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Abstract Semiempiical and ab initio theoretical methods have been used to investigate molecular
structures of the chalcogen-substituted carboxylic acid isomers RC(=0O)XH (chalcogenol acid) and
RC(=X)OH (chalcogenon acid). A recent experimental report suggests that the chalcogenon isomers,
although less stable at room temperature, predominate at low temperature in polar solvents and that
there is only a small barrier to isomerization between the isomers. Theoretical calculations have been
used to locate minimum energy structures of chalcogen-substituted carboxylic acid isomers and to
calculate energy differences between pairs of isomers. Carboxylic acids are well known to dimerize,
especially in the gas phase and in non-polarestdv We havetherefore, also calculated energies of
dimerization of the chalcogen-substituted acids by optimizing the geometries of the symmetric dimers.
We note that the PM3 level of theory is only qualitatively correct for sulfur- and selenium-containing
species but fails even qualitatively for the tellurium-containing compoukdsnitio results confirm

the experimental observations and provide good estimates of both isomerization and dimerization ener-
gies. Weconclude that for many functional groups with tautomers 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.

Keywords Ab initio, Semiempirical, Density functional theory, Chalcogens, Carboxylic acid

before it is completely characterized or understood experi-
mentally. In cooperation with experiment, these computa-
, i , tions can open new, previously unexplored areas of chemis-
One of the advantages of computational chemistry is thgry |n this regard, we were initially intrigued by the report
ability to examine any molecule or class of molecules, everyi 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
Correspondence td. A. Clabo characterized and that several selenocarboxylic acids have

Dedicated to Professor Paul von Ragué Schleyer on the odecently been synthesized and characterized by their
casion of his 70birthday group.[2] Most important, however, in addition to observ-
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0] 0] 0 predicting the relative energies of chalcogen-substituted car-
boxylic acid tautomers. In addition, theoretical calculations
can determine the energetics of reactions, for example the
SH SeH TeH  energy of dimerization (Scheme 3) of these carboxylic acid
. i inalogues. Theseaction energies may also provide insight
iﬁggn;grégfﬁilgofggg acid tautomers of chalcogen-subs hto the character of the chalcogenocarboxylic acids and the
y experimental ease of interconversion of the tautomers. We
report, therefore, dimerization energies for the simple
chalcogenocarboxylic acids examined here.
S Se Te
R)J\OH R)J\OH R)J\OH 0 0 0
Scheme 2Chalcogenon acid tautomers of chalcogen-sub-
stituted carboxylic acids SH

1a, R=H 3a, R=H 5a, R=H
0 O--H—X 2a, R=CH; 4a, R=CH, 6a, R=CH;
: SN
XH X—H--O
S Se Te
X e -H—0 R)J\OH R)J\OH R)J\OH
2 E—— R / />_ R 1b' R=H 3b' R=H 5b’ R=H
OH O—H---X 2D, RZCH3 4b, R:C|‘b 6b, R:Cl—l3

Scheme 3Dimerization of chalcogenocarboxylic acids  Scheme 4Chalcogenol and chalcogenon acid tautonier

ing the first tellurocarboxylic acids, they also reported th .
all of the chalcogen-substituted acids can be observed as t?}g#putatlonal procedure

less stable tautomers (Scheme 2) in polar solvent at low tem- i . .
perature.[1,2] We report results from both semiempirical atinitiocom-

We undertook this computational investigation to recoﬁutetions. Thesemiempirical results have been obtained us-
firm the experimental findings of Kato and co-workers,[1,29 the PM3 parameters for all atoms (H, C, O, S, Se, Te).[4]
to provide new and additional computational data [3] on tiéolecular geometries of the molecules HC(=0)Xl4, (3a,
structures and energies of small molecules in this new clagy HC(=X)OH (1b, 3b, 5b), CH,C(=0)XH (23, 43, 64),
of molecules that includes carbon-chalcogen multiple borfifld CHC(=X)OH (2b, 4b, 6b) (Scheme 4) were optimized
ing, and to provide a theoretical basis for understanding &t heats of formation were determined using the program

Scheme 5Chalcogenol and O- -H—S S---H—O
chalcogenon acetic acid / /
dimers7 —8 H3C / CH; HiC /, CHs
S—H--0 O—H---S
7a 7b
O- -H—Se Se---H—Q
H3C / / CH3 H3C / />;CH3
Se—H--0 O—H---Se
8a 8b
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Table 1 PM3 enthalpies of formatio\d;°) and relative en- of unscaled B3LYP/6-311+G** ZPE differences to B3LYP/
ergies AAH;°) of HC(=0)XH, HC(=X)OH, CHC(=0)XH, 6-311+G** relative energies.
and CHC(=X)OH (kJ mol)

