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On the Origin of Higher Rotational Barriers in Thioamides than in Amides. Remote
Substituent Effects on the Conformational Stability of the Thioamide Group in
Thioacetanilides
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The variations of barrier heights for rotation around the amidé®ond in para-substituted thioacetanilides

was studied in a comparative context with data for a series of acetanilides by applying density functional
theory at the B3LYP/6-31G(d,p) level. The shifts of the energy barriers induced by remote substituents in the
para position of the aromatic ring are interpreted in terms of changes of the bond lengths and electric-charge
parameters for the equilibrium configurations, as well as in terms of charge fluctuations that accompany the
internal rotation. A satisfactory explanation for the distinctly greater shifts of rotational barriers in the
thioacetanilide series upon substitution in the aromatic ring, as compared with data for the respective
acetanilides, is obtained by analyzing the dependences of barriers heights on the charge shifts upon substitution
in the aromatic ring and upon rotation. Several linear relationships are established linking the barrier heights
with structural and electronic parameters that characterize the amide and thioamide groupings. A common
linear equation quantifying the dependence of barrier heights on the shifts of natural bond orbital partial
charges at the amide S and O atoms upon substitution in the aromatic ring in the two series is found. The
relationship is confirmed by data from a Mulliken population analysis. The results obtained are consistent
with the views for a classical amide resonance as being the origin of higher rotational barriers in thioamides
than in amides.

1. Introduction CHART 1

In a previous study,we analyzed the electronic effects of X X@ X@
remote substituents on the barrier of internal rotation around \N— 4 \C§)=c/ N_@C/
the amide C-N bond in a series of acetanilides by applying / AN / AN AN
theoretical computations and experimental IR spectroscopy. The H H
aim of the present work is to extend these studies to a series of 1 ) 3

p-substituted thioacetanilides and analyze the rotational stability
of the thioamide group in a comparative context with the results between the atoms forming theCO—NH— and—CS—NH—
for the respective oxygen analogues. Two relatively stable moieties have been produced from theoretical studies that
conformers can be found in amides and thioamides that areconsidered several properties of selected model systems: the
linked to the hindered rotation around the centratNCbond redistribution of atomic charges accompanying rotaficii?13
of the —=CO—NH— and—CS—NH— groupings' ! These are  changes of bond lengtA3 variations of delocalization ener-
usually designated as cis and trans conformers. The relativegies!* integrated Fermi correlatiot,and changes in charge-
stability of these forms has been usually attributed to the density difference plots and in hybridizati8rOn the experi-
resonance interaction between the nitrogen lone pair and themental side, NMR data on tH€0O, 13C, and'®*N chemical shifts
carbonyl bond, although other intramolecular factors have beenobtained by Yamad&®in planar and twisted amides support
also considered. In the case of amides, experimental andthe classical two-structure resonance model (Chart 1, structures
theoretical resulis®1011have shown that the trans conformers 1 and 2). NMR data of Bennet et Hlare in accord with these
are usually more stable. For many amides, this is the only form data.
found by IR and NMR experiments at ambient tempera-  Wiberg and Rable®!? by studying the variations in partial
ture}41011n the IR spectra, the clearest evidence for the atomic charges, bond lengths, and charge-density difference
existence of cis and trans conformers is offered by the position plots, concluded that the classical model of amide resonance
of the N—H stretching mode bands. The trans conformers have involving two structures (Chart 1, structures 1 and 2) does not
N—H stretching frequencies that are-280 cnt! higher than describe satisfactorily the nature of the electronic interactions
those of the respective cis conformérs. that determine the rotational barrier in amides and showed the

The origin of the rotational barrier in amides and thioamides necessity for inclusion of a third structure as well (Chart 1,
has been the subject of a prolonged debate. Extensive andstructure 3). In the case of thioamides, however, the authors
sometimes contradictive data about the nature of interactionsshowed that a two-structure model (structures 1 and 2) is more

adequate. The theoretical dataconfirmed that the thioamides

* Author to whom correspondence should be addressed. E-mail: N@ve larger rotational barriers than amides. The difference is

galabov@chem.uni-sofia.bg. determined mostly by larger charge transfer from nitrogen to
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CHART 2 2. Computations and Experiments
Becke-style three-parameter DFT with the Ee&&ang—Parr
R NHCSCH; correlation functional (B3LYP}2” and 6-31G(d,p¥ basis set
was applied to determine the energies of the stable rotameric
R = H, CH;, OCH;, OC,Hs, Cl, COOH, OH, NH,, NO, forms and barrier heights for the transition between cis and trans

