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AbstracË

Proton, carbon, and fluorine nuclear magnetic resonance

spectroscopy have been used Ëo investÍgate the conformational

preferences of the meËhoxy group in anisole, 2-fluoroanisole,

4-bromo-2-fluoroanisole, 4, 6-dibromo-2-fluoroaníso1e, and

2,3,5,6-Ëetrafluoroanisole, and of the acetyl group in 2-

fluoroacetophenone and 2,6-difluoroacetophenone, all in

isotropic solution. Ab initio molecular orbitar calculations

wíth partial geometry optimization at Ëhe ST0-3G level and

INDO MO FPT calculations have been performed for anisole, 2-

fluoroanisole, and 2-fluoroaceËophenone.

On the basis of the molecular orbital calculaÈions, spin-

spin coupling constants, chemfcal shifts, and nethyl carbon

spin-latËice rel-axation tímes, those compounds with only one

or no substituenË ortho Ëo the sÍde ehain prefer coplanaríty

of all heavy aËoms. The interdependence of inÈernal motions

makes barríer determinations difficult. CalculaËions suggest

ËhaÈ the two-fold component of the barrier Ëo uethoxy group

roËation is about 5.7 kJ.rol-l 1n anisoleu and that the four-

foLd cornponent i-s not negligible. There is a strong prefer-

ence for the trans conformation of 2-fluoroanisole and this

increases somewhat upon 4-bromlnation. These tendencies

refl-ecË the degree of conjugaËion beËr¡een Ëhe aromatie ring
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and t.he Eethoxy group, and Ëhe sËeric interaction of the methyl

grouP r¡rith orÈho substituents. The tr¿o-fold component of the

barrier to acetyl group rotaËíon is high in 2-fluoroacetophen-

one, which prefers the 0-anti conformatlon.

I^Ihen halogens occupy both positions orËho to the side

chain, non-planar conformations are populated appreciably.

This is partlcularly evídenË for 4,6-dibromo-2-fluoroanisole.

Long-range spin-spin coupling constanËs between the

nethyl carbon and rJ-ng carbons or ring protons provide

qualitative conformaËíonal infornaÈion, but suggest that

guantiÈaËive relaËionships similar to those for analogous

proton-proton coupling consËants may be realized. The relaËÍve

signs of 5Jrco'H3 .rrd trrto,"t in 4,6-dibrorno-2-fluoroanisole

and of 4r^Ca'H6 ín 2-fluoroacetophenone are posÍtíve aecording
o

to weak Írradiation (tickling) experimenËs.

An investigatíon of the nature of the proxímaËe couplings
5J^cH3'F 

"rrd 
4r^to't, which carry posítive signs, suggests thaËoo

both depend principally on the Ínteractíons bet¡,¿een Èhe rûethyl

hydrogens and fluorine and between the methyl carbon.and

fluoríne. AtËempts are made to describe the angle dependence

of these proxJmate coupling consËants by INDO MO FPT calcula-

tions and by anaLyzíng the temperature dependenc" of 5J^CH3'F
o

and of 4¡^C *F ir, 2-tluoroacetophenone.
o
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But as for certain truÈh, no man has knor.m it,
Nor r¿ill he know it; neither of the gods,
Nor yet of all the things of which I speak.
And even if by chance he were to utter
The final truth, he would hinself not know it:
For all is but a r¡roven web of guesses.

Xenophanes

f cannoË give any scientist of any age better advice than this:
the intensity of the conviction that a hypothesis is true has
no bearing on whether it is true or not.

Sir Peter Medav¡ar

Experience is Ëhe nane every one gives to their mistakes.

Oscar l,iilde

Our whole problem is Ëo make the uistakes as fast as possible.

John Archibald hrheeler
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Chapter 1

Introduction



Conformational analysis of anlsoles and acetophenones has

received much attentlon. Physical methods which relate bulk

properties to molecular porperties usually provide only

qualit.ative informatlon. Spectroscopic techníques yield mole-

cular parameters, albelt average propert.fes of the ensemble.

Nuclear magnetÍc resonance spectroscopy (n:lr) has been

applied Eo the sËudy of anl-sol-es and acetophenones, but most

of these sËudies have been concerned with the interpretation

of chemical shl-fts. Spin-spin coupllng constants have not

been used widely since the numbers are usually smal1 and

the forn and mechanism of the coupling Ís not well undersËood,

For other molecules and funcËional groupse coupling const.ants

have been useful conformatíonal fndicators.

