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Àbst¡a-et

The lH nmr spectra of 3-iodoanisole, 1,3-dimethoxybenzene

and 5 -chforo-l' 3-dimethoxybenzene in cS2 and acetone-d6, at

3OO K, are compfetely analyzed to yield the fong-range

coupling constants between the orÈho ring protons and the

methoxy protonsf s.to(H, CH3) . The values of sJo(H, CH3) imply

that the cjs conformer of 3-iodoanisole is sIíghtJ-y more

stabl"e than the trans conformer with a fractional population

of 0.57 (1) and 0.54 (1), respectively, in these sofutions.

For 1,3 -dimethoxybenzene, the values of sJo(HrCH.) give certain

sums of the fractional populations of the conformers. From

these, the cis-cjs conformer is found to be about 20å more

abundant than the trans-trans conformer in both soLvents.

The substitution of a chlorine atom at the meta position does

not appear to change the population differences '

Geomet ry-opt imi zed STO-3G MO calculations for the free

molecufe are reported for the rotation of the methoxy

group (s) in 3-iodoaniso.l-e and 1, 3-dimethoxyben zene . The

calculations predict that the trans conformer of

3-iodoanisole is more stable than the cis by O'26 kJ mol-l,

suggesting a sfight shift of iL]ne cis/trans equilibrium in

solution. The ca.Icu.lated population distribution of

1,3-dimethoxyben zene indicates that the cjs-cjs conformer is

7% fess than the trans-trans conformer, in contrast to the

behaviour in sol-utíon,

The parameters of the fully analyzed lH nmr spectra of



isobutyfbenzene and 3-phenylpentane in CS2 at 300 K are

reported, together with the geometry-opt imi zed mofecular

orbitaf results. The long-range coupling constants between

the pa¡a ring proton and the û-proton (s) in the side chainf

6Jp(HrH), are used to determine the mínimum energy

conformations and to derive the apparent twofold rotationa.I

barriers about the C"pz-C"É bonds of these molecules.

Isobutylbenzene has the isopropyl group perpendicular to the

aromatíc plane in the conformation of fowest energy/ and an

apparent twofol-d barríer of 10.4(1) kJ mol-1, which compares

very closely with the STO-3G barrier, but not with the ÀM1 .

Comparison with the results of ethylbenzene at these two

levels indicates that the STO-3G basis set may give a better

approximation to the internal rotational barriers of other

cx,-a1kyl substituted toluenes ' The value of 3J(H,H) in

isobutylbenzene indicates a predominant gauche orientation of

the methine C-H bond and the ring. 3-pheny.lpentane has the

minímum energy conformation with the methine C-H bond in the

plane of the ring, The AM1 barrier agrees welf r'ríth the

apparent tr,rofol-d barrier of 14.9(1) kJ mol-l. The agreement

seems to hofd for other ct'ü-diafkyl substituted toluenes,

eg./ isopropylbenzene . The vaLues of 3J(H,H) in

3-phenylpentane indicate that the free energy difference

between the TT and TG+(or G-T) conformations is

1.0(4) kJmol-1, favouring the fatter. Ho\'rever the enthalpy of

the TT conformer is fower than that of the doubly degenerate

TG+ (or G-T) conformer. The sign of a,J(CH:¡H) is determined as



determined as negative' and the coupfing is consistent with

the TT and TG+ (or G-T) conformations.



The use of stereospecific l-ong-range spin-spin coupfing

constants between the side chain nuc.Lei and the benzene ring

nuclei has been successful in studies of mol-ecufar

conformatíon and internal dynamics (l--19) . In this thesis,

two types of long-range coupling constants are used to

determine the conformationaf behaviour of some substituted

anisoles and alkylbenzenes in sofution. For 3-iodoanisol-e'

L r 3-dirnethoxybenzene and 5-chforo- 1r 3-dinethoxybenzene, the

coupling constants between the methoxy protons and the ortho

ring protons, sJo(HrcH3), are used. The coupling constants

between the benzyÌic or benzal-ic proton (s) and the para ring

proton, 6Jp(HrH) 
' are used for isobutyl-benzene and

3-pheny.Ipentane . Molecular orbital calculations are also

performed for afI of these mol-ecufes except for

5-chloro- 1, 3-dimethoxYbenzene .

The application of these coupling constants as

conformational indicators relies on the fact that they are

stereospecific. Therefore, a description of their

conformationaf dependence is given in Chapter 1' However,

the interpretation of such coupling constants in terms of

conformer popuÌations and of internaf rotationaf potentiafs'

requires detaifed discussion and is i1Ìustrated by that ín

chapter 4. In chapter 2' the experimentaf procedures are

outÌined. All the experimental and computationaf results are

reporled in Chapter 3. Chapter 4 contains three sections' in

which the substituted anisoles are discussed under three

subsections within Section 4'1; isobutylbenzene and



3-phenyfpentane are discussed in Section 4.2 and 4,3,

respectivefy. A suggestion of some interesting future work

is outlined in Chapter 5'



1 " TNTRODUCTTON



Coupling constants can be discussed in terms of three

mechanisms: the o mechanism, the 7¡ mechanism and the

proxímate or through-space mechanisn (20) . The o mechanism

involves the transmission of spin state information by the o

electrons. The maximum coupling requires a zíg-zag pathway

through the intervening bonds between the coupl-ing nucl-ei '

In the ,c mechanism' the contribution by the ?t electrons

resul-ts from the o-7¡ overlap of o orbital-s of the side chaín

and the fi orbitals of the benzene moiety' The through-space

mechanism involves the direct interaction of el-ectrons ín

orbita]-s on atoms carrying the spatially proximate nucl-ei '

The magnitude of the coupling is very sensitive to the

internuclear distances between the coupled nucl-ei.



1.1-. Stereospecific s,fo(H,CHlt tn antsole Aertv

The fong-range spin-spin coupfing constants between the

ortho ring protons and the methoxy protons, s.to(HrCH3), in

anisol-e and its derivatives are stereospecific (1-4) . A

detaí]ed set of INDO MO FPT computations performed by

Schaefer and Laatikainen (1) has shown that the magnitude of
s.lo(H'CH3) is strongly dependent on the torsional angfe, 0, and

0:0

is dominated by the through-space mechanism. The coup.Ling is

calculated as -0,292 Hz for the cis conformation of the orÜ¡o

C-H bond and the methoxy group (0:Oo) For the trans

conformation, s,Jo(H, cH3) ís computed as 0,037 Hz (e:180o) . The

coupting is effectively zero as g approaches 60", and j-s

0,037 Hz for 0 values between 90o and 180". The computed

values of sJo(H,CHr) can be reproduced by a cosa0 function in

the region of o:0o to 60o as

s,fo(H, cH3) : -o.292cosao (Hz) t1l

where s,ro(Hf cH3) is the couplíng for the methoxy group twisted

out of the benzene pÌane by an angle of 0 (3) .



The rapid decrease in the magnitude of sJo(HrCH3) as 0

increases demonstrates the through-space mechanism' An

examination (1), usíng the procedures of Barfield, shows that

the sign of the coupling is determined by the proximate

interaction of the methyl- carbon vafence orbítal-s and the

ortho hydrogen 1s orbítal ' This negative contribution

dominates the posítive contribution from proximate

interactions between the hydrogen orbitals. The sign of
s.fo(H¡CH3) was first determined for 2 ,A-dibromoanisole in ccl4

solution as -0.33(2) Hz at ambient tenperature (21).

The partial-Iy restricted molecular orbital- (PRMo)

ca.LcufaÈions on 2-methoxybenzaldehyde by de Kowalewski et af.

(221 | aE the rNDo FPT level-f suggested that s.To(H,cHr) is

doninated by the through-space mechanism when the methoxy

protons are coupled only to the ortho protons. However/ a 7t

el-ectron mechanism night also be involved, depending on the

geonetry of the methoxy group and the efectronic effect of

other substítuents on the ring (221 . An alternative

interpretation of all- Long-range coupling constants involving

the methoxy protons in anisofe and some derívatíves,

consistent with experiment, is available (23) .

Computations (1) also have indicated an increase in the

magnitude of 5.To(HrCH3) as the geonetry around the methoxy

group and the or¿ho ring proton is compressed. For 0:Oo, a

decrease of 1o in V or Q wiff fead t.o a decrease of 0.03L or

0.018 Hz ín sJo(H,cH3) , respectively, An increase of 1o in v

increases the couplíng aJ.gebraicaì-ly by 0 '025 Hz ' The change



of 0. Ol .À in the lengths of the Cd-O, O-C"o: and Co:-H bonds

wiLl onry cause a change of 30'005 Hz in sJo(HrcH3) (1). The

presence of a bulky ortho substituent may shorten the average

distance between the methyl protons and the ortho proton'

leading to a larger magnitude of 5J"(H,CH3) than in anísofe

(3) . However, none of the groups, OH, SH' SCH3/ OCH3, CH2OH,

CH2OCH3 and CH3C:O at the ortào position' seem Èo change the

geometry appreciably' s,.To(Hr CH3) ranges from -0.288(1) Hz for

the OH substituent Eo -0.270 (10) Hz for CHTOCH3 (3) .

Since s.To(H, CH.) is calcu.Iated as -0. 292 Hz at 0=0o and

0,037 Hz at 0=180or a planar confornation impJ-ies that the

value of sJo(H,CH3) is ]t-o .292+0, 037 ) :-0 . 13 Hz (1). rf

sJo(H,cH3) vanishes at 0:180o¡ the computed value of 0'037 Hz

being considered as an artifacÈ of the computation, then

sJo(HrcH3) becomes -O.292/2:-0,L46 Hz' sJo(H'cH3) in cs2 and

acetone-d. at 300 K is -0.152(0) and -0.155(0) Hz'

respectivefy (23), consistent with a substantial barrier to

internal rotatíon and a planar conformation of the methoxy

group. The presence of a substituent may íncrease or

decrease the double bond. character in the cuoz-O bond, leading

to a decrease or increase in the bond fength' The decrease

in double bond character wiII lower the rotational barrier.

A decrease in barrier implies a larger torsional amplitude

about the bond and a smaller magnitude of sJo(HrCH3) , and

therefore a larger expectation value of gt <g> (2) .

Substitution of a fi electron acceptor/ such as cHor at the

 -position of 1r 2 -dimethoxybenzene l-eaves the val-ue of



s,fo(H,cH3) unchanged for H-3 and decreases it to -0'308(5) Hz

for H-6 (3) . Substitution of a Í efectron donor, such as

oCH3r at the  -position increases the value of sJo(H,cH3) to

-O,232 (5) Hz for H-6 (1f3). However, these early data

probably need. reexamination with modern ínstrumentaLion.

The decrease in the magnitude of sJo(H,CH.) can be

considered as indicative of an increase in Lhe amplitude of

osciffation of the 1-methoxy group in 1/2,4-trimethoxybenzene

as compared to 1r 2 -dinethoxybenzene . By using the cosa0

function in [1], sJo(H,cH3) corresponds to a e of 20" (3), and

can be considered as a change in the rms amp.litude of about

10o from its value in anisol-e (3) ' A rigorous approach to

get <0> from s,Jo(H,CH.) requires the knowledge of the potential

function for the ïotation about the C"oz-O bond (3,24)s '

s,Jo(HrCH3) does not give quantiLative information on the

rotaLionaf barrier about the C*z-O bond. The stereospecific

couplíngs between the methoxy carbon and the para carbon or

S For a simple n-fold po¿ential with barrier, B, much Ìarger Lhan kT/ a

c.lassical- averaging procedure (24) gives

<02> - ?81 r rad.2l
Bnz
2RT .1.8 0. 2- :-( -, tdeg2 )
lJn'

Thís expression originaLes from the relaLion of the s.inusoidaf potential
function of a librating groupr with a small vibration amplilude/ and the

quad.ratic force constant, f:+: kJ mol-1 rad-2, which is' <gz>
l

v+B ( L -cosno) :!pn2ø2-|tø2 (negfecting all terms higher than quadratic in

the expanded series). Then u-4 tZnl. The barrier of 25.1 k.f mol-l
<02>

for anisole at 305 K gives <02>1/t13o for n=2 and <02>1/t6o for n=4 (3).
However¿ the barrier in anisole is a ¡rlixture of twofold and fourfold
components 15 | 7 ,25,261 .



proton, 5,t(13c, r3c) (6,8) and 6,fp(1H,]t) (5,1,81 | empLoying the

J-method, have proved useful in thís respect (for the

,f-method., see Section l-.2) ' Both 5J(13C,1t) and 6.lo(lH,13c) are

o-æ efectron couplings and are proportionaf to sin29, as in

[2] and [3],

sJ.(19C,13c) = (0.9810.03) <sin2e> (Hz)

6Jp(lH,13C) : (0. 62510.005) <sin20> (Hz)

t2l

t3l

where <sin20> is the the expectation values of sin20.

For meùa substituted anisofes (eg. 3-ffuoroanisofe (4)),

the sum of sJo(H'cHr) for H-2 and H-6 is taken as sJ"(H,cH3) for

the cjs orientation and s.fr(HrCHr) for the t-rans is assumed to

vanish (see Section 4 'Lzt .

sJc(H,CH3) : 5Jo(Hzt CH3) + sJo(H6,CH3) (Hz) t4l



L.2 . nJlH,Hl for n:4.5r6

The long-range spin-spin coupling constants between the

ring protons and the benzylic or benzafic protons in the side

chain, n,I(HrH) , for n:A,5r6, in benzene derivatives are usefuf

in conformaÈional studies (9-19). These coupÌings depend on

0, the angte by which the Ca-H bond containing the coupled

proton in the side chain is twisted out of the pl-ane of the

rinq. The confoxmational dependence and the mechanism of the

methyl-ring proton couplings in toluene, o-t fr- and p-xylene

have been studied with INDO MO FPT computatíons by Wasylishen

and Schaefer (27 \ ,

6.tp (8, B) and the ,.T-Method

It has been proved in numerous studies that 6%(H,H) is

useful in the determination of the minimum energy

conformation and of the internal rotational barrier of the

side chain in al-kyl-benzenes (9, L0,L2-L9t. 6Jp(H/H) in toLuene

is calcu.Iated as -0 .075 Hz at 0:0o and -L .2L9 Hz at 0:90"

"/,+-,

o



(27) , The computed values cLosely obey a sìn20 dependence,

implying a sol-e 7t electron mechanism for Ç(Hr H) .

Experímentally, Ç(Hr H) for tol-uene in CS2 at 300 K is

-0.602 (21 Hz (9), and ?,Jp(CH3rcH3) for p-xylene ís +0'60(3) Hz

(10), in good agreement wíth the 't 
electron mechanism for the

nethyL group replacement modef, The coupling is written as

6%(H¿H) = e.ro + 6,{o<sin20> (Hz) t5l

where 6,ro is negligibly smatl (1-3,14), t4o l" -L.204(4) Hz

from toluene (9)r and <sin2o> ís the average of sin20 over the

popuLated rotational states. 6,Jp(HrH) is insensitive to ring

substitution (9) . The methyl- group rotaLionaf barrier in

toluene is 0.06 k,I mol-l (12); therefore toluene has <sin20> as

0.5 for an effectiveLy zero barrier. For an c¿-substituted

toluene, the rotatíonaf barrier is Iarger than zero and

<sin20> is different from 0.5.

The method of using <sín20>, deduced from the measured
6.rp(HrH) if t4o is known, to give the apparent twofold

rotational barrier about the Crpr-Crp'3 bond ín an &-substítuted

Lofuene (also applicable to some olher benzene derivatives)

is caIled the J-method (1,2t29) . The procedure invofves

solution of the hindered rotor problem in terms of the free

rotor basis, and weighting the vaLues of (sín2d,> for each

state with a Boltzmann faclor [7],
Ê2 d2V- V^

-(ä) (|;}!) + (;) (i--cos2cr¡v.: n,"v," t6l



)"2

<sin2ct>:
"i.r,øl,Yot=9ëL!IE'lII)-

L exp (-EplkT)
r'{

t7l

where I is the reduced moment of ínertia about the C+-Cqp"

bond, ct ís the angfe defining the orientation of the side

chain relative to the benzene pLane, V2 is the magnitude of

the twofotd internal rotational barrier, Em ênd Vm are .lhe

energy and the wavefunction of the mth state, and T is the

temperature, The angl-e ø may not be the same as the ang.Le e

(defined on p,L0), depending on the min.ímum energy

conformation. For <s ín2e>+(s in2ct>, the conversi-on has to be

made by a trigonometric treatmenL (291 , as in l8l'

<sin20> : co s2onij.,(s in2o> * s in2on¡.,<cos 2d>

: cos20min<s ín2g> + sin20*¡l

where 0.¡1 is defined as the angle between the Co-H bond and

the benzene plane in the mininum energy conformation'

Tables of <sin20) and V, at particular val-ues of I and T

can be drawn up by the computer, enabÌing the barrier heíght

to be estinated by comparison, Quite often' the barrier to

internal- rotation incl-udes higher terms than just the twofofd

term (16118), Tab1es with values of V2' V4 and <sin20>,

obtaíned by classicaÌ averaging, are also used. The ratio of

the V2 and V4 terms cannot be estimated from the measured

6Jp(E,H), but can be predicted by molecular orbitaf

calculations, The ,J-method is most accurate for the

i.*o r

F{

tBl



determínation of rotational barriers within the range of
0.8-L2.6 kJmol-1; <sin20> ís found to be insensítive to I for
the mol-ecufes of interest here (12) .

