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How Acidic Are the Selenocarboxylic Acids RCSeOH and RCOSeH (R= H, F, Cl, NH,
CH3)?

Milan Remko* 't and Bernd Michael Rodé

Department of Pharmaceutical Chemistry, Comenius.8rsity, Odbojare 10,
SK-832 32 Bratislaa, Slaakia, and Institute of General, Inorganic and Theoretical Chemistry,
University of Innsbruck, Innrain 52a, A-6020 Innsbruck, Austria

Receied: September 11, 1998; In Final Form: lember 23, 1998

The structures, gas-phase acidities and vibrational spectra of selenofoacid, selenoformiSeacid and

several of their derivatives RCSeOH and RCOSeH=R, F, Cl, NH,, CH;) were investigated by DFT
calculations. Geometry optimizations and frequency computations were performed at the Becke3LYP level
of theory with the 6-311G(d,p) basis set. For all 10 acids studied, the syn conformers are predicted to have
the lowest energy. The syranti enthalpy difference varies between 0.3 and 9.9 kcal tile syn selenol

acids being substantially more stable than their syn selenoxo counterparts. The substitution of oxygen by
selenium in the selenocarboxylic acids studied leads to increased acidity. The selenol acids are weaker acids
than the selenoxo derivatives.

Introduction 3 6 3 6 3
0 H o) H Se
The sulfur derivatives of carboxylic aciegshiocarboxylic X1_é/z \01_(4/2 N1 b
acids—are a biolo_gically and ph_armacologic_ally imp_ortant class N\ 4 5 HVés N\ 4 5 H?/Hs‘8 N4 5
of compounds with a great variety of uses in chemistdThe Se—H H Se—H O—H
bioisosteric selenium compounds are highly toxic, and with the
exception of’*Se derivatives that serve diagnostic purpdses, 3 6 3 6 3
: : ] ; Se H o) H Se
there is no chemically defined seleno-organic drug on the / \1 / N1 /
. : ] ‘g Ol 1 b 1 b 1 1
market. Selenocysteine is present in the catalytic site of X—C, N
. . . ; ; \ 4 5 /7 \ 4 5 7 N4 5
mammalian glutathione peroxidase, and this explains the O—H H setH H O—H

importance of selenium as an essential trace elem8ateno-
carboxylic acids were prepared recefthnd some of their
physicochemical properties studied experimentallyxperi-

mental gas-phase acidities have not been reported so far for_ ) ) )
these selenium-containing compounds. Figure 1. Structures and atom labeling for the acids studied.

X=H,F,Cl

The aim of the present work is to provide a consistent set of - +
gas-phase acidities for 10 simple substituted selenoformic AH(@) —~ A (@) +H(9) @)
O-acids and selenoformiBeacids. These values are used for
the determination of an absolute scale of acidity for these
compounds, whose experimental acidities are not known.

deprotonationAH,2% was computed using eqs 2 and 3, where

AH# = AE®® + A(pV) (2)

Computational Details AE298 — Ezgs( A7) + 3/2RT— Ezgs( AH) 3)

The geometries of selenofornizacid, selenoformiSeacid,
and their derivatives (Figure 1) have been fully optimized with E298 stands for the total energies of the most stable syn
the Gaussian 94 prografnapplying the density functional  conformations of acids and their anions (including the thermal
theory?19 (DFT) at the Becke3LYP DFT levB#!2 with the energy correction al = 298.15 K). In eq 2, we substituted
polarized triple split valence 6-3315(d,p) basis set. Vibrational ~ A(pV) = RT (1 mole of gas is obtained in reaction 1).
frequency calculations at the same level of theory gave zero-
point energies and the number of imaginary frequenGiase Results and Discussion
results of recent wofk~16 have shown that the DFT perfor-
mance compares well with the high-level MP2 and G2 ab initio
calculations of acidities of organic acids and, therefore, con-
sidering its accuracy and speed, is highly attractive.

