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Tautomeric Rearrangements in Mono- and Dichalcogenide Analogs of Formic Acid,
HC(X)YH (X, Y =0, S, Se, Te): A Theoretical Study

Eluvathingal D. Jemmis,*' Kalathingal T. Giju, ' and Jerzy Leszczynski*

School of Chemistry, Upnérsity of Hyderabad, Hyderabad 500 046, India, and Department of Chemistry,
Jackson State Unersity, Jackson, Mississippi 39217

Receied: March 5, 1997; In Final Form: July 16, 1997

Theoretical calculations are reported at the Hartféeck (HF), MP2, and Becke3LYP (B3LYP) levels on a
complete series of 16 chalcogenic derivatives of formic acid HC(X)YH (X%=YO, S, Se, Te) using all-
electron basis sets. The periodic variations observed on substituting the chalcogens are discussed. The
transition structures for the tautomeric rearrangement of these formic acid derivatives are also characterized.
The variations in relative energies corrected for zero-point vibrations show that the barrier for tautomerism

is reduced as the electronegativity of chalcogens is decreased. The trends of natural charges on atoms of
chalcogenides are described. At the correlated level of calculations both MP2 and B3LYP methods give
comparable results. The solvent effects on tautomeric equilibrium are assessed by performing self-consistent
reaction field (SCRF) calculations at the HF level. A comparative study is provided for two solvation
models: the electrostatic solvation model based on Onsager’s reaction field theory and the self-consistent
isodensity polarized continuum model (SCI-PCM). The latter is shown to be a better model for solvation.
The solvents with dielectric constants 2.0, 7.6, and 35.9 are shown to be less effective on the thermodynamic
stabilities of these reactions. The dipole moments show significant variations between solvents of lower
dielectric medium, while the variations are insignificant between solvents of higher dielectric media. A
comparison of thermodynamic preferences for keto and enol forms in monochalcogeno acetc acids with the
solvent model SCI-PCM at the HF and B3LYP levels is also provided. Chemical shifts calculated using the

GIAO method (at the B3LYP/6-31G(2D,P)//B3LYP/6-31G(D) level) correlate well with the experimental
results. However we conclude from these results thatthion form of CHC(S)OH is less predominant

Introduction Earlier theoretical and experimental studies on thioformic

The chalcogenide derivatives of carboxylic acids and their acids had shown that thiol formic aci@)(is more stable than
applications are an active area of current reselrgéh. These thiono formic acid 8).%1° On the other hand thiol acetic acid
derivatives have been helpful in understanding the catalytic was proved to be less stable than thiono acetic acid polar
activities in biological systems in addition to their general solutiort®even though theoretical studies at the HF/4-31G level
synthetic application® The structures of carboxylic acids and  had shown otherwis¥. But the relative stabilities of monose-
thiocarbOXyliC acids have been Subjected to detailed investiga'|en0 and monotelluro formic acids are not known. Recenﬂy
tion both experimentally and theoreticafly:* On the other ka0 and co-workers reported extensive experimental studies
hang |nves'[t;gat|?ns oné:arbo?(yllc acids vv||th Qeavller phalcogt]ens on monochalcogeno carboxylic acids in which S, Se, and Te
in the carboxylic acid moiety are only developing. The '\ qqe gupstituted for one of the two oxygen atoms of the
properties of dithiocompounds;S—C(=S)—, that make them . - s
: . carboxylic acid’® They had concluded that the enol form RC-
ideal Raman resonance probesre now well-known. Similar . .

O(E)OH (R= alkyl or aryl; E=S, Se, Te) is predominantly

studies on diseleno and ditelluro compounds have not reache ) )
a comparable level of sophistication. TRE=X)Y —, (X, Y present in polar solvents at lower temperatures, while the keto

= 0, S, Se, Te) fragments have been found useful as chelatdorm RC(O)EH is preferred in nonpolar solvents. No theoretical
ligands in various organometallic compouridghe nature of study on these chalcogenide derivatives is available in the
chelation in these compounds depends on the strength of thditerature. In this paper we will consider the theoretical
electronic interaction enforced by interacting chalcogen with treatment of formic acid and its chalcogenic derivatives at
the coordinating metallic center. It is known that the strength various levels of theory. We study a number of mono- and
of the C-X bonds decreases in the order>0S > Se > Te. dichalcogenic formic acid derivatives by replacing one or two
This order of strength followed the-€X'and C=X bond lengths  oxygens of the carboxylic acid moiety with S, Se, and Te. Such
and the orbital electronegativities of the carbon and the gn jnvestigation would give a reasonable understanding of the
chalcogens:** Since steric bulk of the heavier chalcogens Se periodic variations in these systems, which are helpful to the
and Te is Iqrge, itwas considered that molecules havrn§€ experimentalists. In view of the potential importance in the
and G-Te single and double bands are very unstabi@espite application of 1,3-H shift in reaction mechanisms, we also

their proximity to sulfur in various properties, it is not possible . o
P Y brop P analyze the unimolecular tautomerization of these molecules.

to anticipate the chemistry of the heavier analogs due to theirS levels of th loved to d e th
greater steric bulk and more polarizability relative to sulfur, “>€Veral I€veiso theory are employed to determine the structure

especially when they coexist in the same molecule. Simple of transition states and the barrier heights for the 1,3-H shifts.

derivatives of HC(X)YH are primary targets of such studies. These include HF, MP2, and density functional methods. We
— have also tried to investigate the general effect of the solvent
T University of Hyderabad.