The minimum energy conformation of the mo.Iecu]e is
ascertained from the vafue of <sin20> deduced from the
measured 6%(H,H) . For benzafic compounds, the four possible

conceivable minimum energy conformations have O*i': O 
o, 3Oo, 6Oo

and 9Oo as Índicated beJ-ow:

o -nownLi¡- v

0 . 5>s in20>0 . 0

x

0r¡:3 0o grin= 60o

0 . 5>sin20>0 .25 0 . 5<sin20<0 . 7 5

II ITT

O*ir,: 9 O 
o

0 . 5<sin2ê<1 .0

rV

The fow barrier fimit corresponds to a <sin20> of 0,5 (cf ,

to]uene) , In the high barrier limit, the mofecule will be

locked in one of the confornations, I, IIf III or rV, which

have va.Iues of (sin20> as 0.0, 0,25t 0.?5 and 1.0,

respectively, For a mol-ecule with finite barrier, the vafue

of <sin20> fal] between either one of these four values and

0.5 , The m.inimum energy conformer is then determined by

comparison with these ranges in each conformation.
For benzylic compounds, there are two 0*.,, The <sin20>

corresponding to the high barrier fímit is ca.Iculated by



averagj-ng the expectation values at these two angles,

<s in20*1r> + <s in20.i,12)(Sin20> : -----t----r-

The four low energy forms of benzylic compounds are Vf VI/

VII and \I[IL

t9l

xL"
Y

II

H

,x_.
II

g.i',:60o,60"

0 . 5<s in2e<0 . 7

VII

equation [10]

onio:3o"r 3oo 0.i,.:0o, 6oo

0.5>sin20>0 .25 0 .5>sín2e>0 .375

vw

The angfes e and B are rel-ated by

<sin2e> : 0.75 - 0.5<sin2p>

0nin=3Oor 9Oo

0 . 5<sin20<0 . 62 5

VIII

for a

t10j

tetrahedraL geometry at the side chain,

s,tr(H, H)

The cafcuLated coupling constants between the meta ring
protons and the q-protons in toluene (2j) do not agree with a

sole tt el-ectron mechanísm. The angular d.epend.ence of 5,1,?1(H / H)

is compatible with a fi efectron mechanism of sin20

superimposed on a o electron mechanism of sin2 {f) , uno can be

written ( 11) as [11],



s,J,(H, H) : s.4o<sín20> + s.{ro<sin2 
f }l , tnrl t11l

where s,{o Ís the magnitude of the o-rr efectron component for

0=90", and s{* is the magnítude of the o electron component

for 0:180o. s{o vanishes at 0:0o and 180o, and s.{ro vanishes

at 0=0". on the basis of the measured 5,J,(H,H) in the

2r6-difluoro derivatíves of toluene/ ethylbenzene and cumenef

and the vaLues of <sin20> obtaíned from the respective
6Jp(HrH), and a value of 0.5 for <sin'z1!¡t, u{o is deduced as

0.336 Hz and 5,{ro as 0.540 Hz (11) . Therefore,

sJn(H,H) : o,336<sín2e> + 0,540<sin2 tfl t Grrl

For tol-uene, sJr(HrH) is 0,329(L) Hz in CS2 at 300 K (9)' which

gives s,{ro as O.322 Hz. Then,

l12)

t 13lsJ.(H,H) : 0.336<sin20> + o .322<sin2tll> tH"l

on the assurnption that the o electron component is sensitive

to ring substítution. The values of <sin20> and <sin2 {f) t u..
0.5 for toluene because of the threefold symmetry of the

methyl group, so that sJm(HrH) cannot be used as a

conformational indicator for the methyl group. However' for

Ctr'-substituted tol-uene derivatives, the l-owering of the

symmetry in the side chain enabfes the separation of the o

and the o-fi electron componenÈs of 5J,(H,H) (11). The

conformation is irnplied by lhe vafue of <sin2e>, which is

other than 0.5.



rn generaL' substitution at the ortho posítion causes an

increase, whereas substitution at the ¡r'¡eÈa position causes a

decrease, in the magnítude of s.Tm(HrH) , Eor exampler the

magnitude varies from 0'300(1) Hz in 3 -f f uoroto.Luene to

0,464(A) Hz in 2-ftuoro-4t 6-díbromotofuene (1-1) .

4,fo(E,E)

The cafcufated coupÌing constants between the ortho ring

proton and the cx,-protons ín tol-uene (27) indÍcate that lhe 7t

electron mechanísm is modified by a o el-ectron contribution.

The experimental, 4,fo(H,H) for totuene in CS, at 300 K ís

-0.701(f) Hz (9) whereas s,Jo(cH3, CH3) in o-xyl-ene' considered

as a measure of the magnitude of the 7t electron contribution

for toluene, is only 0.45(21 Hz (1-0) . However' proximate

contributions to sJo(cH3,CH3) are also present (27).

rn another study of 4Jo(H,H) by Barfield et aÌ. (28)'

concerning its dependence on bond order, conformation and

ring substitutíon in methyt aromatic compounds, the coupling

is related to the mutual atom-atom polarizability. 7tpp, I and

Lhe torsional angle, 0' as in [14] .

4,fo(H, H) = 6.9Or¡rp,sin2e - 0.32cos20 (Hz) l14l

The ,t electron component varies as sin20 and the o electron

component varíes as cos20. The value of |lp, for tol-uene is

-0.157 (28) ; therefore,



4Jo(HrH) : -1.08<sin20> - 0 '32<cos20> (Hz) tlsl

where the angular brackets indicate expectation values, and

are 0,5 for toluene. The substituent dependence of 4Jo(Hr H)

is considered unimportant (28)' afthough ttæ, changes upon ring

substitulion and the change in 4,Jo(H,H) actually can be large.

The measured 4,fo(H, H) in 2-f J-uoro, 4-f luoro and

2 -chLoro- S-fluorotoluene ín CS2 are -0.719(2') | -0.7L4 (3) and

-0,700 (3) Hz, respectivefy (9).



The orientation of the methoxy group re]atíve to the

aromatic ring, being suggested to affect the psychotomimetic

activities of certain methoxy compounds (49/50)f has

attracted much attention (1-6,25'26t 36-6L) ' The use of
s.Io(H,CH3) in the conformational studies of

1, 2 -dimethoxyben zene (1rB) and 3-fluoroanisofe (4) has been

successfuf. In this thesis' sJo(H.CH3) and molecular orbital

calculations are employed to determine the conformationaf

distributíons of 3-iodoanisol-e and 1r 3-dimethoxybenz ene in

polar and nonpolar mediaf and in the free state.

Conformational studies of L 
' 

3 *dimethoxybenzene are scarce

(36,37,58,74t75) ,

A number of conformational studies of isobutyfbenzene

(80,81) and 3-phenyfpentane have been done (103,104).

However, there is no information on the rotational barriers

about their Csp2-C"É bonds, 3-phenylpentane can be considered

as a primitive model for such a barrier in polystyrene' The

fo\,¡est energy conformations and the apparent twofofd barriers

of isobutylbenzene and 3-phenylpentane are here deterrnined by

the J-method, which has had some success in numerous internal

rotational studies (9t),Orl2-L9'), These t r.ro compounds are

representatives of the benzylic and benzafic types of

mol-ecul-es. Also, mofecufar orbital cafculations are

performed on i sobuty.Ibenzene at the AMl and STO-3G MO levels/

and on 3-phenylpentane at the AML fevef, The AM1 level



appears promísing for the predictíon of the barrier of

3-phenyLpentane, as indicated by the computations on

isopropy.lbenzene ,



2. EXPERIMENTAL METHODS



2.r

Afl compounds were Àfdrich products, except that

3-phenylpentane was purchased from K & K Laboratories '

Sampl-esf at concentrations of 2-5 mol?, were prepared by

dissolving appropriate amounts in acetone-de PIus a smaÌl

amount of TMS or in CS2/C6D:12/C6E 6/T Ms. The so.Lvent mixture of

CS2 was prepared with 10 mofå of C6Dr2 for an internal lock'

and 0.25 mol% of each of TMS and C6F6 as internal references

for 1H and 1?F nmrf respectively; 1?F nmr was not used in this

thesis, of course. Each sample was fiÌtered through cotton

wool, transferred to a 5 mm od nmr tube, and degassed by the

free ze-pump-thaw procedure (3-5 cycles) . The tube was then

f .Iame-seaf ed,
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2 .2 . Spectroscopic method

AII nmr spectra were run on the AM 300 Bruker

spectrometer at a probe temperature of 300 K and a

spectrometer frequency of 300.135, MHz for protons' A

"sweepwidth" of 6000 Hz was used to acquire the survey

spectrum for each molecufe. The regíons of interest were

then acquired. separately' using 4 K of memory for each 50 Hz

spectrum, A typical acquisitÍon time was 40.96 sec, which

limits the finev¡idth to O .024 Hz at ha.If-height ' B to 64

free induction decays (FIDs) were accumulated, depending on

the intensities of the signaJ-s. The FfDs were zero-filled

twice or four times before Fourier transformation A

caussian multipfication of O ' 600 and l-ine broadening of

-0.100 were normalfy used for resolution enhancement'

Homonuc.Lear doubl-e resonance experiments were performed

on 1r 3-dimethoxyben zene / D(, i sobut ylben zene, x, and

3-phenyfPent ane, )<f.

IX XI



The methoxy protons of xK were coherently decoupled to

facilitate the ídentification of spectra.l- parameters.

The methyl protons in isobutylbenzene were successfully

decoupled but not Èhose ín 3-phenylpentane r :<f.
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2 .3. Spectral ãnafvs i s

Spectral analyses were done with the NUMARIT program

(30) extensively modified by R. Sebastian in this Laboratory'

The plots coupted to the final iteration were compared

visually with the experimentaf spectra '

The protons in isobutylbenzene and 3-phenyl-pentane

constitute 14- and 16-spin systems, respectively, which

exceed the l-init of 12 spins for each single analysis in the

NUMARIT program. The analysis of the methyl-decoupled

specLrum of isobutyfbenzenê was unsuccessfuf due to

divergence duríng iteration. Therefore' the anal-yses of the

side chain and the ring were done separately. For

isobutylbenzene r the side chain was analysed as an A6BC2DD'

system (incfuding the two ortho protons) and the ring as an

AB2CC'DD'E system (excluding the methy.I protons) ' The

analysis of 3-phenyÌpentane was performed as an A3ÀjBB'CC'D

system for the side chain and an A6BCCTDDTE syslem (excÌudingt

aLl methylene protons) for the ring'



AII the molecufar orbital calcufatíons reported in this

thesis were done with the GAUSSIÀN-86 program (31) on the

Amdahl 58?0 system. The geonetries were fuIJ-y optimízed,

except that the nuclei of the benzene moieties were kept in a

plane,
. Computations on 3-iodoanisole and 1r 3-dimethoxybenzene

were performed. at 15o intervafs of the methoxy lorsional

angles between 0o and 180o, at the STO-3G level of ab initio

molecular orbital theory' For 1,3-dímethoxybenzene / the

methoxy groups were afternately kept in the pfane of the ring

whil-e the other was rotated. computations at the 3-21G Mo

fevel were also performed for the thxee pl-anax conformers of

L, 3-dimethoxyben zene .

The calcufations on isobutylbenzene and 3-phenylpentane

were perforned at the ¡\Ml level, for various geometries of

the side chaj-n, and at l5o intervaLs of the side chain

torsionaf angles between 0o and 90o. Isobutylbenzene was

also examined at the STo-3G Mo fever.

The potentials were fitted to the sin2n0 seríes by using

the SAS nonl-inear regression program NLIN (32) ' The curves

were plotted by using a spline interpolation in the SAS/GRAPH

library (33) , The optimized geometries were afso drawn by

invoking the SAS/GRAPH librarY.



3. EXPERIMENTAL RESULTS



3,1. SpectraÌ Daramet ers

3.1 ,1, 3-iodoanisole

Resul-ts of the analyses of the 1H nmr spectra of

2.0 mol? solutions of 3-iodoanisole in CS2IC6D12ITMS and

acetone-d6/TMs appear in Table 1. AII- signs of the coupJ'ing

constants were adopted from an earfier analysis for

3-ffuoroanisole (4) . The spectra of the methoxy groups in

both solvents appear in Figure 1'



Table 1

1H nmr spectral parameterst for a

3-iodoanisole in CSrlC5DrlTMS and

2.0 mof% sofution of

acetone-d6/TMS at 300 K.

ö-

Ð (cH3)

Ð (H2 )

Ð (H4 )

ù (Hs )

Ð (H6)

sJ(cH3,H2)

?,J (cH3, H4 )

6J(CH3 
' 
H5)

s,r(cH3,H6)

4J (H2 , H4],

5,J (H2 , H5 )

4J (H2, H6)

3,r(H4,H5)

4J (H4, H6 )

3,J (H5, H6)

cs2/ c6D:D

LL11.681(1)b

2L31 .542 (L',,

2147 ,51.2 (L',)c

2066.641(r.)

2023 .230 (rl

-0.l-76 (1)

-0.040 (1) c

0.05i. (1)

-0.134 (1)

r.573(1)

0.257 (1)

2 . s05 (1)

7 .77:- (L',)

0 . 909 (r)

8.346(1)

acetone-d,

r139.:rs (r) b

zre9. t6s (r) d

z r 90 .: or ( r ) 
d

2L2L . 462 (L)

2087.200(L\

-0.167(r-)

-0,038(1)

0.046(1)

-0.141(1)

3. .592 (2)

o .2sB (21

2 , 5t1 (L)

7 .187 (2)

0.883 (1)

8.393(1)



transitions cafcufated 256 280

transitions assigned 2I5 243

peaks observed 106 1L7

l-argest absol-ute difference 0'0L3 0'015

RMS deviation 0'004 0'006

Notes

a, fn hertz' at 300.L35, MHz to high frequency of internal-

TMS .

b, Numbers in parentheses are standard deviations in the

last significant digÍt, as given by the NUMARIT

analysis.
c. 'D (H4) correfates with ?,I(CH3,H4) by -0.299.

d. 1)(H2) correfates with 1J(H4) by 0.239,



Figure 1

The methoxy proton region of a 2.0 mol?

3-iodoanisole in A) CS2/ C6D p/'l|'trs I and B)

a. observed spectrum

b. calcuÌated spectrum

so.lut ion of

acetone-d6/TMS.

(B)(A)



3.L.2, 1 , 3-dimethoxvbenzene

Resufts of the analyses of the lH nmr spectra of

4.0 mo13 solutions of 1r 3-dinethoxybenzene ín Cs2/C6Dn/ TMS and

acetone-d6/TMs appear in Table 2' AII signs of lhe couplings

were adopted from an earlier analysis for anisole (L6) ' Some

initiaf parameters were obtained by decoupling the methoxy

protons in acetone-d6/TMs. The spectra of the methoxy g¡oups

in both solvents appear in Figure 2. The spectra of the ring

protons in CS, solution appear in Figure 3 and 4 '



Tabl-e 2

1H nmr spectral parametersa for a 4.0 molt sol-ution of

1r 3-dimet.hoxybenzene ín CS2/C5DZ/TMS and acetone-d6/TMs at

300 K.

0 (CHr=g¡r¡

D (H2 )

ù (r-r4:H6 )

D (Hs )

8,J ( CH3 
' 

CE3)

s,f (cH3 , H2 ) :st 
1 
gt., 

"t 
,

?,J (cH3, H4 ) :7.T ( c¡t3, H6 )

6J (cH3, H5 ) =6,r ( cH3, H5 )

s,J ( cH3, H 6 ) =s.T (c¡t3, H4 )

4J (H2, H4:H6)

s,t(H2,H5)

4,r(H4,H6)

:1¡¡4=¡r6,H5)

cs2/ c6D þ

l-o97 .086 (0) b'c

r-879.406 (0)

189s . l-55 (0)

2097 .102 (]',)

0.000 (0)

-0.1s3 (0)

-0.063(1)

o. os9 (o) c

-0 , 097 (1)

2.38s (0)

0.307 (r-)

o,758d

8.213 {0)

acet.one-d.f

1"L27.Lt1 (0)

L942.527 (0)

1950 .477 (0)

2L47 .892 (r)

0.000 (0)

-0.160(0)

-0.059 (1)

0.074 (0)

-0.104(1)

2.391 (0)

0.3r9(1)e

o ,'t 32d

8.238(l)e



transitíons caLcu.lated

transitions assigned

peaks observed

RMS deviation 0 .005

1103

841

B5

0.019

0.006

Notes

a. In herÈz, at 30C.1-352 MHz to hígh frequency of internal

TMS .

b. Numbers in parentheses are standard deviations in the

l-ast significant digit' as given by the NUMARIT

anaJ-ysis.

c. 1) (CH3) correfates wíth 6J(CH3¡H5) by 0.470.

d, The values of 4.1(H4' H6) are calcufated with the couplings

in anisole (23) and benzene (34) ' using the additivity

rul-e .

e. 1) (H2) correlates with s,f (H2,H5) by -0.239. Ð(H4)

correlates wíth 3.1(H4,H5) by -0.340.

f. The parameters (in Hz) for the methoxy decoupÌed

spectrum, with 608 out of 960 transítions assigned, are:

t)(H2)=I9a2.342(01 4,.t(H2'H4:H6)=2.396(0)

D (H4:H6)=l-950.288 (0) s,f (It2,H5)=0.317 (0)

1) (H5)=2147.70r" (0) 3(H4=H6,H5)=8,236(0)

Bfoch-Siegert shifts are evident.

r.168

758

67

largest absolute difference 0 .0L2



.t r-gu re z

The methoxy proton region of a 4.0 mo1%

1,3-dimethoxybenzene in A) CSr,/ C.D12lTMS '
B) acetone-d6/TMS.

a, observed spectrum

b. calcul-ated spectrum

soLut i on

and

of

(B)
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Figure 4

Spectrum of H-5 of a 4 .0 mo.lià solution of

1,3-dimethoxybenzene in CSrlC.Dt.,/TMS.

a. observed spectrum

b. cafcufated spectrum
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3. 1. 3, 5-chlôro-1, 3-dimethÔxybenzene

Results of the analyses of the lH nmr spectra of

4.0 molå solutions of 5-chloro-1r 3-dimethoxyben zene in

CS2/C6Dp/TMS and acetone-d6/TMS appear in Table 3. The

spectra of the methoxy groups in both solvents appear in
Figure 5, The spectra of the rinq protons in acetone-d6/TMs

appear in Figure 6 and 7.



