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Abstract

The carbon, fluorine, and proton nuclear magnetic
resonance spectra of thiocanisole and some nineteen
thioanisole derivatives have been analysed in order to
investigate the conformational preference of the methyl-
thio group. Ab initio molecular orbital calculations
with geometry optimization at the STO-3G level and some
INDO MO FPT calculations have been performed for thioan-
isole, 2,6-difluorothioanisole, 3,5-difluorothioanisole,
2-chlorothiocanisole, 2,6-dichlorothiocanisole, 3,5-di-
chlorothiocanisole, 3,5-dimethylthiocanisole, 4-methyl-

thioanisole, and 4-fluorothiocanisole.

On the basis of spin-spin coupling constants and
molecular orbital calculations, compounds with one or no

substituent ortho to the methylthio group favour copla-

narity of all heavy atoms. Long-range spin-spin
coupling constants over six or sevenv formal bonds
between !3C nuclei in the methyl group and para protons
or fluorines, or ring methyl protons at the para posi-
tion are reported for twelve thiocanisole derivatives.
The couplings are o-» mediated, as indicated by INDO MO
FPT computations and by measurements on thioanisole,

2,6-dichlorothiocanisole, 2,6-dibromothiocanisole, 2,6-di-

bromo-4-methylthioanisole, 4-methylthioanisole, and




iii
2,6-dibromo-4-fluorothiocanisole. Two-fold barriers for
the reorientation of the methylthio group have been
estimated on the basis of the measured magnitudes of the
coupling constants and a hindered rotor model (the J
methodt) for 4-fluorothioanisole, 4-methylthioanisole,
thioanisole, 3,5-dimethylthicanisole, and 3,5-dichloro-
thioanisole (3.7i0.6; 3.9+0.1, 65.1%0.2, 6.1+0.4, and

9.6x0.7 kJ mol-!, respectively).

For thioanisole derivatives with both ortho positions

occupied by groups other than protons, an out-of-plane
conformer is most stable. Barriers, presumed two-fold,
for internal rotation in 2,6-difluorothioanisole, 2,4,6-
trifluorothioanisole, 2,3,5,6-tetrafluorothioanisole,
and 2,3,4,5,6-pentafluorothiocanisole, have also been
determined (6.9+0.8, 8.1+1.0, 4.1+0.6, and 7.9%1.1 kJ

mol-!, respectively).

Measurements of SJ(CH, ,H) in thioanisole,
3,5-dichlorothioanisole, 4—nitrothioanisoie, and in
ortho substituted thiocanisoles reflect the angle by
which the methylthio group twists out of the aromatic
plane. The increasing magnitude of the coupling in the

series thiocanisole, 3,5-dichlorothiocanisole, 4-nitro-

t W. J. E. Parr and T. Schaefer, Acc. Chem. Res. 13,400
(1980).
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thioanisole, 2-methyl-3-fluorothioanisole, 2-bromo-4-

fluorothioanisole, 2-bromothiocanisole, 2-iodothiocani-
sole, and 2,4,5-trichlorothioanisole indicates increas-

ing coplanarity of the heavy atoms.

The five bond spin-spin coupling between the a carbon

of the methyl group and the meta proton or meta fluorine

are shown to result from a combination of the o-x elec-
tron and ¢ electron coupling mechanisms. INDO MO FPT
calculations on 3,5-difluorothiocanisole, as well as
measurements on 2,4,6-tribromo-3-fluoro-, 2-methyl-
3-fluoro-, pentafluoro-, and 2,3,5,6-tetrafluorothioani-
‘soles, indicate that the two mechanisms give contribu-

tions of opposite sign.

Sign determinations have been made for spin-spin
couplings between the « carbon of the methyl group and

ortho, meta, and para protons, between the « carbon and

ortho and meta fluorines, and between the methyl protons

and the meta proton.
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INTRODUCTION




Experimental Investigations

The conformational behaviour of the methylthio group
in thiocanisoles cannot yet be considered as resolved.
The data reported in the 1literature concerning the
departure of the methylthio moiety from the plane of the
aromatic ring generally agree that the conformation in
which all heavy atoms are co-planar is favoured and sug-
gest that non-planar conformers are possible. There-
fore, the barrier to internal rotation must be of the
same order of magnitude as kT at ambient temperatures.
The data, however, differ significantly as to the shape

and size of the barrier.

Nuclear magnetic resonance spectroscopy (NMR) has
been applied to the study of thiocanisole, but most stud-
ies have been concerned with the interpretation of chem-
ical shifts. Spin-spin coupling constants have not been
widely used, since the numbers are usually small and
their mechanism and conformational dependence are not
well understood. Coupling constants have been shown to
be useful conformational indicators in other molecules

such as thiophenol!-* and toluene derivatives®-’.

This thesis extends the use of coupling constants to
thioanisole and its derivatives. The conformational

dependence of NMR parameters is adduced such that the
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barrier to internal rotation and conformational prefer-
ences of the methylthio group in aryl methyl sulfides

(thioanisoles) are indicated.

The reader is referred to the standard monographs for
a description of the theory of the NMR experiment and of

spectral analysis!®-1!7,

The balance of this chapter reviews experimental
investigations of the conformation of the methylthio
group in thiocanisole and several derivatives. The con-
formational behaviour is described and factors which

regulate conformation are illustrated.




(i) UV_and IR spectroscopy

Vibrational analysis!® of the first singlet-singlet
transition in thioanisole vapour gave the torsional fre-
quency of the methylthio group 1in the ground state as
67.4 cm.-!, This was in rough agreement with the tenta-
tive assignment by Green!®’ to the IR absorption at 79

cm.- ! in the liquid.

From the separation of torsional levels, an estimate
of the barrier to internal rotation can be obtained,
once @, the value of the torsional angle at equilibrium
is known. In the high-barrier approximation, and for @
nearly zero, the barrier height 1is estimated!* to be
26.3 kJ mol-'. In the small-barrier limit, this approx-
imation is said to underestimate the barrier:°, Assum-
ing tﬁat the excited state is planar, the torsional lev-
els derived from the vibrational analysis suggest that
the ground electronic state must have out-of-plane con-

formers.




(ii) Dipole moments and Kerr Constants

Dipole moment comparisons for 2-chlorothiocanisole and
2,4-dichlorothiocanisole convinced Lumbroso and co-work-

ers?! that they exist predominantly as the trans confor-

mation, to the exclusion of the hindered cis form.
Therefore, there exist possible steric influences on the

conformation of the methylthio group.

In an earlier paper??, dipole moments and molar Kerr
constants were reported for thiocanisoles substituted at
the para position as sélutes in CCl, and 1in benzene.
The experimental data were analysed to provide informa-
tion on preferred solute conformations and on the inci-
dence and stereospecificity of benzene—solﬁte complex
formation. Using bond and group polarizability data,
the molecular polarisability tensor was calculated?® for
differing conformations of the methylthio group. The
experimental Kerr constants were consistent with dihe-
dral angles of 23° for thioanisole, ‘ca. 20° for
p-chloro- and p-bromothioanisole, and nearly 0° for
p-nitrothiocanisole. This was attributed to possibly a
greater degree of conjugative interaction of the methyl-
thio and para substituents 1in the series H<C1,Br<NO,.
The pronounced solvent effect in changing from carbon
tetrachloride to benzene was interpreted as an indica-

tion that stereospecific solute-benzene interactions
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occur which result in transient collision complexes
having the associated solvent molecule preferentially
disposed perpendicular to p, the methylthio group moment

vector (see Figure 1).

/Me

&o

Edge-on associations in which benzene protons

Figure 1

approach sulfur lone pairs were not excluded. Benzene
solvent molecules were inferred to solvate electron-de-
ficient sites. No discussion of effects on the barrier
to internal rotation or conformational consequences was
offered for the disposition of the SMe group relative to
the aromatic ring plane. Different solvent molecules
may well alter the rate at which the methylthio group

re-orientates, but need not alter the intrinsic bar-

rier?*,




(iii) Microwave spectroscopy

The relative intensities of two band series in the
low-resolution microwave spectrum of para-fluorothiocani-
sole suggested an energy difference of 3.0+1.0 kJ mol-!
between conformers described as nearly planar and nearly
perpendicular?®. The two bands were assigned to rota-
mers having a planar and perpendicular configuration,
respectively, based on model calculations from presumed
geometries, to give a calculated frequency difference
between the two sets of rotational constants. A release
of what was termed 'steric tension' between the two
forms could affect the assignment and thus the measured

barrier to rotation.
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(iv) Photoelectron and Electron Transmission Spectro-

SCO

Qualitative = MO schemes suggest that the splitting
of the lowest 1ionization energy band of the photoelec-
tron spectrum of a monosubstituted benzene is an indica-
tion of the removal of the degeneracy of the ?E,g ground
state?¢(Figure 2). The spectrum of thiocanisole can be
explained without resort to wunoccupied d-orbitals on
sulfur. Conformational equilibrium between the planar
and the less stable perpendicular conformers is reported
for the methyl, ethyl, isopropyl, and t-butyl phenyl
sulfides?®’. The two conformers are described as one
having maximum p-» orbital overlap (all heavy atoms
co-planar) and another, of increasing importance through
the series methyl, ethyl, isopropyl, and t-butyl, having
reduced p-» overlap. The first ionization energies of
para-substituted thiocanisoles are sensitive to the
degree of conjugation between the methyl side chain and
the ring and decrease in the order NO,, H, CH,;, SCH,,
OCH,, NH,, N(CH,),. Since the HOMO is almost entirely
sulfur lone-pair, changes are not as great as 1in the

corresponding anisoles??,

Schweig and Thon estimated the conformational equi-
librium constant between 293 and 773K?°. A two-state

model implied an energy difference of 3.5+0.3 kJ mol-!




Wl(bl)
Nn
jonization
energy
-:r(elg) ‘lfz(az) -—-—-Tf1(b1)
‘“z(az)
113(b1)
Ve
CHy~g S
planar non-planar
Figure 2

Correlation diagram for the lowest jon states of ben-
zene, planar thioanisole, and non-planar thioanisole.
The states are classified according to the designation
of orbitals from which they arise?®’.
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but Honegger and Heilbronner demonstrated that a more
careful analysis, which accounts for all conformations,
is required®®. Although the correct potential curve for
internal rotation was considered necessary for an accu-
rate determination of the conformer distribution, it was
indicated that the true enerqgy difference between the 0
and 90° conformers was somewhat higher than that deduced

from the two-site model.

Electron transmission (ET) spectroscopy of thiophe-
nol, thioanisole, and t-butyl phenyl sulfide demon-
strated the existence of interacting empty orbitals
localized at sulphur containing substituents®®. Mixing
of sulfur 3d orbitals with the »*b, ring orbitals could
explain the observed electron affinity trend, i.e., the
significant stabilization of the »*b, molecular orbitals
and the small (if any) stabilization of the =*2a, molec-
ular orbitals. Assuming that thiophenol and thioanisole
were more stable in the planar conformation, and that
t-butyl phenyl sulfide was more stable in the conforma-
tion with the S-C(sp,) bond normal to the benzene ring
plane?7,32,35 comparison of d/x* interactions, as
reflected in electron affinity values, indicated that
the stabilizing effect of the S 3d orbitals did not
change significantly within fhe o framework of the
alkylthio substituent nor with its torsional angle about

the phenyl-sulfur bond.
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(v) X-ray fluorescence spectra

Dolenko, Voityuk, Dolenko, and Mazalov have studied
the X-ray fluorescence K-spectra (SKB spectra) of solid
thiophenol, thiocanisole, and pentafluorothicanisole??,
The w,-w; energy differences (Figure 2) were measured,
and reflected the effectiveness of w-conjugation of the
lone sulfur pair into the aromatic ring. INDO calcula-
tions showed that this energy difference was always
larger for thiophenol than that for thiocanisole for the
same dihedral angle. However, the measured values were
the converse of the trend calculated with INDO, indicat-
ing that the dihedral angle of thicanisole was smaller
than that of thiophenol. Since the planar conformations
are likely most stable for both molecules, and assuming
that both have similar features for the potential func-
tion to 1internal rotation, it follows that the rota-
tional barrier in thiocanisole must be larger than that
in thiophenol. The absence of the w,-», energy differ-
ence for pentafluorothiocanisole indicated a nearly
orthogonal conformation., The data were considered con-
sistent with dipole moment and Kerr constants??®s3*,
which suggested a dihedral angle of 23+5° for thioani-

sole and 645" for pentafluorothioanisole.
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(vi) Electron spin resonance

Pedulli and co-workers investigated the angular
dependence of the electron-acceptor character of alkyl-
thio groups in organic radicals??®. Progressive devia-
tion from planarity with increasing size of the alkyl
group was demonstrated by the temperature dependence of
the coupling constant at the !:C nucleus of the alkyl
group bonded directly to the sulfur. Electron transfer
from the »-orbital of the nitrobenzene moiety containing
the unpaired electron to the vacant o orbital of the
alkylthio bond illustrated the electron-acceptor charac-
ter of the alkylthio group. The barrier to internal
rotation in the p-nitroxide thiocanisole radical was
estimated at 3.22 kJ mol-!, As well, INDO calculations
indicated that the radical was more stable in the planar
conformation, with the energy differences with respect
to the non-planar (orthogonal) conformation being 4.56
and 9.41 kJ mol-', respectively, in the unprotonated and

protonated anion.
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(vii) Nuclear magnetic resonance

(a) 'H shifts

The proton resonances are shifted to low field in the
order H2>H3>H4 for thioanisole and selenocanisole, but
H2>H4>H3 for telluroanisole®!®. The methyl proton reso-
nance 1is shielded as Group VIA 1is descended. In
2-hydroxythiocanisole, the methylthio group lies nearly
orthogonal to the ring plane and although the additivity
of substituent-induced shifts 1is only approximate®®s**,
the ring and methyl proton shifts are consistent with
this preference. A so-called 'heavy atom' effect,
resulting in a marked downfield shift of H6, 1is attrib-
uted to the proximity of the mainly 3p lone-pair on sul-

fur.

In a series of alkyl phenyl sulfides, the protons in
the para position are more shielded than in non-substi-
tuted benzene‘?. Since changes in chemical shift of the
para proton and the para carbon are mainly determined by
the effect of conjugation, the « donor properties of
alkylthio groups decrease in the sequence SCH,>
SCH,CH,>SCH,CH,CH,>SCH(CH;),. The t-butylthio group may
be ranked as a weak o and » acceptor, with the chemical
shift of the para proton more deshielded than 1in ben-

zene. The differences may perhaps be attributed to the
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dimensions of the alkyl group attached to sulfur, which
ljead to changes in the spatial orientation of the lone-
pairs on sulfur with respect to the benzene ring

r—System.
(b) 13¢ chemical shifts

Carbon-13 chemical shifts are wuseful indicators of
steric and electronic influences of substituent
groups®‘. As with anisole, when substituents are placed

at one or both ortho positions, the methyl carbon shift

depends on the size of the ortho substituent. The order
of the aromatic carbon chemical shifts in thioanisole is

Cl1>C3>C2>C4; i.e., C4 is most shielded.