Isomer AH° Isomer AH AAH,° Results and discussion

la -139.8 1b -54.5 85.3 . -

2a 162.0 2b 83.3 78.7 Semiempirical results

3a -1179 3b -52.3 65.6

4a 164.3 4b 104.5 59.8 RC(=0)SH and RC(=S)OH The standard state enthalpies

of formation AH,°) of the thiol acidla and thion acidlb
(adopting the chalcogenol/chalcogenon terminology of
Kato[1,2] to differentiate the isomers) are shown in Table 1.
MOPAC as implemented in the graphical interface CACHée known thiol acidla is calculated to be more than 85 kJ
(Oxford Molecular, Ltd.pn a Windows 95-based desktop PGnol! more stable than the thion isomer. This is in agreement
Structures and heats of formation of the symmetric cycligth the general understanding[11] that thiocarboxylic acids
dmers 7a-8a {[CH,C(=0O)XH],} ad 7b-8b under most conditions exist exclusively as the thiol tautomer.
{[CH ,C(=X)OH],} (Scheme 5) were first determined by reFigure 1 shows the PM3 optimized geometriesaénd1b,
peated optimization at interfragment separation distaneasl the remaining geometrical parameters are given in Ta-
(H---O or H---X) of 1 - 10 A, then by full optimization includsle 2. The gometry is in good agreement with the known
ing the interfragment distancib initio results were obtained structure of thioformic acida

from density functional theory calculations using the The enthalpies of formation of thi@a (thioacetic acid)
GAUSSIAN9S suite of molecular electronic structure pr@nd its thion tautomeRb are shown in Table 1. Again, in
grams (Gaussian, Inc.)[5] on the Cray T-90 supercomputergteement with experiment, the thiol tautomer is more sta-
the San Diego Supercomputer Center. The hybrid dengitg, in this case by more than 78 kJ thatcording to the
functional used was the three-parameter exchange functidtdi3 calculations. The optimized geometries of the thioacetic
of Becke[6] with the correlation functional of Lee, Yang, anacid tautomers are shown in Figure 2. The geometries are
Parr[7] (B3LYP), as implemented in GAUSSIAN98. Geonunremarkable and the remaining geometrical parameters are
etry optimizations were performed by analytical gradielisted in Table 2.

methods[8] with the polarized split-valence 6-311+G** ba-

sis set.[9]All structures were characterized as minima arRRiC(=0)SeH and RC(=Se)OHrhe first test of the PM3 level
vibrational zero-point energies (ZPE) were determined bf/theory relative to the recent experimental data is in com-
evaluation of the molecular Hessian (force constant) matpiaring selenol aci@a with the presumed less stable selenon
obtained by analytical second derivative methods.[10] Firedid 3b. The calculated enthalpies of formation are shown in
ab initio relative energies have been determined by additibable 1. In agreement with the observation that selenol acids

1203 (1.198) 1,503 (1.627)

1.782 (1.791)
1336 (1.332)

1308 (1,345
0,955 (0.972)

Figure 1 PM3 optimized geometries of HC(=0)3Hd and HC(=S)OH1b. B3LYP/6-311+G** optimized bond lengths are
given in parentheses
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Table 2 Selected PM3

optimized bond lengths (A) Species  1(C-H) 8(0Cx) gégéﬂ)) ggngi%)
and bond angles (°) for 1(C-C) 8 (CC=0)
RC(=X)YH molecules. Se- 8 (CC=X)
lected B3LYP/6-311+G**
optimized parameters are 15 1.103 129.55 104.15 121.39
given in parentheses (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)

are observed exclusively at room temperature,[1,2] timeTable 2 and displayed in Figure 4. Consistent with the

enthalpy of formation of the selenol tautorBalis more than theoretical predictions so far, the selenol tautofags more

65 kJ mot! less than the selen@h. The geometrical param-stable at the PM3 level of theory by more than 59 kJ'mol

eters are given in Table 2, and Figure 3 shows the P#an the selenon isoméb.

The difference in energy between the selenocarboxylic
The enthalpies of formation of the selenoacetic adals acid tautomers (65 and 59 kJ Mipis somewhat less than for

and4b are given in Table 1, and the geometries are tabulatkd thiocarboxylic acids (85 and 78 kJ MolThis, too, is

optimized geometries @&a and3b.

