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High Overtones of the C-H Stretching Vibrations in Anisole and Thioanisole
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The high overtone €H stretching vibrations of anisole and thioanisole have been measured in liquid phases
by using optical absorption and optoacoustic spectroscopy. The local mode model satisfactorily describes the
experimental data and provides anharmonicities and force constants. The data obtained by the DFT calculations
allow a complete assignment of all the observed bands in the vibrational spectra of the two molecules. The
comparative analysis of the overtone spectra and of the DFT results confirms the occurrence of the methyl
C—H symmetric stretching at low wavenumber4836 cn?l) in anisole as due to a strong anharmonic
coupling, deriving from a Fermi resonance with the first overtone of the methyl symmetric deformation mode.
This effect is typical of the methoxy group, because it does not occur in thioanisole as well as in toluene. The
present investigation demonstrates the existence of a strong effect of electron conjugation;ab@axd

the aromatic system, in comparison with the SQ@tbup, as evidenced also by the study of the rotational
barriers and the proton magnetic resonance data.

Introduction description is a valid approximation. At higher energies, as in
) ] o ) ) o the case of high overtones, the bonds are detuned from resonance
The experimental investigation on highly excited vibrational 41 the local mode model, in terms of isolated oscillators, is
levels in the eI_ectromc_ground state of a molecule can foer more appropriate. The validity of this latter approach closely
useful information on different processes, such as photodisso-gepends on the quenching of the interbond coupling by the effect
ciations, radiationless transitions, and chemical reactions for the yf the bond anharmonicity at high energies. Thus, delocalized
bonds involved in the vibrations. Actually, the properties of the modes, involving two or more vibrating bonds, still occur in

high overtone spectra of-€H stretching modes are mainly due  high overtones, while the stretching motions of single bonds,
to the local environment of the bonds, thus conformatibhal  jike C—H stretching vibrations, are more anharmonic and can

and sterié different situations can be analyzed. In addition, the be correctly represented as uncoupled oscillators.
experimental data obtained from these spectra can be correlated 1ormal lensing-18

with the substituent effect and the inductive contribution, as the most common techniques for investigating high overtone
performed in the case of monosubstituted benzéris this spectra as valid alternatives to the optical absorption spectros-

tec_hmqug, bgnd Iengthds a_nhd I:orce constag_ts Welre u?ua”gcopy, mainly for liquid-phase samples. In a liquid environment,
estimated and compared with the corresponding values foundy,,ever, the lines are generally too broad for the resolution of

by microwave spectra and vibrational analysis, respectively. the bands corresponding to nonequivalentC stretching
Finally, a relation with chemical shifts in proton magnetic ;p ationg of the same kind. Much narrower lines, instead, are
resonance was found in cyclic compounds, where aromaticity yatacted by overtone spectra in the gas phase ,Where s’everal
was responsible for a significant electron current in the #ihg. studies were performéet24 On the other hand, int’ermolecular
The C-H stretching overtone spectra are characterized by interactions in the liquid phase can be suitably analyzed in the
one peak for each of the nonequivalent @ oscillators in a overtone spectra, as recently performed in the case of isoxazole
molecule and can be interpreted within the local mode model and thiazolé. In the present work, optical absorption spectros-
of molecular vibration3®14 In this mOdel, the &H bond copy and optoacoustic Spectroscopy have been emp|0yed for
vibrations behave as highly anharmonic localized modes, with the study of liquid anisole and thioanisole (Figure 1), up to the
harmonic interbond coupling. In the ordinary normal mode sixth overtones of the €H stretching vibrations of aryl and
approach, instead, the stretching vibrations are represented agnethyl groups. Moreover, density functional theory (DFT)
harmonic oscillators, perturbed and coupled by anharmonic calculations are here combined with the study of the high
Darling-Dennison interaction$. Actually, the two pictures  gyertones, in terms of local mode model. The aim is to study
Correspond to a different choise of basis functions and should the effect of the different heteroatoms on the methy| and ary|
give theoretically identical result8,if all the calculations were  CH stretching modes, in relation with the structural arrangements
done without any approximations. If, instead, only the simplest of the molecules. Actually, oxygen and sulfur have different
contents of the local mode theory are adopted, as in the caseg|ectronegativities, even if both OGlnd SCH groups may
proposed for dihalomethan&sthis equivalence is obviously  give rise tosr-electron conjugation with the aromatic system.
no longer valid. At low energies, as in the case of low values |n addition, these groups exhibit some rotational freedom, which
of the vibrational quantum number, the COUpling between thesecan induce Changes in static and dynamic proper[ies of the
nearly resonant oscillators is effective and the normal mode molecules and that have been investigated in the present work.
Detailed experimental data on their molecular structures are not
* Corresponding author. E-mail: muniz@chim.unifi.it. present in the literature, except partial information on the
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and optoacoustic spectroscépiP are
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Figure 1. Molecular structure of anisole and thioanisole; “es”
equatorial, “ax"= axial.
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substituent groups, as obtained by microwave spectros€aépy, olv=3_ -~
gas electron diffractiod’ and photoelectron spect#&C In % /
particular, these measurements led to contradicting results for y, /l
the conformational arrangement of the methoxy group in anisole. <|v=A s /’\\///
Electron diffractiod” and microwave datapointed to planarity , / ’ / A\
of the heavy atom skeleton, while photoelectron sp&cttavere