conformers of the studied compounds. Full geometry optimiza-

sulfur in thioamides than to oxygen in amides. Later studies of tion was conducted for the cis and trans rotameric forms. The
Laidig and Camerd¥i challenged the validity of the resonance transition states associated with rotation around the amield C
model in formamide and thioformamide, on the basis of data bond were fully optimized at the B3LYP/6-31G(d,p) level by
obtained from Fermi resonance correlations and AIM population traditional transition-state optimization, using the Berny’s
analysist® Lauvergnat and Hibert§ performed model theoreti- ~ algorithm? and all structures were further characterized by
cal computations on formamide and thioformamide by examin- analytic computations of harmonic frequencies at the same level/
ing the energies of delocalization of the nitrogen lone pair. Their basis set. (See Supporting Information.) For the parent molecule
results agree with the traditional view of strong resonance in Of thioacetanilide, computations employing several types of
both amide and thioamide groups. The authors concluded alsolarger basis sets, including Dunning’s cc-pvdz and cc¥sets,
that the rotational barriers are not solely due to conjugation but were performed to determine the correct results for the ratio of
arise, in part, from the preferred spatial orientation of the Cis and trans conformers at ambient temperature. Population
nitrogen lone pair. They attributed the larger rotational barrier analysis employing NB8 and Mulliken partial atomic chargés
in thioformamide to a greater role of resonance effects, relative was applied in interpreting the variations of rotational barriers.
to formamide. The discussion also continued in recent yars. All computations were performed with the Gaussian 98 program
Glendening and Hrab¥? analyzed the origin of rotational —package?
barriers in formamide and its chalcogen replacement analogues Thep-substituted thioacetanilides were prepared by treatment
by applying the Weinhold’s natural bond orbital (NBO) popula- of the respective anilides with phosphorus pentasulfide in boiling
tion analysis metho#f. The results of these authors are consistent Solvents (pyridine, toluenéf:3* The IR spectra of the com-
with the conventional resonance representation of the electronicpounds were obtained in chloroform solutions on a Perkin
interactions in all amide analogues. Wiberg and Résh  Elmer model 983G spectrometer. The-N stretching mode
analyzed the effect of solvents on the thioamide rotational frequencies were measured with an accuracy-dfcn?.
barrier, using NMR experiments and theoretical G2 (MP2)
computations. The authors provided also a summary of the 3. Results and Discussion
principal experimental findings and theoretical results related 3 1. Molecular Geometry.Full geometry optimization of the
to the origin of the rotational barrier in amides and thioamides. js and trans rotameric forms of the studied series of nine

The IR and NMR spectra of thioanilides have been the subject p-substituted thioacetanilides was performed. The theoretical
of several studie¥-23 The conformational state of the thioamide results for the structural parameters related to-H@5—NH—
group is one of the principal themes in these works. Suzuki et group are given in Table 1. The most important structural
al2% determined the energy difference between the cis and transparameter that can be linked to the rotational barriers between
conformers of thioformanilide and thioacetanilide from the the cis and trans conformers is the amideNCbond length,
temperature dependence of the intensities of the respecttt¢ N r_y. This parameter can be considered as a quantity character-
stretching mode bands. The effect of remote aromatic substit-izing the strength of the bond and could, therefore, be related
uents on the thioamide group has been examined by Waisser eto the barrier of rotation. For comparison, geometrical param-
al?*in the case of thiobenzamides via experimental determi- eters for para-substituted acetanililase also given in Table
nation of dissociation constants. 1. As can be seen, the bond leng#hy in the thioacetanilides

We hoped that the comparative study pfsubstituted is distinctly shorter than that in the acetanilide series, which
thioacetanilides and acetanilides may provide further evidence suggests a stronger bond that would involve higher barriers of
on the origin of rotational barriers in amides and thioamides, rotation for the transition between the cis and trans structures.
because the remote effect of polar substituents in the para The trans thioacetanilides have a planar structure of the main
position of the aromatic ring are expected to be exerted skeleton of the molecule, with the thioamide group lying in the
predominantly through resonance interactions, whereas theplane of the aromatic ring. The deviations from planarity are
influence of the direct through space and steric effects will be <3°. The cis form, as in the case of acetanilides, is nonplanar.
low. The most interesting result from our previous study on The dihedral angle between theCS—NH— group and the
acetanilideswas the established, almost-perfect linear depen- aromatic ring is in the range of 3357°. Similar structural
dence between the magnitude of the rotational barrier for the features are also found in the substituted acetanilides.
transition between the cis and trans conformers and the variation 3.2. Rotational Barriers. The theoretically determined bar-
of the carbonyl stretching mode frequency. It was concluded riers of rotation around the amide-® bond for the studied
that the G=O stretching frequency can be employed in series of thioacetanilides, as obtained from DFT computations,
characterizing the conformation stability of the amide group in are presented in Table 2. The results show a very small
the studied compounds quantitatively. A similar relationship for difference between the energies of the cis and trans forms in
other type of amides has been discussed earlier by Eberhardt ethe range of 0.030.63 kcal/mol. The data indicate that both
al?> In the present study, we apply density functional theory rotameric forms will be populated at ambient temperature. The
(DFT) at the B3LYP/6-31G(d,p) level to determine the geom- theoretical results for the respectipesubstituted acetanilides
etries, vibrational frequencies, and rotational barriers in a seriesshowed that the trans form is distinctly more stable than the cis
of nine p-substituted thioacetanilides (Chart 2). The theoretical rotamer. Both theory and experiment revealed a dominant
results are supplemented by experimental measurements of th@resence of the trans form at room temperature. The stability
IR spectra of several compounds from the series whose solutionof cis and trans isomers of some thioacetanilides has been
spectra in CHG could be obtained. studied by IR and NMR spectroscopi@s2* The experimental
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TABLE 1: Geometrical Parameters, Calculated at the B3LYP/6-31G** Level of Theory, for the Series of Para-Substituted
Thioacetanilides and Acetanilides

