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The relative hydrogen-bond (HB) properties of sulfoxides and selenoxides have been investigated experimentally
using data retrieved from the Cambridge Structural database and theoretically through density functional
calculations at the B3LYP/6-3#1+G(3df,3pd)//B3LYP/6-311+G(3df,3pd) level. The HB are significantly
shorter (stronger) in selenoxides (df) = 1.78 (3) A) than in sulfoxides (d(®@H) = 1.85 (2) A). The

HB directionalities and linearities observed in the solid state for the two functionalities are very similar. The
spatial and molecular surface minima of the electrostatic potential are, respectively, 43.9 and 23.4 kJ/mol
more negative in dimethyl selenoxide (DMSeO) in comparison with that in dimethyl sulfoxide (DMSO). The
investigation of the S(Se)O bond’s electronic structure using the Natural Bond Orbital (NBO) approach shows
that negative hyperconjugation of the type-fr 6*S(Se)-C is much more important in DMSO than that in
DMSeO. In the HB complexes, the NBO analysis shows competition betweenaiS(Se)-C delocalizations
associated to hyperconjugation anrg-n o*HF delocalizations related to hydrogen-bonding. The NBO energetic
analysis of the HB complexes demonstrates that theHinteraction is significantly greater in DMSeO
compared to that in DMSO. The computed thermodynamic parameters of HB complexation support the better
HB ability of selenoxides since th&@AH3y, and 0AG5,, are, for the three HB donors used (HF,G4 and
p-fluorophenol) always significantly in favor of DMSeO. The theoretidéAH34, and 0 AG544 calculated for
DMS(Se)O HB interactions witlp-fluorophenol, respectively, of 8.5 and 6.0 kJ/mol, compares reasonably
well with the corresponding experimental data in solution of 2.8 and 5.0 kJ/mol. The theodetio@{H)

clearly confirm the various observations, #v(OH) value of 111 cm! calculated from the HB complexes

with H,O being close to the experimeni@\v(OH) of about 110£20) cnr?.

1. Introduction compilation of the whole palette of HBeems to indicate the

same behavior. From a theoretical point of view, an ab initio
and a density functional theory (DFT) investigation of chemical
bonding in Y2XZ compounds have shed light on the bond nature

in Y,SO and ¥%SeO structures through the Atoms In Molecules

enthalpies of hydrogen-bonding interactions between sulfoxides (AIM) Theory.1® However, to our knowledge, no specific study
and several hydrogen bond (HB) donors have, for example, beerf1aS been devoted to the characterl_zat|on of t_he HB properties
determined It is well-known from these studies that sulfoxides N SO and SeO systems and to their comparison.
can be considered as strong HB acceptors. From a structural In an effort to fill this gap, we complete in this paper our
point of view, computational studies have been used to analyzethermodynamic investigation in solutibby a comprehensive
the structure and HB energetics of DMSO with various donors structural and theoretical study. By means of two complementary
(for example 1DMSG-nH,O clusterss DMSO—N-methyl approaches, namely DFT calculations and investigation of the
maleimide? DMSO—1,2-ethanedi). These studies have shown CSD, we will address the following questions: (1) Do the
that, beside the strong HB involving the sulfoxide oxygen, the geometries of S©-H and Se®-H HB interactions in the solid
methyl groups are also involved in numerous HB. state allow for the determination of the best HB acceptor? (2)
In the solid state, Calligaris et al. have used the Cambridge Are there preferential directionalities of hydrogen-bonding
Structural Database (CSD) to characterize the metrics of interactions in these systems and are these HBs linear? (3) Can
uncoordinated and metal-coordinated sulfoxitléf contrast we gain insight, through quantum mechanic descriptors, into
to sulfur-containing compounds, the structural and energetic HB the factors responsible for the observed preference? (4) Despite
properties of analogous organoselenium molecules have not beethe environment differences, are the trends noticed through solid
characterized. In a recent work, we have shown for the first state (CSD), solution (thermodynamic measurements), and gas-
time from thermodynamic measurements in solution, that phase (computational methods) observations coherent?
selenomdgs are better HB gcceptors that sylfo?&dashe solid . To answer these questions, CSD searches have been car-
state, preliminary observations of Steiner in his comprehensive jaq out for diversified and comparable XYSGHZ and

. - XYSeCO--HZ environments. The theoretical approach has first
* Corresponding author: E-mail: Jean-Yves.LeQuestel@ . ) .
chimie.univ-nantes.fr. Tel: 33 (0)2 51 12 55 63. Fax: 33 (0)2 51 12 55 been focused on electrostatic and bond orbital descriptors of
67. DMSO and DMSeO “free” molecules, chosen as model

The chemistry of sulfoxides, their ability to interact with
electron donating or accepting ligands, together with the
controversial debate around the nature of the SO bond have
led to several experimental and theoretical investigatiorise
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of a single water molecule with small organic molecufes.