* Jackson State University. on .the'tautomenc rearrangement among different formic acid
€ Abstract published ilAdvance ACS Abstract§eptember 1, 1997. derivatives by performing SCRF calculations.
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Theoretical Methods SCHEME 1

All calculations were performed using the Gaussian 92/BFT w 0o776 0556
and Gaussian 94 suite of programs. The ab initio level of oss2h 088 0.856(‘:5 1
calculations were performed at HF and MP2 (frozen é8re) W \0/" Da So
levels of theory. The hybrid density functional calculations were ~ 00%, 0754 Ts 1'°-776
performed using the B3LYP function#l72> Geometries for
all structures were fully optimized witBs symmetry constraints -0.620 0.726 -0.178
atthe HF, MP2, and B3LYP levels. The basis used are Pople’s 7 Py 5% i
6-311G(2D) for H, C, O, and &, while the Huzinaga's basis 0.419¢ /ons 03%8c, | °-2“/2°\ /°H493
set$® were modified to (433111/43111/411) for Se and (4333111 f,, Soa 0159 $ios Her S
433111/4311) for Te. The exponents of d-functions added for 2 TS2 3
Te are 0.096 and 0.305, respectively, while those for Se are o2 o710 o126
0.144 and 0.489, respectively. A general basis set input with o Q... 0387 Se
6D option was used for Se and Te. The analytic harmonic 0,367!., 0,076 0_291,13' 0,163”; 0,49
vibrational frequency calculations were done to characterize the /" “N\sg~ gg
nature of stationary points on the potential energy surface (PES) *'"7, ** rss 0168, 0699
and to estimate the zero-point vibrational energy (ZPE). The
ZPE values were scaled by 0.89 at the HF level, by 0.945 at %% B o206 oo
the MP2 level, and 0.98 at the B3LYP level to account forthe I, oash oorsl oo
overestimation of vibrational frequencies at these le¥el$he 2P o ~H

. . . . Te 0.155 Te }

scaled ZPE corrections are included in the relative energy (RE) 0»1146 0233 Ts4°~°41 0-1667 0.698
values.

The transition structure§ §1-TS10) for tautomeric conver- Q042 % 0120
sions were also located at all three levels considered here. These -0.37o|(|; o118 _0_315(|:§ T
were characterized with only one imaginary vibrational fre- N W N 8
quency in each case. The optimized geometrieJ &i, TS5, $ire Grie 0194 Fos
TS8, and TS10 have C,, symmetry, while other transition 8 TS5
structures hav€s symmetry. 0.007 0,006 0.021

The effect of solvent on the structure and the relative ﬁ T oes ﬁe
stabilities at the tautomeric equilibrium was studied using the ‘°"‘7/°C\ P i -o.4§c\ g
self-consistent reaction field (SCRF) method. In the SCRF  #.. Se 0200 $84q Hos $ras
calculation, we have considered two models. One is the 9 TS6 10
electrostatic solvation model based on Onsager’s reaction field 0,033 0043 0420
theory2’~2% and the second is the self-consistent isodensity ﬁ ?*-\&083 ﬁe
polarized continuum model (SCI-PCRA)developed from a -0.589¢ 0,044 05416 -0.616¢ 01
reaction field based on the polarized continuum model proposed »” “rs” W e W s
by Tomasi and co-workef. In the former model, the solute 0'18211 o4 ' Ts7 oe 0'19912 oare
is placed in a uniform electric field of solvent with a dielectric
constank. The solute is assumed to occupy a spherical cavity % 05282 0132
of radiusag in the medium. A dipole in the molecule will induce 0_562ll 0072 _Mgg!.j~ - 13
a dipole on the medium, and the electric field applied to the \S/" E'zé \(;séaz

e
solute by the solvent dipole in turn interacts with the molecular ~ *1%,, 02 Ts8
dipole to lead to net stabilization. This model has a major
drawback that the molecule is in a sphere which is usually far 0.091 0.119 0.166

iatic ni i %8, 0055 e
away from the realistic picture. The second model (SCI-PCM) I [ s I

has derived some advantage over the drawback of Onsager's ‘0‘69/5‘\ /.%044 — 0 —_— 07}60\ P
model. Here the cavity is defined as an isosurface of the Mg J&, Brer o %sa Hor S
molecule, and the coupling of the isosurface and the electron 14 TS9 15
density are taken fully into account. We have considered 0240 0.298

various solvents with dielectric constafft&2.0 (cyclohexane), Te Te -0.017

7.6 (tetrahydrofuran abbreviated as THF), and 35.9 (acetonitrile _ogsoc 0045 0128 — 16
abbreviated as MeCN) to understand the effect of dielectric /" N~ 51@ \07598

