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Introduction

One of the advantages of computational chemistry is the
ability to examine any molecule or class of molecules, even

before it is completely characterized or understood experi-
mentally. In cooperation with experiment, these computa-
tions can open new, previously unexplored areas of chemis-
try. In this regard, we were initially intrigued by the report
of Kato and co-workers[1] on the relative stabilities of
chalcogen-substituted carboxylic acid isomers. They noted
that many thiocarboxylic acids (Scheme 1) have been well
characterized and that several selenocarboxylic acids have
recently been synthesized and characterized by their
group.[2] Most important, however, in addition to observ-
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ing the first tellurocarboxylic acids, they also reported that
all of the chalcogen-substituted acids can be observed as their
less stable tautomers (Scheme 2) in polar solvent at low tem-
perature.[1,2]

We undertook this computational investigation to recon-
firm the experimental findings of Kato and co-workers,[1,2]
to provide new and additional computational data [3] on the
structures and energies of small molecules in this new class
of molecules that includes carbon-chalcogen multiple bond-
ing, and to provide a theoretical basis for understanding and

Computational procedure

We report results from both semiempirical and ab initio com-
putations. The semiempirical results have been obtained us-
ing the PM3 parameters for all atoms (H, C, O, S, Se, Te).[4]
Molecular geometries of the molecules HC(=O)XH (1a, 3a,
5a), HC(=X)OH (1b, 3b, 5b), CH3C(=O)XH (2a, 4a, 6a),
and CH3C(=X)OH (2b, 4b, 6b) (Scheme 4) were optimized
and heats of formation were determined using the program
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Scheme 4Chalcogenol and chalcogenon acid tautomers 1- 6

predicting the relative energies of chalcogen-substituted car-
boxylic acid tautomers. In addition, theoretical calculations
can determine the energetics of reactions, for example the
energy of dimerization (Scheme 3) of these carboxylic acid
analogues. These reaction energies may also provide insight
into the character of the chalcogenocarboxylic acids and the
experimental ease of interconversion of the tautomers. We
report, therefore, dimerization energies for the simple
chalcogenocarboxylic acids examined here.

Scheme 5Chalcogenol and
chalcogenon acetic acid
dimers 7 – 8
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MOPAC as implemented in the graphical interface CAChe
(Oxford Molecular, Ltd.) on a Windows 95-based desktop PC.
Structures and heats of formation of the symmetric cyclic
dimers 7a-8a {[CH 3C(=O)XH]2} and 7b-8b
{[CH 3C(=X)OH]2} (Scheme 5) were first determined by re-
peated optimization at interfragment separation distances
(H···O or H···X) of 1 - 10 Å, then by full optimization includ-
ing the interfragment distance. Ab initio results were obtained
from density functional theory calculations using the
GAUSSIAN98 suite of molecular electronic structure pro-
grams (Gaussian, Inc.)[5] on the Cray T-90 supercomputer at
the San Diego Supercomputer Center. The hybrid density
functional used was the three-parameter exchange functional
of Becke[6] with the correlation functional of Lee, Yang, and
Parr[7] (B3LYP), as implemented in GAUSSIAN98. Geom-
etry optimizations were performed by analytical gradient
methods[8] with the polarized split-valence 6-311+G** ba-
sis set.[9] All structures were characterized as minima and
vibrational zero-point energies (ZPE) were determined by
evaluation of the molecular Hessian (force constant) matrix
obtained by analytical second derivative methods.[10] Final
ab initio relative energies have been determined by addition

of unscaled B3LYP/6-311+G** ZPE differences to B3LYP/
6-311+G** relative energies.

