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High-level G2(MP2) ab initio and B3LYP/6-31#1G(3df,2p) density functional calculations have been carried

out for a series ofs-chalcogenovinylaldehydes, HEK)—CH=CH—-CYH (X = O, S; Y = Se, Te). Our

results indicate that for = O, S and Y= Se, the G-H---Se and the SH---Se intramolecular hydrogen

bonds compete in strength with the-€5e and the 8§-Se interaction, while the opposite is found for the
corresponding tellurium-containing analogues. The different strength-¢4-8Se and ©&-H—Se intramo-

lecular hydrogen bonds explains why the chelagedlic and keto forms of selenovinylaldehyde are very

close in energy, althougbnottautomers are estimated to be about 10 kcal fpiore stable thaketo
tautomers. The situation is qualitatively similar for selenothiovinylaldehyde, although-tHe Se and S-H—

Se intramolecular hydrogen bonds (IHBs) are weaker and much closer in strength, and the energy gap between
enethiol andthionetautomers also smaller. The relative strengths of thé¢:Te and %--H—Te (X= O,

S) IHBs, are very similar to those of the corresponding selenium analogues. However, there are dramatic
differences as far as theXY (X = O, S; Y = Se, Te) interactions are concerned, which for Se-derivatives

are rather small, while for Te-compounds are very strong. An analysis of these chalcogen-chalcogen interactions
indicates that both, the electrostatic and the dative contributions are smaller for Se- than for Te-derivatives.
In the latter, the electrostatic component clearly dominates when &, while the opposite is found for
sulfur-containing derivatives. We have also shown that these two components are entangled in some manner,
in the sense that strong electrostatic interactions favor gestyy (or ns—o*yy) dative interaction. The
proton-transfer processes in species with IHBs were also investigated.

Introduction SCHEME 1

Intramolecular hydrogen bonds (IHBs) play an important role
in chemistry, mainly in processes which take place in the gas N
phase.—3 These weak bonds are responsible for the enhanced s
stability of chelated structures with respect to open ones, as it '
is the case for instance in malonaldehyd&On the other hand, Tep” L S
the formation of these chelated forms has a nonnegligible effect
on the intrinsic reactivity of the system, as it has been shown, Enethiol Enol
for instance, concerning the intrinsic basicity and acidity of
tropoloné or the intrinsic basicity of resorciné®.In other cases,  fact, TMA-tautomers containing-SH and CG=0O bonds are
the formation of an intramolecular hydrogen bond in the systematically 510 kcal mot* more stable than those with
protonated species is responsible for a significant enhancemenO—H and G=S bonds'’ However, despite this, the chelated
of the intrinsic basicity of the systef As a consequence, these  enol(see Scheme 1) is only 0.2 kcal mbless stable than the
bonds have received a great deal of attention, both from the chelatecenethiol due to the presence of a quite strongi®-:-S
experimental and the theoretical points of view. However, most intramolecular hydrogen bond. Also importantly, this compound
of these efforts concentrate on the study of systems, such asand its derivatives have been successfully used as model systems
malonaldehyde or tropolorié; 6 where both the hydrogen bond  to investigate ultrafast hydrogen transfer through pulsed 1&58é?s.
donor and the hydrogen bond acceptor are oxygen atoms. In To the best of our knowledge there is, however, a complete
our group we have been interested in the study of systems, sucHack of information regarding intramolecular hydrogen bonds
as thiomalonaldehyde (TMA}'8where an asymmetric proto-  in which the hydrogen bond acceptor is Se or Te, or where the
tropic tautomerism can be observed. The fact that the hydrogenhydrogen bond donor is a Sél or a Te-H group, and only
bond donor is different from the hydrogen bond acceptor opensvery recently, a theoretical study on intermolecular hydrogen
the possibility of having a mixture of rapidly interconverting bonds involving HCSe has been publishé&dTherefore the aim
enol- and enethiottautomeric forms. As a matter of fact, the of this paper is the characterization of the IHB in the series of
existence of both tautomers has been well-established by meansompounds depicted in Scheme 2. These systems present an
of UV,1® UV photoelectrorf® IR,® and 'H NMR spec- added interest since, as it has been shown many yeats &go
troscopie$!?? Consistently, high-level ab initio calculations and more recently by Minyaev and Minkf#! they exhibit
predict both tautomers to be nearly degenetaftEhis result specific attractive forces between the two chalcogen atoms
should be unexpected in the absence of thets--O IHB. In involved. Also recently, Komatsu et &@.showed that’O and
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SCHEME 2 TABLE 1: Variationally Optimized Exponents of the d and f
Polarization Functions and the s,p Diffuse Functions for the

Augmentation of the Valence Basis Set in ECP Calculations
N = F S of Te-Containing Compounds
l | | | ECP ¢ & f p

Koo Xy G Y Xrmroees Y\ SKBJ 0.2248 0.21653 0.30727 0.02542
" aValues to be used with the [4,1] contraction valence basis sets in
a b ¢ d geometry optimizations. Values to be used with the uncontracted

[11111,11111] valence basis sets in single-point high-level calculations.