Thls thesis describes nuclear Dagnetic resonance sËudies

of some fluoroanisoles and fluoroaceËophenones concerned

wíth Ëhe conformational behavlour of the methoxy and acetyl

groups, and with the reflect.l-on of this behaviour in Ëhe nuclear

magnetic resonance paramet,ers .

The reader is referred Ëo standard monographs for a des-

cript.ion of the theory of the nmr experiment and specËral
1-8anal-ysl-s

The present chapter contains some brief, inËroducËory

remarks on Ëhe conformation of phenol and thiophenol, which are

strucËurally more símple than, but sírnilar to, anisole; a review

of Ëhe conformational st.udies on anisole and acetophenone; and

an introduct.Íon to proximate spin-spin coupling.



Confornat,ional AnalysJ-s of Phenol and Thiophenol

Hermans has writÈen that conformaËional analysis began

r.¡ith vantt Hoff shortly af ter Èhe enunciaËion of the vantt

Hoff-Le Bel hyporhesis ín L8749. According to Orville-Thomas

Èhe word t'conformation", meaning one of the manifold shapes

which a molecule may adopE by rotation abouË single bonds,

was introduced by Hawortfr in 192910. ConformatÍonaI analysis

began in earnest after seminal papers by Hasselll 
"rrd 

Bartonl2

appeared. "The basic premise underlying conformat,ional analysis

is that the chemícal and physical properties of compounds are

closely related to preferred conformations. "l0 The relaËive

orientations about a gíven bond are described usually by

specifyÍng a Ëorsíon (dihedral, or rwist) "r,g1.613. Klyne

and Prelog made suggestions to make such descriptions system-

.14atr-c

In at least some circumsÈances the dihedral angle concept

is linited by Èhe fact that Ëhe conformational behaviour resulÈs
. 15.16.89i-n an average--'--¿-- " Apparently this average may be treated

classically in many cases, wiÈhouË recogniÈion of a dependence

on the reduced moment of inertia about Ëhe rotation axisl7'18.

The following exemple provides an illustration of thÍs

picÈure. The hydroxyl group in phenol prefers to lie in the

p1-ane of the aromatic ring19-23. The two-fold barrier to

inÈerna1 rotation is 14.5 kJ'mol-l fot a poËential of the form



v(ó) = v, si-n2ö Eq.(1)

which reflecÈs the change in conjugatíon between oxygen and the

ring n-systen. Two-fold barriers in rhiophenol (3.4 kJ.rol-1)24,25

and selenophenol (1.5 + 1.0 kJ.rol-1)26 ^t" esËimared by the

J method27. The relaËively 1or^¡ barrier ín thiophenol allor^red

study of its dependence on substitution at the para

position24'25'28'29. These numbers decrease ín the order

N02, Br > Cl > H > C"3 t t r 0cH3 t M2 with the latter tv¡o

compounds preferring the sulphydryl group in the plane perpen-

dicular Èo Èhe ring plane. Evidently, Ëhe decreasing impor-

tance of conjugaËion between sulphur and the ring n-sysÈem is

related to the electron demand of the para subsËituent. The

naËure of the sulphur 3p lone-pair is such that an orËho

hydroxyl group will form a hydrogen bond with it specifically

and twist the sulphydryl group out of the ring p1ane30'31.



B. Anisole

This section conÈains a summary of experiuental investíga-

tíons of the meËhoxy group conformation ín anisole and some of

iÈs derivatives. The conformational behaviour is adduced and,

thereby, the factors which control conformation are illustrated.



i) near-ultraviolet absorption specÈroscopy

From comparÍson of the spectra of near-ultraviolet

absorptions of solutions of ortho-, meta-, and para-substituted

phenols and Ëhe corresponding anisoles in ethanol, Burawoy

and Chamberlaín deduced that comparable hypsochromic shifts

of the n-n* band maximum occur upon O-methylation32. However,

when both ortho positions were occupied much larger hypso-

chromic shifts were observed, presumably the result of decreased

conjugation between the oxygen lone pairs and the n-system.