39

Tabl-e 3

1H nmr spectral parametersu for a

5-chforo-1, 3-dimethoxybenzene in

acetone-d5/TMs at 300 K.

4,0 molå solution
cs2lc6DulTMS and

o cE3

of

lJ ( CH3:CH3 )

ì (H2 )

[ (H4=H6 )

8J(CH3' GI3)

sJ (cH3 , H2 ) =5J ( cH3, H2 )

?,f (cH3, H4 ) =?,J ( cH3, H6)

s,J (cH3, H6) :5.T (cH3, H4 )

4,f(H2,H4:H6)

4,r(H4,H6)

t.ransitions calcuf ated

transitions as s igned

peaks observed

largest absolute difference

RMS deviation

cs2/c6DD

1r03.126 (0)b

18s6.768 (0)

1906.946 (o) c

-0.001(0)

-0. r-46 (0)

-0.064(4)c

-0.098 (s)

2.244 (01

1,650d

acetone-d6

:-L37 .271 Q)b

L929.L7I (L)

r.963.164 (0)

-0.002 (0)

-0.1s7 (0)

-0.061 (3)

-0.100 (2)

2 .23L (r)

L .624d

392

371

30

0.014

0.005

408

279

30

0.010

0.004



Notes

a. fn hertz, at 300.1352 MHz to high frequency of internal

TMS .

b, Numbers in parentheses are standard deviations in the

]ast significant digit, as given by the NUMARIT

anaJ-ysis,

c. Ð (H4:H6) correfates with ?,J(CH3¡H4) by 0.30a.

d. The val-ues of 4,J(H4, H6) are calculated with the couplings

in anisole (23) , benzene (34) and chlorobenzene (35)'

usinq the additivity rule.



The methoxy proton region of a

5-chloro-1f 3 -dimethoxyben z en e

B) acetone-d6/TMS.

a, observed spectrum

b. ca]cu lated spectrum

4,0 moL% solution of

in A) CS2lc5D12lTMS, and



Spectrum of H-2 of a 4.0 mof%

5-chloro- 1 , 3 -dimethoxybenzene

a, observed spectrum

b. cafculated spectrum

so]-ut.ion of
in acetone-d./TMS.

! Llz



Figure 7

Spectra of H-4 and H-6 of a 4.0 nof? sofution of

5-chLoro- 1- r 3-dimethoxyben zene ín acetone-d6/TMS '

a. observed spectrum

b. cafculated spectrum

0.5 Hz



3.1. 4, fsobutylbenzene

Results of the analysís of the lH nmr spectrum of a

4,0 molå solution of isobutylbenzene ìn CSr/CrDe/ TMS appear

Tabfe 4, The transitions of the methylene protons were not

assigned. The analysís of the side chain and ring gave

different values of s.l(CH'H2), 0'038(2) and 0.01"5(2) Hz'

respectively. The ring region appears in Figure 8. The

methíne proton spectrum appears in Figure 9' that of the

methyl protons in Figure 10 '
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Tabfe 4

lH nmr spectral parametersa for
isobutylbenzene in CSz/ C 6D D/TMS

a 4.0 mol? soLution

at 300 K.

of

D (CH3)

Ð (cH)

D (CH2)

t) (H2)

D (H3)

Ð (H4 )

3,J ( cH3, cH)

4J (CH3 
' 

CH2 )

6,r (cH3, H2 )

3.r ( cH, cH2 )

s,J ( cH, H2)

6J(cHrH3)

7.t ( cH, H4 )

4J (CH2 
' 

H2 )

264.654(o)b'c

543.179 (2)c

7 24 .200d

2L01. .2r8 (t)

2L36 .125 (r\

2L09 .823 (L)

6.613 (1) c

-0.009(1)c

-0 .001 (1)

7.154(1)

0.038(2)c'e

0.001(r")

-0.00r- (2)

-0 .538 (1)

(CEs ) z

5,T(cH2,H3)

6,t(cH2,H4)

3,r (H2 , H3 )

4J (H2 | H4)

4,r(H2,H6)

3,r (H3, H4 )

4J (H3, H5 )

s,r (H3, H6)

0 .21 2 (Ll

-0.374(1)

1 .644 (21

L .21 r (L)

L .902 (r)

7.431(1)

1" . 452 (r)

0. s96 (0)

"\^-""

'ô
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transitions calcul-ated

transitions assigned

peaks observed

864f

2I5

190h

53 9s

349

0.019

0,007

largest absolute difference 0'016

RMS deviat íon 0.006

Notes

a, In hertz, at 300,1352 MHz to high frequency of ìnternaL

TMS .

b. Nunìlcers in parentheses are standard deviatíons in the

fast siqnificant digit, as given by the NUMÀRIT

analysis.
c. ,l) (CH3) correlates with 3.7(CH3¡ CH) by 0 '2IO . Ð (cH3)

correfates wìth 4J(CH3, CH2) by 0'401. Ð(CH) correlates

wíth 3J(cH3, cH) by 0.254. 1J(cH) correfates with

5J(CH,H2) by -0.867, 3J(CH:¡ CH) correlates with s'J(cH, H2)

by -0.205.

d. chemica] shift v;as not optímized.

e. 5J(CH,H2) is 0.015(2) Hz fron the ring analysis '

f. Number of transitions calculated for the side chain

region, there being rnany degenerate transitions.

g, Number of transitions cafculated for the ring proton

region, there being many degenerate transitions.

h. Totaf number of peaks observed for the whole molecule.



t agure ö

The ring proton region of a

a. observed spectrum

b. calculated spectrum

4.0 mol-? sofution of isobutylbenzene ín 'CS2/C6Drz/1145 
-

5Hz





t rgure v

The methine proton region of

a. observed spectrum

b. caf cul-ated spectrum

a 4.0 mof% sol-ution of ísobutylbenzene in CS2IC5D12ITMS-

5Ez
tl





Figure 10

The methyl- proton region of a 4,0 rnolå sofution of

ísobutylbenzene in CS2/ C6DL2/IMS.

a. observed spectrum

b. calcu.Iated spectrum
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3,1. 5, 3-phenylpentane

Results of the analysis of the 1H nmr spectrum of a

4.7 nol* solutíon of 3-phenylpentane ín CS2/C6Dplt¡tS appear

in Tab1e 5. The transitions of the methine proton were not

assigned. The ring region appears in Figure 11". The

spectrum of the methylene protons appears in Figure 12' lLhaL

of the methyL protons in Figure 13.



Table 5

1H nmr spectraL parametersa for
3 -phenyJ.pent ane in cs2/c6DD/TMS

a 4.7 molå sol-ution

at 300 K.

3,f (Hu:H.,. CH)

3J (Ho=Ho', cH)

4,J ( cH, H2:H6 )

s.T (cH, H3=H5 )

6,r ( cH, H4 )

3,r(H2, H3 )

4J (H2,H4)

4J (H2 tH6)

3,f (H3, H4 )

4,r(H3, H5 )

s,J (H3, H6 )

of

4a , H-,

c'r)c--' ? --.a:r=
'/^.- \,

9lù (cH3)

Ð (Hu=Hu, )

'D (Ho:H6, )

D (CH)

u (H2:H 6 )

1) (H3:H5 )

'u (H4 )

3.T (cH3, Hu:H"' )

3J (cH3, Hs:Ho, )

4J(CH3' CH)

s,J ( CH3, Hu=Hu' )

s.I (cH3 ¡ Ho=Hs, )

6,J (cH3, H2=H6)

?,J (CH3, H3:H5 )

4,f ( Hu, Hu' )

2,f ( Hâ, Hb)

4J (Ha, Hb,) =l.l(Hu', Ho)

4.r (Hb, Hb, )

224.Zrg ç',1b'c

4s4.936 (1)

494.989(1)c

67 3 . 600e

2:-07 . 425 (1)

2L49 .092 (0\

2 L17 . 605 (1)d

7 .3s6 (21

7 .381 Qrc

-o .2t 3 (z)c

-o. oo1 (o) c

-0.001 (0)

0.0s4 (0)

-0.001 (0)

-o.233 (3) c

-13.476 (3) c

-o.231(o)c

-o .228 Q\c

9.207 (3)

s.250 (2)

-0.4s4(1)

o.279 (rl

-0.107(1)

7.710(1)

L .269 (L)

1-.92s (1)

7.395(1)

r-.461(1)

0. s76 (0)



transitions caf culated

transitions assigned

peaks observed

l-argest absol,ute dif ference

RMS deviation

Notes

a. In hertz, at 300.1352 MHz

TMS .

b. Numbers in parentheses are

last slgnificant digit, as

analysis.
c. Ù (CH3) correlates hrith 3'J(CH3rHo:H5') bY -O.226. Ð(CH3)

correl-ates vtith 4.1(CH3, CH) by 0.275. 1) (CH3) correlates

$rith s,J(cH3rH.:Hu,) by 0.285. D(Ho:H6') correlates with
3,J{Ho=¡¡o,, cH) by -0 '266. 4,f (H., H"') correlates with
2,r(H.¡ H6) by 0.407 , 4'J(Ha, Ha') correlates r,rith 4,J(Ha, Hb')

by -0.245. 2,f (HurHb) correlates with 4.1(Ha,H6') by -0.203.
2J(Ha, Hb) correl-ates with 4,J(Hb, H¡') by 0.332 . aJ(Hu, H5')

corre.l-ate s with 4.f (Hb, Hb, ) by -0 . 266 .

d, D (H4) coïref ates with 3,I(H3,H4) by -0.247 .

e. Chemical shift was not optimized.

f. Nuñber of transitions cafculated for the síde chain

region, there being many degenerate transÍtions,

S, Number of transitions calculated for the ring proton

region, there being many degenerate transitions,

h. Total- nunìber of peaks observed for the whole mofecul-e.

2sg 6'

740

17 oh

0.031

0.01-6

1689s

1200

0 .026

0.01_0

to hígh frequency of internal-

standard devialions in the

given by the NUMARIT



! rYuru ¡¿

The ríng proton regiÕn of

a. observed spectrum

b. calculated spectrum

a 4.7 mol? sofution of 3-phenylpentane in CS2/C6D2/1M5.

10 ¡I z





Figure 12

The methyfene proton region of a 4.7 nol-8 solution of 3-phenylpentane iñ CS2/C6D\2/TMS.

a. observed spectrum

calculated spectrum
!2.5 Hz





Figure 13

The methyl proton region of a 4.7 mol? soÌution of
3-phenylpentane in CS2/C6D.r2/lyrS.

a, observed spectrum

b. calcu.Lated spectrum r.rith 4J(CH3, CH):-0 .2'12 Hz

c, calcutated spectrum v¡ith 4,f (CH3,CH\:+0,272 Hz



60

3 .2 . côrìputatiônal parameters

3,2.L. 3-Íodoarlisole at the STO-3G Mo level

The relatíve energíes and the dipoLe moments of

3-iodoanísole at 15o intervals of the dihedraf angle' 0/

between the methoxy group and the ring, appear in Table 6.

The potentíaf energy curve for the rotation of the methoxy

group about the Cup-O bond appears in Figure 1-4. The

structures of the cis and the Ërans conformer appear in

Figure 15 and 16, respective.Iy, All the bond. angles (o) and

bond lengths (Â) reported were optimized, but with the nucl-ei

of the benzene moiety constrained to a plane.



Table 6

The rel-ative energies and the dipofe moments of 3-iodoanisole

at 15o intervals of the dihedral- ang1e, e, computed at the

STO-3G MO levef, The total energy for the cis and trans

conformers are -7190.430 139 and -7190.430 238 a.u.,

respectivel-y.

c.

0

15

30

45

60

90

105

L20

1J5

150

r_ 65

180

0.000

0.843

3.153

6.007

1 ao4

7.369

7 .355

1 .288

1 ) A)

6.313

3 .459

0,769

-0 .262

Dipole moment (D)

0.975

L .006

1 . l-03

1" .256

r.447

L.6t4

1.906

2 .L23

2.322

2 .496

2 .636

2 .129

2.762
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Figure 14

The potential energy curve for the internaÌ rotatíon of the

methoxy group about the C"p-o bond in 3-iodoaniso.Le. The

relative energies, calculated at the STO-3G MO levefr are

given as triangles in the figure. The sofid fine represents

the best fits potential function as in [16].

B

7

6

€5
{+
r¿3

;2
'1

0

-1

90

O, Degrees

: O. 07 (5) sinz tf,l * t. 61 (5) sin20 -
+ 2.54(5) sin220 - o.25(5) sínz 1f;¡

- 0,25 (5) sin240 (kJ mof -1)

60 120

v (0) o. o6 (s) sinz 1J¡

- 0.16 (5) sin230

t161

s The poten¿ia} function incJ-uding only the first two terms, has
standard errors as large as 0.61' which drop to 0.14 when the third and
fourth terms are also incfuded. Howeverr the error may not decrease or
may even increase if too many terms are ínctuded. Thus, the best fit
function is chosen, !¡ith Lhe least number of t.erms and a reasonable or
the lonest sÈandard error.



Figure 15

The STO-3G structure

ÀIf the bond angfes

the only constraint

rema in in a p]-ane ,

the cis conformer

and bond fengths

that the nucfei of

of 3-iodoanisofe.

(À) are opt inized;

t'he benzene moiety

of

(o)

H
I*
lo)lc

106.3 l-

r*;\'*ut-*
115.0 

H

fioz rrs.o zeò;

120.0 

//-^\ 
11s.e(o

ùt )q
\ro.r\-) ,ro.l

Qn ur.u 
^pf



Figure 16

The STO-3G structure

All the bond angfes

the onty constraint

remain in a plane.

trans conformer of 3-iodoanisole.

bond lengths (Â) are optimízed,

the nucfei of the benzene moíetY

of the

(o) and

is that

\.gy

H
*l(')l
cl- | loo.s

H-to-sL'f11r.Xe

I ï4.8

(aen ts.o /.<þ

119.3 ,'--\ 120,6
ct/\s(Dll@e2\/cì

\/
121.4 119.6

Qu, ur.. 
^p4



3,2.2, l- 3 -dimet hoxvben zene at the STo-3G Mo leveI

The relative energies and the dipole moments of

l-,3-dimethoxybenzene at 15o intervals of the dìhedral anglesf

0 and 0, between the methoxy groups and the ríng, appear in

Tabfe 7, Conputations were done by alternateLy rotati'ng one

methoxy group while confining the other to the plane of the

ring. All- the bond angles 1o¡ and bond lengths (Â) were

optimized, with the nuclei of the benzene noiety confined to

a plane. The potentiat energy curves for the rotation of the

methoxy groups about the C*z-O bonds appear ín Figure 17 '

The structures of the ¿rans-cis, cis-cis and Èrat:s-trans

conformers appear in Figure 18r 19 and 20, respectively'
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Table 1

The relatíve energies and the dipole moments of

1r3-dimethoxybenzene at 15o intervals of the dihedral angIe, 0

and 0, computed at the STO-3G MO level. The total energy for

the lowest energy conformer (e:O:O") depicted below is

-452 .733 L25 a. u. .

cHs\

oo (ôo:o )

0 (t-c)

15

30

45

60

75

90

1_05

]-20

1_35

1-5 0

1- 65

r80 ( c-c)

Relat ive energy (kJ moI-1)

0.000

1_.099

3.981_

1 .I23

8.338

8.573

8.780

8.984

9.293

B .1,97

5 .632

3.552

2 .195

Dipol-e moment (D)

1.155

1- .r52

1.155

I.L94

I.268

1.366

T .484

1_ . 616

1_.755

1-.886

r_ . 990

2 .055

2.078
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öo loo:o I

0 (È-c)

_t5

30

45

60

/5

90

105

]-20

135

1-50

r- 65

180 ( È-Ë)

0.000

0.961

3.591

6.852

L642
a o?,

9.085

9.004

8.943

8,068

5.310

2.7L5

! . I ¿õ

1 .155

L .205

1.341

1 .530

1 .731

1. .9L4

2 .035

2.090

2 .094

2 .080

2.056

2.0LB

Relative enerqv (kJ mol-1)



Figure l-7

The potentíal energy curves for the internal xotat j-on of the

methoxy groups about the C*z-o bonds in 1' 3-dimethoxybenzene '

The re.Lative energies, calculated at the STo-3G Mo level' are

given as triangfes and squares in the figure ' The solid and

the broken lines represent the potential functions as in [17]

and [18], respectivel-y.

90

le,Ql ' Degrees

t 0,0

10

I
B

a7
õ^
EbìsJ
-4>3

2

1

0

't2060

v(0) : 2.Is (5') sin2 f!)