Te was optimized through QCISD(T) calculations. To create

77Se NMR spectroscopic data provide strong evidence for multiple sets of d functions from a single optimized function

intramolecular nonbonded interaction between Se and O in W& have adopted the usual procedure, in which the new

hydroxy-selenenyl compounds. These interactions seem to playehxponer:ts ar(: opta(ljned as multlpcvaadhor fractl?ns,(éd/n, of |
also an important role in some reaction mechani$hitence, the single optimized exponent;. We have explored severa

one of the aims of this paper is to investigate the competition factors an_d, although the differences are very_small when the
between X-H-+Y (or X-=-H—Y) IHBs (structuresa andb in value ofnis cha_n_ged, the best results are obta!ngdwfer 1_.5
Scheme 2) and ¥~ X (or X — Y) chalcogen-chalcogen- for. th.e (2d) splitting anch = 2 for the (3d) splitting, which
nonbonded interactions (structueandd in Scheme 2), which coincide with the values normally used for fourth-row elements.

to the best of our knowledge, has not been analyzed before. In11iS (55,5p,1d) basis for Te, to be used in conjunction with

addition to the structures included in Scheme 2 we shall considerg's_116(d’dp)hbasftsets fgr?)filritc-; an sfecor?d-rol\(/v atfoms, \.Ni" be
in our analysis the possible open forms in which none of the esignated hereafter as 6- (d,p) for the sake of consistency.

two aforementioned interactions are possible. With the 6-311G(d,p) basis so defined and using the
6-31G(d)-optimized geometry of TeHas model system, the

set of diffuse s, p functions for Te (with the constraint=
0p), were optimized at the QCISD(T) level of theory. The set
The relative stability of the different tautomers of the of f polarization functions was optimized using Tghit the
compounds under investigation was evaluated by using the QCISD(T)/6-311G(2df,p) level. The values of the different
G2(MP2) theory?* This theory provides total energies of an exponents obtained are given in Table 1. Hence, hereafter a
effective QCISD(T)/6-31+G(3df,2p) quality, and it has been  6-311+G(3df,2p) basis set for Te, will designate the use of the
found to be quite reliable in the study of similar systems having SKBJ ECP together with a (6s,6p,3d,1f) basis set.
intramolecular hydrogen bonds:8 Although in the standard G2(MP2) procedure the geometries
To apply this theoretical scheme to Se-containing compoundsare optimized at the MP2(full)/6-31G* level, in our case we
the 6-31G(d) and the 6-3#1G(3df,2p) basis set expansions have used a 6-31G(d,p) basis set because diffuse functions
developed by Curtiss et &.have been used. No G2-type are needed to appropriately describe hydrogen bonds. Taking
extended basis sets have been reported for Te so far. Thereforento account that for large systems the G2(MP2) procedure can
to treat Te- and Se-containing compounds on equal footing we become prohibitively expensive we have considered it of interest
have optimized the G2-type basis for Te following an analogous to assess the reliability of the B3LYP density functional theory
procedure to that reported in the literature to obtain similar basis approact which can be easily extended to the treatment of
sets for I3¢ Sb37or Sn38 much larger systems. For this purpose we have compared the
Among the different effective core potentials which have been results obtained at the G2(MP2) level of theory with those
proposed in the literature for Te we have chosen the SKBJ obtained when the B3LYP method is used. The B3LYP method
relativistic potential of Stevens et &P.pecause it was foundto  combines Becke’s three-parameter nonlocal hybrid exchange
perform very well for other forth row elements38 This ECP potentiat344 with the nonlocal correlation functional of Lee,
approach accounts for the most important relativistic effects. Yang, and Part? In these DFT calculations, the geometries and
In this procedure the valence electrons of third and fourth-row harmonic vibrational frequencies were obtained at the B3LYP/
atoms are described by using a (5s,5p)/[2s,2p] basis set which6-31+G(d,p) level, while the final energies were evaluated by
implies a [4,1] contraction scheme, and adopts a typical shell- means of single-point B3LYP/6-3#1G(3df,2p) calculations.
structure ¢s= o). The bonding characteristics of the different tautomers were
Taking into account that in the standard G2 formalf€rthe analyzed by using two alternative procedures, namely the atoms
geometry optimizations are performed using a 6-31G(d) basis in molecules (AIM) theory of Badét and the natural bond order
set, the polarization d function to be included in geometry (NBO) analysis of Weihnhold et 4. The first method is based
optimizations was optimized through calculations at the MP2 on a topological analysis of the electron charge density and its
level for TeH, on its experimental geometfy,using a 31G Laplacian. Within this approach we have located the different
basis for the hydrogen atoms and the aforementioned [4,1] bond critical points whose charge density is a good indication
contraction for Te. Hereafter, for the sake of simplicity this of the strength of the linkage. Besides, we have also evaluated
[4,1] + d basis for Te, to be used in conjunction with a 6-31G- the contour maps of the energy densitfr), which would help
(d) basis set for first and second row atoms, will be named for to characterize the nature of the different linkages. It has been
extension 6-31G(d). establishetf that, in general, the internuclear regions character-
To obtain for Te the supplementary diffuse s, p components ized by negative values &i(r) correspond to covalent interac-
and the d, f polarization functions required in G2 calculations, tions, while positive values are typical of interactions between
we have completely uncontracted the original scheme. Using closed-shell systems as in ionic bonds or hydrogen bonds.
this (5s,5p)[11111/11111]-uncontracted basis for Te and a The NBO analysis will allow us to obtain reliable charge
311G(p) basis set for hydrogen and the Feholecule as a distributions, as well as to evaluate quantitatively the intramo-
model system, the exponent of the d polarization function for lecular attractive orbital interactions which would be responsible