Thioacetanilides Acetanilides
trans cis trans cis

lfc—-N amide lc=s OCCNC Ic-nN amide lc=s OCCNC Ic-N amide lc=0 OCCNC Ic-N amide lc=0 OCCNC

R A (A)  (degrees) (A) (A  (degrees) (A) (A  (degrees) (A) (A)  (degrees)
H 1.358 1.665 180.6 1.360 1.669 43.1 1.378 1.222 180.0 1.386 1.223 43.4
CHs 1.357 1.666 178.7 1.359 1.669 44.0 1.377 1.223 180.3 1.385 1.223 44.8
OCH; 1.355 1.669 180.6 1.357 1.670 49.7 1.375 1.224 180.6 1.382 1.223 51.6
OCHs 1.355 1.669 180.0 1.357 1.670 50.2 1.375 1.224 180.0 1.382 1.223 52.6
Cl 1.360 1.664 180.0 1.362 1.667 42.7 1.380 1.222 180.0 1.388 1.222 42.8
COOH 1.364 1.661 180.7 1.365 1.666 35.1 1.384 1.220 179.5 1.391 1.221 33.6
OH 1.355 1.668 180.6 1.357 1.669 50.8 1.375 1.224 180.0 1.383 1.223 52.9
NH; 1.354 1.670 182.8 1.356 1.671 52.8 1.374 1.224 178.9 1.380 1.224 57.3
NO, 1.367 1.659 179.5 1.368 1.663 31.8 1.387 1.219 179.5 1.395 1.220 30.0

SO,NH; 1.384 1.220 180.0 1.392 1.221 34.6

aFrom ref 1.° Dihedral angle between the aromatic ring and the amigd®ond.

TABLE 2: B3LYP/6-31G(d,p) Calculated Rotational
Barriers in Para-Substituted Thioacetanilides and

Acetanilides

TABLE 3: Calculated Energies of Cis and Trans
Conformers of Thioacetanilide Obtained at the B3LYP Level
with Different Basis Sets

AE = Ersz — Eyand (kcal/mol)

para substituent thioacetanilides acetanilides

H 19.29 18.25
CHs 19.70 18.42
OCH; 20.66 18.85
OGHs 20.67 19.06
Cl 19.08 18.26
COOH 17.74 17.31
OH 20.30 18.85
NH, 21.05 19.17
NO; 17.06 17.08
SONH, 17.49

AE = Egis — Eirans
basis set Ewans(hartree)  Egs (hartree) (kcal/mol)

6-31G** —763.231244 —763.231678 —0.27
6-311G** —763.335811 —763.336410 —0.36
6-311H+G** —763.340683 —763.340940 —0.16
6-311++G** —763.340887 —763.341143 —0.16

cc-pvdz —763.256177 —763.255976 0.13
aug-cc-pvdz —763.280351 —763.280372 —0.01

cc-pvtz —763.3812454 —763.381139 0.07
experimerit 0.225+ 0.02

aFrom ref 20; CCJ solution.

aThe rotational barriers are calculated as a difference between thestable in the case of the-nitro, p-carboxy, andp-chloro

energy of the TS2 transition statE:,) and the energy of the trans

conformer Egang.
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Figure 1. IR spectrum of thioacetanilide in CH{$olution.

derivatives. In all other cases, the cis form seems to be the
thermodynamically favored form. There is, therefore, an ap-
parent disaccord between experiment and theory for some of
the molecules studied. To elucidate the cause of the observed
discrepancy, we performed further computations of the relative
energies of the two conformers in the case of thioacetanilide
by applying DFT computations that employed larger basis sets
in the evaluation of the hybrid functional. The results are
presented in Table 3.

It is seen that increasing the size of the basis set leads to a
decreased energy separation between the cis and trans forms.
At the B3LYP/cc-pvdz and B3LYP/cc-pvtz levels of theory,
the trans conformer is the thermodynamically more stable form,
in accord with the experimental findings. Deficiencies of lower
levels of electronic structure theory in correctly predicting small
energy differences between conformers was the subject of a
recent study that involved 3-fluoropropattdt was shown that
highly correlated wave functions and large basis sets are needed
to arrive at the correct relative energies.

data clearly show that both rotameric forms are found. The IR As already underlined, the principal aims of the present work
spectroscopic data obtained in the present work are in ac-were to study the factors determining the rotational barriers for
cordance with these results. The IR spectrum of the parentthe transition between the cis and trans forms in the studied

compound of thioacetanilide in theNH stretching mode region
is shown in Figure 1.