Results and discussion

Semiempirical results

RC(=O)SH and RC(=S)OH The standard state enthalpies
of formation (∆Hf°) of the thiol acid 1a and thion acid 1b
(adopting the chalcogenol/chalcogenon terminology of
Kato[1,2] to differentiate the isomers) are shown in Table 1.
The known thiol acid 1a is calculated to be more than 85 kJ
mol-1 more stable than the thion isomer. This is in agreement
with the general understanding[11] that thiocarboxylic acids
under most conditions exist exclusively as the thiol tautomer.
Figure 1 shows the PM3 optimized geometries of 1a and 1b,
and the remaining geometrical parameters are given in Ta-
ble 2. The geometry is in good agreement with the known
structure of thioformic acid 1a.

The enthalpies of formation of thiol 2a (thioacetic acid)
and its thion tautomer 2b are shown in Table 1. Again, in
agreement with experiment, the thiol tautomer is more sta-
ble, in this case by more than 78 kJ mol-1 according to the
PM3 calculations. The optimized geometries of the thioacetic
acid tautomers are shown in Figure 2. The geometries are
unremarkable and the remaining geometrical parameters are
listed in Table 2.

RC(=O)SeH and RC(=Se)OH The first test of the PM3 level
of theory relative to the recent experimental data is in com-
paring selenol acid 3a with the presumed less stable selenon
acid 3b. The calculated enthalpies of formation are shown in
Table 1. In agreement with the observation that selenol acids

Table 1 PM3 enthalpies of formation (∆Hf°) and relative en-
ergies (∆∆Hf°) of HC(=O)XH, HC(=X)OH, CH3C(=O)XH,
and CH3C(=X)OH (kJ mol-1)

Isomer ∆∆∆∆∆Hf° Isomer ∆∆∆∆∆Hf° ∆∆∆∆∆∆∆∆∆∆Hf°

1a -139.8 1b -54.5 85.3
2a -162.0 2b -83.3 78.7
3a -117.9 3b -52.3 65.6
4a -164.3 4b -104.5 59.8

Figure 1 PM3 optimized geometries of HC(=O)SH 1a and HC(=S)OH 1b. B3LYP/6-311+G** optimized bond lengths are
given in parentheses
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are observed exclusively at room temperature,[1,2] the
enthalpy of formation of the selenol tautomer 3a is more than
65 kJ mol-1 less than the selenon 3b. The geometrical param-
eters are given in Table 2, and Figure 3 shows the PM3
optimized geometries of 3a and 3b.

The enthalpies of formation of the selenoacetic acids 4a
and 4b are given in Table 1, and the geometries are tabulated

in Table 2 and displayed in Figure 4. Consistent with the
theoretical predictions so far, the selenol tautomer 4a is more
stable at the PM3 level of theory by more than 59 kJ mol-1

than the selenon isomer 4b.
The difference in energy between the selenocarboxylic

acid tautomers (65 and 59 kJ mol-1) is somewhat less than for
the thiocarboxylic acids (85 and 78 kJ mol-1). This, too, is

Species r(C-H) θθθθθ (OCX) θθθθθ (CXH) θθθθθ (HC=O)
θθθθθ (COH) θθθθθ (HC=X)

r(C-C) θθθθθ (CC=O)
θθθθθ (CC=X)

1a 1.103 129.55 104.15 121.39
(1.105) (125.92) (95.00) (123.69)

1b 1.104 129.94 110.30 126.02
(1.089) (126.51) (108.45) (123.60)

2a 1.504 126.13 101.88 122.43
(1.513) (122.61) (94.56) (123.90)

2b 1.499 126.70 109.41 124.20
(1.502) (122.69) (107.89) (125.70)

3a 1.099 127.78 102.20 124.61
(1.105) (125.75) (93.27) (123.96)

3b 1.096 126.75 109.86 126.42
(1.089) (126.28) (108.52) (123.25)

4a 1.486 126.87 101.81 129.11
(1.513) (122.33) (92.90) (124.29)

4b 1.477 126.26 108.40 121.16
(1.499) (122.22) (108.11) (125.67)

Table 2 Selected PM3
optimized bond lengths (Å)
and bond angles (°) for
RC(=X)YH molecules. Se-
lected B3LYP/6-311+G**
optimized parameters are
given in parentheses