The gas-phase acidity was defined as the enthalpy of
deprotonation AH2%) for the reaction 1. The enthalpy of

General Considerations.The enthalpies and Gibbs energies
of calculated species are listed in Table 1, and the relative
energies, enthalpies, and Gibbs energies of syn and anti
conformers of selenocarboxylic acids, in Table 2. An analysis
of the harmonic vibrational frequencies at the B3LYP/6-8GLE
(d,p) level of theory of the optimized syn, anti conformers and
* Corresponding author. gnions revealed thqt these species are minima (zero number of
t Comenius University. imaginary frequencies). The calculations favor the syn forms
* University of Innsbruck. over the anti conformers (Table 2). The geometries of the most
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TABLE 1: Enthalpies and Gibbs Energies (hartrees/

molecule) of Selenocarboxylic Acid Species

species

form

enthalpy

Gibbs energy

HC(=0)SeH
HC(=0)SeH
HC(=0)Se
FC(=0)SeH
FC(=0)SeH
FC(=0)Se
CIC(=0)SeH
CIC(=0)SeH
CIC(=0)Se
CH,C(=0)SeH
CH.C(=0)SeH
CH,C(=0)Se
NH.C(=0)SeH
NH,C(=0)SeH
NH.C(=0)Se
HC(=Se)OH
HC(=Se)OH
HC(=Se)O
FC(=Se)OH
FC(=Se)OH
FC(=Se)O
CIC(=Se)OH
CIC(=Se)OH
CIC(=Se)O
CH,C(=Se)OH
CHC(=Se)OH
CH,C(=Se)O
NH.C(=Se)OH
NH,C(=Se)OH
NH.C(=Se)O
HCOOH
HCOOH
HCOO
CHsSeH
CHsSe

CHs;OH

CH;O~

syn
anti

syn
anti

syn
anti

syn
anti

syn
anti

syn
anti

syn
anti

syn
anti

syn
anti

syn
anti

syn
anti

—2516.077 453
—2516.076 986
—2515.557 691
—2615.370 090
—2615.369 128
—2614.865 772
—2975.719 427
—2975.717 856
—2975.223 761
—2555.384 916
—2555.383 880
—2554.859 193
—2571.459 781
—2571.458 178
—2570.934 217
—2516.068 329
—2516.059 678
—2515.557 694
—2615.348 885
—2615.344 057
—2614.865 775
—2975.697 829
—2975.693 005
—2975.223 761
—2555.374 413
—2555.363 742
—2554.858 188
—2571.452 546
—2571.436 820
—2570.934 218

—189.789 000

—189.782 945

—189.248 831
—2442.026 996
—2441.475 496

—115.709 605

—115.107 351

—2516.109 204
—2516.108 767
—2515.588 370
—2615.404 056
—2615.403 184
—2614.898 795
—2975.754 671
—2975.753 184
—2975.259 251
—2555.421 555
—2555.420 147
—2554.892 497
—2571.495 327
—2571.493 609
—2570.967 838
—2516.099 275
—2516.090 738
—2515.588 369
—2615.381 964
—2615.377 340
—2614.898 801
—2975.732 211
—2975.727 638
—2975.259 260
—2555.409 536
—2555.398 936
—2554.894 145
—2571.486 638
—2571.471 286
—2570.967 844

—189.818 096

—189.811 222

—189.276 558
—2442.057 673
—2441.503 561

—115.736 689

—115.132 413

TABLE 2: Relative Energies (kcal mol1) of Syn and Anti
Conformers of Selenocarboxylic Acids (at 298 K9

anti—syn difference

no. compound AE AH AG
1 HC(=0)SeH 0.29 0.29 0.29
2 FC(=0)SeH 0.61 0.60 0.55
3 CIC(=0)SeH 0.98 0.98 0.93
4 CH;C(=0)SeH 0.65 0.65 0.88
5 NH,C(=0)SeH 1.00 1.00 1.07
6 HC(=Se)OH 5.42 5.43 5.36
7 FC=Se)OH 3.03 3.02 2.90
8 CIC(=Se)OH 3.02 3.02 2.86
9 CH;C(=Se)OH 6.69 6.69 6.65
10 NH,C(=Se)OH 9.86 9.87 9.63
11 HCOOH 4.36 3.79 4.31