The methylthio carbon is shielded by about 39 ppm
relative to the methoxy carbon of anisole. In addition,
the methylthio carbon in 4-methoxythiocanisole is de-
shielded by about 2 ppm relative to thioanisole, and in
4-nitrothiocanisole is shielded by about 1 ppm. This
trend opposes that observed for the corresponding ani-
soles®?’, for which the electron-withdrawing nitro group
at the para position deshields the methoxy carbon. The
lack of sensitivity of the methylthio carbon shift to
electron donation or withdrawal by the para substituent,
relative to that for the corresponding anisoles, sug-
gests that there is little conjugation between the sul-

fur lone-pair and the w»-orbitals of the ring.
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Kalabin and collaborators found that the trends begun

in the spectra of substituted thicanisocles continue in
the selenocanisoles®®. The decrease in electronegativity
upon descending Group VIA was seen to increase the
shielding of the methyl carbon and the Cl-carbon. No

evidence for d-orbital participation was found.

The shielding of the methylthio carbon in
4-nitrothiocanisole demonstrates that an electron-with-
drawing para-substituent can increase the degree of con-
jugation, indicating that thiocanisole itself may not be
effectively planar. The trend in hybridization of the
hetercatom upon descending Group VIA involves an
increase 1in the s-character of one lone pair and an
increase 1in the p-character of the other?®!,3?, The
increase may be accompanied by a decrease in the bond
wangle at the heteroatom and therefore an increase in
steric crowding in the planar conformation. The
expected shielding at the heteromethyl and ortho carbons
may be masked by the inductive effect of the heteroatom
or by the proximate, mainly p-character, lone pair*®
which may be responsible for the deshielding of the

ortho carbons of selenoanisole and telluroanisole‘!?!,

As the size of the alkylthio group increases, the

shielding of the ortho carbon decreases, consistent with

the idea that orthogonal conformations are populated
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more with increasing alkyl size and therefore cause a
closer approach of the sulfur lone pair to the ortho

carbon‘?,

In summary, carbon chemical shifts can indicate het-
eromethyl group conformation in both liquid and solid
phases., However, errors in the interpretation of devi-
ant behaviour may be made since the additivity of sub-

stituent-induced shifts is only approximate.
(c) Liguid crystal NMR

The NMR spectra of (a-!3C)thioanisole, 4-chloro-
(a-'3C)thiocanisole, and 4-nitro(a-'3C)thiocanisole in
liquid crystalline solvents were analysed by Emsley and
co-workers*?, It was concluded that the molecules can-
not be entirely 1in the conformations with all heavy
atoms co-planar. The data were shown to be consistent
with a two-state model for the orientation of the SCH,
group about the phenyl-sulfur bond, where there is one
minimum at 0 and a local minimum at 90°, as well as with
another model, considered less probable, having one min-
imum between 0 and 90°. The percentage of the planar
form was estimated as between B4 and 50% for thiocanisole

and between 87 and 78% for 4-nitrothioanisole.



(d) Long range coupling constants to methyl protons.

Lunazzi and Macciantelli proposed that the observed
long range coupling constants between methylthio and
ortho protons, °*J(SCH;,H6), in ortho substituted thioan-
isoles were dependent on the size of the substituent®?®.
However, a careful analysis of the proton spectrum of
2,5-dichlorothioanisole*¢ yielded a *J(CH,,H6) of
-0.35x0,02 Hz, about twice the reported value for
2-chlorothioanisole. When the methylthio group prefer-
red the plane perpendicular to the ring plane, as for
2-hydroxythicanisole*®, the magnitude of *J(CH,,H6) was
less than 0.02 Hz. Therefore, the proximity of the pro-

tons involved seemed to dictate the magnitude of this

type of coupling constant. The mechanism of other long

range couplings in 2,5-dichlorothiocanisole was not exam-
ined, but ¢J(CH,;,H3) and "J(CH,,H4) were 0.05+0,02 Hz

and -0.03%0.02 Hz respectively.

The analogous couplings in pentafluorothioanisole and
derivatives are generally 1larger and thus have been
studied more extensively*’:**!, 1In a series of para-sub-
stituted tetrafluorothiocanisoles, it is observed that
the size of the coupling is dependent on the electron
withdrawing ability of the substituent. The measured
magnitudes are 1.6, 1.0, 0.95, 0.7, 0.6, and 0.5 Hz for

the para substituents NO,, Cl, H, F, OCH,;, and OH,




18
respectively. In 2,3,5-tri(methylthio)-4,6-difluoro-
phenol, no coupling is reported between the methylthio

group ortho to the hydroxyl and the adjacent fluorine--

presumably an indication that this methylthio group pre-
fers the plane orthogonal to the ring plane. In the
corresponding compound where the hydroxyl group is
replaced by a nitro group, the observed splittings in
the SCH; peaks are 1.0, 2.65, and 2.65 Hz for the 2,3,
and 5 positions respectively. Thus, the behaviour of

J(CH,,F) is qualitatively similar to that of $J(CH,,H).
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(viii) Molecular Orbital Calculations

Several molecular orbital calculations are available
for thioanisole, generating a variety of potential
curves and barrier heights -for rotation about the
C(sp,)-S bond. Most have employed partial geometry
optimization and agree that the most stable conformation

is planar.

Matsushita and co-workers studied the contribution of
3d orbitals of sulfur to the electronic structure’®., Ab
initio MO calculations utilized a minimal STO-3G basis
set with the POLYATOM version 2%! and GAUSSIAN 70°? pro-
gram packages. The calculated barrier 1in thioanisole
was 1.0 kJ mol-! without the inclusion of 4 orbitals,
and 1.3 kJ mol-?! including 4 orbitals, suggesting a very
small effect of 3d orbitals on the stable conformation
and rotational barrier. The potential curve was said to
be very flat because of cancellation between conjugation
and steric hindrance in the interaction of the phenyl
and SCH,; groups. Two shallow minima were seen, one at
which the dihedral angle was 0° and another at appproxi-
mately 30°, with the methylthio group described as
rotating almost freely. Similar conclusions were

reached by Palmieri'?®.

An INDO SCF investigation gave the potential curve

for para-nitrothioanisole??, The calculated energy was
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directly proportional to sin?@, where & is the angle
that the methyl carbon-sulfur bond makes with the phenyl
ring plane. As noted in part (vi), the calculated bar-

rier was 13.2 kJ mol-!.

Schweig and Thon used a CNDO/2 method’® in an spd
basis with standard bond lengths®* to calculate the
total energy of thioanisole?’. The planar form was seen
to be most stable and the perpendicular conformer was
described as a second stable form, 8.6 kJ mol-! above
the first. It was noted that the C(sp,)-S-C(methyl)
angle decreased on going from the planar to the orthogo-
nal form, indicating CS/» hyperconjugative and d/x con-

jugative interactions.

The calculated barrier in para-fluorothioanisole is
4.0 kJ mol-!', as given by SCF ab initio calculations?®.
The minimum in the potential curve for the internal

rotation about the phenyl-sulfur bond is at a dihedral

angle of 0°. Very shallow local minima are seen at ca.

60 and 120°, perhaps indicating a small four-fold compo-
nent in addition to a predominant two-fold component for

the potential curve.

In summary, rotational 1isomerism 1in thiocanisole
appears to be the result of a delicate balance between

steric interactions, which favour a non-planar heavy
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atom skeleton, and z-conjugation, which favours a planar

heavy atom skeleton.
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B. Introduction to the problem

Experimental studies of thioanisole suggest that,
although the methylthio group prefers to 1lie in the
plane of the aromatic ring, out-of-plane conformers are
certainly not excluded. The shape, and notably the
height, of the potential function describing the dispo-
sition of the exocyclic chain with respect to the ben-
zene ring plane is uncertain. The conformation of the
heteromethyl group may be dictated by steric interac-
tions, which favour an orthogonal conformation, and by

conjugation with the ring, which favours a planar heavy

atom skeleton.

According to the J method®* for the determination of
small twofold rotational barriers in benzene deriva-
tives, the barrier to internal rotation in thiophenol is
3.4 kJ mol-1, This method is based on the sin?@ depen-
dence of the spin-spin coupling constant over six bonds
between alpha and para nuclei and its analogy to the
angular dependence of B-proton hyperfine interactions in

radicals. One may write

6J = 6J9o <5in2¢> + 6Jo (1)

where ¢J,,

is the value of ¢J when the bond of the side-
chain lies orthogonal to the benzene ring plane, @ is
the dihedral angle between the bond of the sidechain and

the benzene ring plane, the brackets indicate the expec-
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tation value of sin?@®, and ¢J, 1is the value of ¢J when
the sidechain 1is in the benzene plane. ¢J, 1s most

often effectively zeros®.

A possible extension of the J method to both onefold
and twofold barriers 1is suggested by the five-bond
spin-spin coupling constant between o« nuclei and nuclei
at the meta position of the benzene ring*:7,5%5¢, This
coupling i1s a composite of o-r and o© electron interac-
tions. The former, discussed above, varies as sin?@ and
the latter as sin?(@/2). Therefore, one may write

5J = 33y, <s8in@> + 5J,,, <sin?(@/2)> (2)
where %J,, 1is the size of the o-» component for @ =
90°, and *J,;, is the magnitude of the o component for @
= 0°, or planar zigzag bond arrangement. The ¢o-» con-
tribution vanishes for conformations in which the side-
chain lies in the molecular plane and the o contribution
vanishes only at 9=0". When the sidechains are hydrox-
ylic or aldehydic groups which have the conformation

of Figure 3,

Figure 3

studies show the coupling to H-3 to be large (@=180")
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and that to H-5 and H-4 (@=0") to be very small or, more

often, undetectable’®’-%¢3,

The intent of this study 1is the description of the
conformational preferences, and potential functions for
internal rotation, in thiocanisole and derivatives using
stereospecific 1long-range NMR coupling constants and
suggestions from MO calculations. The barriers may be
larger in thioanisoles than in the corresponding thio-
phenols because the methyl group 1is a stronger electron
donor and may increase conjugation with the ring.
Alternatively, the barrier may be smaller since steric
interactions with ortho substituents destabilize the

preferred planar conformation.

The J method utilizes the observed coupling between «
and ring protons. However, no a proton exists in
thioanisole. Therefore, one must resort to spin-spin
couplings between the « carbon (methyl carbon) and ring
nuclei (proton and fluorine). The conformational and
substitutional dependences of the NMR parameters are
analysed in order that the principal mechanisms of
spin-spin coupling, barriers to internal rotation, and

conformational preferences may be estimated.



EXPERIMENTAL METHODS
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A. Materials and Syntheses

Thioanisole(Aldrich Chemical Company), 4-fluorothio-
anisole(PCR, Inc.), 3,5-dichlorothiophenocl(Fairfield
Chemical Company), 2-iodothiocanisole(Maybridge Chemical
Company), and 4-methylthiophenol(Aldrich) were commer-
cially available. The syntheses of other compounds are

described below.

Acetone-d., benzene-d,, and cyclohexane-d,, were all
from Aldrich and of 99.5 atom$% purity. These were used
as an internal deuterium lock signal and as solvents,
except that cyclohexane-d,;, was used with 80% (w/w) car-
bon tetrachloride (Fisher Scientific Company). Either
tetramethylsilane or acetone-d; was used as an internal

proton reference.



27

(i) methylation of thiophenols

The methylation of the thiol group of thiophe-
nol(Aldrich), 2-iodothiophenol, 2,6-chlorothiophenol
(Fairfield), tetrafluorothiophenol(Aldrich), 3,5-di-
chlorothiophenol(Fairfield), and 3,5-dimethylthiophenol
to obtain the corresponding thicanisoles isotopically
enriched with '3C in the methyl group was accomplished
by the standard method®* of adding (!'3C)methyl iodide
(99 atom%, MSD 1Isotopes, 1Inc.) to a mixture of the
thiophenol and anhydrous potassium carbonate in dry ace-
tone. Products were identified by 'H NMR and mass spec-

trometry.

The methylation of 2-iodothiophenol, 2,4,5-trichloro-
chlorothiophenol(Aldrich), 2,6-dichlorothiophenol (Fair-
‘field), 2-bromothiophenol(aldrich), 4-nitrothiophenol
(Aldrich), pentafluorothiophenol(aAldrich), 2,3,5,6-tet-
rafluorothiophenol(Aldrich), and 4-methylthiophenol
(Aldrich) was accomplished via a somewhat faster method
of adding dimethyl sulfate (Eastman-Kodak Company) to
the aqueous sodium thiolate. A typical procedure
involved dissolving ca. 1.5 g of the thiophenol in 10 ml
of 20% NaOH and adding dropwise a 10% stoichiometric
excess of dimethyl sulfate over a fifteen minute period

to the magnetically stirred solution., This was stirred
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for an additional forty-five minutes and then extracted
twice with 50 ml ether. The ethereal layer was washed
twice with water (2X50 ml), dried over magnesium sulfate
and then the solvent was removed on a rotary evaporator.
Yields of the corresponding thiocanisoles were typically
greater than 85%. Product 1identity was established by
the absence of the characteristic smell of the thiophe-
nol, the NMR spectra of the appropriate nuclei, and

often by mass spectrometry.
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(ii) Syntheses of thiocanisoles from anilines

The remaining thiocanisoles were prepared from the
diazonium salts of the corresponding anilines, by a pro-
cedure developed in this laboratory®®.
2,6-dibromoaniline, 2,6-difluoroaniline, and 2-methyl-
3-fluoroaniline were available from Aldrich.
2,6-dibromo-4-methylaniline(Alfa Division), 2-bromo-
4-fluoroaniline(Maybridge), 2,6-dibromo-4-fluorcaniline,
2,4,6-trifluorocaniline(Fairfield), and 2,4,6-tribromo-
3-fluoroaniline (gift from Dr. L. J. Kruczynski) were
also used. The procedure involved the treatment of the
agqueous diazonium hydrosulfate salt with cuprous methyl-
mercaptide (methylthiocopper)®?®. The method is similar
to the widely applicable introduction of a thiocyanato
group into an aromatic ring®‘. Product identity was
confirmed by '3*C, !'°F, and 'H NMR spectroscopies and by

mass spectrometry.
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(iii) Synthesis of 2-iodo- and 3,5-dimethylthiophenol

2-iodothiophenol and 3,5-dimethylthiophenol were pre-
pared from the corresponding anilines (available from
aldrich) via diazotization, treatment with potassium
ethyl xanthate, and xanthate decomposition by hydroxide
jon¢7: %, Products were identified by their character-
istic odour and by 'H NMR spectroscopy. Identity of the
methylated products was established by 'H NMR spectros-

copy and mass spectrometry.
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(iv) Bromination of 4-fluoroaniline

The bromination of 4-fluoroaniline(aldrich) was
accomplished by the addition of bromine to a cooled
solution of the compound in dry tetrahydrofuran. The
hydrobromic acid produced was neutralized by a stoichio-
metric amount of 20% sodium hydroxide. The tetrahydro-
furan layer was pipetted out, reduced in volume almost
to dryness, and the residue was taken up in carbon tet-
rachloride. This solution was washed once with an aque-
ous bisulfite solution and with water, and then dried
over magnesium sulfate. The solvent was removed on a
rotary evaporator to yield crude product, which was
recrystallized from ethanol to yield long pale yellow
needles. The 'H NMR spectrum was confirmatory for

2,6-dibromo-4-fluoroaniline.