+ 2.57 (5)sin220

- 0,24 (5) sin240

v(O) = r.7o(4)sin, 1|l

+ 2.49 (4) sin22$

- O .25 (4) sin2¿0

+ 7 .54 (5)sin20 +

+ 0.25(s)sin'z(T)

( k,f mof -1)

+ 8 .33 (4 ) sin20 +

- 0.27 {a) sinz 1}¡

(kJ me1-r¡

o.38 (s) sinz 1J)

- 0 ,20 (5) sinz3e

[17]

0.32(4)sinrt])

- 0.14 (4) sin230

t 18 l



Fígure 18

The STO-3G structure of the trans-cis conformer (0:0"f q:Oo)

of 1,3-dimethoxybenzene ' AÌf the bond angles (") and bond

fengths (À) are optimized; the only constraint is that the

nuc.Iei of the benzene moiety remain in a plane '

H
*l('l
cl- | roo.s

r

\",q
I tz-.t /''\

114.8 -<t"-Qe
,,--r"^¡cÒna's -H
o
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(9" ,,n.t 
^l

et



Figure l" 9

The STO-3G structure of the cis-cis conformer (e=180o/O:Oo)

of 1 | 3-dimethoxybenzene , Afl the bond angles (o) and bond

l-engths (À) are optímized; the only constraint is that the

nucfei of the benzene moiety remain in a pJ-ane '

H

125.3

r."""-

o
coo

118.9

Hl.
lo)lo
lrl

106.3 |

,,%;?{""-,
t.,.n 

\tti-t,l 
H

\*i
112.4'^

::'Á:".*q*
o

1iø6 rrs.z ¿oeo\

11s7 ,,'--\ 119.4,/\c!/\cofl(cô l. (
Ê\/

12g'g 
\"'---/ 

120'2

Qou ns.z.þ9



Figure 20

The STO-3G structure of the Êrans-Ërans conformer

.(0:6o, Q=1g9") of 1,3-dimethoxybenzene . AII- the bond angfes

(o) and bond tengths (Â) are optÍmizedi the onl-y constraint

is that the nuc.lei of the benzene moiety remain in a plane '
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3.2.3. fsôbutylbenzene at the AM1 and the sTo-3G Mo feveÌs

The re.lative energies and the dípo]e moments of

isobutylbenzene at 15o intervats of the dihedraf angle, B.

between the isobutyl group and the rìng, appear in Tables I

and 9. The optinized dihedral angfes C1C7C8H8' Q, are also

given. The potential energy curves for internaf rotation

about the this bond appear in Figure 21.

The angles 0 are defined as positive for the c8-HB bond

(C8 is behind C?) rotated ant i-cl-ockwí se, or as negative for

clockwise, from the pl-ane containing cL/ C7 and CB (see

pictures below) .



Table 8

The relatíve energíes and the dipole moments of

isobutylbenzene at 15o intervafs of the dihedral angJ-e, p,

computed at lhe AMI feveL. The signs of the dihedral angles

C1C?C8H8, 0, are defined on P.72'

.>;ryt*-"",

o
Ê' o"

0 -4 4 . 0

_c.a 1

30 -57.9

45 -56.8

60 -46.9

75 -46.L

90 +45.8

0.000

-0 . s98

-L ,402

-2 .67 4

-4.3L4

-4 . 690

-4 ,330

Dipofe moment (D)

0.L32

0.L24

0.11-4

0.103

0.096

0 .093

0.096
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Tabfe 9

The reLative energies and the dipol-e moments of

isobutylbenzene at L5" intervals of the dihedral angle, B,

computed at the sTo-3G MO level. The cafculations at B=45o

and díd not converge and were discarded. The signs of Q are

defined on p.72. The conformer has a tota.L enerqy of

-382.2LO 867 a.u. at 0:Oo (0:-q¿ . s") '

CEg>Þ{'-
rl-.u c'g

@

Êo o"

ñ -AA A

15 -52.4

30 -57 .0

60 -56.1

75 -55.7

90 +56.2

Relative enerov (kJ mol-r)

0 .000

-3 .006

-5 . 610

-11 .388

-L2 .454

-1 1 rìqd

Dipole moment (D)

0.340

0 .331

0 ,3r2

^ 
)aa

0,281

0 .284



Figure 21-

The potentiaÌ energy curves for internal rotation about the

C"pr-CrÉ bond in ísobutylbenzene , The reÌative energies,

cal-cu]-ated at the AMl- and the STO-3G MO leve I, are given as

triangles and squares, respectively, in the figure. The

solid and the broken Iínes represent the potentiaJ" functions

as in [19] and [20], respectível-y.

60 90 120

Þ, Degrees

0

-2

a¡ -4
oç
\-þ
J
--B

-10

-12

V(p) = - 4.79 (2)sin2B - 0.50 (21 sin22þ + 0.48(2)sin230

- 0.46(2)sin24p (k,Ï mo1-r¡

v(p) = - 11,11(6)sin2p - 1.54(11)sin22Ê + 0.L2(6)sin23B

- 2.47 (10) sin24p (k,J mo1-r¡

t19l

t20l
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3.2.4. 3-phenylpentane at the AMl level

The relative energies and the dipole moments of

3-phenylpentane at 15o intervals of the dihedraf angle, 0,

between the 3-pentyl group and the ring, appear in Table 10 '

The optirnized dihedral angl-es H?c7CBc9' 0, and H7c7cL0c11, V,

are also gíven' The potential energy curve for internal

rotation about the Crpr-Cqd bond appears in Figure 22 '

The angles 0 (or V) are defined as positive for the

C8-C9 (or C10-CLL) bond rotated anti-clockwise, or as

negative for ctockwise, from the pl-ane containing H7, C7 and

C8 (or H7 , C7 and C1-0 ) .

CE3 CIT2 cB3 cE2

C8 ís behínd C7

CIt3 CH2

CeBs CeIIs c11

CLO is behind C7



Table 1-0

The relatíve energies and the dipole moments of

3-phenylpentane at 15o interva.ls of the dihedraf angle, 0,

computed at the AML fevef ' The signs of the dihedraÌ angles

H7c7C8Cg, Q, and H?C7cL0c11' V, are defined on p.76.

u

0

30

45

60

75

90

o" v"

47 .5 39.2

46.6 36.9

44.6 38,0

51.30 38.9

a2.4 34 .5

-1 .0' s6.3"

3.4 20.80

0.000

0.015

L.293

4.r27

6. 804

r.1.590

l_3 . 907

0.094

0.097

0.109

0.119

0.132

0.r47

0.136

0 relieves CH2 and ring rePulsion
n relieves CH3 and ring rePulsion
* relieves CH3 and CH3 repulsion
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Figure 22

The potential energy curve for interna1 rotation about the

Crpr-C"e,r bond in 3-phenylpentane. The relative energies,

calcul-ated at the AM1 leveIf are given as triangles in the

figure. The solid line represents the best fit potential

function as in l2Ll.
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4,1, 3-íodoanisole, 1r 3-dímethoxyben zene and S-chforo-1'3-

4,L,L, Summary on the cônformation Ôf anisoles

The orientation of the methoxy group j-n anisole and many

of its derivatives has been studied by means of dipole

moments and molar Kerr constants (36-39) r as well as by

spectroscopic (L-6, 25,26,40-54), el-ectron diffraction (55)

and theoret j'cal (26,44'56-6L, methods' Agreement, that the

pfanar heavy aton skeleton, XtIr is the stabfe conformer, has

been reached by microwave (25,42,43\ | nmr (1r2,4t46-5I) |

photoelectron (44), supersonic jet laser spectroscopic

(53,54) and theoretical (26,44,56-58,61) studies. The

existence of a secondary stable orthogonal conformer has been

suggested by photoelectron (45) ' Raman (26) and theoretical-

(26,57,61) studies. Statistíca1 analyses (62,63). of X-ray

crystal structure data have indicated that the preferred

conformation of the methoxy group and the phenyl ring is

copfanar. In the presence of two orËho substituents other

than hydrogen' the methoxy qroup is orthogonal to the ríng

o/t"t

I

o
XII
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(63) . For 1,3-dimethoxybenzene ' both experimental and

theoretícal studies have indícated that the preferred

conformation is planar (44,5L,54,58'59'64t65r. The

trans-trans conformation is suggested to be the most stable

in the vapour phase by photoelectron study (44), whereas

molecul-ar mechanics (58) and STO-3G Mo (59) calculations are

ín favour of the Èra¡s-cis (58'59) conformation.

The rotational characterístics of the methoxy group

about the C"oz-o bond bas also been investigated íntensively

(4-7 ,25,26,39 , 44, 48 
' 

51 | 60,61,66-68) . The barrier to rotation

is uncertain, and apparently ranges from 6 kJ mof -1 in the

vapour phase to 4 8 k.I mol-1 in the solid state ( 7 ) .

A nonplanar methoxy and ring conformation was proposed

by Aroney and coworkers (36-38) . By comparing the measured

and calcufated dipole moments and molar Kerr constants of

anisole in CCln aE 298 K' they concluded that the methoxy

group is twisted L8o out of the benzene plane (38) For

1r 3-dimethoxyben zene, a mixture of nonplanar forms with

ínterval-ency angles and component moments comparable to that

of anisofe are postufated (36'37).

From dipole moment measurements and molecuLar mechanics

calculations (39), Àllinger et aL. suggested free rotation

for the methoxy group about the C*z-O bond. This contradicts

the results from most spectroscopic and theoretical- studies

(4-7,25,26,4L-A4 | 55,57,60r 61' 66-68) in whích hindered

rotation is implied.

Steric hindrance between the nethoxy and the ortho C-H



bonds destabitizes the ptanar conformation of the methoxy

group. Maximum conjugatíon of the oxygen atom with the ring

requires a planar conformation. The two opposing

interactions fed Horák, Líppíncott and Khanna (40) and

Josefi et al. (41-) to propose that the methoxy group is

twisted out of the benzene pJ.ane ' Tn a víbrational- study of

liquid 3-halogenoanísoles (41), ,fosef í et af. observed two

distinguishable isomers, suggesting hindered rotation about

the CuOz-O bond.

In an anafysis of the infrared and Raman spectra of

liquid anisole at ambient temperature' the planar heavy atom

skeleton and Cs symmetry were assumed by owen and Hester

(66), From the torsíonal frequency of 108 cm-1, the twofofd

torsíonal barrj-er to the methoxy group rotation about the

C*z-O bond was deduced as 25.2 k,f mof-l, compared to

22.2 kJ mol--l for methyl vinyf ether '

À number of infrared (67) and Raman (26,68) studies have

shown that the methoxy and the methyl torsional- frequencies

are not pure vibrationaf modes. In other words, the barriers

obtained from these frequencies are only apparent '

AÌlen and Fewster (67) studied the infrared spectra of

anisole, anisole-d, and anisofe-d5 in the gas phase ' The

spectra for anisole and. anisoLe-ds are similar but unLike that

of anisole-da. The methoxy torsíonaf frequencies for the two

former molecul-es are close, at 81.5 and 80.0 cm-1,

respective.Iy, but that for the latter is 7?'5 cm-l' The

twofold barriers are L5,1 kJmol-1 for the two formex moLecufes



and L7.1 k,J moL-1 for the latter. The discrepancy is explained

as due to the mixing of the low frequency out-of-plane ring

vibration into the torsional mode and the inadequacy of the

use of onl-y thro degrees of freedom.

Tylli and Konschin (68) studied the Raman spectra of

anisole and anisofe-d, in the solid state at L30 K. The

barriers to methoxy group rotation were deduced as 48'2+I'3

and 49.0t1.5 k,J mol-1, respectively. These values are

identical within experimental accuracy, indicatíng that the

couplíng of l-ow frequency modes to the methoxy torsional mode

in both cases is of the same order of magnítude. The

apparent barrier to methyL group rotation decreases from

22 .L + 0.2 k,I mol-1 in anisof e to 1-7 .5 + 0 .2 k,I mol-1 in

anisole-d3, The reduction upon deuteration is not due to

isotopic substitution' but to the coupling of another fow

frequency mode to the methyl- torsional mode.

The pfanar framework of heavy atoms has been suggested

by lister and Owen (25t42, from microwave studies of

p-f tuoroanisol-e in the vapour phase. From the spectral

appearance (421 | a lower limít of ? k,l mol--l is placed on the

barrier to the t.hreefold rotation of the methoxy group' The

barríer heíght is suggested to be simifar to that found for

nethyf vinyf ether | L6.7 k.I mo1-1'

Seip and Seíp (55) reported the efectron diffraction

results for gaseous anisofe at 328 and 523 K. on comparing

the experimental and theoretícaI intensíties' they obtained

good agreement fox a planar skel-eton at the logrer



temperature. At the higher tenperature' a best resul-t was

obtained for a methoxy torsiona.l angle of 40o. The large

deviation from pJ-anarity at the higher temperature and the

large difference between the mean vibrational amplitudes at

the two Lemperatures l-ed lhen to suggest a secondary

potential minj-mum in addition to that for the planar

conformer, The barrier descríbed by equation l22l was

suggested as inadequate '

V" ( 1-cos2e)
V (e) : -' , - (k.l mol-t)

Later' Lister studied the microwave spectrum of the sj-x

Ìowest torsional states of the methoxy group in

p-fluoroanisole at 273 R (251 . The torsional vibration is

reasonably harmonic with a frequency of 70 cm-1 ' The

potentiaf welf containing the pfanar rotamer has at least six

pairs of energy Levels, indicating that the l-ower limit of

the barrier is at least 4.6 kJ *o1-1, and that the energy

difference between two rotamers, if a second one exists in

fess than 2OZ at 2'13 K' is at least 3'6 kJ mol-1' The simpÌest

potential function wilI inctude a fourfold term in addition

t'o a twofold term as in equation [23] .

l22l

123 )
V. ( 1-cos20) V, ( L-cos4e)

v(e) =-' , +- n- (kJ mol-r)

onda et af. (43) measured the microwave spectrum of

anísole in the ground vibrationaf and the first excited

toïsíona1 states at temperatures near 258 K. The preferred



conformation is the p.Ianaï heavy atom skeleton and the

meÈhoxy torsional frequency is 83'O(3.7) cm-1'

The STO-3G MO calculations of Anderson, Koflman'

DomeLsmith and Houk (44) have predicted four focal minima on

the potential function of anisole, with the pfanar

conformations (0" and L80") favoured over the perpendicular

conformations (90o and 2?0') by 3.9 kJ mof-1' I"ùhen the steric

replusion between the methoxy and the ort¡o hydrogen atoms in

the planar conformation is relieved by the opening of the

Croz-C"oz-o angfe from 12Oo to 125.5o, the rotational barrier

becomes 5.6 k,Jmol-1. Theír photoefectron spectra implied

pl-anar conformatíon of the methoxy groups in anisole, 1r3-

and 1, 4 -dimethoxybenzenes ' The 1, 3-dimethoxyben zene has the

two methoxy groups pointing away from each other '

Substitution of a second methoxy group at the meta position

in anisol-e stabilizes the mofecule, as indicated by the

isodesmic energy and a higher rotational- barrier, 9 ' 4 kJ mol-1,

compared. to anisole. The predicted ß charges on the carbon

bonding to the methoxy group correfate with the rotational

barrier: î charges of 0'035, 0.0L7 and -0.016 for

1, 3 -dimethoxybenzene, anisol-e and 1, 4 -dimethoxyben zene with

barriers of 9.4, 3.9 and 0.7 kJ mol-]r respectively ' The less

stable orthogonal conformer of anisol-e has been assessed by

Friege and Klessinger (45) in their photoeÌectron study as

5,7 + O,6 k,J mol-1 Less stable than the planar conformer.

Emsley and coworkers (46t47, studied the lH nmr spectra

of substituted anisofes in the nematic phase. trle 2t6- and



3r5- derivatives were used in order to simplify the spectra '

However, the dípolar coup.tings fïom the remaíning protons do

noL yield enough conformational inforrnation, and reasonabfe

assumptions about the geometries of the ring and methoxy

group had to be made (46) . Only the couplings between the

methoxy protons were independent of the methyf group motion'

With a 13c label]ed methoxy groupf more couplings of this type

coufd be obtained (47). The calcul-ated and the observed

dipolar coupJ-ings beth'een the methoxy protons showed that

moLecular reorientation was faster than the rotation about

the C"oz-O bond (46), which had a barrier of more than

12 kJmol-1 (47) . The stable conformer had a pl-anar structure

with one C-H bond pointing away from the ring on the plane

(46t47), ln the case of 2,6-dichloroanisofe, the minimum

energy conformation had an orthogonaf methoxy group (47) .

Diehf and coworkers (48), using 7H, 'H, 1H{1H} and 2H{lH}

experiments, have obtaj-ned aJ-1 dípolar couplings but are

unabfe to decide on the depth and shape of the methoxy and

the methyl- group Potenlials '

13C nmr chemical shifts give information about the 7t

electron densíty distributíon in the molecular system (69).

Dhami and Stothers (70) studied the effects of steric

substitution on the methoxy group and the ring conjugation '

For mono-ortho substitution, the orËåo carbon cis' to the

methoxy group is more shiel-ded than the Ërans. Biekofsky and

coworkers (71-) have estimated the average cis- and

trans-ortho carbon substituent chemical shift (ScS) effects
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to be -17,7 and -10.1 ppm, respectively, ín agreement with

their Individual Gauge for l,ocaf ized OrbitaÌs (IGLO)

calculations. The interaction between the nethoxy group and

t.he trans-orL¡o carbon is mainly an electroníc effect/

whereas that with the cis-ortho carbon ínvolves both

eÌectronic and steric effects ' Kitching and coworkers (64)

have observed an increase in the para carbon SCS effect from

-7.68 ppm in anisole to -7.93 ppm in 2 -methylan í sole . The

steric enhancement of resonance is attributed to an increase

in population of the planar conformer. For di-orËho

substitution, alI aromatic t3C nucleí are deshielded due to

the reduction of electron-release by the methoxy group to the

ring (70) . rn the presence of two orËho methyl groups' the

para carbon SCS effect is reduced to -4.45 ppm, demonstrating

the steric inhibition of resonance as the population of

nonpl-anar conformers is increased (64) ' In terms of

additivity of substituent effects, deviat j.ons from the

calcuLated vafues are observed for both ortåo carbon atoms in

mono-ortho substituted anisoles and for aÌI aryl carbon atoms

in di-ortho substituted anisoles, which depend on the

conformatíon of the methoxy group (64,70t1Lr. The rule holds

satisfactoriì.y for 1,3 -dímethoxybenzene, implying that the

methoxy groups tie in the benzene plane (64) ' The methoxy

1t nmr chemical shíft is insensitive to mono substitution at

any position on the ring. The methoxy carbon is deshie.Lded

upon di-ort¡o substitution, and the deshiefding increases as

the size of the substituent increases (70) , This observation



is puzzl-ing because the presence of two or¿ho substituents

wíl-l- reduce the efectron-release by the oxygen to the ringf

thereby causing an increase in shieLding (70) . The study of

lt chemica.I shift tensors in single crystals of

methoxybenzenes by Carter et af. suggested that the isotropic

methoxy 13C nmr chemical shift ís 54 ppm for an in-plane

methoxy conformation and is increased to 60 ' 3 ppm for an

out-of-plane methoxy conformation (72) '

Based on the methoxy 13C nmr chemica.I shifts and

spin-fattice refaxation times (T1), Makriyannís and cowo¡kers

(49-51) are abfe to concLude that the methoxy groups are

planar in L12-, 1r3- and l-, 4 -dimethoxybenzenes, and in

methoxybenzenes vJith one or no orÈ.llo substituent. These

methoxy groups have 13C nmr chemicaf shifts very similar to

unsubstituted an.isol-e (54 ppm) For out-of-pl-ane methoxy

groups, such as the 2-methoxy group in

1- r 2 r 3 -trimethoxybenzene, the nethoxy 1t nmr chemical shift
increases to 60,7 ppmf with a longer T1, 61 s.