a1n all cases the 6-3HG(d,p) basis set was used.
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anti forms in selenol acids. The syn form of selenoformic acid
HC(=Se)OH is, with respect to a high syanti Gibbs energy
difference of 5.36 kcal mol, the prevailing species in the gas
phase. This Gibbs energy difference reaches a minimum for
fluoro and chloro derivatives and a maximum for amino-
substituted selenoxo acids (Table 2). The performance of the
DFT method used in the calculations of the absolute-symti
isomerization energies can be checked by comparison with gas-
phase experimental data. For selenocarboxylic acids, the gas-
phase values are not known, but the value\éf = 3.79 kcal
mol~t computed for the HC@{ syn—anti isomerization is close
to the experimentally determin€denthalpy of 3.89 0.1 kcal
mol~1. On the basis of this comparison, we believe that the DFT
syn—anti differences for the selenocarboxylic acids studied
represent realistic values for the relative stability of the two
isomers of the acids in the gas phase. The syn conformers of
formic acid and its silo and thio derivatives were computed
recently at the G2 level of theory to be the most stable spéties.
The greater stability of syn conformers in carboxylic acids and
their derivatives has been rationalized on the basis of intramo-
lecular effectd81819The most important intramolecular effects
are an extended sym electronic delocalization and intramo-
lecular electrostatic attraction (hydrogen bonding) between O
and H atoms. Concerning the selenocarboxylic acids studied
here, the intramolecular electrostatic stabilization is only
important in the case of selenoHT(=Se)OH acids. The €
Se--H distances in these acids are much less than the sum of
the van der Waals radii of selenium and hydrogen (3.2 A), Table
3. In selenoxo RC(=0)SeH acids, the ©H equilibrium
distances were computed to be larger than the sum of the van
der Waals radii (2.6 A), which practically excludes the stabiliza-
tion of syn forms via intramolecular H-bond GH stabilization.
Besides syrranti isomerism, we also investigated the possible
tautomerism between selenol and selenoxo forms (Table 4). The
selenol acids are always more stable that the selenoxo forms.
Experiments by Kato et &.showed, in agreement with our
calculations, that selenoic acids exist in the selenol form in the
solid state and in nonpolar solvents. The higher stability of
selenol acids in comparison with the selenoxo forms should be
explained by the fact that the tendency of selenium to form
C=Se double bonds is much lower than the tendency of oxygen
to create €O bonds. The same trend was found recently for
the structurally related thiocarboxylic aci#fs'® Kato et al®”
observed that selenoxo acids may exist as predominant species
at low temperature in polar solvents (THF). To model the
influence of increasing polarity of solvent on the tautomeric
equilibrium between selenol and selenoxo forms of selenoformic
acid, we also studied the solvent effect using the SCRF
formalism within the isodensity surface polarized continuum
model (IPCM) implemented into the Gaussian 94 program by
Keith and Frisci° The tautomerization energies for the reaction

stable syn acids are collected in Table 3. Our calculations HC(=0)SeH= HC(=Se)OH with increase of solvent polarity
indicate that the syn form is always more stable than the anti also increase in the order 3.0, 4.0, 4.1, and 4.2 kcal #folr
form. However, the Gibbs energy gap between the anti and synisolated molecules and for molecules immersed in tetrahydro-

conformers in selenocarboxyleacids is low (Table 2). The
lowest Gibbs energy difference (0.29 kcal mlwas observed
for the unsubstituted acid HEQ)SeH with the syn:anti
populations of 62:38 (at 298.15 K). Substitution of the hydrogen
that is attached to the carbon atom by F, Cl,sCbind NH
stabilizes the syn arrangement of the-$egroup. Comparison

of these data with similar values computed for formic acid (4.31
kcal molt) shows that the substitution of hydroxyl oxygen by
selenium in the—COOH group results in a considerable
reduction of syr-anti energy differences and stabilization of

furan, acetone, and water, respectively. Accordingly, the pres-
ence of solvent results in a net stabilization of the selenol form
HC(=0)SeH. However, placing such a system with different
H-bonding strengths into a cavity within a dielectric medium
with an artificially increased dielectric constant does not
represent the realistic situation in the H-bonded solvent. For a
more quantitative description of the effect of polar solvent on
the tautomeric equilibrium, it is necessary explicitly to consider
the solvent-solute interaction (within a supermolecule approach)
and/or apply one of the simulation techniques.
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TABLE 3: B3LYP/6-311+G(d,p) Optimized Geometries of the Syn Selenocarboxylic Acids (Figure 1)

compound
parametey HC(=0)SeH FCE0)SeH CICEO)SeH HCESe)OH FCESe)OH CICESe)OH
di—» 1.105 1.360 1.809 1.087 1.321 1.739
dr-3 1.194 1.178 1.179 1.775 1.778 1.780
do-sg 1.954 1.925 1.932 1.328 1.320 1.327
ds—s 1.473 1.472 1.475 0.972 0.969 0.971
01-2-3 124.0 122.4 122.2 123.1 123.6 124.9
01-2-4 110.3 107.7 110.0 110.5 108.0 109.3
03—2-4 125.7 129.9 127.7 126.4 128.4 125.8
02—-4-5 93.2 91.8 92.2 108.6 107.9 107.5
03-2-4-5 0 0 0 0 0 0
O35 2.78 2.79 2.76 2.74 2.76 2.71
compound
parametey CH;C(=0)SeH NHC(=0)SeH CHC(=Se)OH NHC(=Se)OH