B. Sample Preparation

Solutions of thiocanisoles were prepared by weight to
consist generally of 2 mol per cent of the compound of
interest in acetone-d, or benzene-d, for 'H and !°’F NMR.
Thiophenols were prepared in carbon tetrachloride/cyclo-
hexane-d,,, or benzene-d,, and solutions were dried

according to the procedure of Rowbotham and Schaefer®¢?’,

Each solution was filtered through a pipette, con-
taining a wad of cotton wool cleaned with carbon tetra-
chloride, into a precision bore 5 mm o.d. NMR tube fit-
ted with a ground glass joint. Tubes with thiophenol
solutions also held one or two pieces of molecular sieve
(pore mesh size of 3 &) to hinder intermolecular
exchange. Sample depth lay between approximately 3.5
and 5 cm. Samples were degassed by at least five
freeze-pump-thaw cycles before the tube was sealed with

a torch.

Samples for !3C NMR spectroscopy were prepared by

volume or by weight as solutions in acetone-dq. Fil-
tered solutions in 10 mm o.d. NMR tubes were degassed if
the required resolution was better than 0.2 Hz, Other-
wise, the samples were filtered into 10 mm tubes which
were then fitted with pressure caps. Sample depth lay

between four and six centimetres.
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C. Spectroscopic method

Proton, fluorine, and carbon magnetic resonance free
induction decays were recorded on a Bruker WHS0-DS spec-
trometer at a probe temperature of 305K and at transmit-~
ter freqguencies of 90.02, 84.70, and 22.63 MHz respec-
tively. The spectrometer uses a Bruker magnet and
console, except that it employs a 293 A' programmer and
an 1180 data system and the associated software from
Nicolet Technology Corporation. The B, fields for mul-
tiple resonance experiments were previously calibrated
with off-resonance technigues and could be regulated in
1-db steps’®,"1!, In order to obtain proton spectra at
temperatures between 250 and 305K, a standard Bruker
B-VT-100 variable temperature accessory was used. This
temperature controller had been previously calibrated’:?
Aand was found to be within =1K of the temperature indi-
cated by the controller. Cooling of the probe below
ambient room temperature was accomplished by the passage
of a stream of nitrogen gas, which was passed through a
heat-exchange coil immersed in 1liquid nitrogen, before

passing through the probe assembly.

Proton and carbon spectra were also recorded on a
Bruker AM300 spectrometer, which employs an ASPECT 3000
data system. Spectra from this spectrometer were gener-

ally preferred over those from the WHS0 because of the
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greater signal-to-noise ratio and relative simplicity of
the spectra due to the higher field and because of the
petter resolution due to the higher stability of the

superconducting magnet.

Pulse lengths produced approximately 70° flip angles,
with equilibrium delays of approximately 5 seconds. In
order to measure C,H spin-spin coupling constants the
INEPT sequence’?® was used. Digital resolution was typi-
cally 0.05 Hz/real point or better. Typically, 'H spec-
tra from the WH90 were recorded with 1 scan summed into
16K, and zero-filling with an additional 16K was per-
formed before Fourier transformation. At times, the
digital resolution was not as high as desired, due to
limitations of computer capability of the 1180 data sys-
tem, resulting in some slight discrepancies between
observed and calculated spectra. 'H spectra from the
AM300 were usually recorded with 8 scans summed into
sufficient memory to give acquisition times of at least

thirty seconds.

32 transients were summed into 16K, with an addi-
tional 16K of zero filling for !°F spectra. !*:C spectra
were recorded with enough scans to yield a sufficient
signal-to-noise ratio. The acquisition parameters are

noted specifically in the next chapter.
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Resolution enhancement was performed in most cases by
manipulation of the free induction decay (FID) with
either sine multiplication or with a combination of an
increasing exponential function and a negative line
proadening parameter. Both of these methods emphasize
the FID data at long times, resulting in increased reso-
jution with a decreased signal-to-noise ratio, and more
or less retain the non-enhanced line shape of the NMR

signal.
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D. Computations

Spectral simulations were performed with the
LAME’¢»>7% program or with NUMARIT’¢,’7 in non-iterative
and iterative modes. These were coupled to a plotting
routine on a Versatec plotter. Unfortunately, the scal-
ing of plots of the plotter was often two or three per
cent incorrect. Therefore, comparisons between some
observed and calculated spectra should take this into

consideration.

Ab initio molecular orbital calculations were per-
formed at the STO-3G’* level with the MONSTERGAUSS’?
program. Semi-empirical calculations®?® and calculations
of coupling constants were performed with INDO MO FPT:°®
on the optimized geometry from the ab initio calcula-

tions.

The computations were performed on an Amdahl 470/V7

or on an Amdahl 5850,
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A. High Resolution Spectra

The observations and numerical results in this chap-
ter represent analyses of proton, fluorine, and carbon
spectra of some of the thiophenol and thioanisole deriv-
atives investigated. Spectral parameter values from
proton and/or fluorine spectra are calculated by LAME
unless otherwise stated. Useful confidence inter-
vals®!»*? on parameter values are probably given by
thrice tﬁe standard deviation calculated by LAME, or
NUMARIT, which follow after the value in parentheses.
The given linewidths are the narrowest observed 1in the
spectrum of the compound of interest. Frequencies and
coupling constants are given in Hz. All proton chemical
shifts are referenced relative to TMS, unless otherwise
stated. Only transitions with intensities greater that
0.05 are considered in most cases. Rms deviation refers
to the root-mean-square difference between calculated

and observed line positions (frequencies).

In some proton spectra, and in most carbon spectra,
coupling constants are set equal to the observed spec-
tral line splittings under the assumption of first order
behaviour®*3-*35, The 95% confidence limits of the para-
meters are calculated from the number of measurements
and the root-mean-square deviation of the magnitude of

the observed splittings®¢. The confidence limits of the
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parameter are denoted by a plus or minus sign, and
follow the parameter value. Tabulations of parameter
values and errors deduced by other means specifically
state the method used. Parameters that appear without
an estimation of the associated error were held constant
for the iterative part of the calculation of parameters.
The quoted values reflect the magnitudes of linewidth
and digital resolution. Unless specifically mentioned,
spectral parameters correlate poorly with each other (a
correlation coefficient, as calculated by LAME, of less

than 0.30).

The signs of proton-proton®®, proton-fluorine®’, and
carbon-fluorine®’-%*° spin-spin coupling constants were

assumed from the literature, unless otherwise indicated.
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(i) thioanisole

The aromatic region of the 'H NMR spectrum of a 2
mol % solution of thiocanisole in benzene-d, appears as
Figure 4. The methyl protons are shown in Figure 5.

Figures 6 and 7 show the ortho proton and part of the

para proton resonances in order to illustrate the spec-
tral quality. The spectral simulations in figures 5-7

are based upon the spectral parameters given in Tablie 1.

Spectral parameters for a 1.7 mol % solution of
thioanisole isotopically enriched with !3*C at the methyl
carbon in benzene-d, at 300K are given in Table 2. The
parameters are for the coupled spectrum obtained by the
Fourier transformation of 32 free induction decays with
a negative line broadening of 0.12 Hz and a Gaussian
factor of 0.5. The acqguisition time for the data was 35
seconds, which was accumulated into 16K of memory with
an additional 48K for =zero-filling added before Fourier
transformation. Figures 8 and 9 show parts of the meta
and para proton resonances. The additional splitting
for the para proton spectrum is due to the a-!°C nucleus

and is -0.147(1) Hz (cf. Figure 7).



Figure 4

spectrum' of the ring protons of a 2 mol % solution of

thioanisole in benzene-d¢ at 300.135 MHz at 293K.
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Figure 5

The experimental and calculated spectra of the methyl-

thio protons of thicanisole in benzene-d..
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Figure 6
The ortho proton resonance of thioanisole in benzene-d.

(a) calculated spectrum

(b)

observed spectrum







_Figure 7

_part of the para proton resonance of thioanisole in ben-

_zene-d;.
(a) observed spectrum

(b) calculated spectrum
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Table 1

Spectral parameters for thiocanisole in benzene-d,.

S,/(:HS
300.135MHz
"V(CH;) 590.665(0)
Y, =V 2131.905(1)
V=V 2104.034(1)
V, 2070.157(1)
J(CH, ,H2) -0.141(0)
J(CH, ,H3) 0.075(0)
J(CH, ,H4) -0.053(1)¢t
J(H2,H3) 7.938(1)
J(H2,H4) 1.155(1)
J(H2,H5) 0.547(0)
J(H2,H6) ' 2.109(1)
J(H3,H4) 7.435(1)
J(H3,H5) 1.551(1)
observed peaks 178
assigned peaks 167

...Table 1 continued...
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Table 1...

transitions calcd. 512
assigned transitions 426
largest deviation 0.014
rms deviation 0.0054
line width 0.045

+ This result is from an analysis that does not include
the methyl protons. Since the couplings to the methyl
protons are of the magnitude and sign that they are, the
methyl peaks consist of several overlapping lines, and
therefore analysis including these spectral lines may be
inaccurate for certain spectral parameters. Such is the
case for 'J(CH,,H4), which was given as 0.065(1) 1in an
analysis including the methyl protons. Other parameters
were not sensitive to overlapping lines in the methyl

region?’”®.
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Table 2

Spectral parameters for a 1.7 mol % solution of

(a-'3C)thiocanisole in benzene-d..

g— CHg

“V(CH,) 590.665%
V=V, 2133.389(0)
Vo= Vg 2104.120(0)
Vi 2070.173(1)
J(CH; ,H2) -0.137(0)
J(CH, ,H3) 0.079(0)
J(CH, ,H4) -0.055(1)
J(H2,H3) 7.936(0)
J(H2,H4) 1.154(1)
J(H2,H5) 0.550(0)
J(H2,H6) 2.104(1)
J(H3,H4) 7.436(1)
J(H3,H5) 1.551(1)
J(Ca,H2) : 0.00
J(Ca,H3) 0.078(1)
J(Ca,H4) -0.147(1)
J(Ca,CH;) 139.76

...Table 2 continued...




Table 2...

observed peaks
calculated peaks
transitions calcd.
transitions assigned
largest deviation
rms deviation

line width

52

2027
194
800
612
.017
0.0058
0.045

+ Only peaks in the aromatic region are assigned. The

CH, resonance frequency is that of the non-enriched com-

pound. The one-bond coupling constant is not accurately

determined.
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Figure 8

part of the meta proton resonance of (a-'3C)thiocanisole

in benzene-ds.
(a) calculated

(b) observed
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Figure 9

part of the para proton resonance of (a-!3:C)thiocanisole

in benzene-d;.
(a) calculated

(b) observed
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(ii) 2-iodothiocanisole

Analysis of the 'H NMR spectrum of 2.0 mol % solu-
tions of 2-iodothioanisole and 2-iodo(a-':C)thiocanisole
in acetone-d, yielded the results in Table 3. Six- and
seven-bond proton-proton coupling constants were held at
zero. From comparisons of 1ine widths between H6 and
the other proton spectral lines, the magnitude of these
unresolved long range couplings to the methylthio pro-
tons are all about 0.05 Hz (data not shown). The sign
of the four-bond carbon-proton coupling constant was
determined by decoupling of the methyl resonances,
first, with the carbon in what is designated as the -
spin state(Figure 10a), and, second, with the carbon
nucleus in the + spin state(Figure 10b), while observing
the H6 proton spectral region. Since the ratio of the
‘Ca-Ha and Ca-H6 coupling constants is shown to be posi-
tive in Figure 10, and the former can be safely assumed
to be positive, the latter is also positive. A first
order representation of the line spectrum of the decou-

pling experiment appears in Figure 1ll.
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Table 3

Parameters from the 'H NMR spectrum of 2-iodothiocanisole
in acetone-d,.

s—CH;
I
90.024MHz

V(CH;) 222.130

Vs 702.027(1)
Ve 619.823(1)
Vs 665.081(2)
Ve 647.888(1)
J(CH, ,H6) -0.394(1)
J(CH, ,H5) 0.000
J(CH, ,H4) 0.000
J(CH, ,H3) 0.000
J(H5,H6) 7.980(2)
J(H4 ,H6) 1.492(2)
J(H3,H6) 0.314(2)
J(H4,H5) 7.376(2)
J(H3,H5) 1.388(6)
J(H3,H4) 7.844(6)

...Table 3 continued...
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Table 3...
*J3(Ca,H6) +0.172+0.012
5J(Ca,H3) +0.133+0.013
largest deviation 0.021
rms deviation 0.0082
observed peaks 45
assigned peaks 42
transitions calcd. 191
assigned transitions 172
line width 0.1 Hz

The parameter values listed above that do not refer to
Ca are from a LAME analysis of a 2.0 mol % solution of
2-iodothiocanisole in acetone-d;. The Ca-H coupling con-
stants are set equal to the observed splittings of the
spectral lines of a 2.0 mol % solution of

2-iodo{a-13C)thioanisole in acetone-d;.



Figure 10

The H6 region of 2-iodo(a—'3C)thiocanisole in acetone-d;
at 300 MHz with:

(a) decoupling the CH, protons for the + spin state
of Ca.

(b) decoupling the CH,; protons for the - spin state
of Ca.







Figure 11

A first order representation of part of the H6 region of
2-iodo(a-'3*C)thicanisole. The scale is 0.5 Hz/cm.

(a) decoupling of the methylthio protons

(b) decoupling the CH, protons for the + spin state
of Ca, or alternatively, allowing only CH, pro-
tons for the - spin state of Ca to couple in.

(c) decoupling the CH, protons for the - spin state
of Ca, or alternatively, allowing only CH; pro-
tons for the + spin state of Ca to couple in.

Diagrams (b) and (c) are drawn assuming that *J(Ca,H) is
positive. The effect of the methylthio protons coupling
n Figure 1lla would be to further split the 1lines by
0.394 Hz into 1:3:3:1 quartets. Decoupling the methyl
peak that corresponds to a spin state of the carbon
yielded spectra analogous to (b) and (c).

Note that the diagrams are drawn only for one half of
the H6 region (Figure 10).
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(iii) 2,4,5-trichlorothioanisole

The spectral parameters for the 'H NMR spectrum
(obtained at 300.135 MHz) of a 2.4 mol % solution of
2,4,5-trichlorothiocanisole in acetone-d, and for the !3:C
NMR spectrum (obtained at 75.486 MHz) of the methyl car-
bon of a 16.6 mol % solution in benzene-d; appear in
Table 4. The 'H NMR spectrum of the benzene solution
established H3 as the higher field resonance, but for
the benzene solution the chemical shift dispersion is
ca. 106 Hz (data not shown). The origin of the coupling
to the a carbon is established by decoupling one of the
aromatic protons and recording the coupled carbon spec-
trum. The spectrum obtained is the result of 128 tran-
sients summed into 32K memory with an acquisition time

of about 27 seconds.