interpreted in terms of a mixture of planar and perpendicular v=6" . \
conformers. Also Raman spectral data at 130 K suggested the )

existence of two stable conforme¥sThe present study could — T
shed some light on the structural properties and the rotational “ E
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barriers of anisole as well as of thioanisole. Wavenumbers / cm !
The occurrence of the CH symmetric stretching mode for Figure 2. Optical spectra of liquid anisole at room temperature as a
the methyl group of anisole at low wavenumbe2836 cnt?) function of the vibrational quantum number

still represents a problem under investigation. This evidence

could be related to the back-donation process, involving the C,the specific heat at constant pressugghe acoustic velocity,
release of electronic charge of oxygen lone pairs to dhe and a the linear absorption coefficient of the medium. The
orbitals of the adjacent CH bonds. But Zerbi and co-wotker spectra were normalized to a reference signal taken by measur-
recently excluded this possibility on the basis of HF ab initio ing the intensity of the incident beam as a function of
calculations, suggesting, instead, a strong Fermi resonance withwvavelength. Both absorption and reference signals were sent
the first overtone of the symmetric methyl deformation around to a boxcar for averaging and further processed by a PC for
1500 cn1t. Thus, a detailed investigation on the CH stretching normalization and storing.

overtones could also confirm this conclusion. The Raman spectra have been recorded on liquid anisole by
using the 488.0 nm exciting line of an Ataser, a Jobin-Yvon
Experimental Section HG-2S monochromator with 4 cmh resolution, and a water-

Anisole and thioanisole (purity: 99%) from Merck were ~ c00léd RCA-C31034A photomultiplier.

purified by distillation and then used for both optical absorption . .
spectroscopy and optoacoustic measurements as pure quuids’.Ab Initio Calculations

The optical absorption spectra were taken with a Cary 5 DFT ab initio calculations of optimized structures and normal-
spectrometer using cuvettes with different path length from 0.1 mode analysis were performed by using the B3-LYP exchange
up to 10 cm in the range 562000 nm. correlation functional and the extended 6-31G(d,p) basis set with

Optoacoustic measurements were performed in the samethe GAUSSIAN 98 suite of progranid.The same calculation
wavelength range by using as exciting radiation the visible and level was used to determine the energy barrier for both the
near-infrared output of an optical parametric oscillator equipped torsional motions of the methyl group around the Gnebond
with a8-BBO crystal, pumped by the third harmonic (355 nm) and of the X-Cpetgroup around the £-X bond, where in our
of a nanosecond pulsed Nd:YAG laser with 10 Hz repetition case X= O, S. The comparison with calculations on anisole
rate. Due to the degeneration of {fBBO crystal output around  performed at 6-311&+(d,p) leveP* demonstrates the reliability
710 nm, it was not possible to explore that range correspondingof our results. According to previous DFT calculatiGhghe
to the CH stretching fourth harmonic region. The incident beam normal-mode frequencies have been scaled by a factor 0.9613
is vertically focused by means of fa= 100 mm cylindrical for the 6-31G(d,p) basis set. For the 6-311:6(d,p) basis set,
lens o a 1 cmthick cell. An ultrasonic transducer (Panametrics  a satisfactory fit of the experimental data is obtained by scaling
V103-RM) in contact with the sample cell through a thin grease the calculated frequencies in the range up to 2000'dny a
film detects the pressure wave due to volume expansion of thefactor 0.973 and those in the range above 2000'dw a factor
small absorption region. The method is based on the heat0.963.
conversion of the nonradiatively relaxed part of the absorbed
energy and on the consequent expansion of the absorptionResults
volume, which generates an acoustic wave with amplifée