di—» 1511 1.360 1.495 1.338

do—3 1.196 1.203 1.793 1.818

dr-s 1.987 1.990 1.337 1.342

ds-s 1471 1.468 0.971 0.968

die 1.090 1.009 1.086 1.005

di—7 1.091 1.006 1.095 1.010

dig 1.094 1.095

01-2-3 125.0 125.2 126.3 125.7

01-2-4 112.9 112.1 1114 111.3

03—-2-4 122.0 122.7 122.3 123.0

02—-4-5 92.5 90.9 108.2 107.1

02—-1-6 109.2 117.7 111.2 119.3

02-1-7 111.4 122.0 109.4 120.6

02—-1-8 108.6 109.4

03—-2—-4-5 0 5.5 0 0

03—2—-1-6 19.2 —-5.3 0 0

03—-2-1-7 1415 —170.8 121.4 180

03—-2—-1-8 —99.6 —-121.6

Oz.5 2.72 2.71 2.66 2.68

aBond lengths in angstroms and bond angles in degrees.

TABLE 4: Tautomerization Enthalpies for the Reaction
RC(=0)SeH == RC(=Se)OH

R AH, kcal mol?® R AH, kcal mol?®
H 5.72 CH 6.59

F 13.30 NH 4.53

Cl 13.55

TABLE 5: B3LYP/6-311+G(d,p) Gas-Phase Acidities
(Enthalpies AH, Entropies AS, and Gibbs EnergiesAG) of
Acids Studied (at 298 K)

AH, AS, cal AG, AH(obs)?
no. acid kcal mol? K=*mol™* kcal mol? kcal mol?
1 HC(=0)SeH 3276 2.2 328.3
2 FCE=O)SeH 317.9 —-2.0 318.5
3 CIC(=0)SeH 3125 0.0 312.4
4 CH;C(=0)SeH 3314 7.0 333.5
5 NH,C(=0)SeH 331.3 —4.0 332.5
6 HC(=Se)OH 321.9 —0.5 322.1
7 FC(=Se)OH 3046  —0.2 304.7
8 CIC(=Se)OH 299.0 2.5 298.3
9 CH,C(=Se)OH 3254  —1.7 324.9
10 NH.C(=Se)OH 326.7 —1.0 327.0
11 HCOOH 340.4 —-3.0 341.3 345t 3
12 CHsSeH 347.5 —5.6 349.2
13 CHsOH 379.4 —4.2 380.7 380.%x0.2

a Reference 21.

Gas-Phase AciditiesThe gas-phase acidities (proton affini-

than formic acid. For the selenol acids, the acidity order is CIC-
(=0)SeH> FC(=0)SeH> HC(=0)SeH> NH,C(=0)SeH

> CH3;C(=0)SeH. The electronegative fluorine and chlorine
substituents increase the acidity by about-16 kcal mot™.
Amino and methyl substitution leads to a slight decrease of the
acidity of the unsubstituted HEO)SeH acid by about 3 kcal
mol~L. In the case of the selenoxo acids, the following acidity
order was found: CIG£Se)OH> FC(=Se)OH> HC(=Se)-

OH > CH3C(=Se)OH> NH,C(=Se)OH. The differences in
acidities upon substitution are larger in comparison with those
of selenol acids, the halogen derivatives being about2lb
kcal mol-! more acidic than the parent HEGe)OH acid. Both
methyl and amino substitutions cause a decrease of acidity by
about 5 kcal moi® (Table 5). The chloro derivatives are stronger
acids than the fluoro derivatives. This statement is in contradic-
tion to a prediction based on an inductive effect of halogéns.
The acidity decrease upon fluorination could be explained by a
much smaller polarizability, charge capacity, or softness of
fluorine2324 The acidity of halogenated acids studied with
increasing charge capacity (F Cl) also increases in the same
order?324 The methyl group and, more generally, all alkyl
groups are substituents exerting an inductive electron-donating
effect. This results in a destabilization of the anion and hence
a decrease in the acidity of alkyl-substituted acids (Table 5).
The different acidity of selenoacids in comparison with that of

ties of the anions) of the acids are presented in Table 5. For thethe parent formic acid could be explained on the basis of
evaluation of the reaction enthalpies and Gibbs energies, theelectronegativity and the concept of charge capacity introduced
more stable syn conformers of the acids were used. For reasondy Politzer et af* The less electronegative selenium has a higher

of comparison, we also present the B3LYP/6-3G(d,p)
acidities of the parent formic acids and corresponding alcohols

charge capacity than oxygen, which results in a larger stabiliza-
tion of selenium-containing anions in comparison with formate.

in Table 5. Both selenol and selenoxo acids are stronger acidsThe dispersion of charge is largest in the acids containing the
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TABLE 6: Calculated B3LYP/6-3114+G(d,p) Vibrational
Frequencies (cm?) for Acids?