For this compound, a higher-intensity trans-N band is
observed at 3383 cn and a lower-intensity cis NH band is

observed at 3355 crh. Assuming similar absorption coefficients

series ofp-substituted thioacetanilides, as well as the origin of
differences in conformational stabilities of the thioamide and
amide groupings in thioanilides and anilides. Two transition
states are found for the conversion between the two rotameric
forms, reflecting two possible orientations of the nitrogen lone

for the N—H bands in the two forms, it can be concluded that pair, with respect to the €S bond. These are illustrated in
the trans conformer has a higher population and is, therefore,Figure 2 in the case gi-chloro-thioacetanilide. In Table 2, the
the more stable form. The calculated energies at the B3LYP/ theoretically estimated energy barriers for the transition from
6-31G(d,p) level of theory for the two conformers of the studied cis to trans conformations are given. The conformational change
thioacetanilides indicate that the trans rotameric form is more between the two forms is more likely to occur via the lower-
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Figure 2. Energy diagram for the rotation around the-8 bond inp-chlorothioacetanilide, as calculated at the B3LYP/6-31G** level of theory.

energy TS2 state. Throughout the further discussion, we usethe studied amides and thioamides, it is necessary to concentrate
the difference between the energy of the TS2 transition state on the electronic structure of the compounds at equilibrium and
and the energy of the more stable trans rotamer as the barrierlso on its dynamics with the internal rotation around theN\C

height for these systems. It is simply denotedAfy: bond. The selected series of thioacetanilides is suitable in
analyzing the intramolecular electronic interactions, because the
AE = Eqg, — Ejans (1) substituents are quite distant from th€CX—NH— grouping

and are expected to exert their influence mostly through
In the last column of Table 2, the rotational barriers that were conjugation. Thus, the possible influence of close-range effects
calculated in our previous studljor a series ofp-substituted is eliminated. A suitable basis for comparison between the thio
acetanilides are given. and oxy analogues are the results from our previous study on

The comparison ofAE values between the two series of Pp-substituted acetanilidés.
compounds reveals two important characteristics: (i) the Table 2 reveals that, in the case of strong electron-donating
rotational barriers in the thioacetanilides are higher than those substituents (OCH NH,), the differences in barrier heights
in the respective acetanilides, and (i) the influence of the remote between the respective thioanilides and anilides is increased.
substituents in the aromatic ring over the rotational barriers is In the case of strong electron-withdrawing substituents (COOH,
almost twice as high in the thioanilides. A satisfactory theoretical NO), the difference diminishes. For the para nitro compounds
explanation of both of these findings is needed to characterize of both series, the barrier heights are practically equal. An
the origin of the differences in conformational stability of the explanation of these findings can be made in terms of resonance
amide and thioamide groupings in these systems. As we haveinteractions in the systems. The electron-donating substituents
seen, earlier computational studig$214183iscussed electronic ~ facilitate the resonance between the nitrogen lone pair and the
interactions within the-CX—NH— (X = O, S) group as being  carbonyl oxygen, resulting in an increased barrier of rotation.
the major factor that determines the larger rotational barrier in Inversely, the COOH and NOsubstituents hamper the amide
thioamides than in amides. Suzuki et2&land Waltet? resonance by attracting the nitrogen lone pair in strong conjuga-
considered the possibility that the higher rotational barrier in tion across the aromatic ring. These results support the classical
thioanilides, compared with that of the respective anilides, might views on the amide resonance involving structures 1 and 2 in
be due to a steric hindrance between the bulkier S atom andChart 1.
the H atom in the ortho position in the aromatic ring. If this The variations in barrier heights in the studied series of
hypothesis is accepted, we should expect that this type of stericanilides is analyzed in the subsequent sections in terms of
effect would be strongest in the case of the trans planar changes of the bond lengths and the electric-charge parameters
conformations of both thioacetanilides and acetanilides. How- for the equilibrium structures, as well as in terms of charge
ever, as Table 1 shows, the theory predicts almost perfectly fluctuations that accompany the internal rotation.
planar structure for the trans conformers for all compounds of  3.2.1. Consideration of Bond-Length Variatiofi$he trends
the two series. The result indicates that there are no significantof variation in the theoretically evaluated barriers of rotation in
steric hindrance effects tha result from the size of the S atom the studied thioacetanilides can be rationalized in terms of
in the thioacetanilide series. For the cis conformers, the changes of the intrinsic structural and electronic parameters of
equilibrium structure is nonplanar, evidently because of the steric the thioamide grouping. It is natural to expect that the barrier
interaction between the methyl group and the ortho H atom. for the transition from the more-stable trans conformers to the
The latter will be similar for both series of anilides. Therefore, cis structures will be dependent on the strength of theNC
in analyzing the origin of the differences in barrier heights in bond. A reasonable estimate of the variations of thé\(dbond
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conformers of thioacetanilides and acetanilides are presented
: in Table 4. Table 5 contains the respective shifts of the Mulliken
charges.

