], the B3LYP method predicts the S-C and
C-Cl bonds to be too long by 0.038 and 0.044 A, respec-
tively. Indeed, these bonds are better described by the MP2
method, with differences of only 0.019 and 0.018 A, respec-
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Figure 6. Molecular model with atomic numbering for the single-
crystal structure of CF,CIC(O)SH at 169 K.

Table 3. Experimental and calculated geometric parameters for
CF,CIC(O)SH and 2-hydroxythiobenzoic acid.[

X-ray®!  B3LYPEl MP2[ 2-HOCzH,C(O)SHMd!
C=0 1.202(3)  1.193 1.203  1.211(5)
C-S 1.742(3)  1.780 1.761  1.776(3)
ccC 1.541(3)  1.558 1.547  1.483(5)
S-H 1.334)  1.344 1.338  1.40(4)
ccl 1.735(3) 1779 1.753
(C-Fmean 1.347(3)  1.340 1.336
0=C-S 127.42(18) 126.2 126.6  120.8(3)
0=C-C 119.12)  120.6 120.5  123.0(3)
cCS 113.5(17) 113.2 1129 116.2(3)
C-S-H 90(2) 92.5 91.9  93(1)
c-c-al 109.02(18) 109.6 109.0
(C—C—Fmean 111.82) 1104 110.2
(Cl-C-F)pean  109.35(19) 109.7 108.7
F-C-F 1054(2)  108.0 108.2
HCIC-C=0)  832(3) 788 82.2
#O=C-CF1)  1553(2) 160.8 157.6
HO=C-CF2) -374(4) -416  -383

[a] Bond lengths are given in A and angles in degrees. See Figure 6
for the atomic numbering. [b] The error limits given in parentheses
are o values. [c] gauche-syn form, 6-311++G(3df,2p) basis sets. [d] See
ref.3¢]

tively. Thus, allowing for the contraction of polar bonds,
which is to be expected in practice on crystallization, both
methodologies reproduce satisfactorily the molecular di-
mensions of the crystalline solid.

Although S—H is a relatively weak proton donor group, a
number of thiols showing intramolecular hydrogen bonding
have been studied.?>-34 Moreover, it was suggested earlier
by Crowder!!®! that the syn conformer of CF;C(O)SH is the
preferred form because this rotamer would be stabilized by
a H---F intramolecular hydrogen bond. For CF,CIC(O)SH,
the non-bonding distance between the hydrogen [-C(O)SH]
and the nearest fluorine atom in a crystal is 2.749(4) A,
larger than 2.55 A, the sum of the van der Waals radii.3%
Another hydrogen-bonding interaction between the hydro-
gen atom of the S—H group and the carbonyl oxygen atom
might also be possible. The calculated [B3LYP/6-
311++G(3df,2p)] non-bonding distance between the two
atoms is 2.57 A, which is slightly shorter than the sum of
the van der Waals radii of hydrogen and oxygen (2.60 A).
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Thus, intramolecular hydrogen bonding would have a small
effect on the conformational properties of CF,CIC(O)SH.

The molecules of CF,CIC(O)SH form hydrogen-bonded
cyclic dimers just as in solid CF,CIC(O)OH, the oxygen
analogue.[®® The crystal packing, as viewed along the ac
plane, is shown in Figure 7. The value of the intermolecular
C=0-+S(H)-C short contact is 3.490(4) A, with an O--H
hydrogen-bond length of 2.20(3) A. The O--H-S angle is
162(2)°, more removed from linearity than the O-+-H-O
moiety found in CF,CIC(O)OH to have an angle of 170(2)°.
Thus, a weak hydrogen-bonding intermolecular interaction
is observed in the sulfur analogue. This could be related to
the differences in the molecular geometry of the monomeric
units. In effect, while geometrical parameters around the
sp? carbon atom are very similar when comparing the car-
boxylic and thiocarboxylic moieties, the C-O-H and C-S—
H bond angles in CF,CIC(O)OH and CF,CIC(O)SH are
rather different: 111(2) and 90(2)°, respectively. Thus, sp-
type hybridization describes the bonds around the oxygen
atom in the O-H group, whereas a canonical p orbital char-
acter is formally present in the S—H bond. Linearity of the
C=0-+X-H (X = O or S) hydrogen bond is then facilitated
in the carboxylic acid derivative, making more efficient the
intermolecular interaction. Similar differences between the
cyclic dimers of the carboxylic and thiocarboxylic acids
were found for 2-HOC¢H,C(O)OH and 2-HOCH,4C(O)-
SH.[3¢
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Figure 7. Stereoscopic illustration of the crystal packing of
CF,CIC(O)SH at 169 K.