The proton spectrum was analysed by LAME for which
all observed peaks were assigned. The rms deviation was

0.0041 Hz. The coupling constants involving Ca were set

equal to the observed splittings of the spectral lines.
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Table 4

Spectral parameters for 2,4,5-trichlorothioanisole

Cl
Cl
Cl 300.135 MHz

~V(CH, ) 777.816(0)

V; 2284.727(1)

V; 2219.,060(1)
J(CH, ,H3) 0.075(1)
J(CH, ,H6) -0.412(1)
J(H3,H6) 0.284(1)
J(Ca,CH,;) 140.229+0.013
J(Ca,H3) 0.194+0.011
J(Ca,H6) -1

+ not determined
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(iv) 2,6-dichlorothiocanisole

The NMR spectrum of the methyl carbon of a 22 mol %
solution of 2,6-dichlorothioanisole in benzene-d;
yielded the spectral parameters appearing in Table 5,
which also includes the spectral parameters for the 'H
NMR spectrum of a 4 mol % solution of
2,6-dichloro(a-!3C)thiocanisole in acetone-d;. The pro-
ton spectrum of the ring protons of
2,6-dichloro(a-*'*C)thicanisole appears as Figure 12.
Figure 13 shows the sign determination of the five-bond
spin-spin coupling constant between the a carbon and the
meta proton. The method wused 1is the same as for
2-iodo(a-':C)thiocanisole. The spectral simulations in
the figure show that *J(Ca,H) and ¢J(Ca,H) cannot be of
the same sign, assuming that the three-bond proton-pro-
ton coupling constant is positive. The five-bond car-
bon-proton coupling constant is positive, and, there-
fore, the six-bond carbon-proton coupling constant is

negative.
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Table 5

Spectral parameters for 2,6-dichlorothiocanisole

s—CHg
Cl Ci
90.024MHz 22.63 MHzf{
V(CH; ) 218.875 -
V3 ="Vs 675.198(3) -
Vs 661.968(2) -
J(CH, ,H3) 0.05% -
J(CH, ,H4) 0.002(2) -
J(Ca,H3) 0.211(5) 0.219+0.004
J(Ca,H4) -0.519(4) -0.500+0.005
observed peaks 15 | 20
assigned peaks 14 -
transitions calcd 87 : -

transitions assigned 63 -

rms deviation 0.0104 -

largest difference 0.023 -

+ The proton spectrum was of a 4 mol % solution in ace-
tone-d;, and the carbon spectrum was of a 22 mol % solu-
tion in benzene-d,. Note that ¢J(Ca,H4) 1is nearly the
same for both solutions.

+ Estimated from line width narrowing upon decoupling.



68

Figure 12

The aromatic 'H spectrum of 2,6-dichloro(e-!'3C)thio-
anisole

(a) Spectral simulation with *J/¢J > 0

(b) Observed

(c) Spectral simulation with 3J3/¢J < 0

The peaks marked by an asterisk are shown with higher
spectral quality in Figure 13.
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Figure 13

Sign determination of $J(Ca,H) 1in 2,6-dichloro(a-13C)-
thioanisole. The 1illustrated spectrum is part of the

meta proton resonance, and is designated by an asterisk
in the preceeding figure.

(a) no decoupling of methyl protons
(b) decoupling of higher frequency methyl protons
(c) decoupling of lower frequency methyl protons
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(v) 2,6-dibromo- and 2,6-dibromo-4-methylthioanisole

Parts of the methyl carbon spectra of
2,6-dibromothioanisole and 2,6-dibromo-4-methylthioan-
sole appear as Figure 14. The carbon spectrum for
2,6-dichlorothiocanisole is similar to that for

2,6-dibromothiocanisole.

For the 2,6-dibromo derivative, 259 scans with an
acquisition time of ca. 16 seconds were accumulated into
16K of memory. Zero-filling to 64K, line broadening
with -0.1 Hz and a Gaussian multiplication factor of 0.6
(ASPECT 3000 Data System) and Fourier transformation of
the free induction decay yielded the typical INEPT spec-
trum for a CH, group. Acquisition parameters were the
same for 2,6-dibromo-4-methylthicanisole, except that
297 scans were accumulated into 32K of memory, and that

the acquisition time was approximately 25 seconds.



Figure 14

Part of the a methyl carbon NMR spectra at 75.486 MHz of
(a) 2,6-dibromo-4-methylthioanisole
(b) 2,6-dibromothiocanisole

The multiplets shown correspond to the 1/2 spin state of
the methyl protons of the (-3/2, -1/2, 1/2, 3/2) quar-
tet.
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Table 6

Coupling constants for 2,6-dibromothiocanisole(l) and

2,6-dibromo-4-methylthiocanisole(2).

Br Br Br Br
CH,
(1) (2)
'J(Ca,CH,;) 140.925+0.006 140.778+0.005
$J(Ca,H3) 0.217+£0.005 0.209+0.004
¢J(Ca,H4) -0.541+0.005 -

'3(Ca,CH;) - 0.606+0.005
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(vi) 2-bromothioanisole

The 90 MHz spectrum of the ring protons of a 2.0
mol % solution of 2-bromothioanisole 1in acetone-d,
appears as Figures 15 and 16. The peak positions of
partially resolved quartets were corrected by measuring
the magnitude of the splitting of the inner lines of the
quartet. The simulation of overlapping Lorentzian line
shapes with a line width at half-height of 0.07 Hz gave
correction factors for the observed degrees of split-
ting. The partially resolved splittings were multiplied
by the appropriate correction factors and peak positions
were adjusted accordingly. Analysis yielded the parame-
ters in Table 7. Note that the experimental spectrum
may only be simulated if ¢J(CH,,H5) and ¢J(CH,,H3) are
of the same sign and nearly of the same magnitude. The

signs of *J(CH,,H6) and J(CH,,H4) are assumed*®.
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_Figure 15

The NMR spectrum of the H3, H5, and H6 protons of a 2.0
mol % solution of 2-bromothioanisole in acetone-d, at 90

MHz.
(a) simulated

(b) experimental
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Figure 16
The NMR spectrum of the H4 proton of a 2.0 mol % solu-

tion of 2-bromothioanisole in acetone-d, at 90 MHz.

(a) calculated

(b) experimental
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Table 7

Parameters from the proton spectrum
2-bromothioanisole
S,/43H3
Br
90.024MHz
decoupled coupledt
V(CH;) - 224,373
Vg 653.979(1) 4045.891(2)
Vs 663.647(1) 4055.554(2)
V, 636.215(1) 4028.116(1)
V, 679.956(1) 4071.870(1)
J(CH, ,H6) - -0.387(2)
J(CH, ,H5) - 0.082(2)
J(CH, ,H4) - -0.058(2)
J(CH, ,H3) - .0,057(2)
J(H5,H6) 7.991(1) 7.991(2)
J(H4 ,H6) 1.518(1) 1.515(2)
3(H3,H6) 0.323(1) 0.326(2)
J(H4,H5) 7.397(1) 7.394(2)
J(H3,H5) 1.360(1) 1.357(2)
J(H3,H4) 7.951(1) 7.949(2)

...Table 7 continued...
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Table 7...

assigned peaksi 28 48
observed peaks 32 54
assigned transitions 28 121
transitions calcd. 34 203
rms deviation 0.0019 0.0064
largest difference 0.003 0.017

t Chemical shifts for the coupled spectra are arbi-
trary. The correlation matrix from the LAME analyses
shows no significant correlations of J(CH,,H) with other
parameters, but there are significant correlations for

Yo/, -VS/JSGI Vs/Jser and V,/J,;s.
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(vii) 2-bromo-4-fluorothioanisole

The spectral parameters for the proton NMR spectrum
of a 2.0 mol % solution of 2-bromo-4-fluorothiocanisole
appears in Table 8. At 90 MHz, the 'H spectrum is
nearly first order in appearance. As with most spectra
discussed in this thesis, the proton resonances could be
unequivocally assigned on the basis of the shifts calcu-
lated by an empirical additivity rule for substituents
on the benzene ring'® and on the basis of the expected
coupling constants between methyl protons and aromatic
protons, as well as between fluorine and the aromatic

protons.

The 75.486 MHz proton decoupled methyl carbon spec-
trum was obtained by the Fourier transformation of 128
free induction decays. A power gated technique was used
to minimize dielectric heating. The « carbon-fluorine

coupling constant was measured as 0.252 Hz.
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Table 8

Parameters from the proton spectrum of

2-bromo-4-fluorothiocanisole in acetone-d,.

s—CH,

Br

V(CH,)

Vs

Vi,

Vs

Ve

J(CH, ,H3)
J(CH, ,F)
J(CH, ,H5)
J(CH, ,H6)
J(H3,F)
J(H3,H5)
J(H3,H6)
J(H5,F)
J(H5,H6)

J(H6,F)

90.024 MHz
225.080%
668.880(1)
1500.0
648.048(1)
658.792(2)
0.000%
0.000%
0.000%
-0.347(2)
8.291(2)
2.764(2)
0.251(2)
8.285(3)
8.843(2)
5.579(3)

...Table 8 continued...
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Table 8...

peaks observed 34
peaks assigned 33
transitions calcd. 149
assigned transitions 107
largest difference 0.015
rms deviation 0.0065
line width 0.08 Hz

T Shifts were measured relative to the middle peak of
acetone-d;, which has been measured in dilute solution
and occurs at 2.054+0.001 ppm relative to TMS. There-
fore, although the shift frequencies are self-consis-
tent, their absolute accuracy extends only to the first
decimal place. The shifts, relative to acetone-d; at
2.054 ppm, are 7.430, 7.199, and 7.318 ppm for H3, HS5,
and H6 respectively. Fluorine and methyl chemical
shifts were held in the X approximation, with no tran-
sitions assigned. The methyl protons shift 1is 2.500

ppm.

¥ Held constant during the analysis., Upon decoupling
the methyl peak, only resonances attributable to H3
sharpen. The estimated coupling constant is 0.02+0.01

Hz.
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Figure 17

The aromatic proton spectral region of

2-bromo-4-fluorothioanisole.
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(viii) 4-nitrothioanisole

The spectral parameters for the proton spectrum of
4-nitrothioanisole appear in Table 9. $J(CH, ,H) is the
corrected value for the partially resolved quartets in
the aromatic region. The method used for deconvolution
is the same as for 2-bromothioanisole. Quadrupolar
coupling from the ‘N of the nitro group broadens the
spectral lines, especially those attributable to the

protons ortho to the group.
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Table 9

Parameters from the proton spectrum of

4-nitrothiocanisole

g—CHa
NO,
90.024 MHz
decoupled coupledt
V(CH;) - 235,931
V, =V 672.639(4) 672.596(2)
Vy = Vs 733.843(4) 733.843
J(CH, ,H2) - -0.178(4)
J(CH, ,H3) - 0.020
J(H2,H3) 8.797(6) 8.769(5)
J(H2,H6) 2.253(7) 2.250(5)
J(H2,H5) 0.405(6) 0.405
J(H3,H5) 2.619(7) 2.616(9)
peaks observed 20 19
peaks assigned 20 14
transitions calcd. 24 71
transitions assigned 22 26

...Table 9 continued...
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Table 9...
rms deviation 0.013 0.0097
largest deviation 0.022 0.016

T The methyl coupled spectrum was analysed mainly for

the the methyl splitting to the ortho protons, The

shift of the meta proton was held constant and only
ortho proton transitions were iterated upon. The methyl

peaks were not iterated upon.
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(ix) 4-fluorothiocanisole and 2,6-dibromo-4-fluorothio-

anisole

The spectra of the proton-decoupled methyl carbons of
4-fluorothiocanisole (50% v/v in acetone-d,) and
2,6-dibromo-4-fluorothiocanisole (ca. 3 mol % in acetone-
ds) appear as doublets with six-bond carbon-fluorine
coupling constants of 0.474+0.007 and 1.480+0.013 Hz
respectively. Both derivative spectra were recorded at
22.63 MHz under conditions of broadband decoupling of

the protons.
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(x) pentafluorothiocanisole and 2,3,5,6-tetrafluorothio-

anisole

The '*C NMR spectrum of the methyl carbon of pentaf-
luorothiocanisole (27 mol % in acetone-d,) appears as
Figure 18. In addition, the proton spectrum of a 2.0
mol % solution in acetone-d, yielded the parameters
given in Table 10. In the table, the parameters listed
are only those most likely to be conformationally depen-
dent. Data for tetrafluorothioanisole (2.0 mol $ in
acetone-d,) and tetrafluoro(a-'3C)thiocanisole (2.0 mol %

in acetone-d,) are also included.

The carbon spectrum for pentafluorothiocanisole was
obtained by acquiring 256 free induction decays in 16K
_of memory under conditions of broadband decoupling. The
acquisition time was 20.5 seconds. The transient decays
were apodized by 0.10 Hz 1line broadening before Fourier
transformation. The coupled ':C spectrum of the methyl
carbon of tetrafluorothioanisole (23 mol % in acetone-

d:) shows quartets with a spacing of 0.360+0.004Hz,

arising from coupling to the meta fluorine nuclei and
the para proton with equal magnitudes of the coupling
constants. Therefore, the proton and fluorine spectra
of the isotopically enriched compound (4.2 mol & in ace-

tone-d,) were examined. The couplings to the a-carbon
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were assumed to be first order and are given in Table

10.

Note that the magnitudes of *J(C,F) and ¢J(C,H) are
quite similar, although perhaps somewhat larger than
those observed in the carbon spectrum. The discrepancy
in the magnitude of the coupling results either from
overlapping lines in the carbon spectrum, or from a sol-
vent effect. Figures 19 and 20 show the determinations
of the signs of the four-bond carbon-fluorine (positive)
and the five-bond carbon-fluorine (negative) coupling
constants. The method is that utilized for

2-iodothioanisole.

Figure 21 shows the methylthio proton peaks for pen-
tafluorothioanisole (300K) and 2,3,5,6-tetrafluoro-
thiocanisole (290K) as 2.0 mol % solutions in acetone-d;.
In order to show ¢J(CH,,F), spectra must be enhanced
greatly, resulting in a much distorted line shape. Both
spectra were measured with eight scans, <instead of the
typical one scan proton spectrum, at 90.024 MHz. The
six-bond coupling between the methyl protons and the

meta fluorine nuclei has not been previously reported.



Figure 18

The proton decoupled methyl carbon spectrum of a 27
mol % solution of pentafluorothiocanisole 1in acetone-d,

at 22.63 MHz and 305K.
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Table 10

Coupling constants for 2,3,5,6-tetrafluorothioanisole

(1) and pentafluorothioanisole (2) in acetone-d,.

s—CH, s—CH,
F F F F
F F F F
F
(1) (2)
*J(Cea,F) 3.984%0.006 3.275%£0.015
$J(Ca,F) 0.376x0.008 0.463%0.006
$J(Ca,F) - 1.192+0.016
¢J(Ca,H) 0.370%£0.005 -
SJ(H,F) 0.907+0.002 0.722+0.003
‘J(H,F) 0.141+0.002 0.141+0.002

The coupling constants were measured directly from

the carbon or proton spectra of the methyl group.
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Figure 19

Determination of the sign of the four-bond carbon-fluo-
rine coupling constant (Ca=-0o-F) in tetra-

fluoro(a-!'3C)thiocanisole. The ortho fluorine resonance
is shown at 84,700 MHz.