In the linear absorption regim, depends on several factors The optical spectra of pure anisole and thioanisole are shown

according 1o the following exoression: in Figure 2 and Figure 3, respectively, as a function of the
9 9 exp ) vibrational quantum numbeyr. The corresponding optoacoustic

measurements have identical features and band maxima and,
B, . . ; i

PO <"aE, (1) for this reason, are not presented in these figures. The frequen

C cies of the overtone band maxima are listed in Table 1. Three

bands are clearly observable upite= 6 in the first case. The
wherek, is the laser energy; the thermal expansion coefficient, most intense band, slightly asymmetric on the high-energy side
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Together with the spectral maxima, in Table 1 the calculated
values ofwX, @, andK obtained from the experimental data
through the relative equations are reported for anisole, thioani-
sole, and toluene. The DFT optimized structures are shown in
Table 2, where for comparison the data from ref 34 are also
listed. The vibrational frequencies and their assignment are
shown in Table 3.

Discussion

Anisole. The overtone spectral data can be better interpreted
if an overview of the fundamental CH stretching region is
provided. In fact, the normal mode pattern is complicated by
the occurrence of a Fermi resonance and the presence of other
bands attributable to overtone or combination modes. In Figure
5, the infrared spectra of anisole in lig&idnd vapof® phases
are shown. Some differences can be detected between the two
spectra, concerning, in the liquid spectrum, a marked frequency
downshift (~15 cnt?), attributable to intermolecular interac-
tions, and a strong increase of intensity for the symmetrig CH
of the spectrum, is easily related to the stretching overtone stretching mode observed at 2836 ¢mThis latter evidence
motion of the C-H ring bonds. The other two bands, whose can be explained by a more efficient Fermi resonance in the
relative intensity ratio is 1:2, correspond to the nonequivalent |iquid, due to a better coincidence with the overtone of the CH
methyl C-H stretching overtones. On the other hand, the spectra deformation mode. Some useful information can be also deduced
of thioanisole show only two bands: the most intense is due to py the observation of the Raman spectra in polarized light,
aryl C—H stretching overtones, the other to the methyl ones, in shown in Figure 6. The band observed at 2838 trassigned
this case all eqUiValent. The same Spectral behavior is ShOWnto the symmetric Cb{ Stretching’ disappears in the Spectrum
by the optical spectra of toluene, reported for comparison in with perpendicular polarization, as well as the bands observed
Figure 4. As the overtone spectra have been measured in theyt 2925 and 2945 cm, which thus can be considered as
liquid phase, where the peaks are broader than in vapor phasgyertone modes of the asymmetric and symmetrig Béhding
and structural band details can be lost, the reported data shouldjeformations, respectively. The depolarized band, observed at
be considered as average values. In fact, the vapor-phase spectrgg10 cnr with weak intensity, is attributable to a combination
in toluene show highly asymmetric methyl peaks due to effective of the two deformation modes of the methyl group. The band
torsion-stretching coupling;though the methy! torsional barrier  at 2960 crm?, detected only in the spectrum with perpendicular
is very low. The G-H stretching overtone progressions, polarization, is undoubtedly attributable to the asymmetrig CH
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Figure 3. Optical spectra of liquid thioanisole at room temperature as
a function of the vibrational quantum number

depending on the vibrational quantum numbeare satisfac-
torily fit by a two-parameter equation

()

viv=wo — wX (v+1)

derived from the energy of the Morse diatomic oscillator, where

w and wx are, respectively, the mechanical frequency in
wavenumber and the anharmonicity.

Only the observed frequencies with local mode characteristics
have to be used in eq 2 to obtain the fundamental harmonic

frequenciesgo, which are related to the corresponding force
constantsk, by the equation of the diatomic oscillator localized
on the C-H bond
2nce = v/ (Klu) (3)
wherec is the light speed in vacuum andthe reduced mass.
Previous empirical consideraticis®® let Henry and co-
workerg137 develop the following equation for a qualitative
estimation of the length of €H bond in angstroms:
R.y = 1.084— (Av/11v) 0.001 4)

where 1.084 is the usual €H bond length of benzene in
angstroms andAv the wavenumber shift of the observed

stretching.

The DFT calculation predicts an optimized structure where
the methoxy group is lying in the ring plane, together with one
hydrogen atom (hereafter called equatorial) of the methyl group
(see Table 2 for structural parameters). The two other methyl
hydrogen atoms (hereafter called axial) are out of the plane.
The ring plane bisects the angle HCH. The DFT-calculated
harmonic frequencies are listed in Table 3 together with the
proposed assignment, which satisfactorily matches the experi-
mental daté!