1.190 ¢1.194)

1937 (1.953)

1465 (1.472)

1.742 (1.773)

131401328 7

0.957 (0.973)

Figure 2 PM3 optimized geometries of HC(=0)S&d and HC(=Se)OH2hb. B3LYP/6-311+G** optimized bond lengths

are given in parentheses
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qualitatively in accord with the experimental observa- d

tions.[1,2] In particular, the fact that the tautomerization was O------- H—S

first (and more readily) observed for the selenocarboxylic H3C‘</ >7CH3
acids implies that the tautomers may lie slightly closer in /)

energy. Note, however, that even the smallest energy differ- S—H------- ©)

ence between isomerda(vs 4b) corresponds to an equilib-
rium constant4b ~ 4a) of more than 1Dat 298 K. Thus, Scheme 6Thiol acetic acid dimer showing interfragment dis-
the PM3 predictions, although qualitatively in agreement withnce d
experiment, clearly fail to produce chemically reasonable
relative energies.
The resulting enthalpies of dimerization are shown in Ta-

RC(=0)TeH and RC(=Te)OH Using MOPAC as imple- ble 3. The thion aci®b forms a much stronger dimerh)
mented in CAChe, PM3 optimization of the tellurium-corthan the thiol acid?a (dimer 7a). This suggests th&b, al-
taining carboxylic acid analogues failed to give reasonalf®ugh thermodynamically less stable in the gas phase (and,
structures (for example, Te-H bonds shorter than the atompparently also in the solid phase and in non-polar sol-
radius of B). Whether this is the result of the MOPAC/CACheents[1]), is stabilized significantly by hydrogen bonding in-
implementation, of the PM3 parameters, or because of saeractions. This self-association does not reverse the relative
other reason is not evident to us. Therefore, although we hemergies of the isomers singb is still significantly less sta-
attempted to characterize the tellurol and telluron adte than7a at the PM3 level of theory. However, solvation
tautomer$a, 5b, 6a, andéb, we have not obtained any meaneould involve multiple solvent-solute hydrogen bonding in-
ingful results and, therefore, do not present any results héeeactions and the experimentally observed reversal of the
These molecules (and the apparent difficulties of semietautomeric equilibrium in polar solvent is qualitatively sug-
pirical theoretical calculations iolving Te) are part of our gested by our calculations.
continuing research into molecules with various chalcogen-In structural terms, these calculations suggest that the O-
containing functional groups. H bond of2b is a better hydrogen bond donor (to C=S) than

the S-H bond ofa (to C=0). Further, one can conclude that
[CH,C(=0)SH], and [CH,C(=S)OH], The enthalpy of 2bis, therefore, also more acidic (that is, should more read-
dimerization is related directly to the hydrogen bonding aiig donate the acidic proton completely to a base acceptor).
the acidity of a molecule. We have calculated the enthalpyTdfis conclusion is on first sight apparently not in agreement
formation of the symmetric, cyclic dimers derived from theith the known acidities of the simple chalcogen acids. Be-
two tautomers of the thiocarboxylic acids at interfragmeoause of increasing atomic size, increasing atomic
separation distances (d) from 1-10 A (Scheme 6). The gegmlarizability, and decreasing bond strengthsS i more
etry was fully optimized at each successive fixed interfragmeidic than HO and organic thiols (RSH) are more acidic
distance. Dimerization energies were first approximated frahan the analogous alcoholsdR). That is,one would ex-
the well depth of the resulting grlas of AH,® vs d. Begin- pect that the S-H bond &a should be more acidic and the
ning then with this graphical estimate of the optimuilmetter hydrogen bond donor.
interfragment distance, the geometries of the dimers wereln contrast to the intrinsically more acidic S-H bond, thiol
fully optimized. acid 2a also has a strong C=0 bond. When the S-H bond

1215 (1 201) 1613 (1.643)

1309 (1.215) 1351 (1.340

1.309 (1.349 0952 (0971

Figure 3 PM3 optimized geometries of QE{=0)SH3a and CHC(=S)OH3b. B3LYP/6-311+G** optimized bond lengths
are given in parentheses
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Table 3 PM3 enthalpies of dimerization than the C=S bond compared to the C=0 bond leads to the
(AAH° = AH,°(dimer) — 2*AH,°(monomer)) for greater difference in dimerization energies from the
[CH,C(=0)XH], and [CH,C(=X)OH], molecules thiocarboxylic acids to the selenocarboxylic acids. We con-
clude that, in general for tautomers of the form RC(=X)YH
Isomer AAH ® (kJ mol) and RC(=Y)XH, the more acidic tautomer is the one with the
f acid proton on the smaller, more electronegative atom, al-
7a 2.2 [4] though in many cases this may not be the more stable
7b -45.2 tautomer. Note that this generalization includes and is true
Sa -3.8 [b] for the case of many other functional groups, including or-
8b -87.2 ganic keto-enol tautomers (X = O and Y = Skihere the

ketone is typically the thermodynamically more stable iso-
) , , . mer but the acidity of a carbonyl-containing molecule is the
[a] Determined graphically 4H;°(dimer) vs d) since result of the enol tautomer.