As can be seen, both NBO and Mulliken methods reveal
substantial charge fluctuations at the thiocarbonyl S atom and
the carbonyl O atom upon substitution in the aromatic ring. The
dependences between rotational barriéxk, and the NBO
charge shifts at the S and O atoms induced by the aromatic
substituent RAgx(R), are illustrated in Figures 5 and 6. The
- Agx(R) values refer to the equilibrium structure of the trans
conformers. Similar linear relationships are obtained from an
analysis that is based on Mulliken atomic charges. The respec-
tive correlation coefficients are= 0.994 for thioacetanilides
andr = 0.991 for acetanilides. The dependences shown in
Figures 5 and 6 indicate that the variations in barrier heights
r [A] for the two series of molecules can be linked to the fluctuations
C-N of the atomic charges in the amide grouping. These charge shifts
Figure 3. Dependence of rotational barrierAE) on the change in  are most logically explained in terms of a typical resonance
the amide &N bond length frc_y) upon substitution in the aromatic  jhteraction between the para substituents and the amide group.
fing for the trans conformers of thioacetanilides. The effect is much stronger in the thioanilides. Tables 4 and 5
—— T T T T T show that the same substituents induce much greater charge
shifts in the thioacetanilide series than in the respective
acetanilides.

It was of interest to plot the charge shifts at the carbonyl S
and O atoms againsAE for the two series of compounds
simultaneously. To avoid the segments, the differences in
rotational barriers between a given compound and the parent
4 unsubstituted molecule in both seri@sAE, were considered.
The following relationship betweeNAE and the shifts of NBO
chargesAqx, was obtained:

AE [kcal/mol]

N 1 " 1 " 1 L ] L 1 " 1 N 1 L
-0.006 -0.004 -0.002 0.000 0.002 0.004 0.006 0.008 0.010

Al

19.0

18.5

AE [kcal/mol]

18.0

17.5
AAE = —56.58\q, + 0.14 (forn=19,r =0.984) (1)

17.0

N The relationship is confirmed by analyzing the data from the
-0.006 -0.004 -0.002 0.000 0.002 0.004 0.006 0.008 0.010 Mulliken population analysis. The respective dependence, on
" ['g\] the basis of Mulliken charges, has a correlation coefficient
C-N 0.986. The dependence betweenAteE values and\gx(NBO)
Figure 4. Dependence of rotational barrierAE) on the change in is illustrated in Figure 7. Equation 1 explains the differences in
the amide G-N bond length Arc—y) upon substitution in the aromatic ~ rotational barriers in acetanilides and thioacetanilides quite well.
ring for trans conformers of acetanilides. Greater electronic interactions in the thioamides lead to a
stronger G-N bond and a higher rotational barrier. The
strengths in the more-stable trans forms of the compounds iselectronic effect of para aromatic substituents is exerted
offered by the changes of the amide-8 bond length (Table primarily through resonance. Therefore, it may be concluded
1). The plot between the energy barri&& against the change  that eq 1 supports the usual amide resonance as being the
in the C-N bond length Arc_n) upon substitution in the  determining factor for the difference in rotational barriers in
aromatic ring is shown in Figure 3. A good linear relationship the studied amides and thioamides. Equation 1 also quantita-
is observed. The analogous dependence for acetanilides is showtively describes the variations of barrier heights upon substitution

in Figure 4. in the aromatic ring. It provides, therefore, a theoretical basis

It is important to note that the maximal variations ir-& for understanding the origin of the higher rotational barrier in
bond lengths induced by the para substitients are identical for the thioanilides series, as well as the variation of barrier heights
the two series of compounds. The range of variationcof; in upon substitution in the aromatic ring.

both series of anilides is 0.013 A (Table 1). The result is  3.2.3. Effect of Charge Shifts Accompanying the Rotation from
somewhat unexpected, because we have seen (Table 2) that ththe Ground State to the Transition Sta®o far, we have
same substituent induces distinctly greater change in theanalyzed the dependences between rotational barriers and static
rotational barrier, in the case of the thio analogues. It can be structural and electronic parameters for the two studied series
concluded that the variations of the-Gl bond lengths do not ~ of molecules. We have seen that considerations-eR®ond-
provide a sufficiently sensitive basis for rationalizing the length changes alone do not provide a satisfactory explanation
differences in rotational barriers that are induced by the of the much larger variations in the barriers of rotation in the
substituents in the two series of compounds. thioacetanilides, compared to those of the acetanilides. The shifts
3.2.2. Effects of Charge Shifts upon Substitution in the of the electric charges at the carbonyl S and O atoms at the
Aromatic Ring.The variation of barrier heights can also be ground-state geometries upon substitution in the aromatic ring
linked to the charge rearrangements in th€eX—NH— (X = offer, however, a consistent and logical basis for understanding
S, O) moiety. We will first concentrate on the shifts of partial the origin of variations in barriers heights. In view of these
charges on the heavy atoms of the amide group that are inducedesults, it was of interest to analyze the role of the dynamic
by the para substituents. The shifts of NBO charges for the transelectronic effects accompanying rotation. The calculated shifts
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TABLE 4: Shifts of NBO Atomic Charges? in the Amide Group for Trans Conformers of Para-Substituted Thioacetanilides