Te
medium on the intramolecular, tautomeric equilibrium. The °“9“16°-°51 1510
radius of the spherical cavity for the Onsager's model was
calculated by performing single-point calculations at the opti-
mized geometry of the HF level (gas phase) by specifying the
keyword VOLUME as in the Gaussian packages. With these Al of the acids considered in this paper are in their syn
cavity radii, the SCRF calculations were performed on the conformation because they are often the more stable ones than
formic acids and their transition structures. The analytic the corresponding anti conformers and have the right nuclear
vibrational frequencies were calculated to ascertain the naturedisposition for the tautomeric rearrangements. The structures
of stationary point. The dipole moment values are reported for 1—16 (Scheme 1) are minima at all levels with all eigenvalues
all minima and transition structures both without and with in the Hessian matrix and the vibrational frequencies being
solvent medium. positive except for the structu® which has one imaginary

Results and Discussion
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TABLE 1: Total Energies (TE) in Atomic Units, Zero-Point Vibrational Energies (ZPE) in kcal/mol, Relative Energies (RE} in
kcal/mol, and Dipole Moments (DPM) in Debyes of +16 and TS1-TS10 at the HF, MP2, and B3LYP Levels

HF MP2 B3LYP

TE ZPE RE DPM TE ZPE RE DPM TE ZPE RE DPM
1 —188.81961 23.1 0.0 1597 —189.37721 213 0.0 1592 —189.81833 21.2 0.0 1.425
TS1 —188.73920 20.0 47.7 1326 —189.32028 18.3 329 1282 —189.76026 18.2 335 1.095
2 —511.44951 18.8 0.0 1547 51193811 174 0.0 1769 51277349 174 0.0 1.346
3 —511.44554 216 50 1972 51193971 20.1 1.6 1725 —512.77034 19.8 4.4  1.669
TS2 —511.37491 174 456 1249 —-511.88982 16.1 291 1177  —512.72128 16.0 314 0.927
4 —2511.64820 17.7 0.0 1583 —2512.15932 16.5 0.0 1.851 -—2514.05961 16.4 0.0 1.438
5 —2511.64367 21.1 59 2217 -—-2512.16196 19.6 11 1841 —2514.05524 19.4 57 1.691
TS3 —2511.57509 16.6 449 1.377 -—2512.11239 155 28,5 1262 —2514.00769 15.3 315 0.982
6 —6720.93736 16.6 0.0 1.675 —6721.42342 15.5 0.0 1972 —6724.24044 154 0.0 1.526
7 —6720.92987 20.7 8.3 2619 —6721.42405 19.2 3.1 2081 -6724.23353 19.0 79 1.757
TS4 —6720.86310 159 46.0 1.452 —6721.37452 14.8 30.0 1299 -6724.18656 14.7 33.1 0.994
8 —834.08684 17.4 0.0 1871 —83451311 16.3 0.0 1960 —835.73458 16.2 0.0 1811
TS5 —834.02454 152 37.1 0.720 —834.47411 144 22,7 0.712 —835.69496 14.1 22.8 0.526
9 —2834.28537 16.4 0.0 1.816 —2834.73418 154 0.0 1970 -—2837.01983 15.1 0.0 1.861
10 —2834.28622 17.0 0.0 2.087 —2834.73696 159 —-13 2071 —2837.02097 15.7 —-0.1 1.854
TS6 —2834.22642 146 354 0.815 -—2834.69850 13.8 209 0.788 —2836.98319 13.5 214 0572
11 —7043.57618 15.3 0.0 1.851 —7043.99999 144 0.0 2.050 —7047.20132 14.2 0.0 1.961
12 —7043.57552 16.6 1.6 2441 -—7044.00418 156 —-15 2252 —7047.20279 15.4 03 1.933
TS7 —7043.51785 14.0 354 0.889 —7043.96476 13.2 210 0.786 —7047.16537 13.0 21.8 0.586
13 —4834.48261 16.0 0.0 2.017 —4834.95251 15.0 0.0 2.091 —4838.30326 14.7 0.0 1.945
TS8 —4834.42576 13.9 33.8 0.780 —4834.91728 13.2 204 0.796 —4838.26875 12.9 199 0.532
14 —9043.77362 14.9 0.0 1.993 -—-9044.21901 14.0 0.0 2137 —9048.48500 13.9 0.0 2.047
15 —9043.77170 15.6 1.8 2322 -—9044.22049 147 —-03 2.275 —9048.48499 145 0.6 2.056
TS9 —9043.71755 13.3 33.8 0.823 —-9044.18525 12.7 20.0 0.752 —9048.45198 12.3 19.2 0.469
16 —13253.06330 145 0.0 2.211 —13253.48865 13.7 0.0 2274 —13258.66721 13.0 0.0 2213
TS10 —13253.01000 12.8 319 0.636 —13253.45601 12.2 19.1 0.654 —13258.63701 11.9 179 0.319

aScaled ZPE correction is included in RE.

frequency at the B3LYP level. The transition structuf&dl— (@) HC(O)XH The C-X and X—H single bond distances
TS10have one negative eigenvalue in the Hessian matrix and increase in the order @ S < Se< Te. But the G=O double-
one imaginary vibrational frequency each. bond distance and the OCX angles are almost unaffected by