Beside the hydrogen bonds between the thiocarboxylic
groups of pairs of monomers, other intermolecular interac-
tions seem to be absent. The short distance between the
chlorine atoms of different dimers [3.652(4) A] is longer
than the sum of the van der Waals radii of chlorine (ca.
3.52 A).133]

Conclusions

Rotational isomerism in haloacetyl halides is quite inter-
esting as the more stable conformer may be either the anti
or the gauche rotamer, depending on both the nature of the
chemical environment of the C—C bond and the state (vap-
our, liquid or solid) under consideration**-#3 Of particular
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interest for the present study, the more stable conformer of
the chlorodifluoroacetyl chloride derivative, CCIF,C(O)Cl,
in both fluid phases as well as in the annealed solid,’** is
the gauche rotamer, as deduced from experimental and
theoretical methods.>>) The conformational properties of
sulfenylcarbonyl compounds, with a general formulae
XC(0)SY, have also been studied and the preference for a
synperiplanar conformation around the C—S bond has been
well-established.-3% In particular, conformational studies
of thiocarboxylic species, such as CH;C(O)SH and
CF5;C(O)SH, show a syn orientation of the C=0 and S-H
bonds.'#!11 According to vibrational spectroscopy,
CF,CIC(O)SH exists in the gas phase at room temperature
as a mixture of three conformers. The most stable form has
a gauche and syn orientation of the chlorodifluoroacetyl
and the thiocarboxylic moiety, respectively. Quantum chem-
ical calculations reproduce the existence of two other con-
formations, characterized by the adoption of an anti orien-
tation of the C=0 and S-H bond and either a gauche or
syn orientation of the C—Cl and C=0 bonds. From calcu-
lated AG® values, and taking into account the different con-
former degenerations, contributions of around 24 and 5%
for the gauche-anti and syn-anti forms, respectively, could
be expected to be present at room temperature.

The crystal structures of carboxylic acids have been ex-
tensively discussed by Leiserowitz.P!l It is established that
in monocarboxylic acids the hydroxy group that does not
participate in an intramolecular bond adopts a syn confor-
mation [¢(O=C-O-H) = 0°] in the crystal. In particular, the
crystal structure of acetic acid is built from chains of syn
molecules which form the so-called “catemer” motif.>?! To-
gether with formic acid, acetic acid is the only case in which
a monocarboxylic acid does not crystallize as cyclic di-
mers.>3 The oxygen analogue of the title molecule,
CF,CIC(O)OH, also crystallizes forming cyclic dimers in
which each of the two molecules form dimers through O-
H-+O=C hydrogen bonds. Following this trend, crystals of
CF,CIC(O)SH are formed as cyclic dimers bonded by S—
H--O=C weak hydrogen-bond-type interactions.

Experimental Section

General Procedure: Volatile materials were manipulated in a glass
vacuum line equipped with two capacitance pressure gauges (221
AHS-1000 and 221 AHS-10, MKS Baratron, Burlington, MA),
three U traps and valves with PTFE stems (Young, London, UK).
The vacuum line was connected to an IR cell (optical path length
200 mm, Si windows, 0.5 mm thick) contained in the sample com-
partment of an FTIR instrument (Impact 400D, Nicolet, Madison,
WI). This allowed us to monitor the purification processes and to
follow the course of the reactions. The pure compound was stored
in flame-sealed glass ampoules under liquid nitrogen in a long-term
Dewar vessel. The ampoules were opened with an ampoule key on
the vacuum line, an appropriate amount of the compound was
taken out for the experiments and then the ampoules were flame-
sealed again.l>4

Molecular Weight: The molecular weight of the compound was cal-
culated from the vapour density, assuming ideal gas behaviour. The
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vapour density was determined using a thin-walled round-bot-
tomed flask with a 6 mm glass valve with a PTFE stopcock.

Vapour Pressure and Melting Point: The vapour pressure of the
sample was measured in a small vacuum line (volume ca. 15 mL)
equipped with a capacitance manometer (MKS Baratron, AHS-
100), a sample reservoir and a connecting tube to an IR gas cell.
The temperature of the sample reservoir was adjusted with a series
of ethanol cold baths and measured with a Pt-100 resistance ther-
mometer. When the temperatures were constant, the resulting vap-
our pressures were determined. Occasionally, the gas phase was
checked through its IR spectrum. No decomposition was detected
during the whole measurement. The melting point was determined
for a small, tensimetrically pure sample of the compound contained
in a 6 mm o.d. glass tube immersed in cold ethanol in a transparent
Dewar vessel; the temperature was measured with a small Pt-100
resistance sensor (Hereaus) attached to the sample tube.