(a) no decoupling of the methyl protons

(b) decoupling the methyl protons for the - spin state
of Ca.

(c) decoupling the methyl protons for the + spin state
of Cea.

The method used was the same as for 2-iodothiocanisocle.
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Figure 20

Determination of the sign of the five-bond carbon-fluo-
rine coupling constants (Ca-m-F) in  tetra-

fluoro(a-':C)thiocanisole. The meta fluorine resonance
is shown at 84.700 MHz.

(a) no decoupling

(b) decoupling the methyl protons for the + spin state
of Ca.

(c) decoupling the methyl protons for the - spin state
of Ca.
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Figure 21

The methylthio protons spectra of pentafluorothiocanisole
(a), and 2,3,5,6-tetrafluorothioanisole (b). Sine
enhancement of the spectra results in the distorted line
shape. The smaller splitting results from the spin-spin

coupling between the methyl protons and the meta fluo-

rine and is about 0.14 Hz in both compounds. The spec-

tra were recorded at 90.024 MHz for 2.0 mol % solutions.
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(xi) 2,4,6-trifluorothiocanisole

Spectral parameters for the decoupled methyl carbon
spectra and for the coupled proton and fluorine spectra
are given below in Table 10a. The proton decoupled car-
bon spectrum was obtained on a 4 mol % solution in ace-
tone-d, at 75.486 MHz. 128 scans were summed into 8K of
memory with an acquisition time of about 10 seconds.
0.1 Hz line broadening on the free induction decay
improved the signal-to-noise ratio. Proton and fluorine
spectra were measured on a 2.0 mol % solution. in ace-

tone-d,.
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Table 10a

Spectral parameters for 2,4,6-triflucorothioanisole in

acetone-d,.t

g—CHj

F F

J(CH, ,F2)
J(CH, ,H3)
J(CH, ,F4)
J(F2,F6)
J(F2,H3)
J(F2,F4)
J(F2,H5)
J(H3,H5)
J(H3,F4)

J(Ca,F2)
J(Ca,F4)

217.827(1)
645.110(1)%
630.308(1)
198.687(1)
-0.588(1)
0.00

0.00
4.342(2)
9.234(1)
7.210(2)
-1.974(1)
2.695(2)
9.067(2)

2.965+0.027
1,198+0.013

...Table 10a continued...
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Table 10a..

assigned transitions 424
transitions calcd. 512
assigned fluorine peaks 52
observed fluorine peaks 65
rms deviation 0.0128
largest deviation 0.069

T The parameter values refer to a NUMARIT analysis of
the proton and fluorine spectra, obtained at 90.024 and
87.824 MHz, respectively. The parameters referring to
Ca are measured from line splittings observed for the

methyl carbon resonance.

¥ Proton chemical shifts are relative to the middle
peak of acetone-d;, which is set at 2.054 ppm. The
self-consistent chemical shifts, but accurate in an
absolute sense only to the second decimal place, are
6=2.00 for the SCH, group and §=7.00 for the aromatic
protons. The fluorine chemical shifts are arbitrary,
but self-consistent to each other. The carbon chemical

shift is of less importance, and was not measured.
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(xii) 2,6-difluorothioanisole
N

The proton spectrum of a 2.0 mol % solution in ace-
tone-d, was measured at 90.024 MHz, The methyl proton
region was analyzed to yield the most important parame-
ter, s$J(CH,,F), as 0.746+x0.005Hz. The temperature
dependence of *J(CH,,ortho-F) for 2,6-difluorothioani-
sole, 2,3,5,6-tetrafluorothiocaniscle, and 2,3,4,5,6-
pentafluorothicanisole was measured between 250 and

315K. Results appear as Figure 22,

The fully coupled methyl carbon spectrum of a 15.0
mol % solution of 2,6-difluorothiocanisole in acetone-d;
appears as Figure 23 (only one multiplet of the one-bond
guartet is shown). The spectrum was acquired at 75.486
MHz into 32K, with an acquisition time of 32.3 seconds.
The INEPT pulse sequence was employed. The spectral
parameters that are most important here are *‘J(C,F),
sJ(C,H), and sJ(C,H), which are 3.590%+0.005,
0.210+0.002, and 0.420+0.003 Hz respectively.
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Figure 22

The temperature dependence of *J(CH,,F) 1in some fluoro-

thioanisoles.

® 2,3,5,6-tetrafluorothiocanisole
X 2,6-difluorothioanisole

0 2,3,4,5,6-pentafluorothiocanisole
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Figure 23

The lowest field multiplet of the methyl carbon reso-

nance spectrum of 2,6-difluorothiocanisole at 75.846 MHz.
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(xiii) 2,4,6-tribromo-3-fluorothiocanisole

The'methyl carbon and proton nuclear magnetic reso-
nance spectral parameters for 2,4,6-tribromo-3-fluoro-
thioanisole appear in Table 11. The unisolated compound
was approximately 3 mol % in acetone-d, for both proton
and proton-decoupled carbon spectra. The aromatic pro-
ton spectral 1lines are distinguished from those of an
impurity by decoupling the SCH,; protons (which charac-
teristically occur in acetone solution at 2.5%0.2 ppm)
and observing line narrowing in the aromatic region of
the spectrum, The given 95% confidence intervals are
the result of standard deviations observed in peak posi-

tions for three spectra.
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Table 11

Spectral parameters for 2,4,6-tribromo-3-fluorothioani-

sole in acetone-d;.

Br Br
F
Br
-v(CH;) 221.9354+0.003
v 724 .880+0.004
J(F,H5) 6.712+0.003
J(CH, ,H5) 0.03+0.01 ¢
J(Ca,F) 0.593+0.010

t Estimated from line width narrowing upon decoupling.
The line width of the decoupled proton spectra, obtained

at 90,024 MHz, was 0.10 Hz.
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(xiv) 2-methyl-3-fluorothioanisole

The proton-decoupled methyl carbon spectrum of
2-methyl-3-fluorothiocanisole (20 v/v % in acetone-d;)
gave $J(Ca,F) as 0.408+0.009 Hz. The spectrum was
recorded on a Bruker AM300 spectrometer with a composite
decoupling sequence to effectively decouple protons
without heating the sample. 78 scans with 20 second
acquisition times were summed into 16K of memory.
Approximately 85° pulse lengths were employed. The pro-
ton spectrum at 300.135 MHz gave J(CH, ,H6) as

0.334+0.009 Hz (2.0 mol % solution in acetone-d,).



(xv) Thiophenols

3,5-dichlorothiophenol,
4-methylthiophenol 'H NMR spectral parameters
lected in Table 12.
noted in the table.

calculated using the method of reference (5).

Table 12

Spectral

Concentrations and

Barriers

parameters for
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3,5-dimethylthiophenol, and

are col-

solvents are

to internal rotation are

3,5-dichlorothiophenol(1),

3,5-dimethylthiophenol(2), and 4-methylthiophenol(3)

V(SH)
V(CH, )
Vo= Vs
Vs =Vs

Vs

J(SH,H2)
J(SH,H3)
J(SH,H4)
J(SH,CH;)

(1)

2,77254(4)

6.61073(6)

6.79982(4)

-0.233(5)

-0.221(5)

...Table 12 continued...

(2)

3.03938(5)
1.96968(1)
6.52098(7)

6.70527(3)

-0.316(5)

-0.288(8)
0.115(6)

(3)

3.15311(1)
2.26954(1)
7.08952(1)
6.94854(1)

-0.456(1)
0.272(1)

0.441(1)
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J(CH, ,H2) - - 0.357(1)
J(CH, ,H3) - - -0.713(1)
J(CH, ,H4) - -0.711(6) -
J(H2,H3) - - 7.935(2)
J(H2,H4) 1.823(5) 1.567(5) -
J(H2,H5) - - 0.507(1)
J(H2,H6) - - 2.112(2)
J(H3,H5) - - 2.110(2)
assigned peaks 14 - 113
observed peaks 17 10 125
transitions calcd. 24 - 512
transitions assigned 19 - 391
rms deviation 0.0097 - 0.0089
largest difference 0.015 - 0.031
barrier to internal
rotation (kJd/mole) 6.9+0.7 4,4+0.4 1.7+0.3

(1) 5.0 mol % in benzene-d, at 305K at 90 MHz.

(2) J(sH,H2), J(SH,H4), and J(H2,H4) are measured under
conditions of methyl proton irradiation. J(SH,CH,) is
measured while irradiating ortho ring protons. The
parameters listed are for a ca. 1 mol % solution in ben-
zene-d, at 300K and at 300 MHz. Values in parentheses
denote 95 % confidence intervals for the parameters.

(3) NUMARIT analysis of a 2.0 mol $ solution in
CCl,/cyclohexane-d,, at 293K and at 300 MHz.
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(xvi) 3,5-dichlorothiocanisole

The spectral parameters for a 5 mol % solution of
3,5-dichlorothiocanisole in C,D,/TMS appears in Table 13
(analysis by S. R. Salman). Figure 24 shows parts of
the aromatic region of the methyl proton decoupled spec-
trum of the aromatic region of a 2.0 mol % solution of
3,5-dichloro(a-*:C)thiocanisole in acetone-d;. The
coupling between H4 and the methyl carbon is

-0.087+0.005 Hz.



Table 13

Spectral parameters for 3,5-dichlorothiocanisole

C:D,/TMS.
Cl Cl
100.002 MHz
“V(CH;) 170.512
V=7V ‘ 680.523(2)
V, 687.888(2)
J(H2,H4) 1.815(2)
J(CH, ,H2) -0.147(2)
J(CH,; ,H4) -0.05+0.01¢
observed peaks 10
assigned peaks ‘ 10
transitions calcd. 48
assigned transitions 38
rms deviation 0.0066
largest deviation 0.016

117

in

t Estimated from line widths in the para proton region.
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Figure 24

The methyl decoupled aromatic spectrum of
3,5-dichloro(a-':C)thicanisole in acetone-d, at 90.024
MHz. Two sections of the lower spectrum, plotted at 0.5
Hz/cm, are expanded to 0.1 Hz/cm above. The spectral
regions are denoted by asterisks and closed circles.
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(xvii) 3,5-dimethylthiocanisole

The SCH;, carbon spectrum of a ca. 2 mol % solution
of 3,5-dimethyl(a-!3:C)thicanisole in acetone-d, was
measured at 74.486 MHz. The ring methyl protons were
decoupled in order to simplify the spectrum. 1000 scans
were devoted to a spectral width of 800 Hz, and an
acquisition time of 30.7 seconds. The temperature was
300K. Apodization of the free induction decay with
-0.08 Hz 1line broadening and a Gaussian multiplication
factor of 0.6 and Fourier transformation gave a spectrum
showing the one-bond quartet ('J = ca. 140 Hz) with fur-
ther splittings due to coupling to the para proton of
0.132+0.004 Hz.



121

(xviii) 4-methylthioanisole

The SCH; carbon spectrum of a 50 v/v % solution of
4-methylthiocanisole in acetone-d, is shown in Figure 25.
The aromatic region corresponding to the protons meta to
the ring methyl is decoupled in order to simplify the
spectra. The SCH,; carbon probably couples to the meta
protons by approximately 0.075 Hz, and presumably
couples very little to the ortho protons. The spectra
are recorded at 75.486 MHz with 128 scans accumulated
into 64K of memory. The acquisition time 1is about 28
seconds and the temperature 1is 300K. The seven-bond
coupling constant between the methylthio carbon and the

ring methyl protons is 0.190+£0.004 Hz.
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Figure 25

The methylthio carbon spectrum of 4-methylthiocanisole

under conditions of aromatic proton decoupling.

scale shown refers to each multiplet separately.

The
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B. Molecular Orbital Calculations

Some results of the partial geometry optimization of
thiocanisole at the STO-3G 1level appear as Figure 26.
This geometry optimization is almost total, with the
exception of carbon-carbon-carbon bond angles in the
ring, which are held at 120", and that the aromatic ring
is constrained to lie in a plane. The inclusion of 3d
orbitals on sulfur or complete optimization makes little
difference in the calculated barrier to internal rota-
tion over that calculated by the partial geometry opti-
mization procedure (Table 14). Barriers to internal
rotation, as calculated by the partial geometry opti-
mization procedure at the STO-3G 1level, for several
derivatives of thiocanisole are included 1in the same
table. The calculated potential curves for thioanisole,
2,6-difluorothiocanisole, 2,6-dichlorothiocanisole, and
3,5-difluorothicanisole appear as Figures 27to 30. The
inset equation is the best curve fitted to the potential

function obtained by non-linear regression analysis.

Some results from INDO calculations for thioanisole,
3,5-difluorothioanisole, and 4-fluorothiocanisole are
given in Table 15. Figure 31 shows the INDO calculated

¢J(C,H) as a function of the dihedral angle.
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Figure 26

Calculated planar geometry of thiocanisole from optimiza-

tion at the STO-3G level.

The 90° conformer calculated geometry is very nearly.
the same as that for the 0° conformer except that the

C-S-C bond angle decreases to 97.9°, the S$S-Cl-C(ortho)

and all C-C-H bond angles become 120°, all aromatic C-H
bond 1lengths become 1,083 A, the sulfur atom is no
longer in the aromatic plane by 1.25°, the S-Cl bond

length increases to 1.787A, and the Ca-S bond length

increases to 1.803A.
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Table 14

Barriers to internal rotation as calculated by optimiza-

tion at the STO-3G levelt,

molecule barrier(kJ mol-!)
thioanisole 5.9
thiocanisole, with 3d orbitals 7.9
thiocanisole, complete optimization 5.9
4-fluorothioanisole 4.6
4-methylthiocanisole 4.9
3,5-dimethylthiocanisole 6.6
3,5-difluorothiocanisole 8.6
3,5-dichlorothicanisole 7.5
2,6-difluorothiocanisole 9.7
2,6-dichlorothiocanisole 31.3
2-chlorothioanisole 5.3

t The barriers listed are the difference in energies
between 0 and 90° conformers. The energy for the 180°
(cis) conformer of 2-chlorothiocanisole is 29.4 kJ mol-!

above the most stable trans conformer. Energies were

calculated by partial geometry optimization at the
STO-3G level (see text for details), unless otherwise

stated.
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Figure 27

The STO-3G potential curve for internal rotation in

thioanisole.