(1) Relative Energies. The relative energies (REs) of the various X. The CXH angles vary significantly in the order O
optimized structure$—16 and transition structureBS1-TS10 (105.7) > S (93.6) > Se (92.8) > Te (91.5), as expected
calculated at the HF, MP2, and B3LYP levels of theory are from the observed bond angles in theXHX = O (104.5), S
given in Table 1. The zero-point vibrational energy corrections (92°), Se (9%), Te (89.58))*3233molecules. The OCH angles
are included in the RE values. vary systematically in the order ® S > Se> Te, although

(a) HCOXH SystemsThe RE values at all levels show a the magnitude of variation is little.
thermodynamic preference for the keto moiety more than the () HC(S)XH The single-bond distances of-&X and X—H
enol moiety. This observation for thiol and thiono formic acids jcrease in the order @ S < Se < Te. But the substitution
is in agreement with the previous experimental and theoretical ¢ ¥ has almost no effect on the=€s double-bond distance.
assignments. Although such experimental comparisons are notrpa gcx angles show variations O (129.5 S (128.8) ~
available for selenium and tellurium derivatives, similar obser- o (128.8) < Se (129.0). The variations of the CXH angles
vations are expected. The values at the HF, MP2, and B3LYP .0 'in the order O (106°8 > S (96.0) > Se (94.7) > Te
levels show a preference in the orde<SSe < Te. It shows
that barriers decrease with decrease in electronegativity.

(b) HCSXH SystemsThe equilibrium favors structur@sover
3. According to the results obtained at the correlated level, MP2
the structures with the €Se (L0) and the G=Te (12) double .
bonds are favored. At the HF level the stability follows the  (€) HC(S&)XH As in HC(O)XH and HC(S)XH molecules,
order9 > 10 and 11 > 12 But the equilibrium is almost the order O< _S< Se=<Te s the same for the-€X a_nd X-H
thermoneutral at the B3LYP level. These results show relatively single-bond distances. But the<Ge double-bor_ld distance and
weak bonds between carbon and a heavier chalcogen, which'® SeCX angles are almost unaffected by various X. The CXH
would not make up a stable monomer. angles vary in the order O (107_)2> S (96.2) > Se (95.2) >

(c) HCSeXH and HCTeXH System$he general relative Te (9_3.9). This observatlo_n is also as expected from the
stabilities between pairs with the ordér- 5, 9 < 10, and14 experimental bond angles in thek (X = O, S, Se, Te)
> 15 show a shift following the electronegativity of the molecules. These are _further variations compared to HC(O)-
chalcogens. XH a_nd HC(S)XH species. The SeCH angles vary s_ystematl-

(d) HCXH Systems The tautomeric barriers tend to decrease Cally in the order O> S> Se> Te, although the magnitude is
in order of the electronegativity of X. Thus the barrier is little.
maximum when X= O and minimum for X= Te, with the (d) HC(Te)XH The variations in €X and X—H single-
rest falling between these two extremes. bond distances are similar to other systems. T#d€double-

(2) Structures of Acids. The geometrical parameters of the bond distance and the TeCX angles show insignificant changes
acids considered in this paper are given in the Table 2. Evenon substituting X. The variations in the CXH angles are in the
though formic acids and thioformic acids were studied exten- order O (107.9) > S (96.9) > Se (95.8) > Te (94.6), as
sively, those are included here for comparison. expected from the observed bond angles in th¥ KK = O,

(93.4), as expected from the observed bond angles in the H

(X=0,S, Se, Te) molecules. As compared to HC(O)XH, the

CXH angles show an increase in HC(S)XH structures. The SCH
' angles vary systematically in the order-OS ~ Se > Te.
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TABLE 2: Geometries of the Structures 1-16 and the Transition

Jemmis et al.

Structures TS1E-TS10, and the Wiberg Bond Indices at the

MP2 Level. Bond Lengths are in Angstroms and Angles in Degrees. The Numbering of Atoms Follows HE2(=X1)—Y3—H4.