The equatorial €H stretching mode observed at 3003dm
results not coupled with the motion of other oscillators and also
the band detected at 3105 corresponds to a largely uncoupled
stretching mode of one aromatic—E bond. This latter
(hereafter called €H*, see Figure 1) is located in the ortho
position with respect to the methoxy substituent, near to the
CHs group. By considering the double of the frequency
calculated at 1464 cm (6-311G++(d,p) basis séf), an
overtone band is predicted for the symmetric deformation of
the methyl group near to the symmetric stretching mode
calculated at 2891 cni. This fact accounts for the occurrence
of a Fermi resonance, responsible of the downshift of théiC
stretching band observed in the infrared spectrum at 2836,cm
as well as proposed by Zerbi and co-workR€On the other

overtone with respect to the corresponding overtone of benzene hand, the purely harmonic DFT calculation is able to reproduce
As reference data, we take the high overtones of benzenethe asymmetric EH stretching mode (obs. 2944 ctj calc.

detected in the gas pha%an the case of methyl EH bonds,
we consider the €H bond length of 1.091 A, typical of

2947 cntl), but not the symmetric CHstretching vibration
observed at low frequency (obs. 2836 ¢pcalc. 2891 cm?).

aliphatic hydrocarbons, and the high overtones of gaseousHence, a strong anharmonic coupling like that deriving from a

ethane®

Fermi resonance must be effective.
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TABLE 1: Observed CH Stretching Overtone Maxima (cm™1) of Anisole, Thioanisole, and Toluene Obtained from
Spectrophotometric and Optoacoustic Measurements (anisole and thioanisole only) and their Corresponding Spectral
Parameters

anisole thioanisole toluene
Av aryl CH methyl CH eq/ak aryl CH methyl CH aryl CH methyl CH
1 3093, 3062, 3032 3003, 2944, 2836 3073, 3060, 3045 3001, 2985, 2918 3087, 3063,3029 2979, 2952, 2921
2 6103, 5967, 5900 5800, 5719, 5678 5918, 5956,5984 5777,5720,5650 5876,5908,5953 5790, 5734, 5649
3 8787 8537 8361 8768 8474 8757 8575
4 11484 11209 10894 11460 11070 11428 10967
5 14055 13665 13285 14020 13540 13986 13439
6 16549 16040 15576 16500 15870 16460 15710
7 18930 18855 18780
wx (cm™) 55.1 63.6 63.5 56.8 61.2 57.6 61.7
@ (cm™) 3144 3117 3040 3147 3074 3145 3053
SD (cnt?) 1.7 2.1 0.9 1.9 1.2 1.7 3.6
Re—r (A) 1.084 1.088 1.095 1.085 1.090 1.082 1.090
K (mdyn/A) 5.415 5.325 5.062 5.428 5.176 5.418 5.106

a Av stands for the vibrational quantum numbeix is the anharmonicity constant calculated from eq 2, arthe relative harmonic frequency;
SD is the standard deviation value for each linearRi; indicates the €H bond length as described in eq 4, alds the C-H bond force
constant (see eq 3).eq= equatorial; ax= axial.

TABLE 2: Optimized Structures of Anisole and Thioanisole
Obtained from DFT ab Initio Calculation Using the B3-LYP
Exchange-Correlation Functionak
anisole thioanisole
Slv=2 6-31G(d,p)  6-3116&+(d,pP  6-31G(d,p)
z C—C, 1.3996 1.3974 1.4002
; C—GCs 1.3987 1.3976 1.3972
o C:—Cy 1.3923 1.3901 1.3932
o Csi—GCs 1.3993 1.3979 1.3975
n Cs—Cs 1.3898 1.3878 1.3916
© Cs—Cy 1.4029 1.4007 1.4049
< C—H’ 1.0835 1.0817 1.0838
Cs—Hs 1.0864 1.0845 1.0865
Cs—Ha 1.0854 1.0835 1.0855
Cs—Hs 1.0863 1.0844 1.0863
- . . . Cs—Hs 1.0851 1.0834 1.0865
~1000 -500 0 500 C—X 1.3669 1.3660 1.7852
Wavenumbers / cm -1 X_Cme 1.4180 1.4205 1.8215
Figure 4. Optical spectra of liquid toluene at room temperature as a gme_ﬂeq igg% igggg 188%2
1 i i me~ Ilax . . .
function of the vibrational quantum number e He 10977 10956 10924
S ) H* —Hax 2.3426 2.3496 2.3627
With this in mind, the analysis of the overtone spectra, shown ¢,—c,. 2.8340 2.8389 3.0682
in Figure 2 up tAv = 6 and whose wavenumbers are reported  Hax—Cme—Hax 108.97 109.42 110.20
in Table 1, is straightforward. No evidence of Fermi resonance Ci—X—Cie 118.23 118.61 103.62

is observed in the first overtone, where the coupling between  a Atomic numbering refers to Figure 1. X stands for O or S atom,
the C—H oscillators is still present, as found also in the second “me” for methyl, “ax” for axial, and “eq” for equatorial. Bond distances
overtone. For this reason, the observed frequenciesAvitk are in A and bond angles are in degreeBata from ref 34.