full optimization gaverb

[b] Determined graphically 4H;°(dimer) vs d) since
full optimization gave8b

Ab initio results

] ) We have continued our theoretical investigations by using
cleaves to form the conjugate base anion UBF), reso- injtio density functional theory (DFT) methods to examine
nance increases electron density at the weaker C=S bond Wi, tautomers of molecules— 4. These calculations, at a
depleting electron density from the stronger C=0 bond. Thigich higher level of theory than the semiempirical PM3 cal-
net transfer oftbonding from oxygen to sulfur is unfavorableyy|ations already reported here, provide definitive predictions
and destabilizing and will lead to reduced acidity of the thig the structures and relative energies of the isomeric
acid2a On the other hand, cleavage of the O-H bonbin chalcogenocarbglic acids. Whereas the PM3 panete-
although it is intrinsically less favored, forms the same cofization may or may not give accurate descriptions of this
jugate base anion (GBOS). However, in forming the anion ynysyal class of molecules (see our comments above relative
from 2b, the C=S bond order is reduced and the C=0 bogflthe tellurium-containing molecules, for example), ée
order is increased. Since the C=0 bond is stronger thaniHigo DFT approach gives results that are more directly and
C=S bond,[12,13] anion formation is more favorableor - confidently comparable to experiment. Thus, we are able not
The thion acid Zb) is consequently a better proton donggn|y to re-verify the experimental data with tie initio cal-
than the thiol acidZa), not on the basis of the intrinsic acideyjations but also to judge our own semiempirical results.
ity of the O-H or S-H bonds, but rather because of the differ-
ence in C=Ovs C=S bond strengths.[12,13] HC(=0)SH and HC(=S)OH The total and relative energies

of laand1b are given in Table 4. Relative energies are ex-
[CHC(=0)SeH}, and [CH,C(=Se)OH], The same expla- pected to be well reproduced at the B3LYP/6-311+G** level
nations and conclusions apply in comparing selenol acid dlreeltheory_ Thus, the thiol acitia is more stable, as expected,
8a with selenon acid dimesb. The dimerization enthalpiesthan its thion tautomeib. The energy difference of only 18.8
of these two species are shown in Table 3. In this case, th&noft is much more chemically reasonable (than the dif-
selenon acid dime8b has a much stronger hydrogen bongrence obtained by PM3 calculationile supra since both
interaction (32 kJ md) than the corresponding selenol acigsomers have been observed. Optimization of the molecular
dimer (3.8 kJ mot). Furthermore8b is actqally more stable geometries at the B3LYP/6-311+G** level of theory is also
than'8a at the PM3 level. Not only is the mtermolepular akxpected to give good agreement with experimental struc-
traction stronger fob than for4a, the thermodynamic pref-ra| data. Tiese optimized geometries are shown in Table 2
erence after self-association is actually in favor of the selengfy in Figure 1. Although there are clearly differences be-
aCid4b, the less stable Se|enocal’boxy|ic acid monomer! Tmeen these values and those determined by PM3 (a'so in
calculation clearly supports the experimental data. Not oifyple 2), these differences are, for the most part, the differ-
can the selenon acid be experimentally observed more resgkes expected by improving the level of theory in any case.
ily than the thion acid, but also the selenon acid exists ifrge only gross difference in geometry from PM3 to DFT in
higher proportion than the thion acid in equilibrium at th@is case is with the bond angle at suli(C-S-H)), where
same temperature.[1,2] Thattise stabilization of the selenonpy3 predicts 104.2°, hardly different from an exact tetrahe-
acid is significantly greater than the corresponding thion acGifla| angle, whereas DFT predicts 95.0°, much closer to the

The higher dimerization enthalpy for the selenon acigpectation based on structures of many organic thiols and
compared to the selenol acid can be explained with reasgiifdes, for example.