Vibrational Spectroscopy: Gas-phase infrared spectra were recorded
at a resolution of 1 cm ! in the range 4000400 cm ' with a Bruker
IFS 66v FTIR instrument and the FT-Raman spectra of liquid
CF,CIC(O)SH with a Bruker RFS 100/S FT Raman spectrometer.
The sample in a 4 mm glass capillary was excited with 500 mW of
a 1064 nm Nd:YAG laser (ADLAS, DPY 301, Liibeck, Germany).

NMR Spectroscopy: For the '°F and '"H NMR measurements, neat
samples were flame-sealed in thin-walled 3 mm o.d. tubes and
placed in 5mm NMR tubes. The spectra were recorded with a
Bruker Avance DRX-300 spectrometer operating at 282.41 MHz.
The sample was measured at room temperature using a mixture of
CD;CN and CFCl; as an external lock and reference.

X-ray Diffraction at Low Temperature: An appropriate crystal of
CF,CIC(O)SH (ca. 0.3 mm diameter) was placed on the dif-
fractometer at a temperature of 169 K with a miniature zone melt-
ing procedure using focused infrared laser radiation.[>>-*% The dif-
fraction intensities were measured at low temperatures on a Sie-
mens SMART CCD area detector system. Intensities were collected
with graphite-monochromated Mo-K, radiation using the w-scan
technique. The crystallographic data, conditions and some features
of the structure are listed in Table S1 of the Supplementary Infor-
mation. The structure was solved by Patterson syntheses and re-
fined by full-matrix least-squares methods on F using the
SHELXTL-Plus program.’”! Absorption correction details are
given elsewhere. All atoms were assigned anisotropic thermal pa-
rameters. Atomic coordinates and equivalent isotropic displace-
ment coefficients are given in Table S2 and the anisotropic displace-
ment parameters for CF,CIC(O)SH are given in Table S3 (see elec-
tronic supporting information). Hydrogen coordinates and iso-
tropic displacements are given in Table S4.

Further details of the crystal structure investigation may be obtained
from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany [Fax: (+49)7247-808-666; E-mail:
crysdata@fiz-karlsruhe.de, http://www.fiz-karlsruhe.de/ecid/Internet/
en/DB/icsd/depot_anforderung.html] on quoting the deposition
number CSD-417530.

Theoretical Calculations: All quantum chemical calculations were
performed with the GAUSSIAN 03 program package.’®! MP2 and
B3LYP methods were employed with standard basis sets up to the
extended valence triple-& basis set augmented with diffuse and po-
larization functions for both hydrogen and non-hydrogen atoms [6-
311++G(3df,2p)]. This basis set has been shown to be near the
basis set saturation limit when used with the B3LYP functional.>!
Gradient techniques were used for the geometry optimizations and
vibrational calculations, while transition states were optimized by
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the synchronous transit-guided quasi-Newton (STQN)® method
and torsional barrier heights were calculated from the relative ener-
gies of the TSs and the stable structures, taking into account the
zero-point energies of the species. All the computed TS structures
show only one imaginary frequency, which corresponds to the tor-
sion involved in the conformational transition. For the normal co-
ordinate analysis, transformations of the ab initio Cartesian har-
monic force constants to the molecule-fixed internal coordinate
system were performed, as described by Hedberg and Mills and
implemented in the ASYM40 program.[®!] By using this procedure
the potential energy distribution (PED) associated with each nor-
mal vibrational mode under the harmonic assumption can be
evaluated. The internal and symmetry coordinates used to perform
the normal coordinate analysis are defined in Figure S1 and
Table S5, respectively, provided as Supporting Information.

Chemicals: Chlorodifluoroacetic anhydride (98 % Aldrich) was ob-
tained from commercial sources, purified by trap-to-trap reduced-
pressure distillation and stored in an ampoule with a Young valve
over P,Os (Fluka). Hydrogen sulfide (99.8 %, Linde, Germany) was
obtained from commercial sources and used without further purifi-
cation. CF,CIC(O)CI®? was obtained by the reaction between dry
chlorodifluoroacetic acid, CF,CIC(O)OH (98 %, Merck), and phos-
phorus pentachloride, PCls (99%, Riedel-de Haén), and was sub-
sequently purified several times by fractional condensation at re-
duced pressure.

Supporting Information (see also the footnote on the first page of
this article): X-ray crystallographic data and structure refinement
details, atomic coordinates and equivalent isotropic displacement
parameters, and anisotropic displacement parameters. Symmetry
and internal coordinate definition used in the normal coordinate
analysis.
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