2 and 3 do not correspond to those predicted by the local mode

model. FromAv = 4 to Av = 7, instead, the overtones are 6-31G(d,p) level, as shown by the optimized structures reported
correctly interpreted in terms of local modes. Thus, by using in Table 2.

eq 2, it is possible to evaluate the bond anharmonicities as the On the basis of the local mode approach, theHstretching
slopes of the linear fittings of thefv values vsv, as reported fundamentals are predicted, accordingly to the expressien

in Figure 7, for both optoacoustic and spectrophotometric data. @ — 2 wXx, at 2990 and 2913 cm for the equatorial and axial
The w andwx values of the axial €H stretching modes are  stretching modes, respectively. The first value corresponds to
3040 and 63.5 crit, respectively. The equatorial-dH stretch- the band observed at 3003 th(Figure 5), which is widely

ing vibration follows quite well the linear fitting witke = 3117 uncoupled, as discussed above on the basis of the DFT results.
cm! and wx = 63.6 cntl. The anharmonicity of both the  The second one, due to Fermi resonance, cannot correspond to
methyl C—H stretching vibrations is slightly larger than that any experimental values, but results intermediate between the
observed in toluene (61.7 cr) and thioanisole (61.2 cm), calculated values for the symmetric and asymmetric stretching
as shown in Table 1. This means that the nonequivalence shouldnodes of the methyl group (see Table 3), 2891 and 2947.cm

be intrinsic of the methoxy group and not due to steric hindrance respectively. As Fermi resonance produces a downshift of about
with the adjacent hydrogen atom of the ring. A confirmation of 50 cnt?! (2891= 2836 cn1?) for the methyl C-H stretching

this hypothesis comes from SCF MO ab initio calculations on fundamental, an analogous upshift is expected for theHC
dimethyl ether2 which predicted a short length for the CH bond  bending overtone, which should occur at about 2940%cdust
lying in the plane of the heavy atoms. This is in good agree- at 2945 cm? the Raman spectrum (Figure 6) shows a polarized
ment with the DFT results performed at 6-31H&(d,p)** and band, attributable to the-€H bending overtone. This finds its
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TABLE 3: Calculated and Observed Vibrational Frequencies (cn?) of Anisole and Thioanisole and Relative Assignment

anisole thioanisole
calc. obs'? calc3* calc. obs'® assignment
90 88 21 XCH torsion
205 209 198 165 Cktorsion
249 249 194 18% C—X—C ip bending
267 263 257 227 230 CHorsion
409 415 409 402 395 CCC twisting
430 434 323 325 CCX ip bending ip ring deformation
501 511 500 468 478 CCC twisting
539 554 545 407 416 ip CCX, CXC bendingisp ring deformation
605 617 612 613 613 ip ring deformation
676 690 662 685 688 ring torsion
738 752 736 730 op CCH bendingsring torsion
771 782 775 678 685 ringX stretching+ ip ring deformation
799 819 802 821 843 op CCH bendings
859 880 859 876 855 op CCH bendings
924 930 940 op CCH bendings
947 975 944 966 984 op CCH bendings
972 992 982 985 1000 triangular ring motion
1009 1019 1013 1025 1024 ring breathing
1039 1039 1036 710 735 “XCHj stretching
1066 1073 1072 1084 1091 ip CCH bendings
1132 1135 952 969 Cttocking
1138 1151 1146 1156 1148 ip CCH bendings
1154 1172 1162 1182 1186 ip CCH bendings
1165 1180 1169 963 958 Ghiocking
1244 1247 1237 1079 1073 ringX stretching+ ip CCH bendings
1294 1292 1298 1293 1275 ip CCH bendirg€=C stretchings
1318 1332 1320 1321 1311 = stretchingst ip CCH bendings
1429 1442 1433 1338 1338 GHmbrella motion
1441 1452 1445 1442 (1378) ring=<€C stretchingst ip CCH bendings
1446 1455 1452 1441 1413 HCH asymmetric deformation
1462 1469 1464 1450 1439 HCH symmetric deformation
1486 1497 1485 1484 1480 ring=<€C stretchingst ip CCH bendings
1579 1588 1580 1586 1581 ring=<€C stretchings
1599 1599 1598 1602 1593* ring=€C stretchings
2898 2836 2891 2944 2918 methy+€l symmetric stretchings.
2956 2944 2947 3029 2985 methyl axial-8 asymmetric stretchings
3026 3003 3016 3039 3001 methyl equatoriallCstretching
3057 3032 3046 3060 3045 ring-¢ stretchings
3064 3053 3066 3060 ring-€H stretchings
3081 3062 3069 3076 3073 ring-¢ stretchings
3089 3093 3076 3088 ring-€H stretchings
3096 3105 3085 3103 ring-€H* stretching