Numbers in Italics Correspond to Experimental Values

geometries parameters

Wiberg bond indices

C2-X1 C2-Y3 Y3—-H4 C2-H5 X1C2Y3 C2Y3H4 XIC2H5 C2X1 C2-Y3 Y3—-H4 C2-H5
HC(O)OH 12 1.204 1.347 0.973 1.095 125.1 105.7 125.5 1.750 1.003 0.745 0.930
1.203 1342 Q972 1097 1248 1063 1232
HC(O)OH TS1 1.268 1.268 1.331 1.087 112.8 711 123.6 1.352 1.352 0.325 0.926
HC(O)SH 20 1.205 1.788 1.353 1.102 125.4 93.6 123.7 1.791 1.097 0.970 0.919
1.205 1768 1354 1104 1259 925 1231
HC(S)OH 3 1.623 1.334 0.975 1.088 126.5 106.8 123.8 1.827 1.062 0.733 0.920
HC(O)SH TS2 1.267 1.686 1.672 1.090 113.4 60.0 120.6 1.443 1.395 0.555 0.915
HC(O)SeH 4 1.202 1.928 1.472 1.103 125.4 92.5 123.6 1.820 1.063 0.979 0.912
HC(Se)OH 5 1.759 1.331 0.975 1.087 126.6 107.2 123.5 1.760 1.090 0.726 0.914
HC(O)SeH TS3 1.262 1.824 1.786 1.090 113.3 57.5 120.3 1.490 1321 0.597 0.909
HC(O)TeH 6 1.202 2.161 1.677 1.105 124.7 91.5 123.0 1.837 0.999 0.986 0.915
HC(Te)OH 7 2.009 1.287 0.975 1.087 127.4 107.9 122.8 1.619 1113 0.723 0.924
HC(O)TeH TS4 1.260 1.982 1.982 1.092 112.3 53.4 120.0 1.533 1.169 0.661 0.917
HC(S)SH 8° 1.624 1.739 1.355 1.001 128.8 96.0 121.3 1.841 1.178 0.966 0.909
1.625 1733 1357 1100 1278 943 1212
HC(S)SH TS5 1.672 1.672 1.722 1.088 1155 67.1 122.2 1.494 1.494 0.459 0.906
HC(S)SeH 9 1.621 1.876 1.473 1.001 129.0 94.7 121.3 1.880 1121 0.975 0.902
HC(Se)SH 10 1.760 1.731 1.357 1.090 129.1 96.2 120.6 1.761 1.215 0.960 0.904
HC(S)SeH TS6 1.665 1.809 1.812 1.088 115.8 64.8 121.9 1577 1.380 0.523 0.899
HC(S)TeH 11 1.622 2.097 1.679 1.092 128.8 93.4 120.7 1.916 1.022 0.982 0.909
HC(Te)SH 12 1.979 1.725 1.358 1.089 130.5 96.9 119.3 1611 1.258 0.960 0.914
HC(S)TeH TS7 1.662 2.030 1.984 1.089 115.7 61.1 120.5 1671 1.190 0.601 0.909
HC(Se)SeH 13 1.758 1.865 1.475 1.090 129.5 95.1 120.4 1.800 1.156 0.973 0.909
HC(Se)SeH TS8 1.801 1.801 1.856 1.088 116.1 66.5 121.9 1.462 1.462 0.471 0.904
HC(Se)TeH 14 1.761 2.082 1.680 1.090 129.3 93.9 119.7 1.837 1.052 0.982 0.916
HC(Te)SeH 15 1.978 1.857 1.476 1.089 130.5 95.8 119.4 1.651 1.198 0.972 0.919
HC(Se)TeH TS9 1.800 2.018 2.021 1.089 116.1 62.9 120.5 1.558 1.268 0.553 0.914
HC(Te)TeH 16 1.981 2.072 1.680 1.090 130.5 94.6 118.6 1.692 1.088 0.981 0.926
Hc(Te)TeH TS10 2.014 2.014 2.060 1.090 116.5 65.5 121.7 1.366 1.366 0.481 0.923

apavis, R. W.; Robiette, A. G.; Gerry, M. C. L.; Jarnov, E. B. Winewisser)J®/ol. Spectrosc198Q 81. 93.° Hocking, W. H.; Winnewisser,
G. Z. Naturforsch 1976 31A 422, 438, 995. Hocking, W. H.; Winnewisser, @. Naturforsch 1977, 32A 1108.¢Bak, B.; Nielson, O. J.;

Svanholt. H.; Christiansen, J. J.Mol. Spectrosc1979 75, 134.

TABLE 3: Reaction Energies of Disproportionation
Reactions (kcal/mol). Scaled ZPE Corrections Are Included

reaction HF MP2 B3LYP
2HC(O)SH— HC(O)OH+ HC(S)SH -21 —-62 -12
2HC(O)SeH— HC(O)OH+ HC(Se)SeH —-0.4 -3.8 1.5
2HC(O)TeH— HC(O)OH+ HC(Te)TeH —1.2 -8.2 0.4
2HC(S)SeH— HC(S)SH+ HC(Se)SeH 1.3 2.2 1.8
2HC(S)TeH— HC(S)SH+ HC(Te)TeH 2.7 0.0 1.3
2HC(Se)TeH— HC(Se)SeH+ HC(Te)TeH 1.4 -1.3 -04

disproportionation to the diacids is feasible when oxygen is
present in the monoacid. In the absence of it, the tendency is
to remain as mono acids except for HC(Se)TeH. HF and
B3LYP values for relative energy are closer, while MP2 values
are large. The other monoacids are not favored for dispropor-
tionation into diacids even though the RE values are closer.
The relative stabilities of heavier monochalcogeno derivatives
are reflected by the weak=€X and C-X bonds. Thus in

general the disproportionation of monochalcogenic acids to

S, Se, Te) molecules. The TeCH angles show systematicdiacids is favored provided oxygen is present. However, these

variation in the order O> S > Se > Te, although little in
magnitude.

(e) HC(X)XH The bond parameters vary generally in the
order O< S < Se < Te. Thus XCX angles follow the order
O (125.F) < S (128.8) < Se (129.8) < Te (130.8). The
CXH angles vary significantly in the order O (107> S
(96.0) > Se (95.2) > Te (94.6). The XCH angles vary
systematically in the order @ S > Se> Te.

The above analysis shows that the M bond lengths increase
on going down the chalcogenide group. This is also reflected
in the occupancy and Wiberg bond indig&®r the X—H bond
(noted as the Y3H4 bond in Table 2), which has maximum
covalency on moving down the chalcogenide group. Similar
covalent bonding is seen for€X bonds. But the Wiberg bond
indices of the G-X single bonds decrease only marginally on
going down the group.