SN /‘9\;\ Among the functionals applicable to hydrogen bonding, our
S(Se)—0 eeoH—7 choice of B3LYP2° which invokes Becke's three parameter
v . Dd , hybrid method using the correlation functional of Lee, Yang,

and Parr, is based on the fact that is has been shown to produce
Figure 1. Definition of the geometric parameters describing the theoretical data within £3 kJ/mol of the MP2 result3.

hydrogen-bonding interactions in XYS(Se)O molecular fragments ~ The computations were carried out with the Gaussiadt 98
searched in the CSD. suite of programs either on local workstations or through the
CINES and IDRIS computational facilities.

compounds. The thermodynamic parameters of HB interactions 5 5 5 pBasis SeQuantum chemical calculations using B3LYP
between DMSO, DMSeO, and various HB donors have then ih o basis sets were performed on 1:1 HB complexes of

been computed. Finally, theoretical infrared frequency_shifts DMSO and DMSeO with different HB donors (vide infra). We
have been compared to the ones measured in solution for, e first used the 6-311G(**) basis set augmented in a second
comparable systems. step by polarization functions on all atoms and diffuse functions

on hydrogen atoms: 6-3#HG(3df,3pd). The basis set de-
2. Methods pendence of the free base computed properties has been assessed

2.1. CSD AnalysesCrystallographic data were retrieved from  through its comparison with the experimental data available
the November 2003 (298 097 entries) 5.25 release of the’l¢SD. (geometry, dipole moment). For the HB complexes, the evolu-
The ConQuest and QUEST3D progrédfsere used to search  tion of the interaction energy has been analyzed in order to shed
for bonded substructures and intermolecular nonbonded contactdight on the importance of the number of polarization functions
in XYSO and XYSeO systems. Subsequent data analyses were2nd the presence of diffuse functions on hydrogen atoms.
performed with VISTAI® Searches were restricted to entries ~ 2.2.3. Theoretical Descriptor8.2.3.1. Free Bases. The strong
with (a) error-free coordinate sets in CSD check procedures, electrostatic component of hydrogen bonding has led to an
(b) no crystallographic disorder, (d) no polymeric connections, extensive use of charge arrangement descriptors for qualitative
and (e) crystallographiB-factor < 0.10. All H atoms involved and quantitative HB analysé%Two descriptorsVmin andVs min
in nonbonded contact searches were placed in normalizedthe spatial and molecular surface minima of the electrostatic
positions, i.e., they were repositioned along their X-ray- potential, respectively, have been proven to be particularly well
determined %-H vectors at a distance from O or N equal to suited for the modeling of hydrogen-bonding interactiéhid/e
the appropriate mean bond length established from neutronhave, therefore, computed thgn, and Vs min of DMSO and
studiest* DMSeO using a molecular surface defifgdy an 0.001 e/bofr

Nonbonded contact searches and geometrical analyses ofsocontour of the electronic density fdfsmn The angular
interactions involving HZ (Z= N, O) hydrogen bond donors  location of the electrostatic potential minima has proven to be
and O acceptors in XYSO and XYSeO systems have beenuseful for the analyses of the directional preferences observed
carried out using the recommendations of Desiraju and Steinerin intermolecular interaction®. To compare the theoretical
in their recent monograp:d andD (Figure 1) are, respectively,  preferences to the ones observed in the solid state, we have
the HB lengths involving the sulfoxides and selenoxides oxygens computed the S(Se)®min(Vsmin) angles and have compared
atoms expressed from the hydrogef) &nd heavy atomL) them to the experimental S(Se)éH angles. These calculations
position of the HB donorg measures the linearity of the have been made with the HS95 program at the B3LYP/6-
interactions, andP measures their directionalities. A contact 311++G**//B3LYP/6-311++G(3df,3pd) level since the pro-
was accepted as a hydrogen bond only if it was less than thegram does not support f functiof5.
sum of the van der Waals radii of the hydrogen (1.6%)nd For a better understanding of the relative chemical bonding
oxygen (1.52 Ay atoms: that is to say ifl < 2.62 A. The in SO and SeO systems, we have performed an NBO an#lysis
respective ranges considered for the HB linearities and direc-on DMSO and DMSeO. The principal theoretical methods
tionalities were 90< 6 < 18C and 90< ® < 18C°. The available to study chemical bonding and intermolecular interac-
scatterplots and the contoured density surface showing thetions are the NBO approach and the AIM methodology. Our
experimental distribution of HB donors around the oxygen atoms choice has turned to the NBO approach since the AIM method
in sulfoxides have been created using the ISOGEN progfam. has been used recently for comparable systems by Dobado and