Figure 2 PM3 optimized geometries of HC(=O)SeH 2a and HC(=Se)OH 2b. B3LYP/6-311+G** optimized bond lengths
are given in parentheses
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qualitatively in accord with the experimental observa-
tions.[1,2] In particular, the fact that the tautomerization was
first (and more readily) observed for the selenocarboxylic
acids implies that the tautomers may lie slightly closer in
energy. Note, however, that even the smallest energy differ-
ence between isomers (4a vs 4b) corresponds to an equilib-
rium constant (4b ↔ 4a) of more than 109 at 298 K. Thus,
the PM3 predictions, although qualitatively in agreement with
experiment, clearly fail to produce chemically reasonable
relative energies.

RC(=O)TeH and RC(=Te)OH Using MOPAC as imple-
mented in CAChe, PM3 optimization of the tellurium-con-
taining carboxylic acid analogues failed to give reasonable
structures (for example, Te-H bonds shorter than the atomic
radius of Te). Whether this is the result of the MOPAC/CAChe
implementation, of the PM3 parameters, or because of some
other reason is not evident to us. Therefore, although we have
attempted to characterize the tellurol and telluron acid
tautomers 5a, 5b, 6a, and 6b, we have not obtained any mean-
ingful results and, therefore, do not present any results here.
These molecules (and the apparent difficulties of semiem-
pirical theoretical calculations involving Te) are part of our
continuing research into molecules with various chalcogen-
containing functional groups.

[CH 3C(=O)SH]2 and [CH3C(=S)OH]2 The enthalpy of
dimerization is related directly to the hydrogen bonding and
the acidity of a molecule. We have calculated the enthalpy of
formation of the symmetric, cyclic dimers derived from the
two tautomers of the thiocarboxylic acids at interfragment
separation distances (d) from 1-10 Å (Scheme 6). The geom-
etry was fully optimized at each successive fixed interfragment
distance. Dimerization energies were first approximated from
the well depth of the resulting graphs of ∆Hf° vs d. Begin-
ning then with this graphical estimate of the optimum
interfragment distance, the geometries of the dimers were
fully optimized.

The resulting enthalpies of dimerization are shown in Ta-
ble 3. The thion acid 2b forms a much stronger dimer (7b)
than the thiol acid 2a (dimer 7a). This suggests that 2b, al-
though thermodynamically less stable in the gas phase (and,
apparently also in the solid phase and in non-polar sol-
vents[1]), is stabilized significantly by hydrogen bonding in-
teractions. This self-association does not reverse the relative
energies of the isomers since 7b is still significantly less sta-
ble than 7a at the PM3 level of theory. However, solvation
could involve multiple solvent-solute hydrogen bonding in-
teractions and the experimentally observed reversal of the
tautomeric equilibrium in polar solvent is qualitatively sug-
gested by our calculations.

In structural terms, these calculations suggest that the O-
H bond of 2b is a better hydrogen bond donor (to C=S) than
the S-H bond of 2a (to C=O). Further, one can conclude that
2b is, therefore, also more acidic (that is, should more read-
ily donate the acidic proton completely to a base acceptor).
This conclusion is on first sight apparently not in agreement
with the known acidities of the simple chalcogen acids. Be-
cause of increasing atomic size, increasing atomic
polarizability, and decreasing bond strengths, H2S is more
acidic than H2O and organic thiols (RSH) are more acidic
than the analogous alcohols (ROH). That is, one would ex-
pect that the S-H bond of 2a should be more acidic and the
better hydrogen bond donor.