The best fit equation for a two-fold potential function:
AE = 6.231%0.24 sin?@

The best fit equation for a two- and four-fold poten-

tial:

AE = 5.954+0.18 sin?@ + 0.43%0.17 sin?29
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Figure 28

The STO-3G potential curve for internal rotation in
2,6-difluorothiocanisole. The best fit equation for a
two- and four-fold potential function:

AE = 9,85 - 9.7%0.6 sin?@ - 2.7+0.6 sin?20
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STO—3G CALCULATED POTENTIAL CURVE FOR INTERNAL ROTATION
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Figure 29

The STO-3G potential curve for internal rotation in
2,6-dichlorothiocanisole.
The best fit equation for a two-fold potential function:

AR = 28.9+2.1 cos?@
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STO—-3G CALCULATED POTENTIAL CURVE FOR INTERNAL ROTATION
IN 2,6-DICHLORGTHIOANISOLE
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Figure 30

The STO-3G potential curve for internal rotation in
3,5-diflucrothioanisole. The best fit equation for a

two-fold potential function:

AE = 8.8440.26 sin?@
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Table 15

Some coupling constants,

for thioanisole, 3,5-difluorothioanisole,

thioanisolet.

J(Ca, X)
00
(180¢)
. H2,H6 -0.73
(-0.73)
H3,H5 -0.07
(0.10)
Hb -0.06
c2,c6 2.15
(2.80)
€3,C5 -0.37
(-0.15)
ch 0.01
F3,F5 =0.11
(0.11)
Fli -0.3k
J (CH, ,H)
H2,H6 -0.14
(0.10)
H3,H5 0.07
(0.23)
Hb -0.02
t The data

for coupling constants involving

assumed geometries

(

15°
(1759)

7h
7L4)

-0.06
(0.10)

-0.
-0.

.09

2.1k
L7h)

b5
.28)

0.10

b
.06)

.30

-0.
(0.

11
i)

0.07

(0.23)
-0.01

level of MO theory.

¢ (degrees)

30°
(1509)

-0.78
(-0.76)

~0.02
(0.11)

17

2.15
.58)

.66
.51)

0.37

.25
(-0.13)

-0.15

-0.03
(0.11)

0.07
(0.22)
-0.01

L5°
(135°)

-0.84
(-0.79)

0.0k
-13)

.30

2.4
.32)

-97
.90)

0.77

42
. 34)

0.10

0.07
0.11)

0.08
(0.21)
~0.01

60°
(1209)

-0.86
(-0.85)

0.09
(0.14)

-0.540
2.04
(2.05)

-1

.31
(-1.

31)
1.12

.61
.60)

-0
(-0

0.89

0.10
(0.10)

0.09
(0.20)
-0.03

tabulated is for thioanisole,

are from optimization at

and 4-

75°
(105°)

-0.90
(-0.90)

0.4
-15)

.50

1.90
.89)

.61
.62)

1.51

.77
.78)

0.47

0.11
(0.10)

0.12

(0.17)
-0.05

135

as calculated by INDO MO FPT

fluoro-

g0¢

-0.93

0.16

.54
1.84

.73

1.6k
.84

0.10

0.14

-0.06

except data

fluorine nuclei.

The

the STO-3G



136

Figure 31

The INDO MO FPT calculated ¢J(C,H) for thioanisole.

The best fit equation for the experimental curve is:

sJ(C,H) = -0.05+0.01 - 0.49%0.01 sin:@
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DISCUSSION
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A. The hindered rotor model and the J method

Internal rotation in molecules usually describes the
rotation of one part of a molecule relative to another
part about a bond that joins the two parts. The heavier
part is designated the molecular frame, while the motion
of the top, the lighter part, 1is considered about the
adjoining bond. As the top rotates in the frame, an
infinite number of conformations will be formed, and
re-formed, as the internal rotation proceeds through
360°. If there are no interactions between the two
parts that favour any one cqnformation, or conforma-
tions, the internal rotation is called free. However,
if any conformation is more likely to occur, a hindering
potential must exist that biases the conformer distribu-
tion. The difference in potential energy between the
conformer of greatest stability and the conformer of
least stability is known as the barrier to internal

rotation.

A mathematical description of the hindering poten-
tial, V, begins with the observation that internal rota-
tion is periodic. Therefore, a logical choice for a
function would be one that is trigonometric. The equa-
tion most often used’! to describe the potential for

internal rotation is
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v(g) = Zni vin)/2 (1 - cosn®) (3)

where @ is the angle describing the orientation of the
top, relative to the frame of the molecule. The coeffi-
cients, V(n), are determined experimentally, and are the
algebraic symbols for the hindering potential of that
symmetry. For an n-fold symmetric potential, coeffi-
cients which are integral multiples of n are non-zero.
Experimental values’' show that v(n) >> V(n+l) >> v(n+2)
..., 1i.e. that the preceeding term is larger than that
of the following term in the series. Therefore, to a
good approximation for a predominantly two-fold symmetic
potential, one may write

v (@) = v(2)/2 (1 - cos2@) + v(4)/2 (1-cos4®) (4)

and many experimental investigations of such potentials
assume that

v(g) = v(2)/2 (1 - cos20) (5)

This work concerns itself, in part, with the determi-
nation of rotational barriers and preferred conforma-
tions by high-resolution nuclear magnetic resonance
spectroscopy and the J method*®®. Experimentally, the
method requires the measurement of long-range spin-spin
coupling constants between a nucleus in the para posi-
tion (carbon, proton, Or fluorine) and a nucleus bonded
to the carbon or heterocatom in the « position of the

side chain. Such coupling constants are transmitted by
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the =-electrons via a o-= mechanism?®®,*?* and as such are

expected to exhibit a sin’@ dependence.

Therefore, if the appropriate reference coupling con-
stants exist, the expectation value for sin’@ may be
calculated. More specifically, from equation(l), p. 22

<sin?@> = ¢J(observed)/¢J,, (6)

where ¢J,, is the value of the coupling constant at
@=90". Furthermore, <sin:@> is the ensemble average of
sin?@ over the hindered rotor states. The hindered
rotor states, and their energies, have been calculated
by solving the Schrodinger equation

f Y = E(m) Ym) (7)

E(m) 1is the energy of the mth state with wavefunction
Ym). fi is the Hamiltonian operator which is itself a
sum of the potential and kinetic energy operators ¥ and
?, respectively. Equation (7) may be re-written to
include the individual operators and as given in refer-
ence (55), and with reference to equation (4):

(-n2/21) (@:Y/ap?) + (v,/2) (1 - cos2e) Yy = EY (8)

The principal parameters are I, the reduced moment of
inertia, and V,, the magnitude of the two-fold barrier
to internal rotation. Once the hindered rotor states
and their energies have been obtained and the value of

<sin?@> has been calculated by weighting its expectation
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value for each state with the usual Boltzmann factor,
tables of <sin?@>, temperature, two-fold barrier height,
and reduced moments of inertia may be constructed. This
has been done by Danchura’!. The tables illustrate that
<sin?@> is a very weak function of the reduced moment of

inertia.
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B. MO calculations of the internal barrier in thioani-

soles

Thioanisole is a benzene derivative in which it is
assumed that the barrier is two-fold, and that the most
stable conformation is that with coplanar heavy atoms
(¢=0"). Although experimental studies have shown that
the methylthio group prefers to lie in the plane of the
aromatic ring, the shape, and notably, the height, of

the internal barrier is uncertain.

The STO-3G level of MO theory implies that the bar-
rier to internal rotation in thioanisole is 5.9 kJ mol-!
and is predominantly two-fold (Figure 27). However, a
small four-fold component added into the expression for
the potential energy perhaps gives better agreement with
the STO-3G calculated energies. The total energy for
the most stable, geometry optimized, conformer is
-659.6543 a. u., which 1is approximately 15 kJ mol-!
lower than that given in a previous calculation with
partial optimization (-659.6485 a. u.)s°, With the
addition of d orbitals in the basis set, the energy
drops to -659.6918 a. u., or 98 kJ mol-! lower than the
energy calculated without the inclusion of d orbitals.
Since the barrier to internal rotation, as calculated by

STO-3G, does not change considerably with the addition



T

144
of & orbitals, and since the addition increased the
computation time for geometry optimization by six- or
seven-fold, d orbitals were not generally included for
STO-3G calculations on thioanisoles. STO-3G potential
energy curves for internal rotation in
3,5-difluorothiocanisole (Figure 30) and
4-fluorothiocanisole (data not shown) are similar to that

of thioanisole.

The methyl C-H bonds are in a conformation of lowest
energy when the dihedral angles with respect to the
plane defined by Cl-S-Ca are 60, 180, and 300° for both
planar and perpendicular conformers of thioanisole. As
the methylthio group twists out of the ring plane, the
methyl group twists so as to keep two proton-ortho pro-
ton distances equal. At ©=45°, the respective dihedral
angles are 45, 165, and 285°. Such a motion is four-
fold and may account for the four-fold component seen in
the potential energy curve describing the disposition of

the methylthio group about the Csp?-sulfur bond.

However, a reasonable explanation of the data pre-
sented in this work is possible, if the four-fold compo-
nent of the barrier 1is considered negligible for the
compounds in which both ortho positions are occupied by

protons.
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C. The stereospecificity of coupling constants
(i) The stereospecific coupling constant ¢J(Ca,H4)

In the presence of two ortho chlorine or bromine sub-

stituents, ¢J(Ca,H4) 1is -0.510+.005}f and -0.541+005 Hz,
respectively. In 4-methyl-2,6-dibromothioanisole,
’J(Ca,CH;) 1is 0.606%+.005 Hz. In the presence of two
sizeable ortho substituents, X-ray diffraction data
indicate a perpendicular conformation of the methoxy
group in anisole®3-?%, The barrier to internal rotation
in thiocanisole 1is likely much less than that in ani-
sole’ ¢, Since the planar conformations of anisole and
thioanisole are preferred, it follows that in the pres-

ence of two bulky ortho substituents, a perpendicular

conformation for the thioanisole derivative is also
likely. STO-3G results on 2,6-dichlorothicanisole
(Figure 29) are confirmatory. The perpendicular con-
former is calculated to be nearly 32 kJ mol-! more sta-

ble than a planar conformation.

t From the proton spectrum of a 4 mol % solution of
2,6-dichloro(a-!3C)thicanisole in acetone-d,, the meas-
ured coupling constant is -0.519(4) Hz. The value from
the carbon spectrum for a 22 mol % solution in benzene-
d¢ is -0.500%£.005 Hz. The quoted value is the average

of these two measurements.
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For a o-» mechanism, in which the coupling constant
is transmitted via the «x orbitals of the benzene ring,
it is expected that ¢J(Ca,H) is approximately equal to
-7J(Ca,H). Although the sign of the latter coupling is
not known in the thiocanisole derivative, INDO MO FPT
computations (Table 17) agree that the six- and seven-
bond couplings are nearly equal in magnitude, and oppo-
site in sign; and that ¢*J(Ca,H) has a sin?g@g dependence,
as expected for a o-» mechanism (Figure 31). 1In partic-
ular, the equation fitted to the INDO results is
*J = -0.05 - 0.49 sin?@ (9)

For @ = 90", the calculated value of ¢J is -0.54 Hz,
which agrees very well with the observed value of
-0.541+0.005 Hz in 2,6-dibromothiocanisole. The nearly
exact agreement is most 1likely fortuitous since the
value of -0.05 Hz is most likely an artifact of the cal-
culation®, The sign determination of $J(Ca,H) in
2,6-dichlorothiocanisole (Figures 12 and 13) agrees with
the sign calculated by INDO MO FPT. In a similar INDO
calculation for a perpendicular conformation of
4-methylthiocanisole, the calculated value 1is +0.61 Hz,
which agrees well with the magnitude observed in

2,6-dibromo-4-methylthioanisole (0.607 Hz).

By analogy with ¢J(Ca,H4) in anisole’¢, and ¢J(SH,H4)

in thiophenol?*, ¢J(Ca,H4) in thioanisole is likely a
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o-r coupling with a simple conformational dependence,
Calculations on 2,6-difluorothiocanisole and 3,5-di-
fluorothiocanisole suggest that ¢J may decrease by
approximately 0.05 Hz in the presence of the ortho or
meta substituents, implying that intrinsic ring substit-
uent perturbations of this coupling are small, but per-
haps not negligible. ¢J,,(Ca,H4) in thiocanisole and its
derivatives will be taken as 0.54%+.01 Hz in magnitude

and 'J,,(Ca,CH;) in 4-methylthicanisole as 0.61+.01 Hz.

The increase in ’J relative to ¢J seen (ca. 12%) with
the methyl group replacement technique for the estab-
lishment of a o-» mechanism is similar to the increase
seen in alkenes®’ and that observed for
4-methylthiophenol. In thiophenols analogous conforma-

tional dependences of SH couplings into the ring are?®

*J(H,H) = -1.10 (sin?@) and
sJ(H,H) = -0.97 (sin?@) (10a, 10b)
From table 14, *J(H,H) = -0.456 Hz,. It follows that

<sin?@> is 0.414 and that the non-existént ¢J should be
-0.402. The observed coupling is 7J(SH,CH;) = +0.441,
which 1is appproximately 10% larger than would be
expected if ¢J = -7J. In toluene derivatives, however,
¢J is equal to J in magnitude, to within experimental

error,
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(ii) The six-bond carbon-fluorine coupling constant.

If ¢J(Ca,F) is taken as a o-r» coupling, then the dis-
cussion below is self-consistent and also consistent
with the trends observed in the corresponding anisole
derivatives. In 4-fluorocanisole, INDO MO FPT calcula-
tions do substantiate its sin?@ dependence, but underes-
timate its maximum value (observed as 1.480+.02 Hz) as
0.7 Hz. In 4-fluorothioanisole, INDO calculates
¢J(Ca,F) to be a maximum at @ = 60" with a value of 0.86
Hz (Table 15). However, if this value is ignored, equa-
tion (11) reproduces ¢J(Ca,F) to within 0.02 Hz.

¢J(Ca,F) = 0.89 sin?*@ - 0.35 (11)

If the non-stereospecific contribution to equation (11)
is considered an artifact, the calculated coupling con-
stant for ¢J,, 1is +0.89 Hz. The measured value 1in

2,6-dibromo-4-fluorothiocanisole is 1.480+0.013 Hz.

The methyl group replacement techniqgue’® is inappli-
cable as a test of the o-« mechanism. Here, the pres-
ence of a contribution to ¢J(Ce«,F) from a mechanism
other than a o-r» mechanism.or an intrinsic ring substit-
uent perturbation of 1its magnitude cannot yet be ruled

out.

In spite of its problematical basis, for
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4-fluorothioanisoles equation (12) will be used

<sin?@> = ¢J(Ca,F)observed/1.48+0.02 (12)

where <sin?@> is the expectation value of sin?*@ for the

hindered motion.
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(iii) The rotational angle dependence of $J(Ca,H)

in thiocanisole

In thiophenol, the five-bond spin-spin constant
between the sulfhydryl proton and the ring proton in the
meta position’® is given by equation (13),

ST = $Ty,(w)<sin?g> + Ji1s0(0)<sin?(@/2)> (13)

where @ is the angle by which the SH bond twists out of
the benzene plane, $J,,(») 1is the = electron contribu-
tion having a maximum at @ = 90", and °J,,,(0) is the o
electron contribution with a maximum at @ = 180° (zig-
zag orientation). The analogous coupling J(Ca,H) in
thiocanisole may well have the same angle dependence.
The equation

*J = -0.06 + 0.14 sin?@ + 0.15 sin?@/2 (14)

fits the INDO MO FPT calculated results given in Table
15 to within 0.02 Hz.