A Student test with a 95% statistical confidence limit has co-workerst® Furthermore, the NBO approach has proven its
been used to verify the validity of the conclusions drawn from interest in the case of hypervalent molecules since it has been
the data analysis. Two kind of samples have been obtainedused by Reed and Schleyer in their pioneering investigation on
through this test (i) some for which the comparison of two data “Chemical Bonding in Hypervalent Molecule®®.Last, the
(e.g., two average values) gave probabilities below 0.1 and (ii) interest of the NBO methodology to elucidate the bonding
those for which the corresponding probabilities were ranging situation in hypervalent sulfur species has been confirmed very
from 0.1 to 0.8. In fact, all the distance comparisons lead to recently by Leusser et al. in the case of sulfoitrogen
probabilities below 0.1, whereas the corresponding values for compounds? In this work, we have specifically analyzed the
the angle comparisons were greater than 0.1. We have, thereforeSO and SeO bond properties through an NBO analysis in order
only considered the differences between the various distanceso compare the bond’s degree of polarization in these bonds.
to be significant. Negative hyperconjugation of the type-no* has been invoked

2.2. Computational Methods.2.2.1. Leel of Theory.In as one of the main characteristic of the bonding in S(Se)O
recent years, DFT has become prominent as an accurate angontaining compound®.We have, therefore, selected as NBO
computationally inexpensive means of accounting for electron descriptors of the SO and SeO bonds in DMSO and DMSeO
correlation. Its validity for describing hydrogen bonding for very the occupanciesy, of the donor oxygen lone pairs NB@y
diversified HB acceptors has been shown, for example, in the and of the paired acceptor antibonding NB& (sey-c). We
systematic study performed by Rablen et al on the interactions have then calculated the energetic stabilization induced by the
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No — 0*s(sey-c Charge-transfer interactions in the two com- TABLE 1: Geometries Observed in the CSD for SO and
pounds through second-order perturbation theory according toSeO ‘Free® Molecular Fragments

eq 1, for a general donor NBQ) (and acceptor NBQj): fragment Nent (Nobg)® d(so) (Ay d(Se0) (A)
- X—SO-Yc 726 (860) 1.483 (1)
_ _ F) Cc-SO-C 537 (643) 1.492 (1)
E=AR=a_—_ (1) C— SO-N 36 (44) 1.475 (2)
oo O0-S0-0 52 (58) 1.438 (2)
X—SeO-Yd 16 (20) 1.64 (2)

whereg; is theit donor orbital occupancy; ande; are diagonal
elements (orbital energies), aR¢i,j) are off-diagonal elements .

- - - - refcodes;Nops NUMber of fragments observedThe values in paren-
_assomated with the NBO FOC"TT‘?‘“'X: Althou_gh this procedure theses are the mean estimated standard deviafiohs: C, N, O; Y
is known to overestimate stabilizing interactions, they closely — ¢ N o.
parallel the energies afforded by the more accurate Fock matrix
deletion method?!

aHere, free means uninvolved in HB interactioRe,, number of

TABLE 2: HB Geometrical Descriptors (Figure 1) Observed
2.2.3.1. Hydrogen-Bonded Complex2£.3.1.1. Geometries.  In the CSD for X—SO—Y Molecular Fragments

The geometries of both monomers and HB complexes have been fragment Nent(Nobd2  d/(A)  DI(R)  0/(°)  @/(°) d(SO)/(R)
fU”y optimized at the above levels of theory. All Stationary X—SO-Y 305 (402) 1.85(2) 2.790 (8) 128 (1) 162 (2) 1.502 (1)
points were confirmed as true minima via vibrational frequency C—-SO-C 270 (354) 1.84 (1) 2.779 (8) 128 (1) 162 (1) 1.505 (1)
calculations. We have selected three HB donors: (i) HF, the C-=SO-N  27(38) 2.00(4) 2.91(3) 132(3) 158 (4) 1.488(3)
smallest HB donor, which allows for the lowest computational  a N, number of refcodes\oss number of fragments observed.
cost3? (ii) p-fluorophenol, the reference HB donor in the

building of the Kyg scale?® and (iii) H:0, the standard  inyestigated in detail by Calligaris and Carugo through CSD
reference HB donor in the biochemical and organic modeling siatistical analyseBA survey of SO bond lengths in ‘free’ and
community. We have not fully explored the potential energy H.ponded species in this study has allowed for showing the
surfaces of each HB donor around the oxygen of DMS(S€)O |engthening of the SO bond upon hydrogen bonding. Compara-
but rather have tried several starting geometries of complexatlon.tive|y, such an investigation has not been made for SeO
2.2.3.1.2. NBO Descriptors. The use of NBO parameters 10 ¢compounds. To be able to analyze accurately the effects of HB
analyze HB interactions in various systems has proven 1o jnteractions on S(Se)O distances, we have first collected the
be usefuP* The NBO theory describes the formation of an S(Se)O bond lengths for each entry in which the oxygen was
AH---B hydrogen bond as the charge transfer from the lone ot involved in hydrogen bonding. The number of entries (726
pair, ng, of the acceptor B into the vacant antibonding orbital, refcodes corresponding to 860 fragments) containing the ‘free’
o*, of the HB donor AH. In this work, we have therefore 50 pond has allowed us to investigate more deeply the effect
analyzed, in the case of the DMSO and DMSeO hydrogen- of the local environment on the SO geometry. We have been
bonded complexes with HF, the evolution of the NBO popula- gpje to collect CSD entries for sulfites (30-0), sulfinamides
tion of the oxygen lone pairsif) and of the antibonding*wr  (C—~S0O-N), and sulfoxides (€ SO-C). Such investigation of
NBO. We have then computed the stabilization energy associ-the structural variation induced by the intramolecular environ-
ated with the interactiono — 0*r in the two HB complexes.  ment around the SeO bond has not been possible for selenoxides,
2.2.3.1.3. Thermodynamic Quantities. The interaction energies gying to the low number of entries found in the CSD. Table 1
have been computed according to the supermolecule approachghows the values of SO and SeO bond lengths for the various
that is to say the difference between the energy of the HB fragments investigated. The mean SO bond length in sulfoxides
complex and the sum of the monomers energies. The electronicys 1 492 (1) A is in perfect agreement with the one found by
energy,AEe, the enthalpy AH34e and the Gibbs free energy  cajligaris and Carugb,the number of data collected in the
of complexation, AG3, have been respectively computed present investigation being five times greater (643 instead of
from egs 2-4. 101 observations). This bond length compares well with the
one determined for DMSO in the gas phase by microwave
spectroscopy (1.485 (6) A¥,gas electron diffraction data (1.484
(2) A) 2 and recent DFT and MP2 calculations (1.514 and 1.508
A, respectively)? In sulfites, Table 1 shows that the mean SO