In contrast to the intrinsically more acidic S-H bond, thiol
acid 2a also has a strong C=O bond. When the S-H bond

Figure 3 PM3 optimized geometries of CH3C(=O)SH 3a and CH3C(=S)OH 3b. B3LYP/6-311+G** optimized bond lengths
are given in parentheses
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cleaves to form the conjugate base anion (CH3COS-), reso-
nance increases electron density at the weaker C=S bond while
depleting electron density from the stronger C=O bond. This
net transfer of π-bonding from oxygen to sulfur is unfavorable
and destabilizing and will lead to reduced acidity of the thiol
acid 2a. On the other hand, cleavage of the O-H bond in 2b,
although it is intrinsically less favored, forms the same con-
jugate base anion (CH3COS-). However, in forming the anion
from 2b, the C=S bond order is reduced and the C=O bond
order is increased. Since the C=O bond is stronger than the
C=S bond,[12,13] anion formation is more favorable for 2b.
The thion acid (2b) is consequently a better proton donor
than the thiol acid (2a), not on the basis of the intrinsic acid-
ity of the O-H or S-H bonds, but rather because of the differ-
ence in C=O vs C=S bond strengths.[12,13]

[CH 3C(=O)SeH]2 and [CH3C(=Se)OH]2 The same expla-
nations and conclusions apply in comparing selenol acid dimer
8a with selenon acid dimer 8b. The dimerization enthalpies
of these two species are shown in Table 3. In this case, the
selenon acid dimer 8b has a much stronger hydrogen bond
interaction (32 kJ mol-1) than the corresponding selenol acid
dimer (3.8 kJ mol-1). Furthermore, 8b is actually more stable
than 8a at the PM3 level. Not only is the intermolecular at-
traction stronger for 4b than for 4a, the thermodynamic pref-
erence after self-association is actually in favor of the selenon
acid 4b, the less stable selenocarboxylic acid monomer! This
calculation clearly supports the experimental data. Not only
can the selenon acid be experimentally observed more read-
ily than the thion acid, but also the selenon acid exists in a
higher proportion than the thion acid in equilibrium at the
same temperature.[1,2] That is, the stabilization of the selenon
acid is significantly greater than the corresponding thion acid.

The higher dimerization enthalpy for the selenon acid
compared to the selenol acid can be explained with reasons
analogous to those for the thion vs thiol acid dimers. That is,
the intrinsically less acidic O-H bond of 4b is cleaved prefer-
entially because of the resulting increase of C=O bond char-
acter and associated decrease in C=Se bond character in the
conjugate base. The fact that the C=Se bond is even weaker

than the C=S bond compared to the C=O bond leads to the
greater difference in dimerization energies from the
thiocarboxylic acids to the selenocarboxylic acids. We con-
clude that, in general for tautomers of the form RC(=X)YH
and RC(=Y)XH, the more acidic tautomer is the one with the
acid proton on the smaller, more electronegative atom, al-
though in many cases this may not be the more stable
tautomer. Note that this generalization includes and is true
for the case of many other functional groups, including or-
ganic keto-enol tautomers (X = O and Y = CH2) where the
ketone is typically the thermodynamically more stable iso-
mer but the acidity of a carbonyl-containing molecule is the
result of the enol tautomer.

Ab initio results

We have continued our theoretical investigations by using ab
initio density functional theory (DFT) methods to examine
both tautomers of molecules 1 – 4. These calculations, at a
much higher level of theory than the semiempirical PM3 cal-
culations already reported here, provide definitive predictions
of the structures and relative energies of the isomeric
chalcogenocarboxylic acids. Whereas the PM3 paramete-
rization may or may not give accurate descriptions of this
unusual class of molecules (see our comments above relative
to the tellurium-containing molecules, for example), the ab
initio DFT approach gives results that are more directly and
confidently comparable to experiment. Thus, we are able not
only to re-verify the experimental data with the ab initio cal-
culations but also to judge our own semiempirical results.