Kruse, Debrosse and Kruse (52) studíed the

conformatíonaI preference of the methoxy groups in certain

anisoLe deriratives, using nuclear Overhauser enhancement/

NOE, and orËi?o proton T1 measurements ' It vras postulated that

the methoxy group seeks the orÊ¡o position of highest fi

electron densit.y. They pointed out that the ratio of NOES

does not necessarily give the ratio of conformational

populations correctly for such complex spin systems ' Both

NOE and T1 measurements had to be considered' The



deuteration/T, technique, independent of NOE' gave comparabLe

resufts.

From 1H nmr studies on anísofe (23)' Schaefer et a1 .

obtained a s,Jo(H,CH.) of -0.L52 (0) Hz in cs2 and -0.155(0) Hz

in acetone-d5r close to the mean value of their INDO MO FPT

computations (1) on sJo(HrcH3) at 0=0o and 18Oo (-0.292 and,

0,037 Hz, respectively) ' They concluded that the methoxy

group and the ring are coplanar with a substantia.L barrier to

internaf rotation (2) , Their 1t DNMR experiment (5) showed

no broadening of the peaks of the two orË¡o carbon nuclei in

dimethyl ether sofution at L20 K' The difference ín chemícal

shifts between these nucÌeí in the p.lanar conformation could

not be less than 6 pprn (5); therefore the free energy barrier

to the methoxy group rotation about the C"oz-O bond was less

than 19.7 k,J mol-l, Further TÞ measurements gave a maximum of

18.4 kJ mol-l on the assumption that the shift difference is

6 ppm (5),

Schaefer et aI. have studied the rotational barríer with

the ,J-method (12) , Their lNDo Mo FPT computations indicate

that both sJ(13c/ 13c) ( 6) and 6Jp(rH, it) (5) are sin2e dependent

as in [24] and 125]

sJ(1t,13C) : 1 .53 (1) sin20 (Hz)

6Jp(1H, r:C) : -0.01 - 0. 626sín20 (Hz)

124)

125l

ExperimentaÌÌy (5, 6) , a 54(13c,1t) of O ' 98t0. 03 Hz and a

e,{{iu,13c) of 0.625t0.005 Hz are obtained (see eq. [2], [3] on



p. 9) . 5,J(13C, 13c) is not observed and may be f ess than 0 '03 Hz 
'

which implíes a <s j-n20> of 0.03 or fess (6). For 6Jp(1H,13c) ,

the observed vafue ís tO.030+0.005 Hz, rvhich gives a <sin20>

of 0.048(B) (7). These val-ues of <sin20> imply a rotational

barrier close to 40 and 28.O k,l mol-1, respectively, if the

barrier is purely twofold (6,7) . Both results indicate that

a fourfold terrn with the same sign as the t\'¡ofold term must

be present in order to gíve a barrier height consistent \'rith

the DNMR result (5-7) .

6,fp(1H,13c) ímplies a v2 of 15.0+2 .0 kJ mol-1 and a v4 of

5,6+2.2 k,J mol-1 for the VnlV, ratio of 0.44 indicated by the

6-3lG* (5D) computations (7). The computed potential- energy

functions at the STO-3G MO leve}, [26], and the 6-31G Mo

level, 127 1, are

v(e) = 5.8 (2) sin2e + 2.4 (2) sín22Ê

O.6 (2) sin230 (k,l mo1-1)

v (0) :7.78(5)sin20 + 2,4L(5lsín22e

- 0.54 (5) sin230 (k,J mol-1)

t26 j

121 l

Seeman, Secor, Breen and Bernstein (53/54) observe the

minímum energy conformer of methoxybenzenes by supersonic jet

l-aser spectroscopy. only one conformer of anisoÌe is

detected, The stabl-e conformer is identified by comparing

the nunÙ3er of observed origins to that predicted by the

symmetry of each conformation. The time of flight mass

spectroscopy (TOFMS) of the electronic origin transition



region for the first excited singlet state (s1(-so) of

jeL-coofed anisole, I'2-t It3- and L, 4 -dimethoxybenzene

display one, one, three and two origins, respectively' which

are consistent with planar methoxy moieties. The observed

methoxy group torsional transitions of 1,2- and

1,3-dímethoxyben zene are suggested to arise from the change

of the geometry of the minimum energy conformation upon

electron excitation from So to 51. The potentia.L barríer to

methoxy group rotation for 1r 3-dimethoxybenzene is roughly

approximated as 2000-5000 cm-1 or with 23'9-59'8 kJ mol-1.

These numbers (for the free mofecule) are rather larger than

expected on the basis of other data discussed above.

fn the foltowing sections, the Long-range coupJ-ing

constants between the methoxy protons and the ortho ring

protonsr s,fo(HrCH3), are applied to the problem of the

conformationaf distributions of 3 - iodoan i soì- e,

1r 3-dimethoxyben zene and 5-C.L- 1.3 -dimethoxybenz ene ' for which

disagreenent exj-sts in the l-iterature,
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4 ,t.2. ^^-rn-mar i ana I rli<'|- rihrrliôn of 3-iodoani-soL,e

If the rotatíonal barrier of the methoxy group about the

C"oz-O bond in anisole in the J-iquid state or in sofution at

room temperature is much greater than kT (4-1 ,66) and the

preferred conformation is planar (I,2 | 4 , 49-52 ' 64 | 65) , then

3-iodoanisol-e can exist ín two dislinguishabLe forms, trans

aäd cis.

CHs o/c'lt

d.
The two isomers in a }íquid sample are identified from

some víbrationaf bands (41) . On cooling t'o 93 K/ one

conformer has frozen out and the Ërans conformation is

assigned as the more stable. The conformational preferences

of all- 3-ha logenoan is oles are suggested (66) to be simíl-ar

(see conclusion) . rn a vibrational study (66) of J-iquid

3-halogenoanisoles, the changes in the optical densitíes at

940 and 915 cm-1 between 290 and 373 K indicate that the tra¡s

conformer of 3-fluoroanisole is 2.4t0,6 k'l mo1-1 more stable

than the cjs. By s¡ay of conLrast, an 1H nmr study (4) of

3-fluoroanisole has shown that the cis conformer ís s.Iightly

more stabfe ìn both CS, and acetone-d6 solutions at 300 K/

with a fractiona.l- popul-ation of 0.51- and 0'54, respectively'

\o
I

rô
-...--.

ttans
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Àt the STO-3G MO leveI, the energy dlfference betv¡een the two

planar conformers is 0,46 kJ rnoJ--1, with a fractional cjs

population of 0.55.

From ínfrared intensities at ambient temperature (73),

3-iodoanisole is concfuded to exíst sole1y in the cis-form in

CC14. It seems unlikely that 3-iodoanisote exísts only in the

cis-form at anÙ)ient temperature ' The cis/trans equilibrium

of 3-iodoanisole is expected to be very simifar to that of

3-fl-uoroanisole (4) which has the cjs conformer as slightly

more abundant.

Conformational equilibrium from s,to(8, CE3)

s,fo(H,CH3) in anísoLe and its derivatíves is

stereospecific (1-3), whích enables Llne cis/ttans equiJ-ibrium

to be estimated, In Tab1e 1 (p.28), s,fo(HrCH3) for H-2 and H-6

of 3-iodoanisole are -0.L76 (1) and -0.134(1") Hz in CS, and

-O,fü (1) and -0.14L (7) Hz in acetone-d6' respectivefy'

Assuming that the coupling for the t¡ans arrangement'

s.tr(H, cH3), vanishes, and that for the cis arrangemenL,

s.f"(HrCH3) , ís the same in the two pfanar conformersf then

sJ"(H,cH3) is -0.L?6(1)-0.134(t):-0.310 (21^ ttz in cs, and is

-0.308 Q) gz in acetone-d6. These numbers imply a fractional

ô The errors in Lhe parentheses are es¿imatêd as follows:
(i) For a sum or difference of two or more values, eg. A(a)tB(b)=c(c) ,

the error is c=a+b.
(ii)The error in a p¡oduct, À(a)xB(b)=c(c), or a quotient' ffict"l,

r - ^: 19*Þr -.'



cis popufation of -0.L76(1)/-0.310 (2):o '57 (1)^ in CS, and

0,54(1) in acetone-d, at 300 K. In other words, the free

energy of the cjs conformer is 0.70(L0)^ and 0.40(10) k'f mol-1

tower than that of the trans in CS, and acetone-d6'

respectìvefy. The population distributions in the two

so.lvents indicate that the l-ess polar cis conformer is

sfightÌy more stabfe in the less polar solvent.

rf s,fr(HrcH3) is non-zero, say 0.05 Hz' then sJ.(H,cH3) is

-0.116 (1)-0.134 (1)-0.05:-0,360(2) Hz in cS2 and -0'358(2) Hz

in acetone-d5, The fractional population of the cjs conformer

becomes 0.55(1) in CS2 and 0.53(L) in acetone-d.. Again' the

cis conformer is slightly more abundant in both sofutions at

300 K.

MolecuIar orbital !esults

The relative energies and the dípo.le moments of

3-iodoanisoÌe at 15" intervals of the dihedraf ang.Le between

the nethoxy group and the ringf computed at the STO-3G MO

Ìevel, appear in Tabl-e 6 (p.61) ' The potentiaÌ energy curve

for the rotation of the methoxy group about the C*z-O bond is

l-east-squares fitted to the function in [].61 and is displayed

in Figure L4 (p.621 . The top of the curve around 90o is

quite fl-at, as in those of anisofe (7) and 3-fl-uoroani s ole

(4) . The STO-3G MO geometries of the cis and the trars

conformers are given in Eigure l-5 and L6 (p'63 and 64),

respective.Iy, The geometries of the methoxy moieties are



very close to those in anisole (57) '

The rotational barríer is dominated by a twofofd term of

7.61-(5) kJmoÌ-1 in sin20, and a fourfoLd terrn of

2,54(5) k,Imo1-l in sin220. These terms are higher than those

for anisole at the same levefr being 5.8(2) and

2,4(2\ k,f mol--l, respectívely (60). The twofold term has

increased by 1.8 (2) kJ mol-l in 3-íodoanisoLe. The STO-3G MO

predicÈs the trans conformer as 0.26 k.I mo.1-1 more stabl-e than

the cjs. These resufts suggest a slight shift of the

cis/trans equilibrium of 3-iodoanisole in sol-ution.

Conclusion
,Judgíng f rom the sums of s'fo(H, CH3) in anisole and

3-iodoanísoIe, the perturbation of this coupling interaction

by the iodíne substituent is rather smaL.I' The populations

of the cjs and the trans conformers of 3-iodoanisole are very

neaï]y equal. The near equality probabfy holds for aIf

3-halogenoanisoles. In fact, for 3-chl-oro and 3-bromoanisofe

in acetone-du solutions (21 , sJo(H' CH3) values for H-2 are

-0.135(4) and -0.139 (4) Hzt and those for H-6 are -0.156(5)

and -0.1-45(4) Hz' respectivefy; implying a fractional cis

popufation of 0.46(3) and 0.49(3), respectively.

The population distributions and energy barriers of

3-hafogenoanisoles found from various spectroscopic melhods

are summarized in Table l-1 (p.96 and 97).



Table 11

Summary of the population distributions and internal barriers

3 - f l-uoroan i s o fe

3-chforoanisole

3-bromoanisofe

3-iodoanisole

IR torsional freq.

IR optical densitY

rR intensities
lH nmr, sJo(H, cH3)

1H nmr, s,fo (H, CH3 )

STO-3G MO

6-31G MO

IR torsional freq.

IR intensit íes
1H nmr, s.To (H , CH3 )

IR intens it ies
1H nmr, sJo(H, cH3)

lH nmr, sJo(H, cH3 )

STO-3G MO

torsional freq. (66)

intensities (73)

nmr, 5Jo (H, cH3) Q')

(73)

F ract iona l-
cjs populat ion

0.28t0.0s

0 .72

0. s1 (1)

0.54 (1)

0.55

0 .58

o .44

0.46(3)

0.50

0.49(3)

1 .00

0.s7 (1)

0. s4 (1)

0 .47

(66)

(66)

(73)

(4)

(4)

(4)

(4)

(66)

(73)

(2)

IR

TR

1H

* the energy difference between the cis and ¿rans conformers (note that
the sJo(H,ctt3) values give free energ'y differencesr and Mo caÌculations
yield approximate enthalpy differences)

* the barrier to methoxy group roLation function
s the twofold component
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of 3-hafogenoan ísoles

State

liquid, ambienL temp.

Iíquid, 290-373 K

CCla, ambient temp.

cs2' 300 K

acetone-d6, 300 K

free molecule

free molecule

liquid, ambient temp.

CCla, amb.ient temp .

acetone-d5, 305 K

liquid, ambient temp.

CC1a, ambient temp.

acetone-d6, 305 K

CCla, ambient temp.

cs2¡ 300 K

acetone-d6, 300 K

free molecul-e

from various spectroscopic methods.

Energy* ( k,r mof -1)

2 ,4+0 .6

0. L0 (10)

0.40 (10)

0.46

0.8s

o .42 (3t)

0. r.2 (31)

0.71 (10)

0.40 (L0)

0.26

ao Á

^ -^s.'. J¿

to o

31.8

7.61 (5)s
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4 .1.3 . ônn f ¡rrma l- i onâ I .listributiôns of 1 ' 3-dimethÔxvben zene

and 5-chlorô-1¿ 3-dimethoxybenzene

A number of studies have shown that the conformation of

the methoxy groups in 1,3-dimethoxybenzene is in-plane

(44t5L,54r58,59,64,65) ' The methoxy 13C nmr chemical shift

and 1t spín-lattice relaxation time of L 
' 
3-dimethoxybenzene

are 55.2 ppm and 3.7 s, respectively, similar to those of

unsubstituted anisole and indicating that the methoxy group

conformation is ptanar (51) . The pfanar conformation is aÌso

evídent as the additivìty of methoxy substituent effects on

all the ring carbons holds satísfactorily for

L r 3-dimethoxyben zene (64) ' 13c and 1?o nmr chemical shifts of

the methoxy groups in 1,3-dimethoxybenzene and

S-ch.Ioro- 1,3 -dinethoxyben zene are 55.9 and 54'8 ppn, and 56'2

and 59,9 ppm, respectively (65). These methoxy groups have

simifar conformat.ions' in the plane of the ring, and the

íncrease in chemical shifts is caused by the inductive effect

of the efectronegative chforine.

The four possible planar conformations of

1r 3-dimethoxyben zene and 5-chloro-1r 3-dimethoxybenzene are

cis-cis, cis-trans, trans-cis and trans-trans; cìs-trans and

trans-cjs are a pair of degenerate conformers and wifl be

referred to as trans-cis hereafter.



(c1)

cis-trans

o

I

cË3 (B)cis-cis

åT'\o

(cl)
(B)

o/t^t

åT.:
o

I

,.r,@"
I

CEg (B)
Érans-t¡ånstrans-cis

The dipole moment in CCln sofution aL 298 K has been

interpreted to mean that L,3-dinethoxyben zene exists

predominantl-y as Ërans-cis and trans-tra¡s in a ratio of 3:1,

with a very small amount of cjs-cis (36,37) ' Similar

measurements in the benzene soLution suggest that the dipoJ-e

moment is compatÍble with a mixture of planar conformations,

where trans-cis is the most abundant, with smalfer

contributions from cis-cjs and ¿rans-trans (?4). Comparison

of the dipole noment in benzene solution' 1.61 D' and the

estimated values for equimolecular mixture of all- planar

conformers, 'L.77 Dt suggests that cis-cjs ís disfavoured

(75) . In the photoeLectron study (44) of



L r 3-dímethoxyben zene in the vapour state, t-rans-trans is

assigned as the most stable conformer' The STo-3G MO

computations, with standard geometries of anisofe' have

trans-Ërans as 9,4 k,J mol-1 more stable than the conformation

with one methoxy group rotated 90" out-of-p1ane (44) . The

authors also suggest that the trans-cjs and the trans-trans

conformations have approximately identical energies.

Molecufar mechanics cal-culations (58) ímply the co-existence

of alf three confoïmers ' The free energies of cis-cis and

trans-trans relati-ve to txans-cis at 300 K are 3.1 and

1.9 kJ mo1-1, respectively, suggesting that the fractional

populations are 0.10, 0.17 and 0'73, respectively (58) ' The

caLculated values indicate no change of the dipole moment

upon an increase in temperature: 1.5L D at 573 K and I.52 D

at 673 K. This ís also demonstrated for a decal-in solution

v¡here the dipofe moment is constant at 1.48 D over the

temperature range of 293-403 K (76) . ¡\n unfavourable entropy

factor/ counteracting the increase of population of the Iess

stabfe conformers at higher temperature, is given as an

explanation (58) . Fu}ly optimized STo-3G Mo cafculations

(59) afso predict the Ërans-cis as the most stable conformer.