AE, = E, (complex)— [E, (DMS(Se)O)+ E, (AH)] (2)

AH;%: AEeI + AEZPVE + AEtr + AErot + AEvib,therm_ RT

3) bond length is significantly shortened (1.438 (2) A). A
. . significant shortening is also observed for sulfinamid#SQ)
AG3gs = AH3gs— TAS)g 4) = 1.475 (2) A).

The mean SeO bond length of 1.64 (2) A in Table 1 is in

The enthalpy includes the zero-point vibrational energies, good agreement with the 1.70 A value reported recently by

AEzpyvg, the thermal energies which comprise the effects of

molecular translation AE;, rotation, AE, and vibration,

AEib therm at 298.15 K and 1 atm and tiagV correction (equal

to —RTin the usual assumption of ideal gas behavior).
2.2.3.1.4. Basis Set Superposition Error. To correct the well-

Dokarev et al. through their X-ray crystallographic investigation
on DMSeO metal-coordinated compleXeand the ones ob-
tained from theoretical calculations for DMSeO (DFT and MP2,
1.672 and 1.663 A, respectiveli.

3.1.2. Relatie Hydrogen Bonding on SO and SeO Molecular

known spurious stabilization of the HB complex commonly FragmentsAmong the 402 SO fragments (305 entries) engaged

referred to as the basis set superposition error (BSSE), we have

used the full conterpoise methdd®with fragment relaxatiod’

3. Results and Discussion
3.1. CSD Studies3.1.1. Obsered SO and SeO Geometries.

n HB interactions, we have found 38 HBs (27 entries)
corresponding to sulfinamides and 354 HBs (270 structures) to
sulfoxides. Unfortunately, no sulfite has been found involved
in hydrogen bonding. Table 2 shows the mean values of the
various geometrical descriptors (Figure 1) of the HBs involving

Structure and bonding in sulfoxide complexes have been SO molecular fragments. These data are consistent with the
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TABLE 3: HB Geometrical Descriptors (Figure 1) Observed
in the CSD for X—SO-Y and X—SeO-Y Molecular
Fragments

Nent d D 0 ®  d(S(Se)0)
fragment  (Nobg®  (A) A ) ) A

X—SO-Y 305 (402) 1.85(2) 2.793 (8) 128 (1) 162 (2) 1.502 (1)
X—SeO-Y 8(10) 1.78(3) 2.74(2) 130(5) 164 (3) 1.665 (6)

@ Neny, NUMber of refcoded\ons NUMber of fragments observed.
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Figure 2. Histogram of the HB distanced(H---O)(A) observed in

the CSD on the oxygen of sulfoxides. The position of the mean values
observed for hydrogen bonding on the oxygen of sulfoxides and
selenoxides are indicated by dashed and continuous vertical lines,
respectively.
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behavior expected from the SO bond length variation in the
‘free’ fragments. Based on the HB distances, sulfinamides are
weaker HB acceptors than sulfoxides. Despite the environmental
differences, these crystallographic observations are in good
agreement with the trends revealed from thermodynamic
measurements in solutién.

Table 3 presents the mean geometries of the HB in SO and
SeO fragments and Figure 2 shows the histogram of the HB
distances in sulfoxides. The mean value of the HB distances is
significantly shorter in selenoxides (1.78 (3) A) than in
sulfoxides (1.85 (2) A), a behavior which confirms, in the solid
state, the better HB ability of the SeO functionality compared
to SO pointed out recently through thermodynamic measure-
ments in solutiorf. This trend is also highlighted through the
comparison of the HB distances measured for SO and SeO
moieties in close chemical environments. TthéD) values of
1.782 (2.749) measured for a Se® HB in the JEKTAU"
crystal structure are indeed in favor of an increased HB strength

compared to the corresponding values of 1.815 (2.781) measured

in CONPAW* for a SO--H HB(Figure 3).