In 2,6-dibromothioanisole, where <sin?’@> 1is nearly
unity and <sin?@/2> is 1/2, the observed coupling is
0.217+0.005 Hz. 1In thiocanisole, the data below indicate
<sin?@> as 0.272 and here the observed coupling is 0.078
Hz. Assuming that the conformationally independent
coefficient of equation (14) is an artifact of the INDO

calculation, the empirical equivalent to (14) is
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J = 0.19 sin?@ + 0.052 <sin?@/2> (15)

Although ring substituents do not dramatically alter the
total = population of the benzene ring, there may be a
redistribution of this population, especially since the
substituent will polarize the ¢ framework®$*. Therefore,
since ¢J(Ca,H) is probably determined by the net = elec-
tron distribution, its magnitude need not be altered
since multiple coupling paths are followed. However,
the ¢ component may well be affected by the presence of
halogen substituents. In 2-iodothiocanisocle and in
2,4,5-trichlorothicanisole, where <sin?@> is small, and
<sin?*@/2> 1is nearly unity, the observed all trans
coupling constants (*J(Ca,H3)) are 0.133%0.013 and
0.194+0.011 Hz, respectively, indicating that substit-

uent perturbations are important for this coupling.
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(iv) The rotational angle dependence of *J(Ca,F) 1in

meta-fluorothiocanisoles

In a manner similar to *J(C«,H), *J(Ca,F) may be a
composite of o-r and o electron coupling mechanisms.
Equation (12) reproduces the INDO MO FPT results given
in Table 15 to within 0.05 Hz

$J(INDO) = -0.06 -0.84(sin?@) + 0.15(sin?@/2) (16)

What is different and interesting here is that the two

mechanisms give contributions of opposite sign.

The measured values of *J(Ca,F) for 2,4,6-tribromo-3-
fluorothiocanisole (<sin?@> = 1), pentafluorothiocanisole
(<sin?2@> = 0.805, see discussion below), and
2,3,5,6-tetrafluorothioanisole (<sin?@> = 0.685) are
-0.593+0.01, -0.463+x0.008, and -0.376+x0.006 Hz, respec-
tively. The sign has been determined for tetrafluoro-
thioanisole (Figure 20), and is 1in agreement with that
predicted from the INDO MO FPT results. A best fit
equation for these three compounds yields an empirical
equivalent to eqguation (16)

sJ(observed) = -0.82<sin?@> + 0.41<sin?@/2> (17)

This equation reproduces the observed coupling constants
to within 0.02 Hz. For all of these compounds,
<sin@/2> 1is 0.5. A non-stereospecific contribution

(-0.06 in equation (16)) is probably absent.
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A check of the proposed mechanisms is available with
2-methyl-3-fluorothiocanisole. Here, the observed all
trans coupling is 0.40810.009 Hz. Assumimg <sin?@> =
0.0 and <sin?*@/2> = 1.0, the calculated coupling is

+0.410 Hz. However, since the ortho methyl group is not

very large, the methylthio group is not held rigidly in
plane at 180° to the C3-F bond, but librates considera-
bly about this position. Therefore <sin?®> is most
likely small, but not zero, and <sin?@/2> 1is nearly
unity, but not egual to it. Then, the calculated

coupling from equation (17) is too small.

Before equation (17) 1is accepted as the conforma-
tional dependence of *J(Cea,F), contributions from other
mechanisms should be taken into account, and ring sub-
stituent perturbations of the coupling constant magni-

tude should be accounted for.
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(v) *J(Ca,H) and *J(Ca,F)

In 2-iodothiocanisole, *J{(Ca,H) is +0.172+0.012 Hz.
INDO MO FPT calculates the coupling to be -0.73 Hz for a
planar conformation of thioanisole. In the methyl-pro-
ton decoupled spectrum of 3,5-dichloro(a-*3:C)thiocani-
sole, the observed line width in the ortho region (0.045
Hz) 1is no larger than that observed in the para proton
region (Figure 24). Clearly, here *J(Ca,H) 1is vanish-
ingly small. Therefore, the observed coupling in
2-iodothioanisole indicates that this coupling is likely

proximate®’ in nature.

*J(Ca,F) is considerably larger in magnitude (between
+3 and +4 Hz in 2,6-difluorothicanisole derivatives) and
the discussion which follows below indicates that it
also could be a proximate coupling. INDO MO FPT calcu-
lations for +*J(Ca,F) are as disappointing as for
*J(Ca,H) and indicate that *J(Ca,F) is negative (whereas
it is found experimentally to be positive, Figure 19)

and that it has no simple conformational dependence.
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D. Barriers to internal rotation and coupling con-
stants between Ca and ring nuclei as indicators of

methylthio group conformation.

(1) The barriers to internal rotation in thioanisole,
4-fluorothioanisole, 4-methylthiocanisole, 3,5-dimethyl-

thioanisole, and 3,5-dichlorothioanisole.

The barriers to internal rotation in five thioanisole

derivatives with no substituents ortho to the methyl are

given in Table 16. Equation 6 and data from equation

85%,°? are most pertinent.

Table 16 Barriers to internal rotation

Substituents ¢J(Ca,X) §J4, <sin?@> V,(kJ mol-1')
4-fluoro 0.474(7) 1.48(2) .320(20) 3.7+.6
4-methyl 0.190(4) 0.61(1) .311(12)  3.9%.1
4-H -0.147(3) -0.54(1) .272(15) 5.1£.2
3,5-dimethyl -0.132(4) -0.54(1) .244(12) 6.1+.4
3,5-dichloro -0.087(5) -0.54(1) .161(13) 9.6x.7

Values in parentheses for the coupling constants cor-
respond to three times the standard deviation calculated
by NUMARIT or are the 95% confidence intervals for the
last one (or last two) places. The error estimates for

the barrier to internal rotation are calculated on the

basis of the highest and lowest <sin?@> values, which
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come, in turn, from measurement errors in the coupling

constants.

The barrier to internal rotation in thioanisole is
5.1+0.2 kJ mol-!. This value 1is higher than the value
estimated by Schweig and Thon?® for thioanisole vapour
(3.5+0.3 kJ mol-'), using a two-site model. 1In anisole,
the barrier in the liquid is substantially higher than

that of the vapour’?,

The barrier in thiocanisole is somewhat larger than in
thiophenol (3.4 kJ mol-1')?%. In both molecules, the
planar form is most stable. Methylation of the sulfhy-
dryl group might increase steric interactions with ortho
protons and might destabilize the planar conformer rela-
tive to the perpendicular conformer. This would lead to
a lower barrier. Since the barrier increases, it seems
plausible that the methyl group on the sulfur donates
electrons more easily than does hydrogen, and increases

conjugation with the ring.

In 4-fluorothiophenol, the barrier to internal rota-
tion is measured to be 0.4 kJ mol-!, lower than in thio-
phenol?*‘, The measured barrier in 4-fluorothioanisole
is also lower than 1in thioanisole and 1is 3.7+.2 kJ
mol-1t, The barrier in 4-fluoroanisole is found’*¢ to be

23.4 kJ mol-', which is likely lower than in anisole. A

previous determination of 4-fluorothiocanisole at room
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temperature by microwave spectroscopy’’ gives the bar-
rier as 3.0+1.0 kJ mol-!, which is in agreement with the

experimental determination in this thesis.

In order to compare the barriers to internal rotation
in thioanisoles to those in the corresponding thiophe-
nols, 3,5-dimethylthiophenol, 3,5-dichlorothiophenol,
and 4-methylthiophenol were also investigated. The bar-
riers to internal rotation for the thioanisole deriva-
tives listed 1in Table 16 are reproduced in Table 17,
with the rotational barriers of the corresponding thio-
phenols (from Table 14 and reference 24). Barriers to
internal rotation calculated by STO-3G are also included

for the thioanisoles.

Table 17 Barriers to internal rotation in thiocanisoles
and thiophenols

Barrier (kJ mol-1!)

Substituents STO-3G thioanisole thiophenol
calculated derivative derivative
(thioanisole)

4-fluoro 4.6 3.7 0.42¢

4-methyl 4.9 3.9 1.7

4-H 5.9 5.1 3.4%%
3,5-dimethyl 6.6 6.1 4.4
3,5-dichloro 7.5 9.6 6.9

What is apparent from the table is that trends in the
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experimentally determined barriers for the thioanisoles
are reproduced by STO-3G calculations, and mimic the
increasing barrier in the thiophenols. Electron releasg-
ing and withdrawing groups can decrease and increase,
respectively, the conjugation with the ring and the bar-

rier to internal rotation.

Parenthetically, ¢J(Ca,H) 1in 2,6-dichlorothiocanisole
is -0.51+0.01 Hz, indicating that the perpendicular con-
formation of the methylthio group is preferred by at
least 19 kJ mol-! over a planar conformation. This is
the lower limit; the mean value is 25 kJ mol-!. This
result is comparable to the STO-3G calculated result of

31.3 kJ mol-!' (Figure 29).
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(ii) Barriers to internal rotation in fluorothioani-

soles

If both positions ortho to the methylthio group are

occupied by fluorine, ST0-3G MO and coupling constant
data are consistent with a preferred perpendicular con-
formation of the methylthio group. However, here the
four-fold component to internal rotation may not be neg-
ligible, as indicated by STO-3G MO theory for
2,6-difluorothiocanisole (Figure 28). Further support
for a four-fold component comes from Figure 22. Here
plots of $J(CH,;,F) for 2,6-difluorothicanisoles show
little variation with temperature. This coupling has
been shown to be proximate in nature 1in anisoles (from
unpublished work in this laboratory). 1Its value is +0.2
to 0.3 Hz when the methoxy group is orientated in the

plane of the ring with the methyl group 1lying trans to

an ortho C-F bond. As the methyl group approaches this
C-F bond, the coupling becomes larger than +3 Hz®¢,., The
analogous coupling in thiocanisoles most likely has a
similar conformational dependence. For a two-fold bar-
rier, the invariance with temperature can be explained
by either no preference for any conformation, i.e. a
zero barrier, or a very large barrier for which the
methylthio moiety is held in place. For the compounds

studied, the barriers are intermediate (see below).

These compounds are most stable with the S-Csp® bond
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oriented perpendicular to the ring plane. In
2,6-difluorcanisole derivatives a temperature dependence
of the proximate coupling is seen for derivatives with
non-zero barriers’?,. The absence of a measurable temp-
erature dependence for the 2,6-difluorothiocanisoles can
be rationalized if a substantial four-fold component
exists which tends to flatten the potential curve about
90°, or if the increasing density of the solution at
lower temperatures stabilizes the perpendicular confor-

mations?® ¢,

Presumably, the barrier to internal rotation is dic-
tated by steric interactions between the methylthio C-H
bonds and the ortho C~-F bonds. When fluorine is
replaced by a larger halogen, such as chlorine (Figure

29) or bromine, the four-fold component of the barrier

"becomes negligible again. Therefore, because there are

likely contributions from steric hindrance favouring a
perpendicular conformation, from conjugation into the
plane of the ring, and from a four-fold component to
internal rotation in 2,6-difluorothiocanisoles, it seems
likely that barriers to internal rotation in this class
of compounds may be sensitive to other substituents on

the ring.

Assuming that the STO-3G calculations overestimate

the four-fold component, barriers to internal rotation
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can be derived using equation (6) and data’®: from
equation (8). Using this approach, a reasonable explan-
ation of the data is possible. The relevent coupling
constants for 2,6-difluorothioanisole, 2,4,6-trifluoro-
thioanisole, 2,3,5,6—tetrafluorothioanisolé, and
2,3,4,5,6-pentafluorothiocanisole are collected 1in Table

18.

Table 18 Conformationally dependent coupling constants
for 2,6-difluorothioanisoles

Fluorine *J(Ca,F) s3(Ca,F) ¢J(Ca,F) ¢J(Ca,H) J(CH,,F)
positions

2,6 3.590(5) - - 0.420(3) 0.746(5)
2,4,6 2.965(27) - 1.198(13) - 0.588(1)
2,3,5,6 3.984(6) 0.376(6) - 0.370(5) 0.907(2)
2,3,4,5,6 3.275(15) 0.463(8) 1.192(16) - 0.722(3)

Values in parentheses are the standard deviations calcu-
lated by NUMARIT or the 95% confidence intervals in the

last one (or last two) decimal places.
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(a) 2,6-difluorothiocanisole

*J(Ca,H4) is 0.420+0.003 Hz, and, as before, <sin@>
is 0.420+.003/0.54+.01 or 0.778. 1In terms of a two-fold
barrier, the magnitude is 6.9+.8 kJ mol-! as obtained
from tables®’ of <sin’@> as a function of the barrier,
the temperature, and the reduced moment of inertia.
Since <sin!@> is greater than 0.5, the preferred confor-
mation is perpendicular. STO-3G theory (Figure 28) sup-
ports these conformational deductions, but overestimates

the barrier by almost 3 kJ mol-!.

(b) 2,4,6-trifluorothioanisole

A para substituent decreases the extent of conjuga-
tion with the ring for: thiophenol and thioanisole.
Therefore, one would expect the same phenomenon for
2,4,6-trifluorothiocanisole relative to 2,6-difluorothio-
anisole. In the former, ¢J(Ca,F) is 1.198+0.013, so
that the value of <sin!@> is 1.,1984+.013/1.48%£.02 or
0.809. 1In terms of a two-fold barrier, its magnitude is
8.1+x1.0 kJ mol-1?, Further evidence for a more stable
perpendicular conformer comes from examinations of
*J(CH,,F) and ‘J(Ca,F). Both couplings have been shown
to be mainly proximate in origin for 2-fluoroanisole’?,

Here, the same will be assumed for ortho-fluorothioani-

soles. As such, the magnitude of both couplings should

decrease as the methylthio group is more often out-of-
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plane for 2,4,6-trifluorothiocanisole relative to
2,6-difluorothiocanisole. From the numbers given in

table 18, the decrease is apparent.
(c) 2,3,5,6-tetrafluorothioanisole

The value of <sin?@> for 2,3,5,6-tetrafluorothioani-
sole is 0.370+.005/0.54+.01 or 0.685. In terms of a
two-fold barrier, its magnitude 1is therefore 4.1+.6 kJ
mol-?, as determined from the tables of <sin?@>*?,
Here, the meta fluorines appear to increase conjugation
with the ring and to stabilize the planar conformation
relative to 2,6-difluorothiocanisole. The more planar
conformation for 2,3,5,6-tetrafluorothiocanisole relative
to the other compounds in table 18 is supported by the
large magnitudes of the predominantly proximate coupling

constants ‘JﬂCa,F) and *J(CH,,F).
(d) Pentafluorothiocanisole

In a series of para substituted 2,3,5,6-tetrafluoro-
thioanisoles*’, the magnitudes of *J(CH,,F) are depen-
dent on the electron withdrawing ability of the substit-
uents. The value for pentafluorothiocanisole is smaller
than that for tetrafluorothiocanisole, indicating a more
stable perpendicular conformation for the penta-substi-
tuted compound. The four bond carbon-fluorine coupling

constant supports this conclusion.
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In pentafluorothiocanisole, <sin:@> is
1.192+.016/1.48+.02 or 0.805, indicating a barrier, pre-
sumed two-fold, of 7.9%x1.1 kJ mol-!., X-ray fluorescence
spectra also indicate a non-planar conformation for pen-

tafluorothiocanisole’?,

In comparison with 2,4,6-trifluorothiocanisole,
*J(Ca,F) and *J(CH,;,F) show that the presence of meta
fluorines in pentafluorothiocanisole increase the conju-
gation with the ring such that the methylthio group lies
more in plane. The magnitudes of ¢J(C«,F), and there-
fore of <sin?@>, are nearly the same, however, suggest-
ing either a possible substituent dependence for this
coupling, or that the pfoximate couplings are more sen-
sitive to methylthio group conformation. Of course,
within experimental error, the barrier to internal rota-
tion in 2,4,6-trifluorothicanisole could easily be 1 kJ

mol-! higher than that in pentafluorothioanisole.