Computational Details
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for the stability ofc- and d-type structures (See Scheme 2). H,C=X + CH,YH —

These analyses will be complemented with those carried out in CH,XH + H,C=Y (X =0, S; Y=Se, Te) (1)
terms of the lengthening or shortening of the bond lengths and 3 2 T ’
in terms of the shifting of the corresponding stretching frequen-

cies. At the G2(MP2) level reaction 1 for X O and Y = Se, is

predicted to be endothermic by 13.6 kcal mo(See Table 2),
ratifying the enhanced stability of thetype forms. This result
is also corroborated by the fact that theype open structures
The optimized geometries of the different conformers of the (which present neither IHBs nor chalcogen-chalcogen interac-
compounds under investigation have been schematized in Figurdions) are systematically-510 kcal mot* more stable than the
1, which shows also their relative stabilities. To make our corresponding-type tautomers (See Figure 1).
discussion more systematic, the following nomenclature will ~ The energy associated with an intermolecular hydrogen bond
be adopted hereafter. The different compounds will be identified can be easily estimated taken as a reference the energy of the
by naming the two chalcogen atoms YX involved followed by isolated interacting units. However, this is not the case when
aif the hydrogen atom is attached to the lighter chalcogen atom dealing with intramolecular hydrogen bonds because it is not
and byb if the hydrogen atom is attached to the heavier one. possible to define an appropriate reference. In our case, it would
For instance, in the case of oxygen-containing compounds be enough, however, to estimate the relative strength of the
structuresa would correspond systematically to trenok OH:---Se IHB with respect to the @HSe IHB, and this can be
tautomers and structurds to the keto ones. The different reasonably achieved by using the following isodesmic reactions:
tautomers of each type will be identified by adding a number

Results and Discussion

which will follow the stability order. Hence, for instancggCal oy W M b
designates the most staldaol form of the 5-selenovinylalde- l + >=< S | N >=< @
hyde, whileSeCh1 would name the most stableto (selenao) RS oM H W Hoo H
conformer. In addition to the chelated structures which present i H

either an IHB or a chalcogen-chalcogen interaction, there are
many noncyclic conformers. Although many of these open Y 0o X 0w
conformers have been investigated, in what follows, and for | " >=< _ + >=< @
the sake of conciseness, we will constrain our discussion to the ZNy W H W Ho oy H
most stable of each typea ©r b). h H