In the ToFMS of the supersonÍc jet-cooled

L,3-dímethoxyben zene mofecule' three origins associated lvith

the three stable pLanar conformers are observed (54) . The

first torsional transitíon appears -L90 cm-1 from the first

origin, irnplying that the rotational barríer of the methoxy

group is within 23,9-59,8 kJmol-1' In the solid state, the



crystal structure of 2 -ethynyt-1- r 3-dimethoxyben zene has the

methoxy groups t.rans to each other (77). The ethynyl group

at position 2 determines the orientation of the nethoxy

groups sterícaIIy. In solution, the presence of sofvent

molecules, if pofar enough, wilf stabtize the conformer with

the largest dipole moment.

Conformational equilibrium from s,to(8, ClI3)

The 1H nmr spectrum of the ríng region corresponds to an

AB2C system for 1r 3-dímethoxybenzene, or an AB2 systemr for

5-chforo- 1,3-dimethoxybenzene ' which implies rapid

interconversion among the conformers on the chemical shift

time scale, s,fo(H,CHr) values fot H-2 and H-6 are

con format ionally averaged parameters, and are represented by

equations [28] and [29],

5.f (H2, CH3 (e) ) = 5.tc(H' CH3) (P-c+Pc-r)

+ s,Ir (H' CH3) (Pr,-ô+Pt-r) (Hz)

s,r(H6, cH3 (A) ) : 5J¿ (H, cH3) (Pc-c+Pc-Ë)

+ s.T"(H, CH3) (Pr,c+Pt-r) (Hz)

t2Bl

t29l

where P c,-cr Pc-t¡ P t--c and P¿-r are the fractional popufations of

the corresponding conformers with P-. the same as Pr-€ (written
1_ totê.Ìas ie i]- hereafter). Equations [28] and [29] are compaLibfe

with the conditions in equation [30] and [31],
totålD-!D-!Þ:'ìLÉlLt+'.t-t t30l



sJ (H2, CH3 (A) ) + sJ(H6' CH3 (A) ) : sJc(H' cH3)

+ sJr (H, CH3 ) (Hz) t 31 l

In Table 2 (p.32), the two s,Io(H'cH3) values of

1,3-dimethoxybenzene are -0.153(0) and -0'097(1) Hz in CS, and

-0.160(O) and -0.104 (1') Hz in acetone-d.' rf sJr(H,cH3) is

0.031 Hz, as calcufated for anisole by Schaefer and

Laatikainen (1), then 5J.(H,CH3) is

-0. 153 (0) -0.097 (1) -o .037:-0 .28':. (L)^ Hz in cs2 and -0.301 (1) Hz

in acetone-dG. Therefore' in the CS2 sol-ution' [28] and [29]

become -0 .1s3 (0):-0 .287 (L) 1e-"+|eildl +0.037 tlellit+e,-,1 u"o

-0.097(L)=0.037te-"+]e!]dl -0.287 1r¡ tle!"id+e.-.1 nz' rt rotrows

that e..-+|el]t:o.so (1)a and |el1',t*er-.:0.41(1) . rn the

acetone-d6 solution, e-"*]ei|t:0.58 (1) and ]rllt*e.-.:o .42(L) '

Now, if s,lr(HrCH3) vanishes, then sJc(HrCHr) is

-0.153 (O) -0. O9? (1):-0.250 (1) Hz in CS, and -0 .264 (L) Hz in
acetone-d6. H".r.. r.-*|ei-"t=o 61 (1) and ]ei]t*e.-r=o ' 39 (1) in

both CS2 and acetone-d, solutions ' These two sets of
fractional- popufations imply that e -"*]e!]t=o .60(2),

]rl|t+e.-.:0.40(2) and P"--Pr-.:0.20 (4) ín cs2, indicating that

cis-cjs is more abundant than tra¡s-trans by a fractionaf
population difference of 0.20(4) ' In acetone-d6'

r"-"*|ei'f:o . 5 g 
s Qt, |nlf*r.-r:0 . 4 o5 ( 2 ) and P"-"-P.-.=o' L 9 ( 4 ) r

irnpling that cis-cis is more favoured than trans-trans by a

fractiona.I population difference of 0'19(4) ,

a The method of error estimation is given on p.93.



rf s,lÈ (H, cH3) is as large as 0 . 05 Hz I sJc(Ht cH3) is

-0,153(O)-0.097(L)-0'05=-0.300(1) Hz in cS2 and -0,3I4(L) Hz

in acetone-d.. tne., e.-+|rl[d=o'58(1) ato ]n![d+e.-¡o'42(1) in

both sofvents, giving Pôc-Pr-r=o '16(2) . In other words,

cis-cìs, the conformer with the laxgest dipole momentf is

more favoured than trans-ttans by a fxactional populatíon

difference of at least 0 '16(2\ in either solvent' At the

STO-3G Mo fevef¡ conformers cjs-cis, trans-cis and

Ërans-trans have dipole moments of 2'078¡ 1".1-55 and 2'018 Dl

respective.l-y (Table 7 on P.66) ' The vaLues given by the

3-2lG basis set are 3.'J'2, L.65 and 2.55 D' respectively' The

STO-3G basis generally gives l-ower values and the 3-2lG basis

gives hígher va.Iues than those from experiment (78) .

In Tabfe 3 (p.3 9) , the two s,Jo(H, cH3) val-ues of

s-chforo- 1,3-dínethoxybenzene are -0'146(0) and -0'098(5) Hz

in CS2 and -0.157(0) and -0.100(2) Hz in aceLone-d.'

s.l"(H, CH3) is -0 ' 281' (5) Hz in CS, and -0 .294 (2\ Hz in

acetone-d6 for 5..Tr(HrCH3):0 '037 Hz. rf sJr(Hr cH3):0 Hz' then

5,I.(H, CH3):-0.24s (5) Hz in CS2 and -0,257 (21 Hz in acetone-d.'

The same treatment' as for i- r 3-dimethoxybenzene, wiII give
e"-+r!eif=0.58 (4) and ]ell**rr-.:o .42(4) ln csz' and

e-"+]eilo.59 (2) and ]ell"*e.-.:o .41 (2) ín acetone-d6, f or

sJr(H, cH3):0.037 Hz . Then P c-c-P r-r is 0 ' 16 (8) ín cS2 and

0.tB(4) in acetone-d6. For s,Jr(H,cH3):o Hz, e-"+]e!lt=o.oo t:l

una ]efjt+e.-¿:o.40(3) in cs2, and e"=+]e!ld=0.61(1-) and

]e!lt*e.-.:0.39 (l-) in acetone-dc' rt fortows that P c-c-P r-Ë is



0.20 (6) in CS, and O. 22 (2) in acetone-d. ' These fractionaf

population differences also indicate that cjs-cjs is more

abundant than trans-trans ín both solutionsr and the

population differences seem to be independent of solvent.

The substitution of a chforine atom at the meta position does

not appear to change the population differences ' It is

evident that population studies of 1r 3-dimethoxybenzene,

based on the magnitude of the dipole moment ' may be wrong

(36,37 t'14t751 in that they discount the significant presence

of the cis-cis conformer in solution.

Molecular orbital results

Tab1e 7 (p.66) shows the relative energies and the

dipole moments of l- r 3 -dinethoxyben zene aÈ L5o intervals of

the dihedral angfes between the methoxy groups and the ring

at the STo-3G Mo Ìevel The trans-cjs conformer is computed

as 2.795 and L.126 kJ mof-r more stable than the cis-cis and

the tra.ns-Ërars, respectivefy, vrhich suggests that the

fractional popul-ations of the three conformers at 300 K are

0.71, 0,11 and 0.18, respectively. The energies of cis-cjs

and trans-Ërans relative to t-rans-cis, calculated at the

3-2fG MO J-evel, are 3,910 and 2,548 kJ moJ--l, respectively'

The fractionat populations of the three conformers are then

0,08, 0.1-4 and 0.7B, respectively, In other words, the
sro-3c Mo implies tnat r.-+]rlf :0.46r, ]ri'f*rr-.:0.53. and



Pc-c-Pr-r=-O. 07 . The 3-21G Mo ímpJ-ies tnat e'-+]e![d:0. az,

|e!f*e.-r:o .53 and Pc-c-PÈ+:-o . o 6. rn both cS2 and acetone-d,

solutions, the values of s.lo(H, CH.) indicate that
e-"+|eff:0 . s g ( L ), |e!f*er*:o . 42 ( l- ) and P"*-P.-.:o' L6 (2t .

Obviously, these popufation distributíons do not hofd in

so.lution, but the calculations give a strong hint as to which

conformer wifÌ be the most abundant. The potential energy

curves (Figure 17 on P.68) for the rotation of the methoxy

groups about the Cuoz-O bonds resenìlcle those for anisole (7)

and derivatives (4), with a f l-at top around 90o. The

rotational barriers for the two methoxy groups have a

dominant V2 of 1.54(5) and 8.33(4) k.l mol-1 and a Vn of 2'57 (5t

and 2.49(4) kJmol-l (eq. [].?l ' [18] on P.68) ' These val-ues are

higher than those for anísoLe (60)' which are 5.8(2) and

2,4(2) k,f mol-1, respectivel-yr at the same leveI of molecular

orbital- theory. 1r 3-dineLhoxybenzene is considered more

stable than anisole in terms of isodesmíc energies (44) . The

rotational barrier for L,3-dirnethoxybenz ene was estimated by

supersonic jet laser spectroscopy as 23.9-59.8 kJmol-l, a

dubiously high value (54) , However, a decision on the

refative popufations of the three conformers was precluded

due to the complications invo.l-ved in the ínterpretation of

the relative intensities of the transition origins.



Conclusion
The measured values of s,Jo(HrCHa) give the sums of the

fractionaf populations of either two of the three conformers,

and the fractional population difference between the cis-cis

and the trans-trans conformers. It is noteworthy that the

equations of the sums of fractional- populatíons are stifl
tôtâlconsistent with P;;:0 or Pr-.:O, Howeverf P c.-c must be at

least 0,L6(2). This result is the first indícative of the

significance of the cis-cjs conformer Ín solution '

Experimenta I l-y, the sums of sJo{HrCHr) for

1, 3-dimethoxyben zene in CS, and acetone-d6 are comparatively

smaÌler in magnitude than those for anisofe (23),

3-f luoroanisol-e (4) and 3-methoxybenza ldehye (79).

Furthermore, the magnitude of the sum of s.To(HrCH3) in

3-chloroanisoLe (2) has decreased from (-)0'291(9) to
(-)0.251 (21 Hz ín s-chforo- 1' 3-dimethoxyben zene in acetone-d6'

The sums of sJo(H,CH3) in aniso.l-e and its meta derivatives v¡ith

Ff CHO and OCH3 substituents are shown,

anisofe

3 -met hoxyben za Ì dhyde

3-fluoroanísole

1, 3-dimethoxyben zene

{ s,Jr ( H, CH3):0.037 Hz

UJ:

-0.304 (0)

-0 .298 (2)

-o .297 (2)

-0 .251 (r)

-0 .281 (L)

acetone-d,

-0.310(0)

-0.301 (2)

-0.304 (1)

-0.264 (r)

-0.301 (1) )



The presence of a sma]l positíve sJt(H'cH3), say

O,037 Hz, may cause the relatiwely small magnitude of the

sums of s,fo(H,cH3) in L 
' 
3-dímethoxyben zene '

The population distributions of 1/ 3-dimethoxyben zene

found from various methods are summarized in TabÌe 12

(p.108) .



Tabfe 12

Sumna¡y of the population distribulions of 1r 3 -dimethoxybenzene from various methods.

dipole moment (36'37) CCIA, 298 K '<

dipole moment ('7 4') CeEe *

dipole moment (75) C6II6, 303 K 0

MM2 (58) free mol-ecule 0.10

STO-3G MO free molecule 0.11

3-21-c MO f ree mol-ecule 0.08

1H nmr, sJo(HrcH3) cs2, 300 K

1H nmr, s,fo(H'CH3) acetone-d6' 300 K

" present in gmaÌI amount
Þ most abundant
o d.isfavou¡ed.
+ present

D

0.75

+

0 .73

0.71

0 .78

Þ

0.2s

o -loffid lotod*ot-c-e-2¿-t-C 2É-t-C:j-t-t

+

0.17 0.465

0.18 0.46s

0.14 0.47

0.60 (2)

0.59s(2)

D-D

0.535 -0.07

0.53s -0.07

0.53 -0.06
o .40 (2) o .20 (2)

0.405 (2) 0.19 (4)
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.a^nç^,ñãrinnr't ¡li etrihrrf ion and internal rot¿ti-Orìêf

pôtentí41 in isobutylbenzene

The conformation of isobutytbenzene is described with

two dihedral angles' B, between the side chain and the phenyl

ring, and 0, between the methine C-H bond and the cepr-C"d

bond. The orientatíon of the isobutyl group rel-ative to the

ring in the minimum energy conformatíon could be one of v,

VI, \rII and VIII.

x

ò-,,

Y
H

\rI

*X'-.
E

\rII

The isobutyl group can assume two conformatíons, ¡<tII and

XIV, where XIV is possibly unstabfe due to steric repulsion

between the methyÌ and phenyl groups.

9E:

o

CH:

0:-60'

XII I



rn a recent jet-cooled laser spectroscopic study (80), V

is assigned as the minimum energy conformation, with the

ísopropyl group perpendicu.Lar to the ring' The number of

origin transitions observed in the TOFMS of isobutylbenzene

and the a syrnmet rical- ty substituted

1-i sobuty l-3-methylbenzene s display one and two origins,

r,espectively, imp]-ying that the methine C-H bond is oriented

gauche to the ring as in )<tII ' The result is further

suppoxted by the molecular orbital-mol-ecular mechanics (MO|04)

calculations' that )CIII is more stabÌe than >cv by

2.93 k.I mol-l. In another computational study, the energy

difference between :{III and xlv is cafculaled as B ' 4 kJ mol-1

by the CAMSEO method, whereas lßI2 indicates no energy

difference ( 81) .

The perpendicular orientation of the isobutyl group,

with the methine C-H bond oríented gauche to the ring, is

afso observed in some isobutyl-subst it uted heterocyclic

compounds (82-B4t '

Molêcular orbital studies

Tabfe 8 and 9 (p,73 and 74) show the relative energíes,

the dipole moments and the conformations of the side chaín

for seven conformations about the c"p-C"o: bond, computed at

the semi-empirical AM1 and STo-3G Mo level-s. The

conformation about the C"oz-C"o: bond is indicated by the angle

P. The conformation of the side chain is indicated by the
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dihedral angle, 0, between the C"oz-c"o: bond and the methine

c-H bond, Both fevels of computa!ion predict that the

minimum energy conformation occurs for P=75o or 105", with the

methÌne C-H bond placed gauche to the phenyf ring as in ¡<III '

This conformation has some steric repulsion between the

methyl and phenyl groups, so that the molecufe is computed as

more stabfe at 75" rather than 90'. The angle Q is predícted

as -46.1'by AM1 and -55.7'by sro-3G Mo at p:15o. The gauche

confornation ()<Irr' optimized O=45.8") at P=90o is calculated

as 4.85 k,J mol-1 more stabl-e than the trans (xlv' optimízed

0:L8O') at the AMI l-evel. The STo-3G basis gives an energy

dífference of about 2.96 kJ mol-l s, which is the same as that

given by the MOMM calculaLions (80).

The barrier height for rotation about the C"oz-C"o: bond

computed by STo-3G ís 1'2'45 k.l moJ--l, afmost three tímes that

predicted by AM1, 4.69 k.Tmol-l. The STO-3G MO computations

are probably more reliable lhan the .AMl-, as suggested by the

cal-culations on ethyl-benzene which has simi.Lar conforrnat j-onal

parameterizat ion around the C"oz-C*: bond' The STO-3G MO

calcul-ations for ethylbenzene predict a twofol"d rotational-

barrier of 6.58(11) kJmol-1 as compared to 4.85-9.2 kJ mol-r in

the vapour phase (85,86) or about 5 kJ mo]--l in sol-utions (16) '

The AMl value is 2.25 kJ mol-l, being underestimated by more

than half, The AMl and STO-3G MO rel-ative energies are

s The compr¡tation for
however' the energy
4 ,2xLO-s k.I ¡nol-1,

Lhe conformation p=99', 0=180' did not converge;
difference betv¡een the last tno iterations is only



.Ieast-squares fitted to the functions in []-91 and [20] '
respectÍvely 1p.75). At the 95å confidence leveì-, the

twofofd components of the barrier at the AMI- and the

STO-3G MO levefs are 4,'79 (2) and l-1'11 (6) kJmol-l,

respectively. There are sígnificant V4r V6 and Vs components

in the AMl- potentíaf function, which are of simifar

nagnítude, -0.50(2)' +0.48(2) and -0.46(21 k,Jmol-l'

respectively. The v4 component in the sTo-3G Mo potentiaÌ is

-1.54(11) k.T moJ--l, and surprisingty, the magnitude of the Vg

tern is as l-arge as 2.4't (L0) k,f mol-1' The signs of the

corresponding components are the same at both levefs '

At 300 K' Lhe AML potential- implies a <sin20> of 0'707

and <B> of 59.8' by a classical averaging method. Under the

same conditions, the STO-3G MO potential yields a <sin2B> of

0.833 and <P> of 68.4'.