HC(=O)SH and HC(=S)OH The total and relative energies
of 1a and 1b are given in Table 4. Relative energies are ex-
pected to be well reproduced at the B3LYP/6-311+G** level
of theory. Thus, the thiol acid 1a is more stable, as expected,
than its thion tautomer 1b. The energy difference of only 18.8
kJ mol-1 is much more chemically reasonable (than the dif-
ference obtained by PM3 calculations, vide supra) since both
isomers have been observed. Optimization of the molecular
geometries at the B3LYP/6-311+G** level of theory is also
expected to give good agreement with experimental struc-
tural data. These optimized geometries are shown in Table 2
and in Figure 1. Although there are clearly differences be-
tween these values and those determined by PM3 (also in
Table 2), these differences are, for the most part, the differ-
ences expected by improving the level of theory in any case.
The only gross difference in geometry from PM3 to DFT in
this case is with the bond angle at sulfur (θ (C-S-H)), where
PM3 predicts 104.2°, hardly different from an exact tetrahe-
dral angle, whereas DFT predicts 95.0°, much closer to the
expectation based on structures of many organic thiols and
sulfides, for example.

HC(=O)SeH and HC(=Se)OH Likewise, the total and rela-
tive energies of molecules 3a and 3b are given in Table 4,
and the optimized geometries are shown in Table 2 and in
Figure 2. Again, the expected selenol acid tautomer 3a is

Table 3 PM3 enthalpies of dimerization
(∆∆Hf° = ∆Hf°(dimer) – 2*∆Hf°(monomer)) for
[CH3C(=O)XH]2 and [CH3C(=X)OH]2 molecules

Isomer ∆∆∆∆∆∆∆∆∆∆Hf° (kJ mol-1)

7a -2.2 [a]
7b -45.2
8a -3.8 [b]
8b -87.2

[a] Determined graphically (∆Hf°(dimer) vs d) since
full optimization gave 7b
[b] Determined graphically (∆Hf°(dimer) vs d) since
full optimization gave 8b
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more stable than selenon acid 3b, here by 25.3 kJ mol-1. The
larger energy difference between selenocarboxylic acid
tautomers and the corresponding thiocarboxylic acid
tautomers is a result of the larger difference in the strengths
of C=Se and C=O bonds compared to C=S and C=O bonds.
This reinforces the qualitative conclusion from the PM3 cal-
culations about the relationship between the relative acidi-
ties of tautomeric chalcogenocarboxylic acids and the rela-
tive C=X (vs C=O) bond strengths. There are also no sur-

prises with respect to the optimized geometries of these iso-
mers. As with the sulfur-containing species 1a and 1b, the
only gross discrepancy from the PM3 results to the DFT re-
sults in Table 2 is the unrealistic bond angle at selenium (θ
(C-Se-H)), where the DFT result of 93.3° is in close agree-
ment with the value expected based on organic selenols and
selenides.

CH3C(=O)SH and CH3C(=S)OH Extending our ab initio
calculations to the stable, well studied thioacetic acid 2a and
its thion tautomer 2b, the total, relative, and zero-point ener-
gies are presented in Table 4. As expected, the thiol tautomer
2a, known to be the correct molecular structure for this mol-
ecule[14] is more stable than its thion tautomer 2b. The en-
ergy difference of 24.3 kJ mol-1 is only slightly more than the
18.8 kJ mol-1 difference in thioformic acid tautomers 1a and
1b. The DFT optimized molecular parameters are shown as
part of Figure 3 and are also tabulated in Table 2. As with the
tautomers 1a and 1b, the changes in geometry from the semi-
empirical to the DFT levels of theory are not dramatic. The
exception again is the H-S-C angle, for which the DFT cal-
culation provides a more accurate prediction of 94.6°, whereas
the PM3 prediction of 101.9° is obviously incorrect.

CH3C(=O)SeH and CH3C(=Se)OH Finally, the absolute,
relative, and zero-point energies of molecules 4a and 4b are
listed in Table 4. These tautomers complete the ab initio in-
vestigation of the chalcogen-substituted carboxylic acid
tautomers. These molecules, too, complete a consistent pic-
ture of the chalcogenocarboxylic acids, for which the
chalcogenol tautomer is more stable. Here, selenol 4a is more
stable by 31.8 kJ mol-1 that selenon tautomer 4b. The
optimized molecular parameters of these molecules are in-
cluded in Figure 4 and Table 2. As before, the geometries are
unremarkable except to note that the bond angle at Se is in-
correctly predicted by PM3 (101.8°), but more accurately
described (92.9°) by the DFT calculations.