and Acetanilides upon Substitution in the Aromatic Ring

Thioacetanilides Acetanilides

substituent Agn (e) Aqec (e) Ags (e) Agn (e) Aqec (e) Ago (e)
H 0 0 0 0 0 0
CH; 0.00156 0.00013 —0.00657 0.00050 —0.00094 —0.00229
OCH; 0.00486 0.00077 —0.02034 0.00091 —0.00308 —0.00574
OC,Hs 0.00538 0.00081 —0.02188 0.00131 —0.00311 —0.00708
Cl —0.00173 —0.00171 0.01069 0.00006 0.00137 0.00275
COOH —0.00374 —0.00456 0.02946 —0.00100 0.00352 0.01306
OH 0.00434 —0.00031 —0.01721 0.00066 —0.00306 —0.00547
NH, 0.00688 0.00007 —0.02964 0.00196 —0.00496 —0.00948
NO, —0.00553 —0.00665 0.04674 —0.00063 0.00638 0.01837
SONH, —0.00201 0.00467 0.01242

aThe Agx values are calculated as the differences between the NBO charges for a given substituted compound and the respective values for the
parent compounds of thioacetanilide and acetanilide.

TABLE 5: Shifts of Amide Group Partial Atomic Charges in the Trans Conformers of Para-Substituted Thioacetanilides and

Acetanilides upon Substitution in the Aromatic Ring

Thioacetanilides Acetanilides

substituent Agn (e) Ade () Adgs (e) Agn (e) Adce () Ado (e)
H 0 0 0 0 0 0
CHs —0.00041 0.00040 —0.00574 —0.00062 —0.00070 —0.00195
OCH; —0.00187 0.00307 —0.01682 —0.00174 —0.00155 —0.00526
OC:Hs —0.00203 0.00400 —0.01828 —0.00156 —0.00119 —0.00678
Cl —0.00221 —0.00309 0.01068 —0.00255 0.00128 0.00255
COOH —0.00340 —0.00659 0.02576 —0.00130 —0.00037 0.01192
OH —0.00272 0.00336 —0.01383 —0.00193 —0.00138 —0.00506
NH, —0.00057 0.00295 —0.02528 —0.00049 —0.00281 —0.00898
NO, —0.00682 —0.00857 0.04124 —0.00355 0.00066 0.01716
SONH; 0.00008 0.00025 0.01181

TABLE 6: Shifts of NBO Charges Accompanying the Transition from Trans Conformers to the TS2 Transition State in
Para-Substituted Thioacetanilides and Acetanilides

Thioacetanilides Acetanilides
substituent Ag () Aqc (e) Ags (e) Agn (e) Agec (e) Ago (e)
H —0.13532 —0.01523 0.20001 —0.1037 0.03512 0.10028
CHs —0.13860 —0.01397 0.20303 —0.10586 0.03637 0.10122
OCH; —0.14549 —0.01381 0.21209 —0.10965 0.03784 0.10293
OGCHs —0.14619 —0.01347 0.21305 —0.11045 0.03827 0.10339
Cl —0.13052 —0.01829 0.19804 —0.10120 0.03236 0.10092
COOH —0.11815 —0.01807 0.18985 —0.09004 0.03068 0.09559
OH —0.14544 —0.01362 0.20977 —0.10957 0.03786 0.10276
NH, —0.14983 —0.01047 0.21427 —0.11243 0.04056 0.10377
NO, —0.10858 —0.02217 0.18576 —0.08327 0.02649 0.09563
SONH, —0.08957 0.02890 0.09632
TABLE 7: Charge Shifts Accompanying the Transition from Trans Conformers to the TS2 Transition State in
Para-Substituted Thioacetanilides and Acetanilides
Thioacetanilides Acetanilides
substituent Agn (e) Aqe (e) Ags (e) Agn (e) Aqec (e) Ago (e)
H —0.01390 —0.08547 0.14465 0.01176 —0.10420 0.10793
CHs —0.01371 —0.08532 0.14676 0.01228 —0.10407 0.10874
OCHs —0.01163 —0.08859 0.15272 0.01655 —0.10764 0.11133
OC;Hs —0.01172 —0.08920 0.15365 0.01066 —0.10345 0.11072
Cl —0.01226 —0.08664 0.14329 0.01283 —0.10610 0.10852
COOH —0.01418 —0.08103 0.13870 0.00867 —0.09944 0.10329
OH —0.00870 —0.09033 0.15033 0.01635 —0.10771 0.11131
NH, —0.01027 —0.08755 0.15358 0.01550 —0.10638 0.11224
NO, —0.01225 —0.08264 0.13672 0.00840 —0.09934 0.10293
SONH, —0.00886 —0.10144 0.10369

of NBO charges that accompany the transition between the transof the NBO charge fluctuations reveal that most of the charge

conformers and the TS2 transition state (Figure 2) are given in transfer is between the carbonyl S (or O) and the N atoms. The
Table 6. The respective shifts of the Mulliken charges are shifts of carbon charges are small in both series. The results
presented in Table 7. A survey of the tables shows that a muchare in accordance with the classical picture of amide resonance.
greater portion of negative charge is withdrawn from the S atom The conjugative effects are strong in the trans planar structures
in thioacetanilides upon rotation, compared with the respective while being essentially eliminated in the transition states. A