The values reported in Figure 1 indicate that the B3LYP/6-
311+G(3df,2p) approach yields systematically the same stability ~The G2(MP2) calculated energies are summarized in Table
order as the G2(MP2) method. The calculated relative stabilities 3. It can be observed that for% O and Y= Se, both reactions
are also very similar, the differences being typically smaller are endothermic, reflecting the stabilizing effect of both IHBs.
than 1 kcal motl. Hence, the more expensive G2(MP2) However, in agreement with our previous assumption, the
calculations have been restricted to a limited set of test casesO—H---Se IHB is estimated to be more than 9 kcal mahore
which permitted us to assess the reliability of the B3LYP stable than the ©-H—Se one. This difference practically

approach. counterbalances the energy gap betwegrpe anda-type forms
Relative Stabilities. Selenium Compounds with=XO. Even mentioned above, and as a consequence St#f@al and the
though the structures containing-Sd and CG=0 bonds K- Seh3 conformers are found to be very close in energy.

type tautomers) should be more stable than those containing Another important finding is that the second local minimum
O—H and CG=Se bonds 4-type tautomers), the most stable of the potential energy surface is tBeCbl structure character-
conformer of the selenovinylaldehyd®eCal, corresponds to ized by a O--Se stabilizing intramolecular interaction already
an enol structure which presents a-®---Se intramolecular described by Minyaev and Minki#:3 Nevertheless, the energy
hydrogen bond. Very close in energy lies the corresponkitg difference between this chelated structure and the most stable
form Se(o3, which presents a @HSe IHB. It is worth noting open form,SeM2, is rather small indicating that this stabiliza-
that according to these results selenovinylaldehyde resembledion energy is not very large, being of the same order as the
closely the sulfur analogue thiomalonaldehyde. Indeed, for energy of the ®@-H—Se IHB.

TMA, the chelatecenottautomer, stabilized by ©H---S IHB, Hence, the important conclusion is that in SeO-derivatives,
and the chelateénethioltautomer, stabilized by an-©OH—S the O—H-:-Se IHB is strong enough to counterbalance not only
IHB, were found to be practically degenerdteven though the  the intrinsic enhanced stability of tHetype forms, but also
enols should be much less stable than the corresponding the stabilizing @--Se interaction present in for®ebl or the
enethiols This seems to indicate, on one hand, that the O---H—Se IHB in structure&SeCh3. It is also worth noting that
selenocarbonyl group is as good a hydrogen bond acceptor aghe chalcogen-chalcogen {G5e) interaction foa-type com-
the thiocarbonyl group, in line with the fact that selenocarbonyl pounds is repulsive rather than attractive asbiforms, as
compounds were predicted to have an intrinsic basicity rather reflected by the low stability of th8eCGa3-tautomer with respect
similar to that of the corresponding thiocarbonyl analogiies. to the most stable open analog$sCa2.

On the other hand, also similarly to what was found for THA, The OH lengthening inSeCal with respect to the open
the OH--Se IHB in SeCal species should be much stronger structure $eQa2) is much greater (0.043 A) than the one
than the G--HSe one irSe3, to counterbalance the enhanced undergone by the SeH bond (0.004 A) inSe3 with respect
intrinsic stability of theselenoltautomer. This can be analyzed to the corresponding open structufe(b2. This clearly

on more quantitative grounds. The enhanced stability of the indicates that the ©H---Se IHB in the global minimum is much
b-type selenolstructures with respect to tletype enolicforms stronger than the &-H—Se IHB in SeCh3. Concomitantly,
can be estimated by comparing the atomization energies ofthe OH stretching frequency in the global minimum appears
H,C=0 + CHsSeH with those of CEDH + H,C=Se, i.e., by red shifted by 894 cmt with respect tocSe(Qa2, while the red
estimating the energy associated with the isodesmic reaction:shifting of the Se-H stretching frequency i8eCb3 with respect
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Figure 1. B3LYP/6-311G(d,p)-optimized geometries of the different systems under investigation. Bond lengths in A and bond angles in degrees.
Relative energies (kcal md) have been evaluated at the B3LYP/6-311*G(3df,2p) and G2(MP2) levels of theory. The latter ones correspond to
the values within parentheses.
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TABLE 2: Energies of the Isodesmic Reaction HCX + the most stable conformer corresponds alwayshiygpe form,
EHSIYH — CHﬁXH + HCY (X T ?, ﬁ; Y = Se, Te) namely TeObl and TeSbl, stabilized by a X--Y chalcogen-
valuated at the G2(MP2) Level of Theory chalcogen interaction. Nevertheless, as it was the case for
Y =Se Y=Te selenium-derivatives, for X O the most stabla-type structure,
X=0 X=8S X=0 X=S TeOal, is stabilized by an ©H---Te IHB. For X= S, however,
136 1.9 135 18 and due to the weakness of the-lS:--Te IHB (See Table 3),