Table 4 Total, zero-point, and relative (in parentheses) en-
ergies of RC(=O)XH and RC(=X)OH molecules [a]

Species B3LYP/6-311+G**[b] ZPE[b]

1a -512.7794437 72.97
(0.00) (0.00)

1b -512.7760706 82.93
(8.86) (18.82)

2a -552.1159916 145.94
(0.00) (0.00)

2b -552.1103709 155.48
(14.76) (24.30)

3a -2516.1083174 68.16
(0.00) (0.00)

3b -2516.1035639 81.00
(12.48) (25.32)

4a -2555.4451697 141.21
(0.00) (0.00)

4b -2555.4377221 153.47
(19.55) (31.81)

[a] Total energies in a.u.; relative and zero-point
energies in kJ mol-1

[b] //B3LYP/6-311+G**

Figure 4 PM3 optimized geometries of CH3C(=O)SeH 4a and CH3C(=Se)OH 4b. B3LYP/6-311+G** optimized bond lengths
are given in parentheses
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The results of our research suggest that the PM3 level of
theory is capable at best of only qualitatively reproducing
most of the important structural features of the chalcogen-
substituted carboxylic acids. Not unexpectedly, the energies
predicted by PM3 grossly overestimate the differences be-
tween isomers. We have not addressed whether the relative
enthalpies of dimerizations and relative energies of the dimers
themselves are well estimated at the PM3 level of theory.
The ab initio calculation of the structures and energies of
dimers (7 and 8, for example) and of larger molecules, the
determination of the structures and energies of tellurocar-
boxylic acid tautomers, and other points remain a part of our
continuing investigations.

Conclusions

We have investigated the structures and energies of a series
of chalcogen-substituted carboxylic acids. This new class of
molecules demonstrates rather unusual carbon-to-chalcogen
multiple bonding. In addition, a tautomeric form of the mol-
ecules has been observed experimentally and the equilibrium
between tautomers demonstrated for these chalcogen-substi-
tuted carboxylic acids.[1,2] Our computational investigations
have included optimizing the molecular geometries for sulfur-
and selenium-containing isomers 1a, 1b, 2a, 2b, 3a, 3b, 4a,
and 4b at the semiempirical PM3 and the B3LYP/6-311+G**
density functional levels of theory. Our results confirm the
observed relative stabilities of the chalcogenocarboxylic acid
tautomers. The PM3 results clearly overestimate the isomeric
energy differences. The geometries of the acid tautomers are
qualitatively similar at both levels of theory, with the excep-
tion of the bond angles at the chalcogen (θ (C-X-H)) that are
incorrectly predicted by PM3 in every case. Further, we have
demonstrated that the less stable tautomer has the larger
dimerization energy in every case examined. This is consist-
ent with the experimental observation of the less stable iso-
mer in polar solvents at low temperatures. This trend is ex-
plained in terms of enhanced C=O bonding in the hydrogen-
bonded thion (selenon) acids, despite the intrinsically less
acidic O-H bond of these isomers. In fact, it is generally the
case that, between tautomers RC(=X)YH and RC(=Y)XH,
the more stable isomer will be the one with smaller, more
electronegative atom multiply bonded to carbon, but the other
(less stable) tautomer will be the more acidic (that is, the
better hydrogen bond donor). Density-functional theory with
a good basis set appears capable of excellent descriptions of
both the geometries and relative energies of chalcogen-sub-
stituted carboxylic acid isomers. Many more calculations are
ongoing toward better understanding and characterization of
this new class of molecules and its chemistry.
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