(3) Disproportionation Reactions. We have considered a
few disproportionation reactions as given in Table 3. The
monoacids HC(O)XH (%= S, Se, Te) undergo an equilibrium

conclusions are subject to further studies of intermolecular
hydrogen bonding in dimers, solvent effect, etc., by experimental
and theoretical methods.

(4) Natural Charge Distribution Analysis. Changes in
acidity among compounds such as the above also involve
changes in charge distributions. We have examined the charge
distribution on tautomerization of the molecul#s 16 using
the calculated charges based on the Weinh8lded natural
population analysis (NPA¥ Scheme 1 gives the natural
charges on the atoms &f16 andTS1-TS10. According to
this the two oxygens bear large negative charges for formic acid
(1) in tune with the higher electronegativity of oxygen as
compared to carbon and hydrogen. There is special interest in
the variation of charges at the carbonyl carbon. One expects
that thesr-conjugative interaction would mainly increase electron
density at carbon, rather than at oxygen. The observed charge
distribution is O—C*—0", leading to maximum acidity and
electrostatic stabilization. The charge distribution in other
species also follows the order of difference in electronegativity

disproportionation reaction to form diacids. These reactions are between interacting atoms. There is a common pattern observed

expected to give stability to monoacids with respect to their

with the enols3, 5, and7 as for keto derivative, 4, and6.

corresponding diacids. The relative energies show that the On conversion from the keto to the enol form oxygen gains
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TABLE 4: Total Energies (TE) in Atomic Units, Zero-Point Vibrational Energies (ZPE) in kcal/mol, Relative Energies (RE} in
kcal/mol, and Dipole Moments (DPM) in Debyes of +8, 13, 16, and TS+ TS5 Based on Onsager’s Model

cyclohexane THF MeCN

TE ZPE RE DPM TE RE DPM TE RE DPM
1 —188.820 09 23.1 0.0 1.702 —188.820 67 0.0 1.827 —188.820 89 0.0 1.879
TS1 —188.739 49 19.9 47.7 1.388 —188.739 82 47.9 1.460 —188.739 95 48.0 1.487
2 —511.449 88 18.8 0.0 1.667 —511.450 32 0.0 1.826 —511.45050 0.0 1.888
3 —511.446 16 21.6 4.8 2.200 —511.446 97 4.5 2.499 —511.447 30 4.4 2.623
TS2 —511.37511 17.4 45.7 1.323 —511.37535 457 1411 —511.375 44 45.8 1.444
4 —2511.648 50 17.7 0.0 1.697 —2511.648 87 0.0 1.841 —2511.649 01 0.0 1.896
5 —2511.644 21 21.1 5.7 2.431 —2511.644 89 5.5 2.705 —2511.645 16 5.4 2.816
TS3 —2511.57531 16.6 44.9 1469  —2511.57558 45.0 1.580 —2511.575 68 45.0 1.623
6 —6720.937 61 16.6 0.0 1.793 —6720.937 92 0.0 1.935 —6720.938 04 0.0 1.990
7 —6720.930 41 20.7 8.2 2.867 —6720.931 10 7.9 3.184 —6720.931 38 7.8 3.311
TS4 —6720.863 33 15.9 46.0 1570 —6720.863 60 46.0 1.774 —6720.863 71 46.0 1.774
8 —834.087 25 17.4 0.0 2.118 —834.087 81 0.0 2.455 —834.088 05 0.0 2.599
TS5 —834.024 60 15.2 37.4 0.759 —834.024 66 37.7 0.807 —834.024 69 37.8 0.824
13 —4834.483 05 16.0 2.325 —4834.483 67 2777 —4834.483 94 2.973
16 —13 253.063 58 145 2.483 —13253.063 94 2.483 —13253.064 10 3.015

aScaled ZPE correction is included in RE.

TABLE 5: Total Energies (TE) in Atomic Units, Zero-Point Vibrational Energies (ZPE) in kcal/mol, Relative Energies (RE} in
kcal/mol, and Dipole Moments (DPM) in Debyes of +8, 13, 16, and TS: TS5 Based on the Self-Consistent Isodensity
Polarized Continuum Model

cyclohexane THF MeCN

TE ZPE RE DPM TE RE DPM TE RE DPM
1 —188.823 50 23.1 0.0 1.784 —188.827 92 0.0 1.993 —188.829 57 0.0 2.073
TS1 —188.742 49 19.9 48.0 1.442 —188.746 18 48.4 1.568 —188.747 54 48.6 1.613
2 —511.452 03 18.8 0.0 1.714 —511.454 88 0.0 1.911 —511.455 93 0.0 1.985
3 —511.448 44 21.6 4.7 2.294 —511.451 97 4.3 2.708 —511.453 37 4.1 2.881
TS2 —511.376 94 17.4 45.9 1.389 —511.379 24 46.2 1.564 —511.380 10 46.3 1.633
4 —2511.650 55 17.7 0.0 1.733 —2511.653 28 0.0 1.957 —2511.654 31 0.0 2.041
5 —2511.646 86 21.1 5.3 2.641 —2511.650 84 4.6 3.216 —2511.652 47 4.2 3.470
TS3 —2511.577 10 16.6 45.1 1.550 —2511.579 43 45.4 1.769 —2511.580 31 45.5 1.858
6 —6720.939 77 16.6 0.0 1.884 —6720.942 80 0.0 2.190 —6720.943 99 0.0 2.294
7 —6720.933 45 20.7 7.6 3.195 —6720.938 06 6.6 3.989 —6720.939 97 6.2 4.319
TS4 —6720.865 12 15.9 46.2 1.644  —6720.867 49 46.6 1.893 —6720.868 40 46.8 1.997
8 —834.088 73 17.4 0.0 2.185 —834.090 95 0.0 2,571 —834.091 81 0.0 2.723
TS5 —834.025 85 15.2 375 0.818 —834.027 35 38.0 0.944 —834.027 92 38.1 0.996
13 —4834.484 52 16.0 2.396 —4834.486 82 2.890 —4834.487 72 3.086
16 —13 253.065 25 145 2.703 —13253.067 69 3.391 —13253.068 68 3.688