Comparing pentafluorothiocanisole with 2,6-difluoro-
thioanisole, the increase in conjugation caused by the

two meta fluorines 1is more than offset by the decrease

caused the para fluoro substituent. The magnitudes of
*J(Ca,F), *J(CH,,F), and the barriers to internal rota-
tion, are all consistent with this conformational deduc-

tion.
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(e) 2-bromo-4-fluorothioanisole

In 2-bromo-4-fluorothiocanisole a single measurement
of ¢J(Ca,F) is 0.252 Hz. Then <sin?@> is 0.252/1.48 or
0.17. Although the methylthio group prefers to lie
trans to the bromine, a considerable population of non-
planar conformations exists, in order to give a non-zero

value of <sin?@>,
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E. Measurements of J(CH,,H) in thioanisoles and their

conformational implications.

The proximate or "through-space" coupling between
methyl and ortho protons, *J(CH,,H), 1is established as
useful in conformational analysis in anisole and its
derivatives®?,1!°°, This coupling is sensitive to the

distance between the coupled nuclei. In some ortho sub-

stituted thioanisoles it is suggested‘® that the magni-
tude of the coupling depends upon the size of the sub-
stituent. Such a suggestion is reasonable if *J(CH,;,H)
in thioanisole and its derivatives is also a proximate

coupling constant.

One can thus equate increasing planarity with
increasing magnitude of this coupling. Assuming that
the planar conformation is most stable, and that the
barrier to internal rotation is two-fold, a lower value
of <sin?@> 1is associated with the increasing magnitude
of this coupling. Then the magnitude of the coupling
increases through the series thioanisole (0.141),
3,5-dichlorothiocanisole (0.147), 4-nitrothiocanisole
(0.178), 2-methyl-3-fluorothioanisole (0.334),
2-bromo-4-fluorothioanisole (0.347), 2-bromothiocanisole
(0.387), 2-iodothioanisole (0.394), and 2,4,5-trichloro-

thioanisole (0.412), with the magnitude of the coupling
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constants in Hz given in parentheses. Typical 95%
confidence intervals for the coupling constants were
less than 5 mHz. The sign has been determined for

2,5-dichlorothioanisole** and is negative.

Since the barrier to internal rotation is higher in
3,5-dichlorothiocanisole (9.5 kJ mol-!) than in thioani-
sole (5.1 kJ mol-!'), the observed larger magnitude of

*J(CH; ,H) for the 3,5-dichloro compound is expected.

In 4-nitrothicanisole, the magnitude of this coupling
is 0.178 Hz, which is consistent with an increased con-
jugational barrier about the Csp?*-S bond. In
4-nitrothiophenol, the barrier to internal rotation?‘ is
9.0£0.8 kJ mol-!, Extrapolation from table 17 indicates
that the rotational barrier 1in 4-nitrothioanisole is

likely 13%2 kJ mol-1,

The INDO MO FPT daté for *J(CH,,H) in anisole are
reproduced by cos*® up to 60° whereupon the coupling
becomes nearly zero. The coupling to the ortho proton
lying trans to the coplanar methoxy group apparently
vanishes. The coupling in thicanisole may behave simi-
larly, as suggested by INDO MO FPT (table 15). Here,
the maximum value is calculated to be -0.28 Hz, and the
value drops to +0.10 Hz at approximately 60° and remains
relatively constant through 180°, Although obseryed

couplings for ortho substituted thiocanisoles indicate
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that the INDO estimate for @ = 0" is likely 1low, the
value for @ = 180° may be quite real. The methyl pro-
tons appear to couple to protons one bond further
removed (meta) by 0.06+.02 Hz. This six-bond coupling
is apparently non-stereospecific®®, and is positive

whether the methyl group is oriented cis or trans to the

C-H(meta) bond. Parenthetically, the methyl proton
coupling, ’J(CH,,H) to para protons is -0.053(1) Hz in
thioanisole, =-0.058(2) Hz 1in 2-bromothiocanisole, and
-0.034£0.026 Hz in 2,5-dichlorothiocanisole. In
2,6-dichlorothioanisole and 2-hydroxythioanisole, its
presence cannot be detected, indicating a stereospecfic-

ity opposite to that predicted by INDO MO FPT.

Assuming known two-fold internal barriers in thioani-
sole and 3,5-dichlorothiocanisole, population distribu-
tion curves can be derived for both compounds. For
every dihedral angle, *J(CH,,H) follows from equation
18a),

3(@) = 3B = 0°)-cos*® (18a)

The averaged coupling constant may be estimated from

J =2 J(@) - P(®) (18b)
¢

wvhere P(@) 1is the normalized population for the angle @
obtained from a Boltzmann distribution. The *J(CH,,H)
for thiocanisole and 3,5-dichlorothiocanisole may be

reproduced to within 0.01 Hz if J(@=0") is set to -0.407
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Hz (Table 19). For ortho substituted thioanisoles, this
value tends to -0.43 Hz, that observed in

2-nitrothioanisole. Although a larger ortho substituent

will decrease <sin!@>, i.e. induce a more planar confor-
mation, the substituent will also increase the C2-C1-S
angle because of steric repulsion between the sulfur and
the substituent. With other geometries held constant,
an increase in this angle alone will bring the methyl
protons closer to the ortho proton even with torsion in
the plane about the the ortho proton. Therefore, for
thiocanisole derivatives with no substituent in the ortho
position, a *J(CH,,H) of -0.407 for a planar conforma-
tion is reasonable. Unfortunately, more work needs to

be done in order to establish *J(CH,,H) for @ = 0°.

A two—fold barrier in 4-nitrothiocanisole of 13 kJ
mol-! yields *J by equations (18) to be -0.170 Hz, in
approximate agreement with the experimentally determined

value of 0.178(4) Hz.

In 2-bromothioanisole, 5J(CH,; ;H) is -0.387 'Hz,
whereas in the 4-fluoro derivative, *J(CH,,H) 1is -0.347
Hz, consistent with the idea that para fluoro substit-
uents decrease the conjugation with the ring and non-
planar conformers are more populated. When the ortho

position is occupied by iodine, rather than bromine,

steric compression is greater due to the greater van der
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Waals radius of the substituent, and the observed

coupling is -0.394 Hz.

In 2-chlorothiocanisole, the reported*s coupling con-
stant is 0.17 Hz. This dated measurement is most likely
an underestimate since underestimates were found for
2-iodothiocanisole (0.36,0.394 Hz), 2-bromothiocanisole
(0.31,0.367), 2-methoxythioanisole (no coupling
observed,0.22), and for thiocanisole (no coupling
observed,0.141), where the first number in parentheses
represents data from reference 45, and the second refers
to recent data from this 1laboratory. Using the STO-3G
calculated energy profile for 2-chlorothiocanisole (full
data not shown), and eguations 18a and 18b, the calcu-
lated coupling constant is -0.29 Hz. In
2,5-dichlorothicanisole, where the meta chlorine sub-
stituent increases the barrier to internal rotation and
hence should increase the magnitude of 5J, the
observed‘‘¢ coupling constant is -0.35 * 0.02 Hz. Intro-
duction of another <chlorine at the para position
increases *J(CH,,H) further to -0.412 Hz. The apparent
increase in the barrier is not unexpected since the bar-
rier to internal rotation in thiophenols is likely

increased by a 4-chloro substituent?®.

All thiocanisole derivatives discussed in this section

were studied as 2-2.4 mol % solutions in acetone-d,,
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except thioanisole and 3,5-dichlorothioanisole, which
were 2 mol % solutions in benzene-d,. Solvent effects
can be responsible for small changes in the barrier to
internal rotation and the observed coupling constant
between the methyl protons and ortho proton(s). Data
for 4-aminothiophenol? indicate that the rotational bar-
rier (2.9 kJ mol-!) may vary by perhaps as much as 0.4
kJ mol-* in going from CCl, to CD, or CDCl, as sol-
vents. For pentafluorothioanisole, $J(CH, ,F) is
0.7224+0.003 Hz, as a 2 mol % solution in acetone-d;,
0.734%£0.002 Hz for a 23 mol % solution in acetone-d,,

and 0.746x0.022 Hz as a 5 mol % solution in CCl,.

Table 19 Comparisons of *J(CH,,H)

Molecule $J(CH, ,H)

observed calculated
thioanisole -0.141 -0.131
3,5-dichlorothiocanisole -0.147 -0.156
4-nitrothioanisole -0.178 -0.170

2-chlorothiocanisole likely < |-0.35] -0.290
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SUMMARY AND CONCLUSIONS
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The barrier to internal rotation in thiocanisole in
solution is 5.1%+.2 kJ mol-!, Various substituents mod-
ify the extent of conjugation of the methylthio group
with the ring and therefore influence the rotational
barrer. A compilation of the barriers determined and
estimated in this work appears as Figure 32. The tech-
nigue used, for the most part, is the J method**, 1in
wvhich a long-range nuclear spin-spin coupling with a
known conformational dependence is related‘to the hind-

ering potential and other parameters.

The couplings ¢J(Ca,H) and ¢‘J(C,F) most likely have
o-» mechanisms, whereas *J(Ce,H) and *J(Ca,F) interac-
tions arise from o-» and o mechanisms. For the latter
coupling, the two mechanisms give contributions of oppo-

site sign.

The barriers to internal rotation in thioanisole and
its derivatives are a composite of steric and conjuga-
tive interactions. In thicanisole, the preferred con-
formation is planar. Two ortho C-F bonds increase the
steric repulsions between the methyl group and ortho
substituents, destabilizing the planar conformation rel-
ative to the non-conjugative perpendicular conformation.
As well, because fluorine is a ~ donor, the ortho (or

para) fluorines will decrease the <conjugation, or

double-bond character, of the Csp?-S bond and therefore
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cause a further destabilization of the conjugative

ground state.

The magnitude of the coupling between the methyl pro-
tons and ortho proton(s) in some thioanisole derivatives
and in ortho substituted thicanisoles is an indication
of the conformation of the methylthio group. As the
magnitude of the coupling increases, the planar confor-
mation becomes more preferred. The bulkier the single
ortho substituent is, the larger the observed coupling,

as expected.
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Figure 32

Barriers to internal rotation for thioanisole and some
of its derivatives (in kJ mol-!). The barriers for

4-nitrothiocanisole and 2,6-dichlorothiocanisole are esti-

mates only.
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FUTURE CONSIDERATIONS
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The proximate couplings, *J(CH,,H) and *J(CH,F) may well
be empirically reproduced by a cos*® dependence where @
is the angle between the Csp®-S bond and the ring plane.
A known potential function for internal rotation can be
used to calculate values of <cos*®>. If the function is
assumed to be a multiple of sin?@®, a barrier height may
be estimated from the value of $J(CH,,X). In this man-
ner, perhaps the determination of the barrier to inter-
nal rotation in benzene derivatives via long-range
coupling constants may be extended past the present 13

kJ mol-! upper limit of the J method®‘.

STO-3G calculations indicate that the barrier to
internal rotation in 3,5-difluorothiocanisole is 8.6 kJ
mol-?!. STO-3G generally overestimates the barrier in
other thiocanisole derivatives (table 14), so that the
true barrier is more likely 8 kJ mol-!. If so, from
equation(17), and since <sin?!@®/2> 1is 0.5 for a two-fold
barrier, the magnitude of *J(Ca,F) should be 0.04 Hz.

Furthermore, the sign should be positive.

A series of MO calculations on phenol derivatives!®!

indicated that meta-nitro substituents should decrease

conjugation of the methylthio group into the ring.
Experimental 1investigations, by the J method, of
3,5-dinitrothiophenol and 3,5-difluorothiophenol and

their methylated counterparts, would help to determine
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meta substituent effects in thiophenols and

thioanisoles. INDO MO FPT calculations (table 15) indi-
‘cate that the five bond carbon-carbon coupling constant,
$J(Ca,C4), is o-« mediated. If °J for the perpendicular
conformer were to be established, the para substituent
effect for thioanisoles could be investigated more
extensively than in the three compounds studied in this
work. Of special interest 1is 4-nitrothiocanisole, for
which extrapolation of thiophenol and thioanisole barri-
ers and the proximate coupling, *J(CH,,H), indicate a

barrier to internal rotation of about 13 kJ mol-?,

In addition to the many thiocanisole derivatives whose
methods of syntheses are adumbrated in the experimental
methods section of this thesis, an additional nineteen
derivatives have also been made. The para-X-thioani-
soles include X = bromo, chloro, t-butyl, methylthio,
ethyl, cyano, acetimido, and ethoxy. Other compounds
are 4,4'-di(methylthio)biphenyl, 2,4-dibromo-6-fluoro-
thioanisole, l-(methylthio)naphthalene, 1l-(methylthio)-
4-nitronaphthalene, 3-methoxythiocanisole, o-bis(methyl-
thio)benzene, 2,4-dichloro-5-methylthiocanisole,
2-fluorothiocanisole, 3-fluorothioanisocle, and 3-methyl-
4-bromothioanisole. The proton and carbon high resolu-
tion NMR spectra of these compounds should be run and
analyzed. Of particular interest are *J(CH;,H) and

5J(Ca,H) 1in the para substituted series. Perhaps then
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the substituent effects for *J(Ca,H) could be known.
Since <sin?@/2> is 0.5 in compounds of two-fold symme-
try?’*, the barriers to internal rotation in the para
substituted thioanisoles could then be measured from

5J(Ca,H).

A check for the measured barriers from *J(Ca,H) could

come from Ca-C4 coupling constants.

The methyl group replacement technique for benzene
derivatives usually shows that for a o-» mechanism for
couplings from a side chain to a para proton and methyl
group, ¢J = -"J. In thiophenol and thiocanisole, a ca.
ten per cent discrepancy is noted. The qguestion raised
is whether this 1is a property of the heterocatom or
whether the phenomenon is more general and extends to
the corresponding Group VI elements selenium and tellu-
rium. Presumably, the 10 % increase will be also noted
in other phenyl alkyl sulfides. Molecular orbital cal-

culations may give some clues.
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