aThe first and fourth columns refer to B3-LYP/6-31G(d,p) calculations séaleda factor 0.9613. The observed data derive from infrared
spectra in liquid phadé* (see Figure 5 for the €H stretching modes of anisole). Thioanisole frequencies labeled as ®aa@ taken from
refs 45 and 46, respectively. The value in parentheses is assigned as overtone of the 6®odm The third column refers to B3-LYP/
6-311G++(d,p) value* scaled by a factor 0.973 in the range-8000 cn* and by a factor 0.963 above 2000 ¢min the assignment, we
used the following abbreviation: “ip*= in plane; “op” = out of plane; X= O, S; C-H* = ring C—H bond nearest to the GHyroup, as shown
in Figure 1.

counterpart in the infrared band observed in the liquid at 2944 overtone. Hence, a shoulder can be identified at about 16855
cm~1 (Figure 5). and 19340 cm!, respectively. The lengths of the aryl-El

The force constants of the axial and equatorial localizetiC bonds, as obtained by DFT calculations (Table 2), have results
stretching modes are calculated 5.062 and 5.325 mdyn/A, practically identical to the corresponding value in benzene (1.084
respectively. The lengthening of the axia-€ bonds, discussed  A), except for the &H* bond, in the ortho position with respect
above, as well as the weakening of the corresponding force i the methoxy group and near to the axial hydrogen atoms,
constant, can be related to electron back-donation from the lone-, ich exhibits a quite short distance, 1.0817 A (1.0835 A, with

pairs ogthe_oxygen atom to the orbitals _Of the adjacent eH . the 6-31G(d,p) basis set). Thus, it is reasonable to consider the
bonds® This effect, generally present in methoxy-containing weak shoulder as due to the-Ei* bond stretching mode, while

compounds, is mainly relevant when the adjacent hydrogenthe other four ring GH stretching modes behave as nearly

atoms are in trans conformation with respect to the lone-pairs. valent oscillat The h ic f . 31355
In the case of anisole this situation occurs for the axial hydrogen €d4IVal€nt oOSciliators. The harmonic Irequenciesare '
cm~! for the G—H* stretching and 3144 cni for the other

atoms of the methyl group. .
In regard to the aryl €H stretching vibrations, they generally ~C—H stretching modes. Actually, the aryl-¢4* and C-H

occur in the overtone spectra as a single band (Figure 2), but abonds have similar force constantsS.4 mdyn/A), but quite

shoulder evident at higher wavenumbers is visibleAor= 6 different anharmonicities, 46.6 and 55.1chrespectively. The

and 7, as shown in Figure 8. By deconvolution of these bands low anharmonicity of the €H* stretching can be explained

the occurrence of two distinct absorption maxima is detected with the H--H interaction with the axial hydrogen atoms of

with 4:1 intensity ratio, for the fifth as well as for the sixth the adjacent methyl group whose distance is shorter (see Table
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Figure 7. Plot of the functionAv/v as a function ob, as given in eq
2, for the CH stretching overtone of anisole. The reported data derive
respectively from spectrophotometrio)(and optoacoustic (*) spectra.
1 . . The linear fitting has been done considering only the points with
2800 2900 3000 2100 > 4, that are correctly interpreted as local modes.

Wavenumbers / cm”
Figure 5. Infrared spectra of anisole in liquid (from ref 32, heavy
solid line) and vapor (from ref 40, solid line) phases in the fundamental
CH stretching region.

3074
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Wavenumbers / cm -1
Figure 8. Fifth (Av = 6) and sixth Av = 7) overtones of anisole in
the region of the aryl CH stretching vibrations. Superimposed, the
Raman shift / cm™! deconvolution of these bands is shown.