aScaled ZPE correction is included in RE.

electron density to the tune of @1 The same gain in electron ~ TABLE 6: Energies of Solvation (kcal/mol) as the

density holds for C, S, Se, and Te. Thus the carbon attachedgzgnF',t#adgeOgn%'f{ﬁgeggfvgfetyﬁﬁe&égagsoﬁéiﬁgesr%ﬁ%g,\;he

to the hydroxyl (-OH) group gains electron density compared vajues in Parentheses Are Energies of Solvation (kcal/mol)
to the isomer having a keto group. The hydrogen of-tt@@H Using Onsager’s Solvation Model

group becomes more positive, indicating that the enols are more cyclohexane THE MeCN
acidic than the keto forms. This is expected from charge
distribution and classical polarizability of atoms. The observed
charge distributions clearly point to the increased acidity in the

2.44 (0.30) 5.21 (0.67) 6.50 (0.80)
Ts1 2.06 (0.18) 4.38 (0.39) 5.23 (0.47)

rge ! 2 1.58 (0.23) 3.37 (0.51) 4.03(0.62)
series in part by moving oxygen for other chalcogens. 3 1.82(0.39) 4.03 (0.90) 4.91 (1.10)
(5) Solvent Effects. In general the molecules are stabilized TS2 1.27 (0.13) 2.72 (0.28) 3.26 (0.33)
by solvents, and the degree of stabilization depends on the size 4 %-gg (8-?19) 3-18 (8-42) 3-83 (8-3?
and the charge distribution in the molecule. A localized charge 00 (0.34) 4.50(0.77) 5.52(0.93)
o - Y TS3 1.26 (0.14) 2.72 (0.31) 3.28(0.37)

tends to be strongly stabilized, whereas a delocalization of g 1.51(0.16) 3.41(0.35) 4.16 (0.43)
charge would reduce the stabilization. The solvent effects on 7 2.25(0.34) 5.14 (0.77) 6.34 (0.95)
the reaction can be due to many reasons. The dielectric nature TS4 1.27 (0.14) 2.75(0.31) 3.33(0.38)
of the medium or the ability to form weak bonding interactions 8 1.19 (0.26) 2.58(0.61) 3.12(0.76)
with the solute molecules may control solvent effects. The TS5 0.82(0.04) 1.76 (0.08) 2.12(0.09)
Ivent dielectric media have been emulated with solvents of 13 1.20(0.28) 2.64 (0.67) 3.21(0.83)
Y 16 1.22(0.18) 2.75 (0.40) 3.38 (0.50)

dielectric constants 2.0, 7.6, and 35.9. The calculations are

carried out at the HF level, and the total energies, the relative equilibrium as calculated using the SCRF method. It may be
energies, and the dipole moments are given in Table 4 and Tablethat weak hydrogen bond interactions between HC(X)YH and
5. A comparative analysis of these results with those of the the polar molecules of the solvent (specific solvation) are
isolated gas phase monomers shows that the dielectric mediuncontrolling the thermodynamic equilibrium of these chalcogeno
does not affect the thermodynamic stability of the monomers formic acid derivatives in solution. Table 6 shows that

and the tautomeric barriers. Thus no solvent effect could be stabilization due to solvation is more for the enols with a lower
observed due to the dielectric medium to alter the position of s/p hybridization (sf) of oxygen than enones with a higher s/p
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TABLE 7: Total Energies (TE) in Atomic Units, Zero-Point Vibrational Energies (ZPE) in kcal/mol, Relative Energies (RE} in
kcal/mol, and Dipole Moments (DPM) in Debyes of Monochalcogenic Acetic Acids Based on the Self-Consistent Isodensity
Polarized Continuum Model at the HF Level. Values inltalics Are at the B3LYP Level

cyclohexane THF MeCN
TE ZPE RE DPM TE RE DPM TE RE DPM
CH;C(O)ShH —550.506 624 37.4 0.0 1.994 —550.508 85 0.0 2191  —550.509 79 0.0 2.266
—552109 92 348 00 1796 —552111 98 00 1977 —552112 72 00 2045
CHsC(S)OH —550.502 10 40.2 51 2.764  —550.505 42 4.7 3.173 —550.506 74 4.4 3.328
—552105 72 374 51 2.326 —552108 23 49 2673 —552109 21 47 2815