The 6 angles observed on the oxygen atoms of sulfoxides
and selenoxides can be used to investigate HB directionality at
SO and SeO acceptors. The HB directionalities observed for
SO and SeO moieties are very similar sincehreean values
are 128 (1) and 130 (5), respectively. It is worth noticing that
they compare well with the directional preferences observed
for metal(M)—oxygen coordination in sulfoxidésthe MOS
angles having a mean value close to LZ&igure 4 shows the
experimental distribution of HB donors in sulfoxides. From this
scatterplot, it appears that no mutual orientation of HO and SX-
(Y) bonds is preferred. By representing this experimental
distribution with isocontours based on the number of contacts
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d=1.782

D=2749

d = 1815

PR— D=2.781

Figure 3. Geometric parameters observed in the CSD for HB on the
oxygen of SeO (refcode, CONPAW) and SO (refcode, JEKTAU)
moieties in close chemical environments.

Figure 4. Experimental distribution of N/©H donors around sulf-

oxides observed in the CSD and viewed a) in the SO bond plane and

b) along the SO bond.

The very wide range of torsion angles XSe(YSe)HZ measured
in the CSD for HBs on the oxygen of selenoxides, frerh66

(Figure 5), it is clearly seen that the trans-trans arrangementto 175, and the low number of observations (10) does not allow

(relative to XS and YS bonds) is in fact the most abundant
(Scheme 1). As observed by Calligaris and Carugo fer/

coordination in sulfoxides, this stereochemistry of interactions
is indeed the one minimizing steric interactions between the
approaching HB donor (or metal) and the sulfoxide side gréups.

us to see any preferred streochemistry in the case of-88D
interactions.

The HB linearities can be assessed through ¢dhangles
observed for @-HO HBs on the oxygen atoms of sulfoxides
and selenoxides. The mean values of 162 (2) and 164d(3)
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Figure 5. Density of HBD around sulfoxides observed in the CSD
and viewed a) in the SO bond plane and b) along the SO bond.

SCHEME 1: Trans, Cis Arrangements of the HB
Donors in Sulfoxide (Relative to XS and YS Bonds)
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TABLE 5: Experimental and Theoretical Dipole Moments
(D) of DMSO and DMSeO

B3LYP/ B3LYP/

6-311+G** 6-311++G(3df,3pd)
compound  uep(gas) u Au? u Aud
DMSO 3.96 4.45 —0.49 4.03 —0.07
DMSeO 4.76 4.52
HF 1.83 198 -0.16 1.83 —0.01
H,0O 1.85 216 —0.31 1.89 —0.04
p-fluorophenol 2.17 2.14 0.03 2.02 0.15

2 A = Uexp(9aS) — HUcalo

3.2. Computational Studies. 3.2.1. ‘Free’ DMSO and
DMSeO Properties3.2.1.1. Geometries. Table 4 shows the
experimental and theoretical bond lengths and angles of DMSO
and DMSeO. By comparing the geometrical parameters ob-
served in the gas phase for DMSO with the ones obtained
through the two basis sets used in the density functional
calculations, it appears that, on going from 6-30Q** to
6-311++G(3df,3pd), the overestimation of the CS and SO bond
lengths is notably reduced: from0.028 to—0.012 A and from
—0.030 to —0.06 A, respectively. This observation clearly
supports the importance, in such hypervalent sulfur molecules,
of the number of polarization and diffuse functions used in the
basis set? Conversely, the bond angles are perfectly reproduced
with both basis sets. Since no gas phase structural data are
available for DMSeO, we have used the mean of the bond
lengths and angles observed in the CSD for ‘free’$20-C
molecular fragments. The trends revealed from the comparison
between the experimental data available and the theoretical
results are very similar to the ones observed for DMSO, the
B3LYP/6-311+G(3df,3pd) giving structural data much closer
to experiment.

3.2.1.2. Dipole Moment. The experimental and theoretical
dipole moment values of the two model compounds used in
the present investigation are presented in Table 5. This property
is a good criterion to test the applicability of a level of theory
for hydrogen bonding, owing to the electrostatic nature of
hydrogen bonds. The values computed at the 6+33** basis
set are, in general, overestimated: from 0.16 (HF) to 0.49 D
(DMSO). This observation again illustrates the importance of
the number of polarization and diffuse functions, already noticed
by various author$?3° The theoretical dipole moments com-

not reveal a distinct behavior of the SO and SeO moieties, suchputed at the B3LYP/6-31t+G(3df,3pd) level are generally in
arrangements being typical of a linear geometry slightly distorted excellent agreement with the experimental ones Aheange
by the crystalline surrounding.