charge shifts at the carbonyl O atom in acetanilides. Analysis somewhat different picture emerges from an analysis based on
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Figure 5. Dependence of rotational barrierAK) on shifts of NBO Figure 7. Plot of shifts of rotational barriersNAE) against NBO
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Figure 6. Dependence of rotational barrierAE) on shifts of NBO Figure 8. Dependence of rotational barrierAK) on shifts of NBO

charges at the O atomA(jc) induced by aromatic substituents in  charges Ads) upon rotation in thioacetanilides.
acetanilides.

the Mulliken charges. The data (Table 7) reveal a greater
participation of the C atoms in the charge shifts for both S 190F
thioanilides and anilides. £
In view of the formal equipartitioning of overlap charges § 185 |
between atonig inherent in the Mulliken population analysis, -
however, the respective data for the charge distribution in the 4 180
amide grouping cannot be viewed as a sufficiently reliable basis ’
for interpretations. Both NBO and Mulliken charges reveal much
greater charge fluxes upon rotation in the thioanilide series. 17.5
The relationships betweexE and shifts of the NBO charges —
(Ags and Ago) are shown in Figures 8 and 9. Similar linear 17.0
plots are found from an analysis based on the Mulliken patrtial R S S S S T
charges. The respective linear regression correlation coefficients 0094 009 0098 0100 0.102  0.104

for the dependences between the shifts of Mulliken charges and
AE arer = 0.987 for thioacetanilides and = 0.988 for
acetanilides. Figure 9. Dependence of rotational barrierAE) on shifts of NBO

The dependences are consistent with the interpretation ofcharges Aqo) upon rotation in acetanilides.
rotational barriers, in terms of amide resonance. The disruption
of resonance interactions upon rotation is accompanied byfindings that underline a key role for the resonance interactions
greater charge shifts within the amide grouping in the thioacet- and charge shifts that accompany the internal rotation in amides
anilides. The results indicate that these interactions are signifi- and thioamide$2.9.12.14.18a
cantly greater in the thioamides. As we have seen, similar 3.3. Supporting Experiment. IR spectra in CHGJ solution
conclusions are reached by analyzing the atomic charges atof five compounds from the series studied were obtained. The
equilibrium. These results are in accord with previous theoretical data are presented in Table 8. The most interesting feature of

Aq c)(TSZ-trans)
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TABLE 8: Experimental and B3LYP/6-31G** Calculated References and Notes
Vibrational N —H Stretching Frequencies for Cis and Trans
Para-Substituted Thioacetanilides (1) llieva, S.; Hadjieva, B.; Galabov, B. Org. Chem2002 67, 6210.

- - - (2) Russel, R. A.; Thompson, H. VBpectrochim. Acta956 81, 138.
Vibrational N—H Stretching Frequency (cr) (3) Zabisky, J., EdThe Chemistry of Amideinterscience: London,

Experimental Theoretical 1970.
(4) Hallam, H. E.; Jones, C. Ml. Mol. Struct.197Q 5, 1.

substituent trans cs trans cs (5) Song, S.; Asher, S. A.; Krimm, S.; Shaw, K. D.Am. Chem. Soc.
H 3383 3355 3448 3427 1991 113 1155.
CHjs 3382 3354 3445 3427 (6) Wang, Q. P.; Bennet, A. J.; Brown, S.; Santarsiero, BJ.DAm.
OCH; 3381 3354 3447 3425 Chem. Soc1991, 113 5757.
CL 3382 3350 3445 3426 (7) Wiberg, K. B.; Breneman, C. MJ. Am. Chem. Sod 992 114,
NO, 3383 3442 3423 831

. (8) Wiberg, K. B.; Rablen, P. Rl. Am. Chem. Sod.995 117, 2201.
@ Scaling factor= 0.96 (from ref 36). (9) Wiberg, K. B.Acc. Chem. Re4999 32, 922.
(10) Kang, Y. K.J. Mol. Struct.2002 546, 183.
the experimental spectra is the appearance of tweHN (11) llieva, S.; Hadijieva, B.; Galabov, B. Mol. Struct.1999 508, 73.

stretching mode bands for all the studied compounds (Figure (12) Wiberg, K. B.; Rablen, P. Rl. Am. Chem. S0d.993 115, 9234.
1) excepip-nitrothioacetanilide. These bands correspond to trans ~ (13) Laidig, K. E.; Cameron, L. MJ. Am. Chem. S0d996 118 1737.
and cis rotameric forms. The presence of twe i bands at (14) Lauvergnat, D.; Hiberty, P. Q. Am. Chem. S0d997, 119, 9478.
ambient temperature suggests that the energy difference between gg; izngg gﬁ‘ngfw' ghheenr?ibg]at. 6Eld.9|£51291995 34, 1113,

the two conformers is small. The experimentatN charac- (17) Bennet, ‘A_ i; S?).mayaji, V. Brov’vn’ é. S.: Santarsiero, BJD.
teristic frequencies are compared with the theoretically estimatedAam. Chem. Sod991 113 7563.