CH;C(0O)SeH —2550.705 96 36.4 0.0 2.126 —2550.708 45 0.0 2.329 —2550.709 35 0.0 2.407
—2553397 36 33 0.0 2010 —2553399 31 00 2215 —2553400 03 00 2295

CH3C(Se)OH —2550.701 69 39.7 5.6 3.211 —2550.705 50 4.8 3.768 —2550.707 04 4.3 3.998
—2553391 82 369 6.4 2481 —2553394 43 60 2916 —2553395 47 58 3.089

CHsC(O)TeH —6759.995 83 35.3 0.0 2.318 —6759.998 40 0.0 2590 —6759.999 37 0.0 2.686
—6763579 30 331 0.0 2224 —6763581 29 00 2492 —6763582 04 00 2608

CH3C(Te)OH —6759.989 24 39.3 7.7 3.973 —6759.993 67 6.6 4775 —6759.995 60 6.0 5.162
—6763570 64 365 8.7 2754 —6763573 29 83 3314 6763574 38 81 3557

aScaled ZPE correction is included in RECH;C(O)SH is a minimum at the HF level, while it is not a minimum with an imaginary frequency
of 37i for methyl rotation at the B3LYP level.

hybridization (sp) of oxygen. But this larger stabilization of and 203.9 ppm (€-0) and 4.5 ppm (H-4) for thiol acetic acid.
enol oxygen is not sufficient to reverse the thermodynamic Relevant peaks observed experimentally were at 195.5 ppm for
stability. Comparing Onsager's model and the SCI-PCM, there 13C NMR and 6.4 ppm for'lH NMR at all temperature¥.

is a larger increase in the magnitude of the solvation energy Comparison with theory assigns these peaks for thiol acetic acid.
and the dipole moment in the latter model than the former. The The new peaks observed experimentally at lower temperatures
solvation model represented by the SCI-PCM has thus shownwere at 221.2 and 14.4 ppm. This could be assigned to thiono
to be a better model than an unrealistic solvation energy acetic acid. Thus theoretical and experimental chemical shift
calculated using Onsager’s model. The dipole moments showvalues qualitatively correlate with the presence of thiono acetic
changes depending on the dielectric constant of the solventacid at lower temperatures. However the intensit{®*6fNMR
medium applied. While the changes of dipole moments are signals seen experimentally (Figure 3c of ref 15) clearly
significant on going from gas phase to cyclohexane and in turn indicates that the population of thiol acetic acid is higher. This
to THF, the changes are small from THF to MeCN. It may is in contrast to the results reported by Kato et®al.

then be inferred that beyond a certain higher dielectric constant

of the solvent the effect of solvent on dipole moment has cqnclusions

diminished. This result is interesting in view of their potential

implications on reaction mechanisms. A systematic analysis of HC(X)YH, (X, ¥= O, S, Se, Te)

(6) Comparison of Solvent Effects with Monochalcogenic molecules demonstrates periodic variations on substitution of
Acetic Acids, CHsCXOH (X = S, Se, Te). As noted in the various chalcogens. The relative energies of minima and
Introduction, experimentally a chalcogenoxo form is thermo- transition structures show that the barrier for tautomerism is
dynamically preferred over a chalcogenol form of chalcogenic reduced as the electronegativity of chalcogens is decreased. The
carboxylic acids in polar solvent8. A similar preference had  electron correlation as calculated at the MP2 and B3LYP levels
been reported for thioacetic acids. As monochalcogenic acetichas significantly reduced the barrier compared to that at the
acids represent chalcogenic carboxylic acids effectively, we have HF level. MP2 and B3LYP methods provide comparable results
extended SCRF calculations using SCI-PCM. Calculations arefor relative energies and reaction barriers. The solvent effects
performed at the HF and B3LYP levels of theory using the same on tautomeric equilibrium are assessed by performing self-
basis sets as for chalcogeno formic acids. Results are given inconsistent reaction field calculations at the SCF level. Onsager’s
Table 7. We have used the following conformers of mono- solvation model has proved to be improper for the present class

chalcogenic acetic acids for the calculation. of molecules in solvents of lower and higher dielectric solvents.
On the other hand SCI-PCM provides a better picture for the
o} E ) X
|| H solvation and the considered molecules behave as expected from
H H H H the model. However, the solvents with dielectric constants 2.0,
Y\E/ 7/\0/ 7.6, and 35.9 are shown to be less effective on the equilibrium
HH HH of these intramolecular 1,3-H shift reactions. The dipole

moments show significant variations between solvents of lower

The results indicate that the cha|cogeno| form is still preferred dielectric medium, while the variations are insigniﬁcant between
both in the gas phase and in the solvent model studies. This issolvents of higher dielectric media. Finally SCI-PCM calcula-
not in tune with the experimental results. One of the possible tions atthe HF and B3LYP levels indicate that monochalcogenic
reasons for this is the specific solvation arising from hydrogen acetic acids follow the trends of formic acid derivativeSC
bonds which are indeed stronger in the hydroxy form. Further and'H NMR chemical shift calculations on thioacetic acid agree
studies of hydrogen-bonded adducts of monochalcogenic acidswith the experimental NMR spectra.
with solvent molecules are required for a better understanding
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