2800 2850 2900 2950 3000 3050 3100

Figure 6. Raman spectra of liquid anisole at room temperature in . . . . .
polarized light in the fundamental CH stretching regida.= 488 complete assignment of the _\/lbratlor_lal spectrum is reported in
nm). Heavy solid line corresponds to parallel polarization, solid line Table 3. With respect to previous attributitsome unassigned
to perpendicular polarization. bands are now considered fundamentals. The infrared band
observed at 1378 cm, which does not correspond to the
2) than the sum of the van der Waals’ radii for hydrogen atoms calculated mode at 1442 cth is to be considered, instead, as
(2.40 A% overtone of the very strong band at about 690 gnas actually
Finally, it is worthy to note that the fifth overtone of the aryl  proposed elsewhef@8lt is evident that the exchange of oxygen
C—H stretching mode is observed at 16550 @émat a with sulfur does not largely affect the ring modes, which are
significantly higher frequency with respect to that reported in found a few wavenumbers lower in thioanisole than in anisole.
the literature by Mizugai et &1(16515 cn1l), as obtained by Also the H-C—H bending modes of the methyl group in
thermal lensing measurements in the liquid phase. On the thioanisole undergo small downshiftsZ0 cnt?). This accounts
contrary, we have verified that the fifth overtones of liquid for the overtone of the Cysymmetric bending mod&occurring
toluene and thioanisole occur at the same frequencies reportecat about 2850 cmit, without Fermi resonance with the GH
by Mizugai et al* To test the overtone wavenumbers in anisole, symmetric stretching fundamental, which, instead, occurs at
we have carefully compared the optoacoustic spectrum of this about 2920 cm?, as predicted by the DFT calculations. The
region with the spectrophotometric data, obtaining the same other vibrations involving the X atom of the substituent group
results, as reported in Figure 9. Thus, in anisole the substituentare more affected by the presence of sulfur instead of oxygen,
effect on the aromatic system results stronger than previously mainly those with large contributions of -XCHjz stretching
predicted and quite different with respect to that in toluene and (1039= 735 cn1?) or X—ring stretching (1247 1073 cn?).
thioanisole. Interesting considerations on the static and dynamic properties
Thioanisole.The optimized structure of thioanisole, obtained of thioanisole can be deduced from the overtone spectra of the
from the DFT calculation, is shown in Table 2, while the C—H stretching vibrations. Only two bands are found for
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Figure 9. Optical absorption (A) and optoacoustic (B) spectra of liquid
anisole at room temperature measured in the region of the fifth overtone.
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Figure 10. Plot of the functionAv/v as a function ofv, as given in
eq 2, for the CH stretching overtone of thioanisole. The reported data
derive, respectively, from spectrophotometfiy @nd optoacoustic (*)
spectra. The linear fitting has been done considering only the points
with Av > 4, that are correctly interpreted as local modes.

thioanisole (see Figure 3), the first related to the aryl CH
stretching mode, the second to the methyl CH stretching mode
suggesting that all three bonds of the £ifoup are equivalent,

or in alternative, the rotation is too fast to be revealed through

absorption spectroscopy. The anharmonicity constants are

evaluated, as well as for anisole, by the linear fittings of the
vlv values vsv, as reported in Figure 10 and Table 1, for both
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this bond corresponds to the highest calculated frequency, 3103
cm1, practically uncoupled with the motion of the other8
oscillators.

More significant differences are observed in the overtone
spectra of the methyl €H stretching modes. These latter
appear, in the local mode approximation, as equivalent oscil-
lators, as in toluene (Figure 4), with intermediate wavenumbers
between those corresponding to axial and equatoriaHC
stretching vibrations of anisole. The relative force constant
results higher than the corresponding average value of anisole
(5.149 mdyn/A), while the anharmonicity constant is lower. The
C—H bond length (1.090 A), evaluated from the overtone
spectra, is the same as in toluene and represents a typical value
of aliphatic C-H length. This is in good agreement with the
methyl C—H distances calculated by DFT method1(.092 A),
as reported in Table 2. The DFT calculations show a planar
structure, where the heteroatom and the methyl group lie in the
ring plane, as in anisole. On the contrary, the axial and equatorial
CH distances are substantially the same, but the @hbrella
is more open with respect to anisole. In thioanisole, the-H
Cme—Hax angle is 110, while it is 109 in anisole, where it
causes less steric hindrance with the ring H* atom. This is not
completely surprising when considering the ab initio optimized
structures of dimethyl eth&and dimethyl sulfidé” In these
cases, it is interesting to remark that bond angles and distances
of the OCH and SCH groups match the corresponding ones
in anisole and thioanisole, respectively, as reported in Table 2.
This accounts for interpreting the structures and, consequently,
the vibrational spectra of the substituent groups on the basis of
the intrinsic properties of OCHand SCH. In particular, the
equivalence of the methyl-€H stretching modes of thioanisole
can be considered as depending on the lack of electron back-
donation from sulfur to the adjacent methyt-& bonds, which,
instead, occurs in anisole. This effect could be related to a
possible free rotation around the-8Hs or the S-ring bond.