theTeSal open form is predicted to be slightly (0.3 kcal mbl
more stable than the chelated ofie$a?2). Also, in both cases,

the b-forms with a O--H—Te or S-*H—Te IHBs are close in
energy to the aforementionedtype structures. A guantitative
analysis of the relative strengths of these intramolecular
hydrogen bonds in terms of the isodesmic reactions 2 and 3
yields results systematically parallel to those discussed above
for the corresponding selenium analogues (See Table 3). Indeed,
our estimations show that the-®---Te IHB is about 9 kcal
mol~! stronger than the @H—Te one (See Table 3), and again
this difference is of the same order as the stability difference
betweenketo and enol forms (See Table 2). Similarly, when

aValues in kcal mot?.

to Se2 is only 44 cn1! (See Table 4). It is also worth noting,
by comparing the structures 8eCal- and SeCa2-tautomers,
that the formation of the OH:-Se IHB leads to a shortening
of the C-0O bond and to a lengthening of the=Ge linkage.
Consistently, on going fromSeCa2 to SeCal, the C-O
stretching frequency appears blue shifted by 26 -%mwhile
the C=Se stretching frequency shifts 178 thito the red.
Similar changes, although smaller are observed wherrahl©
Se IHB is formed, i.e., on going froieh2 to Se(h3. Hence,
in general the €XH bond of the hydrogen bond donor group i
becomes reinforced when the IHB is formed, while the\C oxygen is replaced by sulfur, both the-B---Te and the §-H—
bond of the hydrogen bond acceptor group becomes weakened] € IHBS become weaker and closer in stability, the energy gap
These geometrical distortions can be easily explained taking P€tweerthioneandenethiolforms being also rather small (3.5
into account that in the limit, i.e., when the proton has been kcal mol!). Therefore, as far as the capacity of forming
completely transferred, the-€XH bond will change into a €X intramolecular hydrogen bonds with OH or SH groups, Se and
linkage, while the &Y bond will become a &YH linkage. Te behave quite similarly. Also in both the Se- and Te-series
Selenium Compounds withX S. The same stability order ~ Of compounds, the relative stability df-type tautomers,
discussed above for the chelated structures is observed wherstabilized by X--HTe IHBs, with respect toa-type ones,
oxygen is substituted by sulfur. For the selenothiovinylaldehyde, stabilized by XH--Te IHBs, is very similar. However, there is
again the most stable conform&e%l, is the one exhibiting a dramatic difference as far as the chalcogen-chalcogen interac-
a S—H---Se IHB, while the second one in stabilitge®1, tions are concerned. As mentioned above these interactions are
presents a S Se interaction. Also in this case the energy gap weak in Se-containing compounds, but they are quite strong in
between theenethioltautomerSe&l (with a S—H:---Se |HB) Te-derivatives.
and theselenoitautomerSe$3 (with a S+-H—Se IHB) is quite Chalcogen-Chalcogen InteractionsAs pointed out in the
small. Despite these analogies there are significant quantitativepaper of Minyaev and Minkif?° this interaction which received
differences between oxygen and sulfur-derivatives. As shown many different names, such as “premature hyperva|ent bond”
in Table 2 for sulfurjcontaining systems the enhanced stability or “fractional bond”, was traditionally associated with gn
of the b-type (enethio) tautomers with respect to thetype 5+, (or ns—c*y4) dative bond involving the lone pairs of one
(seleno), as measured by the endothermicity of reaction 1 of the chalcogen atoms (in our case oxygen or sulfur) and the
reduces to only 1.9 kcal mtﬂ..At the same time, as shown in 0*vH(v=se Te) antibonding molecular orbital. As mentioned in
Table 3, the SH---Se IHBs is not only much more weaker he |ntroduction this picture seems to be consistent with the
than the (1}H---Se IHB but only slightly stronger (about 1.6 17 and77Se NMR spectroscopic characteristics of Se-containing
kcal mol™) than the S-H—Se one. So at the end, as it was .qmnounds as shown recently by Komatsu &2 Alevertheless,
found for oxygen-containing compounds, these effects, although o a4t in the case of Te-derivatives, the electrostatic contribu-

significantly smaller, almost cance_l each other, and thus, SpeCiestions cannot be neglected. To gain some insight into the physical
i(féf&l and SetSbS ar(?[h\éeré’iﬂ033 én ;)gefrgy. T_h%_ratthertimtall origin of the aforementioned differences between Se- and Te-
Iiierence between el and>e orms Indicates tha derivatives a more quantitative analysis of the weight of these

also in sglenothlovmyladehydes the chalcogehalcogen in- ftwo contributions is needed.
teraction is weak. Also, as a consequence of the weakness o

the S--H—Se IHB, the open formBeS2 is predicted to be To estimate the weight of the electrostatic interaction we have
slightly more stable than th®eS1 chelated structure. evaluated the net atomic charges on both chalcogen groups by
The fact that in this case the=B{---Se and the §-H—Se means of the NBO analyst§ With these values, and assuming