varying from 0.1 (HF) to 0.07 (DMSO) D. The only exception

TABLE 4: Experimental and Theoretical Geometries of DMSO and DMSeO

B3LYP/ B3LYP/
compound expil(gas) expfl (X-ray) 6-311+G** A° AA 6-311++G(3df,3pd) A° AA
DMSO
Bond Lengths
C-S 1.807(2) 1.76(2) 1.835 —0.028 —0.08 1.819 —0.012 —0.06
S-0O 1.484(2) 1.494(5) 1.514 —0.030 —0.022 1.490 —0.06 0.004
Bond Angles
c-S-C 96.6(1) 97.9(5) 96.5 0.1 1.4 96.6 0.0 1.3
C-S-0 106.6(3) 107.0(8) 106.8 -0.2 0.2 106.8 -0.2 0.2
DMSeO
Bond Lengths
C-Se 1.961(5) 1.982 —0.021 1.973 —0.012
Se-O 1.656(7) 1.672 —0.012 1.654 —0.002
Bond Angles
C—-S—eC 96.4(6) 94.5 1.9 94.7 1.7
C-S-eO 103.2(5) 104.0 —-0.8 103.8 —-0.6

a Reference 3% This work (cf. Table 1)¢ Difference between experimental (gas phase) and theoretical vaIDiference between experimental

(X-ray) and theoretical values.
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TABLE 6: Energy (kJ/mol) and Angular Location of the
Electrostatic Potentials Calculated for DMSO and DMSeO
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TABLE 8: Selected HB Parameters of the Optimized
Complexes of DMS(Se)O

compound —Vmin —Vsmin S(S€)C+*Vmin S(S€)0G+*Vsmin S(Se)Q--HP

DMSO  276.0 203.0 125 152 133 (1)
DMSeO 319.9 226.4 121 150 130 (5)

aB3LYP/6-31H-+G**. P Mean values observed in the CSD (see
Tables 2 and 3).

TABLE 7: NBO Descriptors2 Computed® for DMSO and

DMSO DMSeO
HBdonor  di/(R) 04C) @JC) dlR) 0J() @A)
HF 15763 1132 167.9 15220 109.5 168.6
H,0 1.8445 1111 159.4 1.7887 108.6 161.1
pfluorophenol 1.7441 1161 166.4 1.6870 112.1 167.4

2 B3LYP/6-31H+G(3df,3pd) level.

DMSeO

q
DMSO DMSeO AQ*
nlo 1.9934 1.9948 0.0014
n2o 1.8902 1.9118 0.0216
n3o 1.8243 1.8562 0.0311
0% 5(sey-C1 0.1049 0.1017 —0.0032
o* S(Sey-C2 0.1039 0.1011 —0.0028
En—'a*

DMSO DMSeO AEp—.;8
N20 — 0* s(sey-c° 32.2 29.4 -2.8
n3p — o* s(Sefce 52.6 42.6 —-10.0

2The various descriptors are given in atomic units, and the energies a)
are expressed in kJ/md&IB3LYP/6-31H-+G(3df,3pd) levelf Aq =
gNBO (DMSeO)— gNBO (DMSO).¢ AE; -+ = Eqo» (DMSeO) —
En-»+ (DMSO).°The values correspond to the mean of the—
0*s(sey-c1 andno — 0* g(sey-c2 transitions (the atom numbering refers
to that used in Figure 1).

d=17441 A

to this behavior ip-fluorophenol, for which the less-extended
basis set leads to theoretical data in better agreement with the
experimental ones.

Last, Table 5 shows that the dipole moment of DMSeO is
consistently larger than that of DMSO. These data confirm the
polarized character of the S(Se)O bonds and reveal a significant =
increase of polarization in DMSeO. They are in agreement with

W
d=16870 A

the greater difference in electronegativities between seleniumb)
Figure 6. Optimized geometries (B3LYP/6-33H-G(3df, 3pd) level)