analogous to those for the thieathiol acid dimers. That is,

the intrinsically less acidic O-H bond 4kb is cleaved prefer- jc(=0)SeH and HC(=Se)OHLikewise, the total and rela-
entially because of the resulting increase of C=0 bond ch@je energies of molecule3a and 3b are given in Table 4,
acter and associated decrease in C=Se bond character igdgethe optimized geometries are shown in Table 2 and in
conjugate base. The fact that the C=Se bond is even wegkgiire 2. Again, the expected selenol acid tautoBeis
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Table 4 Total, zero-point, and relative (in parentheses) emprises with respect to the optimized geometries of these iso-

ergies of RC(=0O)XH and RC(=X)OH molecules [a] mers. As with the sulfur-containing speciga and 1b, the
only gross discrepancy from the PM3 results to the DFT re-
: ] x sults in Table 2 ishe unrealistic bond angle at seleniudn (
Species  B3LYP/6-311+G™[b] ZPE[b] (C-Se-H)), where the DFT result of 93.3° is in close agree-
1a -512.7794437 72.97 ment with the value expected based on organic selenols and
(0.00) (0.00) selenides.
1b -512.7760706 82.93 . .
(8.86) (18.82) CH,C(=0O)SH and CH,C(=S)OH Extending ourab initio
2a -552.1159916 145.94 calculations to the stable, well studied thioacetic deieind
(0.00) (0.00) its thion tautomeRb, the total, relative, and zero-point ener-
2b -552.1103709 155.48 gies are presented in Table 4. As expected, the thiol tautomer
(14.76) (24.30) 2a, known to be the correct molecular structure for this mol-
3a -2516.1083174 68.16 ecule[14] is more stable than its thion tautor®er The en-
(0.00) (0.00) ergy difference of 24.3 kJ mbls only slightly more than the
3b -2516.1035639 81.00 18.8 kJ motl difference in thioformic acid tautomets and
(12.48) (25.32) 1b. The DFT optimized molecular parameters are shown as
4a -2555.4451697 141.21 part of Figure 3 and are also tabulated in Table 2. As with the
(0.00) (0.00) tautomerdlaandlb, the changes in geometry from the semi-
4b -2555.4377221 153.47 empirical to the DFT levels of theory are not dramatic. The
(19.55) (31.81) 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.

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

energies in kJ mal " CH,C(=0)SeH and CH,C(=Se)OH Finally, the absolute,

[b] //B3LYP/6-311+G relative, and zero-point energies of molecwlesand4b are
listed in Table 4. These tautomers completeateénitio in-
vestigation of the chalcogen-substituted carboxylic acid

more stable than selenon a8, here by 25.3 kJ mél The tautomers. These molecules, too, complete a consistent pic-

larger energy difference between selenocarboxylic adltre of the chalcogenocarboxylic acids, for which the
tautomers and the corresponding thiocarboxylic act¢halcogenol tautomer is more stable. Here, selmisimore
tautomers is a result of the larger difference in the strengsitgble by 31.8 kJ mdlthat selenon tautomesb. The

of C=Se and C=0 bonds compared to C=S and C=0 bor@fgimized molecular parameters of these molecules are in-

This reinforces the qualitative conclusion from the PM3 calluded in Figure 4 and Table 2. As before, the geometries are

culations about the relationship between the relative acidirremarkable except to note that the bond angle at Se is in-

ties of tautomeric chalcogenocarboxylic acids and the ret@rectly predicted by PM3 (101.8°), but more accurately
tive C=X (vs C=0) bond s&ngths. There aralso no sur- described (92.9°) by the DFT calculations.

1.1951.196) 1759 (1.795)

1.94% (1 580 1326 (1.334) { L]}

1.471 (14710 0.955 (0.972)

Figure 4 PM3 optimized geometries of E{=0)SeH4aand CHC(=Se)OH4b. B3LYP/6-311+G** optimized bond lengths
are given in parentheses
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The results of our resedr suggest that the PMavel of
theay is capable at best of only quatitely reproducing

J. Mol. Model.2000,6

Reseath Fellowships. D.A.C. eknowledges supportrém
the Francis Mdon University Faculty Bvelopment Com-

most of the important structural features of the chalcogenittee.

substituted cardixylic acids. Not uexpectedy, the enggies
predictedby PM3 grossly werestimate the dierences be-
tween isomes. We have not adressed whether the relat
enthalpies of dindzations andelaive enegies of the dimes
themselves are well estated at the PM3 ével of theay.
The ab initio calculation of the structures and energies
dimers (7 ard 8, for example) and of tger molecules, the
detemination of the stuctures and ermgies of telluroca

boxylic acid tautomers, and other points remain a part of qur

continuing nvestigations.

Conclusions

We have investigated the structures and egies of a series

Supplementary materid Archive entries fom Gaussian98
optimization andrequency calculations on molecsie, 1b,
2a, 2b, 3a, 3b, 4a, ard 4b areavailable.
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