IHBs are close in strength is also mirrored in the charge density @ Model of point charges located at the same relative position
at the corresponding bond critical point (see Table 5), which is @S the corresponding nuclei we have calcqlated the interaction
only slightly higher for the former. Consistently the lengthening €nergy between them. To estimate the weight of headt vy
of the S-H and the Se'H bonds upon formation of the IHB ~ (Or Ns—o*vn) dative bonding we have evaluated the corre-
(0.054 A and 0.042 A, respectively) is not very different. Sponding orbital interaction by means of the second-order NBO
Coherently, on going frorSe 32 to Se%1 the S-H stretching analysis. Although the interaction energies so obtained (see
frequency appears red shifted by 681 ¢nwhile on going from Table 6) cannot be taken as an absolute measure of the
Sed?2 to Sed3 the Se-H stretching shifts 464 cnd to the electrostatic and covalent contributors, they allow us to estimate
red. Changes in the bond lengths and stretching frequencies ottheir relative importance in stabilizing the system. The first
the C-XH and the G=Y bond upon formation of the IHB are  conspicuous fact of Table 6 is that both the electrostatic and
also similar to those discussed above for the oxygen-derivativesthe dative terms are much smaller in Se- than those in
(See Figure 1 and Table 4). Te-derivatives. On the other hand, as expected from the high
Tellurium CompoundsThe situation changes completely electronegativity of oxygen with respect to sulfur, the largest
when dealing with tellurium-containing compounds. In this case charge separation takes place in oxygen-containing compounds.
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TABLE 3: Energies of the Isodesmic Reactions 2 and 3 Evaluated at the G2(MP2) Level of Thedry

Y =Se Y=Te
X =0 X=$ X=0 X=$
reaction (2) reaction (3) reaction (2) reaction (3) reaction (2) reaction (3) reaction (2) reaction (3)
12.2 2.9 6.1 4.5 10.3 1.0 5.8 3.0
2Values in kcal mot*.
TABLE 4: Harmonic Vibrational Frequencies (cm 1) of clearly do in the corresponding Te-derivatives, as a consequence
Relevant Vlbf1<”:_lt|0n6| Modes of Vinylaldehydes (X= O, S, of the short @-Te (and S-Te) distance. The main consequence
and Y = Se, Te) is that in these two cases the energy density evaluated at the
X=H Y-H Cc—X c-vy XeerY O---Te (or S--Te) bond critical points is negative, as in typical
tautomer stretching stretching stretching stretching stretching covalent linkages, reflecting a more efficient dative interaction.
Se(Cal 2889 1375 718 213 It is also important to note that these interactions are character-
Se(a2 3783 1349 896 ized by the existence of a bond critical point, whose charge
gggg gg%g gég Sgé 168 density reflects the strength of the interaction (see Table 5),
Se(hl 2304 1721 640 134 simiIarIy_ to what was found fgzr other weak bonds_such as
SeSil 1991 784 649 148 conventional hydrogen boné%:52 Furthermore, the existence
Se%2 2672 776 892 of a chalcogen-chalcogen bonding interaction implies that
Sed3 1909 1151 615 129 SeOal SeSal TeOal, andTeSalare formally cyclic struc-
gegﬁ é%; ﬂgg 2(1)1 131 tures, which is confirmed by the existence of a ring critical point
© rcp) (see Table 5). It is worth noting that systematically the
TeOal 3077 1401 585 180 P : 9 ysSte Y
TeOa2 3786 1324 748 charge density at the_rcp of _the_strl_Jctures stabilized through a
TeOb3 2105 1736 466 133 chalcogenr-chalcogen interaction is higher than that of structures
TeOb2 2049 1753 704 stabilized by IHBs, likely reflecting that in the former the ring
$egab21 2128 1876 1%”2 gig gg is significantly more compact. It can be also observed that,
TgSal 2675 694 within each subset, the higher the charge density at the rcp, the
Teh3 2084 1141 439 124 more stable is the isomer.
TeSh2 2050 1014 645 Finally, it is also worth mentioning that the chalcogen
TeSol 1820 886 550 149 chalcogen interaction in conformers, suchS$s0a3, Se®3,