Barrier implied by 6Jp(8, H)

6%(HrH) is -0.374 (i.) Hz in isobutylbenzene in cs2 at

300 K (Table 4 on p.45) . The coupling in toluene is
represented. by equatíon [5] (p.11), t{o i" -r '204 (4) Hz in

tofuene and is reduced by electronegative substituents

attached to the o-carbon (I2'L6,L7 
'871 

. The el-ect ronegat ive

substituent polarizes the C(r-H bonds and decreases

hypercon jugat ion, thereby reducing the magnitude of 6,{0 (12) .

Assuming a linear dependence of u{o on e lectronegat ivity' the

presence of one methyl group ín ethyLbenzene reduces the



magnitude to -1.fG Hz (f61 . The elect ronegat ivít ies of the
methyf and isopropyf groups are the same (88); therefore 6.{o

is also taken as -I .L6 Hz for isobutylbenzene . The measured

6%(H, H) gives a <sin20> of 0.322 (1), or a <sín2p> of 0.856(3).

The vafue of <sin20> implies that the minimum energy

conformation has the side chain perpendicular to the p.Iane of

the ring (v on p,109). If the rotational barrier about the

cspr-CsÉ bond ís twofold, then <sin20>, in terms of the

hindered rotor model, implies that it has a magnitude of

10.4(L) k,Jmol-1. The classicat averaging procedure gives the

same result at 300 K. In the AML and STO-3G MO caJ-culations,

t:ne v4/v2 ratio is indicated as -0.10. The experimental value

of <sin20> is compatible v¡ith a number of possible

combinations of v2 and V4 and also suggests that the STO-3G MO

approximation ís superior to the AML ín the isobutylbenzene

computations. The internal barrier in ethylbenzene is

solvent independent (16) , which suggests that isobutyJ-benzene

wil-I behave similarly.
A list of some possible combinations of v2 and V4 for the

experimental- vafue of <sin20>, at 300 K, is given in Table 13

(p.1-L4) .



Table L3

The possibfe combinations of

<sin2p> of isobutylbenzene at

V2 and Vn for the measured

300 K.

.AM1

STO- 3G

6Jp(H, H)

<sin2Þ>

o .'t ol

0.837

0.8s6 (3)

-4.79(2t

-11.08 (8)

-r.0.4 (1)

-L2.06

-L2 . 14

-rz.zr

-r2 .28

-L2 .43

V,

-0. s0 (2)

-1_.2s(8)

-r.25

-I. JU

-r.,35

-1 .40

-1 ,50

v^/v^

0.104

0.113

0,104

0.107

0.111

0.114

0 .727

* The negative sign of the barrier indicates
conformation has the C¡¡-Cp bond perpendicular

that the nrinirnium energy
to the benzene plane.



The coupling constants 4.to(It, H) and sJn(H, ¡t)

4Jo(H,H) in tol-uene ís represented by equation []-51

(p,17), If the o-?t component, in the presence of the
isopropyl group. is reduced by the same factor as is 6{0,

-L.16/-1.20, then

4,I"(H,H) = -1,04<sin2g> - 0.32<cos20> (Hz)

In TabÌe   (p.45) , AJ,(H, H) is -0.538(1) Hz in CS, at 300 K'

which is smaller in magnitude than those of tol-uene,

-O.702 (1) Hz (9), and ethylbenzene, -0.649(L) Hz (16)' but

larger than that of neopenty.Lben zene, -0.453(3) Hz (18) For

a <sin20> of 0.396 from the AML potentíaf, 4Jo(H,H) is

cal-culated as -0.605 Hz. The <sin20> of 0.332 from the

STO-3G MO computations give a 4.To(H,H) of -0.559 Hz. The

4Jo(H, H) from the experimental <sin20> is -0.552 Hz. To obtain

agreement with the measured 4,fo(H, H) ' the coefficient of

<cos20> shoul-d be -0.30 Hz and the equation representíng
4,Jo(H, H) of isobutyfbenzene is

4Jo(H,H) = -1 ,04<sin2e> - 0.30<cos20> (Hz) t33l

The equation representing 5.I,(H,H) in t.oluene (eq. t13l

on p,l-5) incfudes a o-fi and a o electron component. If the
o-fi component is reduced by the same factoï as for u.{0, tfr.t

s,Jm(H, H) = 0.325<sinzo> + o .322<sin2 tll t tHrl

A
Since <sin2 (;) > is 0,5 for aff evenfol-d barriers, the <sín20>

from the AML potential gives a s.l,(H,H) of 0.290 Hz; Eh-e

t34l



STO-3G MO potential irnplies a vafue of 0 '269 Hz ' The

measured <sin2e> rvill give sJ,(HrH) as 0.266 ftz' To reproduce

the experimental value of 0.272(f) Hz' the coefficient of
Ê

<sin2(j¡ > has to Lre 0.335 Hz, The equation representing

5,J,(H,H) of isobutylbenzene is then

sJ,¡(H/ H) : 0 .325<sín2e> + 0.335<sin2 tf,l, æ"1 t3s l

rn summary, 4Jo(H' H) and sJ,n(HrH) are roughly consistent wíth

the STO-3G MO potentíal' but not v¡ith the AMl potentiaì '

3'J(H,H) and conformation of side chain

The conformations )ctII and )(tv shouÌd display quite

different magnitudes of 3J(HrH) because of the gauche and

trans orientalions of the coupling protons ' In

i sopropylcyc lopropane, the gauche and the trans coupfings, 3Jn

and 3J., are estimated as 2.0<3Jé3'0 and lL'0<3Jé13.0 Hz (89).

These couplings are obtaíned as 2.5+0'1 and 1"2 '5+0.1- Hz'

respectively, ín 2 ,A-d|pheny lpentane, with the assumption

that 3Jr-3Jn:10 Hz (90) . At room temperature, where xrrr and

xlv interconvert rapidly, the measured 3,J(HrH) is an average

vafue, 3J(H,H) ìs given by equation [36] for the conformation

in XIIL

- 1^3J(H,H) : ;(3,fr + 3Je) (Hz) t36l

For conformation XIV. the average 3,I(H,H) is the same as 3.1n.



13.t(H, H) : ;(ttn + 3Jn¡ : 3Jq (Hz) t37l

In isobut ylben zene, 3J(H,H) is 7.154 (Ll Hz, clearly indicating

that the isobutyl group predominantl-y assumes conformation

XIIL The coupling in a rigid XIII can be approximated by
1

3,J(H, H) jttz.s (1)+2.5(1)l:7.5(1) Hz. Were ){tV the preferred

conformation of the ísobutyl group, the measured coupling

would be as smafl as 2,5 Hz, Afternativefyf the population

distribution of the two conformers can be approximated by

t38t,

3,J(H, H) : p>cr¡3Jxlrr + P)fiv3,fxrv (Hz)

where P)crr and Plrv are the fractional popuJ-ations of the

conformers )ctII and xIv/ respectively, and Porr*Pou:1. 'J*III
and 3J*ru are obtained with equations [36] and [37]' The

measured 3J(H,H) gives Po,, as 0.93(6) at 300 K, implying a

free energy preference or o.a-i'] kJ mor-1.

4J(CH3'H) was not observed in isobutylbenzene. The use

of this coupling in the determination of the conformation ís

compl-icated by the structural and substituent dependence of

the coupling. rt wilÌ be discussed in section 4.3.

conclusion
The minimum energy conformation of i sobutyJ-ben zene in

CS2 sol-ution, implied by 6,lp(H, H) , has the side chain

perpendicular to the benzene plane, The magnitude of 3J(H,H)



indicates that the methine C-H bond lies gauche to the ring.

Both AM1 and STO-3G Mo conputations predict that the minimum

energy conformation is at Ê:?5" instead of 90". The STo-3G Mo

resuLt is perhaps a better approximation to the internaÌ

rotational barrier of isobutylbenzene ' probably for afl

cx,-monoal-kyl substituted toluenes (cf . ethyfbenzene (16) ).

The STO-3G MO twofofd barrier, 11.08(B) k.f moÌ-r, is fairly

cl-ose to the apparent t.wofoÌd barrier of 10,4(1) kJ mol--l in

sofution. In fact, STO-3G MO afso gives a better dipole

moment. The minimum energy conformer has a dipole moment of

0,28 and 0.10 D according to STO-3G and A¡41, respectively,

whereas the experimental vafue is 0.34 D (91), The internal

barrier in isobutylbenzene may be sofvent independent, as in

ethylbenzene (16).

The apparent twofoÌd rotational barriers for some

ct-alkyl substituted toluenes are listed in Tabfe 14 (p.119).

The barrier increases sharply from effectively zero ín

toluene (9) to higher than 20 k,J mof-1 ìn neopent yfben z ene

(LB), as the size of the substituent increases, For

comparison, the barriers for benzy.l sifane (92) and benzyJ-

trimethylsifane (tB) are also listed, The barrier for benzyl

trimethyfsilane is much lower than that for the corresponding

benzyl trinethy.lmethane (neopentylbenzene), while the barrier

for benzyl- siLane is higher than that for ethylbenzene. It

is suggested that the internaL rotationaL l¡arriers of the

sil"anes are dominated by the hypercon j ugat ion between the

c-Si bond and the aromatic 7t electron system (18t92).



Table 14

The apparent twofold rotational barrier of some benzyl

alkanes and sifanes obtained by the ,f-method at 300 K.

Ref . 6Lo-llzt "fl-Lazt <sin20> V2 (kJ mol-l)

,""
"-11" 16 -0.4s0(s)s -1.i-6 o.3BB(4) 5.r(2t

f6l
CEô CEã

t'

"-1-" 1s. -0.423(B)0 -1.16 0.36s(7) 6.s(s)
fô

s'Mgr

/cB 
(cE3) 2

Ì-B -0.374(1)0 -1.16 0.322 (t) 10.4(1)
tot

LtLÀ1/1

E-C*-

-\" 18 -0.300(3)+ -1.16 0.2s9(s) >20.0
tot

,s1"'
t,'.,^. o, -0.444(5)^ -1.27(7) 0.350(23) 1.4(r.6)tot
/si (cE3)3

E-C--
t4

f,,À 18 -0 .418 (3) * -i..26 0.332 (z\ g .4 (2)v/

5 the mean of acetone-d6, cc14. cs2¿ and c6F11cF3 results
*at305K
o itt cs,
i in ccln
A the mean of cs2 and C6D6 results



The conformational anaLysis of 3-phenylpentane incÌudes

the studies of the conformation of the alkyl side chain and

of the orientation of the phenyl- group relatíve to the chain.

For n-pentane, the possible conformations are the TT, TGt and

GlGr (see pictorial T, G+ and G- below). where TT ís the all

Èrars or zíg-zag conformatíon and is considered the most

stab.Ie. The TG+(TG-), c+c* (c-c-) and G+G- (G-G+) are paírs of

degenerate conformers. The degeneracy ís lifted upon

substitution by a phenyl group to form 3-phenyfpentane . For

steric reasons, G+G-(G-G+) are considered energetica.Ll-y

unfavourabl-e (84, 93-95),

CIf 2 C lI3 CH3 CI! z

H

cH2 cH3

T

À number of molecuJ-ar mechanics (93 | 94 | 96) and

semi-empirical (95) caLcul-atíons on n-pentane have shown that

the rel-ative stabi.lities of these conformations decrease in

the order TT > Tc+ (Tc-) > c+c+ (G-c ) > c+c- (c-G*) ; the

respective energies re.Lative to the TT conformation are

ca.Lcufated as 1 .1-2 .7 t 3 .4-4.9 and 10.7-13.4 kJ mof-1 by

moLecul-ar mechanics calcuLations (93,94t96) . CNDO/2

H

G-

¡I

ÇI¡scHs cHe
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calcuLations (95) give the energies of TG+ (TG-) and G*G.(G-G-)

rel-ative to TT as 1,84 and 6.06 kJ mol--1f respectivefy. The ab

initio mofecufar orbital, cal-cul-ations (97), using the 6-31G*

basis set, the MP3 correction for electron correlation, and

zero poínt energy correction, give an energy difference for

TG+ (TG-) reLative to TT as 3.6 k,J mol-I at 0 K, and as

3.4 kJ moJ--l at 298 K, Those for c+c+(c-c ) are roughly twice

as high, Mofecu.Lar mechanics cafculations (98) give the

strain energy differences for TG+ (TG-) and c+G+ (c-c ) relative

to TT as 3,77 and 6.78 kJmol-l, respectivefy. The Monte Carlo

simulations of liquid n-pentane at 298 K indicate only minor

condensed-phase effects on the conformationaf equifibrium

(99), The fractional popul-ations of the TTf TG+(Tc-),

"+6+ 
1G-G-), and c*c- (G-G+) conformers in the gas (liquid) phases

are cafculated as 46.5(47.Ol , 47.1(45.7) r 5.4 (6.0) and

1,0 (1.3) | respectivel-y. The respective energies rel-ative to

the TT conformatíon are -0.03 (0.07) / 5.3 (5.1-) and

9.5(8.9) k,l mol-l. In a Raman study (100) of n-pentane in the

liquid staLe, two vibrational bands were assigned to the TT

and TG+ (TG-) conformers. The enthalpy difference of these two

forms, obtained from the temperature dependence of the

intensities of these bands, is 1,88+0,25 k.l mof-l. Upon

cooJ-ing, one conformer remains in the solid phase and is
assumed to be TT. The electron diffraction measurement (101)

in the gaseous state inply an free energy difference of about

2.55+0.42 kJ nol-1. In the study of the conformatíona}

equiJ-ibrium of n-pentane, using hi.gh pressure infrared



spectroscopy, the reLative concentrations of the more

gtobular conformers increase upon compression, with

"+n+1G-G-) 
> TG+ (TG-) > TT, The accompanied changes in volume

aL 293 K for TG+ (TG-) and G+G+ (G-G ) relative to TT are

-L.0+0.2 and -2.L+0.3 cm3 mol-l, respectively (102) . For the

high pressure soJ-id, the only isomer that exists is in the TT

form.

The side chain in 3-phenylpentane has nine possible

conformatj-ons of the al]-staggered form (see Figure 23 on

p,l.23r. In the infrared spectrum (103) of neat

3-phenylpentane, two bands, at 550 and 540 cm-1, are assigned

to the TT and .TG+ (or G-T) conformations. on lowering the

temperature, the band at 550 cm-l disappears and the

energetically less favourabfe TG+(or G-T) remains in the

crystall-ine state. The enthalpy difference between TT and

TG+ (or G-T) / obtained from the temperature dependence of the

intensities of these bands, is L.7 kJmol-] . That obtained

from the temperature dependence of the vicinaÌ proton-proton

coupling constants, on the assumption that onÌy these two

forms exist, is 1.5 kJ'moÌ-1 (103). The moÌecular mechanics

caìcu.l-ations of Stokr et af, yield the energy differences of

I.B4t L1.30 and ll-,55 kJ mo1-1 for TG+(or c-T) | Tc- (or c+T) and

c+c- with respect to TT (103). the region at 1100-1200 cm-1r

representing the conformation about the C"p2-C"d bondf does

not change upon crystall ìzat ion, indicat.ing that the probabJ-y

cop.lanar oríentation of the Co-H bond and the ring persísts

in both states (103), In a molecuJ-ar mechanics study (104)



Figure 23

The nine possible al-J.-staggered conformations of the side

G*G* 1or G-G-), G-G* and G+G-, The carbon atoms of the side

of the paper. A wedge indicates that the bond extends out of

the plane of the paper.
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chain in 3-phenylpentane: TT, TG+(or G-T) ' TG- (or G*T),

chain, C(1) to C(5), in the TT conformation lie in the plane

the paper. A broken line represents a bond pointing behind
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of the conformation of 3-phenylpentane ' the minimum energy

conformation has a perpendicular orientatj-on of the ring and

the side chain (ie. the methine C-H bond lies in the pJ.ane of

the ring) . This rotamer is present to the exLent of 99å at

298 R, from a Boltzmann statisticaf analysis.

3-phenyfpentane is somelimes considered as a monomer

unil of polystyrene, Other pol-ystyrene modef mol-ecuJ-es, such

as 2, 4 -diphenyfpentane, 2,4,i-triphenyÌheptane and

2,4 | 6, B-tetraphenylnonane have been studied (1-05-108) ' The

reorientation times of the phenyl groups of a 20.0 wt?

solution of 2, 4 -diphenylpent ane in CHCI3¡ from a Raman

line-shape analysis (183-313 K), give potentiaÌ barriers of

l-3.811 ,3 and 8.4+1 ,3 k,f mof-I for the rotation of the phenyl

groups. in the meso and the racemic compounds' respectively

(105) , The meso compound exists predominantly in the

TG+ (or G-T) form, whereas the racemjc compound j-s composed of

752 of the TT and 25? of the G-G- at room temperature (105) .

g,H
'-. /

""'-"/"\"1'*'
tt *\"u "", 

\"

meso TG+ (or G-T)
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The crystal structures of syndiotacLic 2 | 4 
' 
6-triphenylheptane

and 2 ,4,6, I -tet raphenylnonane indicate a perpendicuJ"ar

orientation of the phenyl groups to the alkyl side chain

(L06,107). The cafculated energies indicate that the minimum

energy conformation of poÌystyrene has the phenyl rings

perpendicular to the backbone and bisecting the Cp-Co-Cp bond

angles (108) .

In 3-phenylpent ane I the alkyl side chain resembÌes the

poLystyrene backbone.