and oxygen compared to sulfur and oxydén.
3.2.1.3. Electrostatic Potentials. Table 6 gathersthgand
Vs minvValues of DMSO and DMSeO together with their angular of the HB complexes of a) DMSO and b) DMSeO wjtfluorophenol.
locations (S(Se)O-Vmin(Vsmin) angles). Both parameters show
the increased nucleophilic character of the oxygen in DMSeO in Table 7. These data show that in DMSeO, the NBO related
compared to DMSO. The relative evolution i, and Vs min to the oxygen lone pairs are less depleted (more electron rich)
between the two moleculeAVmin andAVs min have respective  than the corresponding NBO in DMSO, the population differ-
values of 43.9 and 23.4 kJ/mol) are coherent with the trends ence being 0.02158 and 0.03196 e, respectively. Concomitantly,
revealed through the dipole moment analysis. These data showthe antibondingr* sisey-c paired orbitals are less populated in
that the increased electron density on the oxygen of DMSeO DMSeO than in DMSO, these differences being.0032 and
compared to DMSO contibute to the greater value of the dipole —0.0028, respectively. The greater importance of hyperconju-
moment. gation in DMSO compared to DMSeO is also demonstrated
It is worth noticing through Table 6 that the angular locations through theng— 0* 5(se)-c Stabilization energies, always greater
of the spatial minima S(Sey&Vnmin are in good agreement with  in DMSO than in DMSeO, the energy differences being.8
the directional preferences observed in crystalline environments.and —10.0 kJ/mol. The analysis of NBO descriptors of free
3.2.1.4. NBO Descriptors. The energies (in atomic units) and DMSO and DMSeO reveals, therefore, valuable information of
the percentage of p character (indicated in parentheses) of thehe electronic structures of the two compounds coherent with
three oxygen lone pairsi{o, N2o, andn3p) obtained through the more polarized character of the SeO bond compared to the
the NBO analysis for DMSO and DMSeO are, respectively, SO one. These characteristics should be associated with a
—0.81 (24.7%):—0.28 (98.2%); and-0.27 (99.3%) and-0.84 specific behavior toward HB donors.
(17.6%);—0.26 (98.3%); and-0.25 (99.4%). As our objective 3.2.2. DMSO and DMSeO Hydrogen-Bonded Complexes.
in this part of the discussion is the comparison of negative 3.2.2.1. Geometries. Table 8 reports selected HB parameters of
hyperconjugation between DMSO and DMSeO through the the DMS(Se)O complexes with HF,,8, andp-fluorophenol
study ofno — 0* s(se)-c charge transfer interactions, we have optimized at the B3LYP/6-3H+G(3df,3pd) level. Figure 6
only considered the NBO lone pairs having the highest energiesshows, as an example of the optimized geometries, one of the
and the highest percentage of p character. These lone pair NBOg-fluorophenol complexes (the same is obtained for the others
indeed correspond to the most depleted by hyperconjugationHB donors). The HB parameters are the computed distathces
that are significantly paired with* g(sey-c antibonding NBOs. andd,, the directionalitie®); and6,, and the linearities; and
The values of the various NBO descriptors selected are presentedb,. These theoretical structural data show that, whatever the
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TABLE 9: NBO Descriptors2 ComputecP for the TABLE 10: HB Energetics (kJ/mol) of the Optimized?
DMS(Se)O--HF Complexes Complexes of DMS(Se)O with HF, HO, and p-Fluorophenol
q DMSO DMSeO
DMSO DMSeO Ad® HBdonor —AEe —AHSs —AGlss —AEe —AH3 —AGSg,
nlo 1.9704 1.9758 0.0054 HF 550 489 129 672 595 219
N2 1.8737 1.8740 0.0003 _ _
H-0 32.7 25.7 9.8 39.3 32.3 4.6
n3o 1.8557 1.8895 0.0338 pfluorophenol  40.2 335 -3.6 484  42.0 24
0% 5(sey-c1 0.0857 0.0780 —0.0077
0% s(sey-c2 0.0849 0.0775 —0.0074 aB3LYP/6-311-+G(3df,3pd)//B3LYP/6-311-+G(3df,3pd) level.
O*HF 0.0711 0.0881 0.0170
Epor results illustrate the competition between hyperconjugation and
hydrogen-bonding in thep — o* transitions characteristic of
DMSO DMSeO AE ¢ .

- © T the electronic structure of the HB complexes. The DMSO and
Elzg:U*HF ﬁ‘;-g 1%%-% _2-144 DMSeO data compiled in Table 9 show that in the HB
20— g* :FS e 183 138 _a% complexes th@o — o* 5(sey-c Charge-transfer interactions follow
n3oH0*sEs:€ 43.2 333 9.9 the same behavior as in the free molecules. The examination

of the data relative to thep — o*nf interactions show that

a i i I I I i . . . -pe . -
The values of the various descriptors are given in atomic Units, yhaqe delocalization effects are significantly more important in

and the energies are given in kJ/mbB3LYP/6-31H+G(3df,3pd)

level. ¢ Aq= gNBO (DMSEO"HF) — gNBO (DMSO"'HF). dAEn—~a* DMSGO since (l) the OCCUpation nU.I:nber of t«b]’a-”: NBO is
= Ep-r (DMSEO+-HF) — Enpr (DMSO-+-HF). For the n— o* significantly greater in DMSeO and (ii) the stabilization energy,
delocalizations associated with HB interactions, the difference is Eno — o0*nr (calculated by considering the sum of the twg
calculated by considering the sum of the twg— o*r transitions. — o* e transitions), of the transitions associated with hydrogen
¢ The values correspond to the mean of tlie—~ 0™ s(sey-c1 andno — bonding is about 46 kJ/mol greater in DMSeO than in DMSO.