values. A good correlation is observed between the experimental (18) (a) Glendening, E. D.; Hrabal, J. A., 0. Am. Chem. S0d.997,

i i 119 12940. (b) Basch, H.; Hoz, £hem. Phys. Lettl998 294 117. (c)
and theoretical values (Table 8). The experiments show that Kim. W.: Loe, H. 1. Chol, Y. S Chol. J. L Yoon. O. Ghem. Soa.

the intensity of the trans NH band is distinctly higher in all  £3:34ay Trans1998 94, 2663. (d) Raos, G.; Bielli, P.; Toraghi, Et.
the studied cases, which suggests that the respective conformers. Quantum Cheni999 74, 249. (e) Bain, A. D.; Hazendonk, P.; Couture,

are the thermodynamically favored forms. P.Can. J. Chem1999 77, 1340. (f) Vassilev, N. G.; Dimitrov, V. SJ.

An interesting finding in the previous study on rotational '\Sﬂgé' %Bticﬁgogogﬁz 37. (9) Wiberg, K. B.; Rush, D. JI. Am. Chem.
barriers in para-substituted acetanililegas the established (19) (a) Foster, J. P.; Weinhold, F.I.Am. Chem. Sod.98Q 102, 72.
excellent linear relationship between the rotational barriers (b) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Ghem. Re. 1988 88, 899.
around the amide €N bond and the shifts of the carbonyl (20) Suzuki, I.; Tsuboi, M.; Shimanouchi, T.; Mizushima, $pectro-

echim. Acta A196Q 16, 471.

stretching-mode frequency. In the case of thioacetanilides, th
(21) Rae, I. D.Can. J. Chem1967, 45, 1.

C=S stretching is strongly mixed with other distortions and the (22) Walter, W.2. Chem 1970 10, 371.

resDeCjuve band !n the EXpe”.men_tal spegtra IS u§ually difficult (23) Walter, W. InChemistry of Amide<Zabicky, J., Ed.; Interscience:

to assign experimentally. Vibrations with relatively strong London, 1970.

participation of G=S stretching were theoretically estimated in (24) Waisser, K.; Polasek, M.; Nemec, |.; Exner, JOPhys. Org. Chem.

the range of 11541159 cnt? for the trans conformers and 2000 13, 127. _ ,

1189-1196 cntl for the cis conformers (25) Eberhardt, E. S.; Panasik, N., Jr.; Raines, RI. Am. Chem. Soc.
’ 1996 118 12261.

. (26) (a) Becke, A. DPhys. Re. B 1988 38, 3098. (b) Becke, A. DJ.
4. Conclusions Chem. Phys1993 98, 1372.

; : : : (27) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. (b)
Density functional theory computations for selected series Vosko, S. H.. Wilk. L. Nusaif, MCan. J. Phys198q 58, 1200.

of para-substituted thioacetanilides and acetanilides reveal that (>g) (a) Hehre, W. J.; Ditchefield, R.; Pople, J.2AChem. Physl972
structural and electronic parameters can be employed ins56, 2257. (b) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem. Phys
rationalizing the variations of barrier heights for the rotation 1984 80, 3265. _
around the amide €N bond. A satisfactory explanation for Chgrg)lggeggbcigAyala' P.Y.; Schlegel, H. B.; Frisch, MJJComput.
the dls_tl_nctly g_reater shifts of _rotgtlor_lal barriers m_the_ thio- (30) (a) Dunning, T. H., JJ. Chem. Phys1989 90, 9007. (b) Kendall,
acetanilide series upon substitution in the aromatic ring, as Rr. A.; Dunning, T. H., Jr.; Harrison, R. J. Chem. Phys1992 96, 6796.
compared with data for the respective acetanilides, is obtained (31) Mulliken, R. S.J. Chem. Phys1955 23, 1833.
by analyzing the dependences between barriers heights and th%/I (?AZ) g;}isch, M. J.; TJruchs, ZG.kW.; SCIDIe%EI'c}:' I?\}I; Scuseria, GJEZ ROJbb,
H H i H i H AL eeseman, J. ., LaKrzewskl, V. o ontgomery, J. A., Jr.;
char_ge shifts UPor.] SUbsmu“.on In.the aromatic .“”9 and up_on Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
rotatlon..Seve.raI Ilnegr relationships are establlghed that link p - kydin, K. N.; Strain, M. C.: Farkas, O.: Tomasi, J.: Barone, V.: Cossi,
the barrier heights with structural and electronic parameters M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
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heights and shifts of NBO partial charges at the amide S and O11.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
atoms upon substitution in the aromatic ring in the two series Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
is found. The results obtained are consistent with the views for V- Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L., Head-Gordon,

. . . . . M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
a classical amide resonance as being the origin of highernc.: pittsburgh, PA, 1998.
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(34) Jacobson, P.; Ney, Ehem. Ber1889 22, 906.
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