Rotational Energy Barriers in Anisole and Thioanisole.
To better understand the interaction between ring and substituent
groups, the rotational barriers of the methyl group around the
Cme—X (X = O, S) bond and of the XCHgroups with respect
to the aromatic ring have been evaluated. DFT calculations have
been performed at the B3-LYP/6-31G(d,p) level, starting from
the optimized geometry of the two molecules, by rotating in

'steps of 183 or 10, respectively, the Chlor the XCH; groups.

The structures, finally, have been again optimized, keeping
frozen the coordinates of the rotating group. In Figure 11 the
results are shown for both molecules, which exhibit a different
behavior. The Ge—X rotational barrier in anisole is calculated
3.05 Kcal mot™, and this points to an impaired rotation at room

optoacoustic and spectrophotometric data. No significant Changetemperature in anisole, whose spectra show nonequivalence

results in the localized stretching modes of the ringfCbonds
of anisole and thioanisole, which are found near the same
wavenumbers in both cases (3144 and 3147%nand also in

between the methyl hydrogen atoms. In thioanisole, instead, the
energy barrier is reduced to 1.92 Kcal mbla values that can
suggest an easier rotation around the bond. However, the major

toluene (3145 cm'). The frequency difference observed inthe itference is observed by considering the rotation of the XCH
overtone progressions is, instead, due to the difference of 4royp as a whole, around the bond with the aromatic ring. In

anharmonicity constants.
Also in thioanisole the fifth and sixth overtones of the ring

this case a strongly hindered rotation is calculated for the
methoxy group, being 3.07 Kcal mdl the energy barrier,

C—H stretching modes appear asymmetric, suggesting theaccordingly with previous MP2 ab initio calculatioffsin

presence of a shorter aryl-H bond, related to a stretching
mode at higher wavenumber. Actually, the optimized structure
reported in Table 2 exhibits an ortho-E&l bond shorter (1.0838
A) than other ones~1.086 A). This depends, as well as in
anisole, on the H-H repulsion with the adjacent hydrogen
atoms of the methyl group, owing to a distance2(36 A)
shorter than the sum of the van der Waals’ r&8iioreover,

thioanisole the barrier is only 0.53 Kcal mé) indicating the
presence of a free rotator in our measuring conditions at room
temperature. A justification for such different behavior in the
two compounds may be addressed to high electron conjugation
of the oxygen atom with the electrons of the aromatic ring.
This effect may cause a stronger stiffness of the methoxy group,
keeping it in the planar conformation.
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Figure 11. Upper: rotational barrier of the methyl group around the
Cme—X bond, X= 0, S. Lower: rotational barrier of the XGHjroup
with respect to the aromatic ring. Open cireteanisole, full circle=
thioanisole. Both calculations have been performed at the B3-LYP/
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To evaluate the conjugation effect of the heteroatoms toward
the aromatic ring, useful information can be obtained from the
protonic magnetic resonané&This effect appears relevant in

anisole, where the hydrogen atoms in ortho and para positions

are more shielded{ = 6.749;0meta= 7.145;0par= 6.811).
Otherwise, it is well-known that the methoxy substituent is
activating for the electrophilic substitution of the aromatic ring
and orienting to the ortho and para positions, where an increas
of the negative charge occurs. In thioanisole, instead, the

conjugation is quite scarce, as suggested by the similar chemical

shifts of the ring hydrogen atom8diho = 7.158;0meta= 7.143;
Opara = 7.043). The conjugation in anisole affects also the
electron charge near the methyl hydrogen atoms, by lowering

Gellini et al.

methyl C—H symmetric stretching of anisole that occurs at low
wavenumber (2836 cm).

The same calculation level was used to determine the energy
barrier for the torsional motions of both the methyl and the
X—CHs groups. Very different behavior has been observed in
anisole with respect to thioanisole, which may be ascribed to a
strong electron conjugation of the oxygen atom with the
electrons of the aromatic ring. This interaction may be respon-
sible for the higher rotational barrier of the methoxy group with
respect to SCHs; and, consequently, for the nonequivalence
of the methyl C-H bond in anisole, experimentally observed
in both the optical absorption and optoacoustic spectra, but not
detected in thioanisole.
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