) o ~ TeQa3, andTeXa3, are characterized by a repulsive electrostatic
Also, reflecting the low electronegativity of Te, the electrostatic interaction, while in all cases the,fro*xy dative component
contribution is maximum when X O and Y= Te. Itis also  does not take place. This means that when the chalcogen-
WOI‘th nOtIng that, although n Te-derlvatlves bOth e|eCtl‘OStatIC Cha'cogen interaction invo'ves:éSe (Or C=Te) and OH (Or
and dative interactions are large, our results indicate that in SH) groups is not stabilizing.
oxygen-containing systems the former clearly dominates, while Our efforts to have an unambiguous measure of the interaction

the opposite is true in sulfur-containing species. energy and its components using the intermolecular case as a
As it could be anticipated, theoRo*vyn (Or Ns—0*yn) suitable reference failed. In principle, one may assume that the
interaction results in a lengthening of the-¥ linkage due to complexes between MeOH and Teg©bh one hand, and Gi®
the contribution of thes*y— antibonding orbital. In line with  and CHTeH on the other, would provide reasonable estimates
our previous discussion this lengthening is greater in Te (0.033 of the strength of the ©H--Te IHB and the chalcogen-
A for X = O and 0.051 for X= S) than that in Se-derivatives  chalcogen ®-TeH interaction, respectively. Furthermore, in
(0.010 A for X= O and 0.020 for ¥=S), and it is also greater  the first case, depending on the relative orientation of the two
for sulfur than that for oxygen-containing compounds. Consis- moieties, with the H of the OH pointing toward or away from
tently the corresponding stretching frequencies appear red shiftecdthe Te atom, one may have a reasonable model to represent the
as follows: (X=0,Y =Te) 173 cm}; (X =S, Y =Te) 230 kind of interactions present ifieOalandTeOa3conformers.
cm} (X =0, Y =Se) 66 cm?; and (X=S, Y = Se) 135 However, due to the fact that both interacting molecules are
cm~L. The charge donation from the lone pairs of the oxygen free to orient themselves in order to maximize the interaction

(or sulfur) atom also lengthens the=© (or C=S) bond, energy, these two starting conformations collapsed to a unique
because the oxygen (or the sulfur) recovers part of the chargestructure (see Figure 3). This structure is stabilized through the
transferred to ther*vy orbital by depopulating the €0 (or formation of two hydrogen bonds. One of them involves the

C=S) bonding region. As a consequence, the charge density athydrogen atom of the OH group of methanol and the negatively
the bond critical point decreases, the bond becomes longer (Seeharged carbon atom of TeGHand the other involves one of
Figure 1) and the stretching frequency appears red shifted (Seethe positively charged hydrogen atoms of the TeGHbunit
Table 4). and the oxygen of methanol. So while the rigidity of the
It must be also emphasized that both effects are somehowcorresponding-chalcogenvinylaldehyde facilitates the-8-+-Te
interconnected, in the sense that the strong electrostatic attractiodnteraction in thefTeOalcompound, in the intermolecular case

in Te-derivatives which results necessarily in shortTe this interaction cannot compete with the strongertd--C and
distances, strongly favors the donation from the lone pairs of C—H+**O hydrogen bonds.
X toward the Te-H ¢o* antibonding orbital. This can be nicely In the case of interactions between £Hand CHTeH (See

visualized through the use of the contour maps of the energy Figure 3) the corresponding complex is stabilized through a
density (See Figure 2). Indeed, in both selenium-derivatives the chalcogen-chalcogen interaction, but as it has been found before
energy density curves associated with the valence regions ofby Minyaev and Minkid?, there is also a contribution from a
oxygen (or sulfur) and selenium do not overlap, while they weak hydrogen bond between the-t¢ group and the oxygen
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TABLE 5: Charge Densities (e au?®) at Some Relevant Bond Critical Points (X= O, S, and Y = Se, Te) of the Different