0% s(sey-c2 transitions (the atom numbering refers to that used in Figure It is worth noticing from Table 9 that, among the NBO lone
1. )

pairs involved in thelp — o* 4f transitions (1o andn2p), the

one having the highest p characte24) leads to a much stronger
HB donor, the _HB are always s_horter (s_tronger) for DMSeO, g — g%, energy (is therefore much more efficient) than the
the corresponding shortening being consistently close to 0.0557sp.type oxygen lone pair. This is coherent with the smaller NBO
A. Another interesting feature worth noting is the tendency, energy difference between the (no,0* 1) for n2o (see eq 1).
despite being insignificant, of the DMSeO HB to be more linear, 3 2.2 3. Thermodynamic Quantities. To investigate the influ-
a second characteristic typical of a stronger HB. Furthermore, ence of the basis set enlargement on the energetics of the HB
this geometry corresponds to the global minimum found by interactions in DMS(Se)O, we have used different levels of
Kirchner et al. in their investigation of 1DMSEnH,O Clus- theory. The importance of the number of polarization and diffuse
ters® Finally, it is worth noticing that the HB directionalities ~ functions, already noticed on properties of the ‘free’ molecules,
investigated through theé HB angles are significantly smaller has been confirmed in the complexes since the BSSE calculated
(in Table 8,0 varies from 109 to 119 than the CSD angles  for the DMS(Se)®-HF systems at the B3LYP/6-3+1**//
(close to 130). This lack of good quantitative agreement B3LYP/6-311HG** and at the B3LYP/6-31++G(3df,3pd)//
between theoretical and mean crystallographic HB angles hasB3LYP/6-311-+G(3df,3pd) levels are, respectively, abet.4
already been observed by Platts and co-workers in their (71-5) kJ/mol and-3.3 (~1.3) k/mol. Table 10 compiles the
investigation of the HB directionality to sulfur and oxygen energetic parameters (variation of (i) electronic enerife,

. ) . i) enthalpy,AH3o, and (iii) free energyAG3,,, calculated at
compounddg? Such difference is to be expected given the ( a2 e
diversity of complexes considered in the solid state, which often the B3LYP/6-31% +G(3df,3pd)//B3LYP/6-311 +G(3df,3pd)

. level. A first examination of the data of Table 10 shows that
have bulky substituents compared to the methyl groups of DMS- the evolution of the HB energetics for DMS(Se)O follows the
(Se)O considered in our DFT calculations.

acidity of the HB donor: HF> p-fluorophenol > HO.
3.2.2.2. NBO Descriptors. Table 9 shows the occupation Whatever the HB donor and the energetic descriptor, DMSeO
numbers, calculated at the B3LYP/6-31+G(3df,3pd) level, appears always as the better HB acceptor. The preference for
for the DMS(Se)®-HF complexes of (i) the three lone pairs DMSeO is ranging from about 10.6 to 6.6 kJ/mol for HF and
around the oxygen atoms, (ii) the sseyc antibonding NBO ~ H20, respectively, according to theAH54g and from 9 to 5.2
paired with oxygen lone pairs through hyperconjugation, and kJ/mol toward the same HB donors according tods5eq If
(iii) the ¢o* 4= antibonding NBO paired with oxygen lone pairs the same parameters are _calculated for the complexes with
through HB interactions. The stabilization energies correspond- P-fluorophenol, the respective values @AHzqs and 0AG,

ing to the variousio — o* transitions and calculated through are 8.5 and 6.0 kJ/mol. They are in reasonable agreement with

second-order perturbation theory are also indicated. The energiesthe experimental data available wigkfluorophenol since the

of the three oxygen lone pairsi, N2, andn3g) of DMSO corresponding values obtained through thermodynamic mea-

surements in CGlsolutions are, respectively, 2.8 and 5.0 kJ/

and DMSeO HB complexes and the corresponding percentage, o9 The overestimation of the computetAH3q; can be

of p character (indicated in brackets) are, respectively,81 partly attributed to the neglect of solvent effects.

(25,9%); —0.33 (96.1%),-0.30 (99.4%) and-0.80 (24,1%); 3.2.2.4. IR Frequency Shifts. The lowering of theXH)
—0.35 (91.1%);-0.29 (99.5%). The comparison of the NBO  fraquency of the HB donor on going from the free to the
data calculated for ‘free’ (Table 7) and hydrogen-bonded (Table pydrogen-bonded XH group is probably one of the most used
9) DM(Se)O shows that in the HB complexes, the oxygen lone and sensitive probes of the strength of hydrogen-bonding
pair NBOs have an occupation number always inferior to the interactions. We have, therefore, calculated tgXH) fre-

one in the ‘free’ molecules. As expected, the occupation of the quency shifts corresponding to the various HB donors used in
antibonding o* ssey-c NBO follows the same trend. These the complexation with DMSO and DMSeO. These data are



Selenoxides and Sulfoxides as Hydrogen-Bond Acceptors

TABLE 11: Theoretical Frequency Shifts Av(XH) (cm™1)
Calculated? for the DMS(Se)O HB Complexes

HB donor DMSO DMSeO
HF 882 1139
H-0 339 450
p-fluorophenol 449 608

aB3LYP/6-31H+G(3df,3pd)//B3LYP/6-311+G(3df,3pd) level.
b Av(OH) = Av(free OH) — Av(complex OH), withAv(free OH)=

Wi+v3)
=

reported in Table 11. The computed spectroscopic quantities
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