The A¡.t 1 barrier for 3-Phenylpentane

Table 10 (p,77) shows the computed refative energies,

the dipole moments and the conformations of the side chain

for seven conformations about the C"t¿-C"o: bond' The

conformation of the side chain is indicated by the dihedral

angl-es, Q and V, betvteen the methine C-H bond and the two

Cc¿-CÊ bonds. The conformation about the Crd-C"É bond is

indicated by e, Computations were done at the AML fevel for

varíous Q and V, at 15o íntervals of 0. The minimum energy

conformation occurs at 0:0o, $:a2,5' and V:39.2o, which



implies that the s-pentyl group is in the TG+ conformation

(see Figure 23 on p.123). The vafues of Q and V in Table 10

indicate that the two ethyl groups move in such a way as to

minimize repulsions between the orËho c-H bonds and those in

the methy.Iene and methyf groupsi CH3, CH3 repuJ-sions are afso

invol-ved (see footnote in Tabl-e L0 on p.77) . The Ã¡41

cal-cufations predict that the TT conformer (optimized

O=so.¿", V=-50.6") is about 0.81 kJmof-1 less stable than the

TG+. The G-G+ (optimized 0:-52 .9', V:l-5.4") is 2 . 66 kJ mol--t

]ess stable than the TG+, The refative energi-es are best fit

to the internal rotational potentiaÌ v(0) (eq. [21] on p.78) .

At the 95? confidence leve.I, the V, and V4 components of the

barríer are 13.12 (5) and -3.09 (5) k,J mo1-1, respectivefy.

There are significant V6 and V, magnítudes of 1.04(5) and

O,B6(5) k.lmol-1r respectively, V4 is of opposite sign to V2'

and its magnitude is almost 252 of that of V2. The twofofd

barrier is comparable in magnítude to that of ¡neso

2, 4 -diphenyÌpentane ín cHcl3' r3.81L.3 k,J mof-1¡ obtained from

Raman fine-shape anal-ysis (105). The AMI LeveÌ has proved

successfuf in establishing the internal rotational barrier of

isopropylbenzene , The computed barríer height is

6.57 k,l mol-l, which agrees very we J-J- with the experimentaf

vafue of 6.5 kJmol-1 in solution (17), The conformation

around the cx,-carbon is simifar in i sopropylbenzene and

3-phenyfpentane , Thus, as can be seen below, the predicted

and experimentaf twofold potentiafs are also very close for

3-phenylpentane . However, the calculations on the side chaín
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aïe not as reLiabl-e, given that the AML prediction on the

rotationat barrier in ethane, 5,22 kJ mo1-1, ís not compatible

with the experimental value of L2'1(1) kJmol-1 (84).

At 300 K, the potentials imply a <sin20> of 0.158 and <0>

of. 20,1o via a classical averaging procedure. The Mo

cafculations indicate the foldedness of Lhe internal

rotational- barrier about the C"nz-C 
"o: 

bond' with the presence

of .Iibrating groups in the side chain, substantial magnitudes

of the hígher terms are induced into the potentiaL function

(14), If the theoretical potential is purely twofold' the

vaLue of <sin20>, corresponding to a barrier heíght of

13.91 k.I mol-r, will be 0.104.

Barríer implied by 6,tt, ( H, 1I )

6Jp(H,H) is -0.L07(1) Hz in 3-phenylpentane in cs, at

300 K (Table 5 on p. 53) . The coupl-ing ín to.Luene is
represented by equation [5] (p.11) and ø,{o is -r.204(4) Hz

(9) . In ct-substituted totuenesf the magnitude ot 6{o is

al-tered according to the efectronegat ivit ies of the

substituents (I2,16,I7 t87l . An electronegative substituent
on the side chain wiIJ. polarize the c.'-H bonds, hence

decreasing the o-?t interaction and reducing the magnitude of

"fi ttzl . Assuming a .rinear dependence of 6{o on

e fectronegat ivity and additivity, 640 is -1 .16 Hz in

ethyfbenzene for the presence of one methyl group (16) ¡ and
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is -1 ,!2 Hz in isopropylbenzene for two nethyl groups (17) '

The efect ronegat ivit íes of the ethyl- and the methyl groups

are the sarne (88), therefore 6,{ is also -L.L2 Hz in

3-phenylpentane . The measured 6Jp(H,H) gives (sin20> as

0.096(f) . This implies that the minimum energy conformation

has the Ccr-H bond in t.he benzene plane (I on p.13). If the

rotationaf barrier about the CrÉ-C"É bond is twofold, <sin20>,

in terms of the hindered mode.I, corresponds to a V2 of

L4.9(1) k,f moÌ-1. The cl-assical averaging procedure gives the

same resuft at 300 K. If the substitution of a second ethyl

group at the d-carbon is only half as effective as the first,
then 6,{ is -1.l-4 Hz and <sin20> ís O.094 (1) , giving a v2 of

L5.2(I) kJ mol-1. The apparent twofold barrier agreês

reasonably wel-L with that from the AMl calculations. The AM1

computations indícate that the v4/v2 îaEío ís --0,24, The

presence of V, modifies the rotationaf barrier, By a

cfassical- averaging procedure. this Va/V2 ratio with the

<sin2e> from 6%(HrH) gives a number of possible combinations

of V2 and V4, A l-Íst of these val-ues at 300 K is gÍven befow.

Barrier (kJ mof-1)v^ v,

AM1

6JP (H, H )

<sin20>

0.158

0.096(1)

-3.09(s)

-v4/v2

0.236r-3. r-2 (s)

1s.0 (3)

29.09

29,85

-6 .40

-6.70

0.220

0.224



Because AM1 underestinates the energy necessary to cause

rotations about the C"rp-Crp,¡ bonds in the sÍde chains, it

follows that, if rotation of the phenyl group entails the

former rotatíons, then .AM1 wif l- underestimate the barrier to

rotation of the latter. Hence the sign and magnítude of V4r

whích presumably aríses from accomodations of the side chain

ethyL groups to the rotation of the phenyl group' are

uncertain. However, if the AMl computatíons do give the

correct ratio of V4 to v2, then the measured vafue of 6Jp(H, H)

implies that DN¡4R measurements are possibl-e ' A V2 of

29 k,J mot-l (Vn will not contribute to the barrier height) is

accessibJ-e to t3C DNMR measurements, particuÌarly at I25 MHz.

The coupling constants 4,ro (II, H) and s,I, ( H, H )

4Jo(H, H) in toluene is represented by equation [15]

(p.17) . If the O-fi component' in the presence of two ethyl-

groups, is reduced by the same factor as is 6,{0, -r.12/L,2O,

then

4Jo(H,H) : -1 ,0l<sin20> - 0,32<cos2e> (Hz) t3el

rn Tabl-e 5 1p.53) , {,fo(H, H) is -0 . 454 (I) Hz in CS2 at 300 K'

much smaller in magnitude than those of tofuene' -O.lO2(Ll Hz

(9) and i sopropylbenzene, -0.559(1) Hz (I7) in the same

solvent; hence a much higher barrier. with a <sin20> of 0.158

from the theoreticaf potential, 4Jo(tt,H) ís calculated as

-0.429 Hz. Alternatively, the <sin20> f ron Ç(H, H) gives



4,Jo(H,H) as -0,386 Hz. To obtaín agreement with the measured

4,fo(H,H), the coefficient of (cos20) shouLd be -0.40 Hz and the

equation representing 4,Io(H,H) of 3-phenylpentane is

4Jo(H, H) : -1,0l<sín2e> - 0,40<cos20> (Hz) t40l

It may be noted that the magnitude of 4.To(H,H) is uncertain

for g near 0o in compounds of thís kind (see point 39 in

Figure 3 of ref. 28) .

The equation representing sJ,(H,H) in toluene, t13l

1p,15), includes a o-?¡ and a o electron component. If the
o-zt component is reduced by the same factor as is 6,{0, then

sJn(HrH) : 0.314<sin20> + 0 .322<sin2 fll t tH"l t41l

I
where (sin2 (;) > is 0,5 for all evenfoLd barriers. The

theoreticaf <sin20> gives a sJr(H,H) of 0,2LL Hz. The <sinze>

from 6Jp(H,H) wil-l give a s,tn(HrH) of 0.19L H2. The measured

sJ,(H,H) of o.279 (1,) Hz requires the equation for sJ,(H,H) in

3-phenylpentane as

s,r,(H,H) : 0.314<sín20> + 0.498<sin2 tll t r¡lrl ls2)

The large increase ín the o component, rel-atíve to that

proposed for toluene, raíses the question of the validity of

equation [13] (p.15) .



Couplíngs and confotmatíon of side chain

It was suggested in the study of Stokr et al' (f03) that

of the nine possibl-e all-stagqered conformations of the síde

chain in 3-phenyfpentane (Figure 23 on p.123)f those with the

methyl group (s) cfose to the ring (ie' TG- (or G+T) and

c+G+ (or G-G-) ) and those with the two methyl groups close to

each other (ie. G+G- and G-G+) are energetically unfavorable.

this is further supported by their molecular mechanics

calcufations (103) that TG- (or G+T) and G+G- are l-1'30 and

11.55 kJ mol-l. respective]-y, higher in energy than TT. Hence

TT and TG+(or G-T) are the onty significant confornations of

the side chain in 3-phenylpentane .

The TT and TG+ (or G-T) conformers' viewed al-ong the

C(2)-C (3) bond, can be considered as ethane derivatives of

type CH2X-CHYZ. The Newman projectíons are indicated as the

trans and t]ne gauche, respective.Ly, where the tl.ans has the

CH3 and the CH3CH2 groups trans to each other, and the gauche

has the two groups gauche to each other. Another method

( 103 ) to i.l.Iustrate these t\,¡o rotamers is af so shown bef ow '

ceHs

c It2 cH3

è.¡ans

ceHs

gauche

CH: CTT¡



CH3 ís behind
cHz

t.r:ans gauche

view from para position

In the TT or ttans conformation, Hu in both ethyl groups lies

t¡ans to H. while Hb in both ethyl groups lies grauche to Hc.

In the TG+ (or G-T) or gauche conformation, H" is gauc.lle to Ha

in one ethyl group but is tra'l]s to Ha in the other.

Therefore/ if the Ërans coup.Iings, 3.T., are the same and the

gauche couplings, 3Jn, are the same in these two

conformationsf then [43] and [44] follow.

Il#

3,Ju" = Pr3.tr + Pc ( 3Je + 3J¿) (Hzl

3J- : Pr3,In + Pc (3Jr + 3.ts) (Hz)

Pr and Pc are fractiona.I populations and Pr+Pc:1 ; hence

..Tu" - 'Jo" = Pr(3,fr - 3'Jq) ftzl t4sl

3,Iu" is 9.207(3) Hz and 3J* is 5.250(2) Hz in 3-phenyfpentane

in CS, at 300 K (Tabl-e 5 on p.53) . rf 3Jr-3'JeF10.0 Hz as in

2,4 -diphenylpentane (90) and the uncertainty in thís
difference is 10%, then Pr is 0.40(4) and P" ís 0.60(4),

These fractional populatíons entaif a free energy difference

of L.0(4) k,J mol-l, favouring the gêuche conformer. The

TG+ (or G-T) conformation is more abundant than the TT in

t43l

l4 4l



sofution at room temperature because the former is doub]-y

degenerate. A¡ ent.ropy term of RIn2 implies thaL the

enthaÌpy difference between gauche and trans is

-0.7(4) k.Tmo1-1, TT being of lower energy. In the nmr study

of Stokr eL af. (103), only the spectrum of the penty] group

was anafysed and was treated as a K3ABX system. 3J.. and 3J..

were obtained as 8.7 and 5.5 Hz aL 293 K and 8.2 and 6,0 Hz

at 453 Kf respectively. The entha.Lpy difference between TT

and TG+ (or G-T) then was 1,5 kJ mof-r. However' the

uncertainties in these couplings were not stated and the

.Iatter were obtained from the methylene peaks with only fair

resolution.

Turning to 4,J(HrH), BarfíeÌd's calculations indicate that

this coupling is positive for only a narrow range of dihedraf

angles near the zig-zag arrangement of the coupling protons

(109). In Table 5 (p.53), 4J(H,H) between the four methyfene

protons are -0.233(3) | -0.23I (0) and -0.228 (21 Hz, for
(H"/Hu,), (HurH¡,) and (H5rHs,), respectívely' These values

support the assumption thai: G*G* (or G-G-) , G+G- and G-G+ are

unstabJ-e forms, since only these forms invofve zig-zag

arrangement of the coupJ-ing protons and give a positive
4,f (H, H) instead of what has been measured.

The four bond couplings invol-ving a methyl groupf

4,f (CH3rH), are usuaffy observed as 0.7 to 1.0 Hz when 9':180'

(see diagram below) and as -0,3 Hz when 9':60". They are

calcufated as 0.49 and -0.22 Hz, respectively (109),



In 3-phenylpent ane ' 
4,I(cH3' H) is -0.2'12 Hz (see Figure 13

on p.59) . This resu.It is consistent with the TT and

TG+ (or c-T) conformations, in which 9'is 60" for the methine

C-H bond.

Conclus íon
The AMl- computations and the measured 6%(H'H) both agree

lhat the minimum energy conformation of 3-phenylpentane has

the CC!-H bond in the pfane of the ring. 3,Ju. and 3Jb" impÌy

that the side chain exists in the TT and TG+ (or G-T)

conformations in a ratio of 2:3 in solulion ' The measured

4,I(CH3,H) is consisLent with the TT and TG+ (or G-T)

conformations of the sÍde chain.

A list of cL, cx,-di sub st itut ed tol-uenes and their twofoId

rotational barriers, obtained by the J-method, appears in

Tabl-e 15 (p.137). These barriers increase from effect.ively

zero in tofuene (9) to 14'9(1) k.I ¡nol-1 in 3 -phenylpentane I and

are expected to be much higher as the c[-substituents become

buJ-kier, such as the isobutyl and t-butyl groups' The

rotationaf barriers about the C"pr-C"p. bonds in



3 - ( 3 -nit ro-4 -acetamídophenyl ) -2 t2 | 4 | A-tetramethyfpentane (110)

and 3- (3, 4 , 5-trimethoxyphenytl, -2 '2 | 4 | {-Letramethylpentane

(111) are 92 and 93,3 k,I mol-r, respectively'



Tabfe l-5

The apparent tvtofo.Id rotational barrier of some

G, c[-disubstituted tofuenes obtained by the J-method at 300 K'

Ref . 6+--(HzI 6&LnzL <sin20> v2 (kJ môl-1)

cE.
- _^a '
- Ì\cE.I --J 

o .2s4 (2') u 
-1 . i.2 o .227 (2) 6. 6 (7)

ott
.7

._õ._^"-T-" 1?" -0.399(l-1)0 -0.96(5) o.4t-6(33) 1.?(8)
f'â

c.rÂácl

^_"tr
0 

1e -o .2A3 (4')+ -L.1-z o.21.i (4) i .o (2t

,7
g-c1s

.,,\ 13- -0.219(7)+ -r.14 0.19r-(6) 9.2(1,.31
tot

crÃâcl

Ø
"-ç'N rg -0. gB9 (5) +,' -1.12 o ,7g4 (41 7 .5 (1)

rt
"-i! 112- -0.23e)+ -1 .11(10) o.zt(4) 8.4(1.3)

o
cE" cE"a'E-1-cs'cs" 

0.107(1)+ -r.'l-2 0.096(i-) 14.9(1)o
S the mean of acetonê-d6 and cs2 results
"at3o5K
o in benzene-du
* in cs,
o The c-H bond lies near a pLane perpendicular to the benzene ríng,

anaLogous to axial phenyl-cyclohexane .



5. SUGGESTIONS FOR FUTURE
RESEARCH



The STO-3G MO cafculations suggest that the barrier to

the nethoxy group rotation in 1,3-dimethoxybenzene is about

8 kJmol-l and is higher than in anisole (60). The size of

this barrier is accessible by the .f-method t.hrough t.he use of

Iong-range coupling constants between the nethoxy carbon and

the para carbon or proton, sJ(13C' 1t) and 6.lp(1Hr 13C) ,

respectivety. It wifÌ be interesting to measure and compare

this barrier with the theoretical value '

The substitution of a chforine atom at the meËa position

does not affect the popufatíon distribution (or more

precisely, the sums of the fractional populations of eíther

two of the conformers) of 1,3-dinethoxybenzene . The

influence of different types of substituent at this position

on the population may furnish a more definite conclusion'

The H4 and H6 regions of the 1H nmr spectrum of

1-, 3 -dimethoxyben zene are not as wel]--resoÌved as those of

H-2, which implies that s..lo(H4:H6, cH3) and ?Jp(H4:H6,CH3) are

l-ess certain than s,Jo(H2,cH3) . rf the size of s,lo(H4=H6,cH3) ís

being underestimated, so is the fractiona.L populatíon of the

trans-Èrans conformer. In order to investigate how reIiab]e
the present resul-ts are, sJo1H4:H6rcH3) and ?,Jo(H4:H6rCH3) have

to be determined independentfy, To accompl-j-sh this' the two

methoxy groups can be made nonequivafent by enriching one

methoxy carbon with 13C. The different types of methoxy

proton resonances now enable 12cH3 to be decoupled, thereby

givìng the methoxy-ring coupJ-ing constants of the other with

greater reliabiIity,
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lf the barrier in 3-phenyl- 2 ,2 ,4 ,4-t elramethylpentane is

as high as those suggested in the literature (110,111)f

6Jp(H,H) of the methine proton wil.r become negligible ' The

rotational- barrier of 3-phenyl-2 , 4 -dimeLhyfpent ane ' rvhích may

be in the insensitive region of the .l-method, is expected to

lie between those of 3-phenylpentane and

3-phenyl-2r2r4r4-tetramethyfpentane. The AMl barriers of

these methyl-subst ituted pentanes will provide further tests

of AM1 as a suitable algorithm for ci'G-dialkyl substituted

toluenes,

The barrj.er to the phenyl groups rotation in meso

2, 4 -diphenylpent ane, from a Raman Ìine-shape study (105), is

about the same size as the internal rotationaf barrier of

3-phenyì-pentane, and can be measured by the J-method. An

1H nmr analysis of the whol-e mofecufe has not been done so

far.
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