Chelated Conformers

bond Se@1 SeOb3 Sebl Se&l Sed3 Sedl TeCal TeCh3 TeChl TeS2 TeD3 TeSDl
c—X 0.320 0.390 0.392 0.213 0.223 0.226 0.285 0.363 0.339 0.206 0.223 0.219
c-Y 0.180 0.169 0.168 0.181 0.172 0.170 0.106 0.103 0.107 0.107 0.104 0.108
X—H 0.312 0.197 0.293 0.191
Y—H 0.177 0.171 0.166 0.168 0.115 0.105 0.115 0.103
XH---Y 0.050 0.042 0.027 0.027
XeeHY 0.026 0.038 0.013 0.015
XeeeY 0.021 0.020 0.042 0.032
rcp? 0.014 0.011 0.015 0.011 0.010 0.013 0.012 0.009 0.022 0.009 0.007 0.016
arcp = ring critical point.
TABLE 6: Electrostatic and Covalent Contributions
(kcal mol~?) to the Chalcogen-Chalcogen Interactior?
Sehl Sedl Te(bl TeDl
electro- dative electro- dative electro- dative electro- dative
static static static static
—-2.01 —4.15 -0.10 -0.84 —15.18 —9.08 —1.30 —17.3 .
2 These values should be taken in relative terms, not as a quantitative
measure of the interaction in absolute terms (See text).

SeSbl

TeObl

TeSbl

Figure 2. Contour maps of the energy densit(r), for SeCbl, Sed1,
TeObl, and Teshl. Dashed lines correspond to negative values and
solid lines to positive values.

of formaldehyde, that prevents the separation of both compo-

nents. Hence, a more quantitative analysis of the chalcogen-

chalcogen interactions, as it is also the case for IHBs, is an

open question which calls for additional studies.
Proton-Transfer BarriersWe have considered it of interest

to investigate the proton-transfer mechanism that would connect

in each case the two tautomers stabilized through an IHB

Figure 3. Equilibrium conformations of the complexes between
CH3OH and CHTe and between C#0 and CHTeH, obtained at the
B3LYP/6-31+G(d) level of theory.

Conclusions

Our results indicate that in selenovinylaldehyde and sele-
nothiovinylaldehyde the ©H---Se and the SH---Se intramo-
lecular hydrogen bonds compete in strength with the &
and the S-Se interactions, while the opposite is found for the
corresponding tellurium-containing analogues. The different
strength of G-H---Se and &-H—Se intramolecular hydrogen
bonds explains why the chelatezholic and keto forms of
selenovinylaldehyde are very close in energy, althoegbol
tautomers are estimated to be about 10 kcaltholore stable
than ketotautomers. The situation is qualitatively similar for
selenothiovinylaldehyde, although the-B---Se and S-H—

Se intramolecular hydrogen bonds are weaker and much closer
in strength, and the energy gap betwesrethiol andthione

because, as we have mentioned in the Introduction, thesetautomers also smaller. Regarding the relative strengths of the

systems could be appropriate models to investigate ultrafast lase
pulse isomerization-controlled mechanisms. According to our
results we can distinguish two different situations: (a) systems
which present a small energy barrier for the proton transfer,

X—H----Te and %--H-Te (X = O, S) IHBs, tellurium
compounds behave very much as the corresponding selenium
analogues. However, there are dramatic differences as far as
the X---Y (X = O, S; Y = Se, Te) interactions are concerned,

and as a consequence, either the ground vibrational state of thavhich for Se-derivatives they are rather small, while for Te-
less stable isomer is above the energy barrier (as it is the case&compounds they are very strong.

for TeS-a2-b3 and SeOal-b3) or it is very close to it (as in
SeSal-b3); (b) systems, such akeO-al-b3, which exhibit a
reasonably highX5 kcal mol) activation barrier. The formers
are good examples, as some derivatives of T8, low-barrier
hydrogen bonds, which received a great deal of attention
lately53-55 The latter is a good candidate to model proton-
transfer isomerizations between the two isomd@eQal and
TeOb3 which are nearly degenerate.

An analysis of these chalcogenhalcogen interactions
indicates that both the electrostatic and the dative contributions
are smaller for Se than for Te-derivatives. In the latter, the
electrostatic component clearly dominates whes O, while
for sulfur-containing derivatives the donation from the lone pairs
of sulfur to the Te-H o* antibonding orbital dominates. We
have also shown that these two interactions are entangled is
some manner, in the sense that strong electrostatic interactions
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favor the m—o*yy (or ns—o*yy) dative interaction. The
stabilizing chalcogenchalcogen interactions can be character-

ized by the existence of a bond critical point, whose charge

Sanz et al.

(22) Duus, FJ. Am. Chem. S0d.986 108 630.

(23) Doslic, N.; Sundermann, K.; Goflea, L.; Mo, O.; Giraud-Girard,
J.; Kthn, O.Phys. Chem. Chem. PhyE999 1, 1249.
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density reflects the strength of the interaction. Also the charge 1998 102, 9645.

density at the ring critical point may provide information on
the relative stability of the system.
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