HC(=0)- FC(E=O0)- CIC(=0)- CHsC(=0)- NH,C(=0)-
no.  SeH SeH SeH SeH SeH
1 2942 2404 2382 3137 3712
2 2400 1882 1848 3107 3578
3 1785 1023 851 3039 2404
4 1354 817 724 2401 1800
5 900 709 532 1809 1622
6 816 599 468 1475 1255
7 541 372 358 1463 1097
8 348 290 326 1384 786
9 329 263 205 1116 656
10 1021 620
11 962 476
12 738 340
13 574 306
14 495 255
15 341 170
16 309
17 272
18 49

HC(=Se)- FC(=Se)- CIC(=Se)- CHsC(=Se)- NH,C(=Se)-
no.  OH OH OH OH OH
1 3684 3769 3743 3706 3764
2 3154 1372 1360 3168 3727
3 1436 1324 1230 3076 3578
4 1282 1087 818 3026 1639
5 1214 721 514 1480 1475
6 929 596 510 1472 1351
7 781 585 436 1403 1186
8 667 422 390 1372 1032
9 384 349 256 1296 666
10 1076 634
11 1018 580
12 1009 497
13 666 397
14 635 338
15 487 323
16 393
17 326
18 93

2The O-H and Se-H stretching vibrations are given in italics.

C=Se double bond. The acidity increases in the order HCOOH
< HC(=0)SeH < HC(=Se)OH.

The computed acidity for C¢$eH is larger by 19.9 kcal
mol~! than that found for selenoformic HEQ)SeH acid (Table
5). This difference is, however, smaller than the difference
between methanol and formic acid (39 kcal motomputed
by us and 35.1 kcal mol measured experimentadly. Thus,
the selenoformic HGEO)SeH acid is, like formic acid, stronger
than its parent alcohol. G3SeH was computed to be more acidic
than methanol by 31.9 kcal mdl(Table 5), which corresponds
well to the substantially lower SeH bond strength in com-
parison with the G-H bond?> Recent calculatio#$support the
traditional view by showing that delocalization is an important
factor responsible for the enhanced acidity of carboxylic acids
relative to alcohols. However, inductive effects prove to be on
the same order of magnitude as delocalization effects in
carboxylic acidg%27

The selenocarboxylic acids investigated in this work have

not yet been prepared according to our knowledge, so their

experimental acidities are not known. Therefore, it is not
possible to compare our theoretical results directly with experi-
ments. However, the B3LYP/6-3315(d,p) acidities computed
for formic acid and methanol are in good agreement with the
experimentally determined values (Table 5).

Infrared Spectra. The Becke3LYP computed vibrational
frequencies of selenocarboxylic acids, summarized in Table 6
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give harmonic frequencies whose absolute errors are less than
those for MP2 calculatior®. The frequency shifts of SeH
group valence vibrations upon substitution ir-(=0)SeH
(R=H, F, Cl, CH;, NH,) are very small (about 18 cm or
less), and their absolute values calculated as 22382 cnt?!

are practically independent of the character of the substituent.
Solid-state IR spectra of more complex selenocarboxylic acids
were measured by Kato et &land the characteristic absorptions
of the Se-H stretches were found at slightly lower frequencies
(2290-2324 cm). A higher shift (about 26:85 cnm?) of the
valence G-H vibration was observed in RC(=Se)OH acids
(R=H, F, Cl, CH;, NHy) (Table 6).

Summary

The acidities of 10 selenocarboxylic acids were studied at
the Becke3LYP level of DFT theory. Both selenol and selenoxo
acids prefer syn over anti conformations. The computed acidities
increase in the order CIE{O)SeH > FC(=0)SeH > HC(=
0)SeH> NH,C(=0)SeH= CH3;C(=0)SeH for selenol acids.

In the case of the selenoxo acids the following acidity order
was found: CICESe)OH> FC(=Se)OH> HC(=Se)OH >
CH3;C(=Se)OH> NH,C(=Se)OH. The selenoformic HEQ)-

SeH acid is, as formic acid itself, stronger than the parent
alcohol. Our calculations have shown that selenocarboxylic acids
are stronger acids than carboxylic acids.
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