It was proposed ËhaË r.rhile the meÈhoxy group may evade steric

interactions with a sÍngle orÈho subsÈiËuent by adopting the

trans conformaÈion, substiËutj.on at both posiËions forces the

methoxy group to 1ie preferentially out of Ëhe plane of the

aromatic ring.

Hart and I.rlagner supported Èhis conclusion by reporting a

marked hypsochromic shift between band maxima for anisole and

??t-buËoxybenzene". Consistent also was the baÈhochromic shift

between anÍsole and 2-methylcoumaran, in which the rotation

about the ring carbon-oxygen bond is constrained. A mono-

tonic decrease in the wavelength of the absorption maximum was

observed for a series of heterocycles in which increasing pucker

forces the aliphatic carbon bound to oÐ'gen out of the plane of

Ëhe aromaÈic rÍng.

Dearden and Forbe"34 rrrd Frolen and Goodm"r,35 
"dh.red 

Èo



Èhis view. The latter indicated ÈhaË the effective twisÈ

angle of the meËhoxy group increases in the following series:

anisole; 2-meËhylanisole; 2,6-dimethylanisole; and 213,5,6-

tetramet.hylanisole .

Ifhile these anal-yses can noÈ provide more than a qualita-

ti.ve description of the conformational preference of the methoxy

group, consisÈenË behaviour is observed.



ii) dipole moments, Kerr constants, and dielectric relaxation

From comparisons of measured and calculated dipole moments,

several authors have indicated that either the meLhoxy substi-

Èuent on an aromaÈic rÍng does not lie in the ring plane or

is not fíxed rigídly th.t"irr36-38. LeFèvre and co-workers

inferred from dipole moment and molar Kerr constant measurements

that Ehe effective conformation of anisole in carbon tetïa-

chloride solution has a methoxy group twists angle of about

20o, possíbly due to steric interactions ¡¿-ith ortho hydtog.rr"3g.

Si-nii-ar results r¿ere obËained if a chlorÍne, bromine, iodine,

or methyl subst.iËuent occupíed the para positlon, but 4-nitro-

anisole and 4-cyanoanisole were virËuall-y p1.rr"r40. Bredikhin,

Kostin, Vulrfson, and VereshchagÍn obtained agreenent beËween

Ëhe measured Kerr consËanËs for anisole, 4-chloroanisole,

and 4-bronoanisole and the numbers calculated for planar con-

-4rIOTInETS

In the dÍelectric rel-axation behavíour of anisol-e, Snith

and co-workers ,42'43 and Klages and Kraus,44 forrrrd evidence

of two contribuËions to the Ëotal orientatl-on polarizatíon:

one frou molecular reorÍentatíon and a srnall one from hindered

netholry group roËation, According to the ËenperaÈure dependence

of the latter relaxation Ëime, the enthalpy of actlvatíon for

the rotaËion was about 6 kJ.rol-1 in solutioo43. Ylazíd, Shuk1a,

and trIal-ker sËated Ëhat the relaxation for 1,3-di-Dethoxybenzene



dispersed in a polystyrene narrix is due principally to meÈhoxy

group ïoËation, the activation enthalpy belng about 10 kJ. rol-1

as for 3,3r-dimethyl-biphenyl-¡ 1,7-dlnethoxynaphthalene; and

3r5-dimethyl-aniso1e45. For 2,4,l-tríbromoanisole the enthalpy

increased Ëo 16 kJ.mol-l due to sÈeric or conjugative effects

of the bronine substituents.

Dipole moment cornparisons for ortho-hal_oanisoles led

Anzilotti and Curran Èo conclude Èhat meËhoxy groups prefer to

l-Íe enËÍrely Êrans to bromine, chlorine, and (likely) fluorine

substl-tuerrts46. Similar comparisons convínced Lumbroso,

Curé, and Andrieu Èhat 2-chl-oroanisol-e, 2r4-dichloroanisole,

and the sulphur analogues exist predominantly as Ëhe trans

conformaËion and to the exclusion of the hindered "i" forr47.

The neËho)ry group lies trans in 2-t-buty1-5-bromoanisole, but

may be rotated ouË of Ëhe ring plane by 29" according Ëo the

dipole moments measuïements of Allinger, Maul, and Hickey48.

Molar Kerr constants indicaËed that the metho)ry group

prefers to Lie effectively perpendicular to the ríng plane

when methyl, chlorine, or bromine oceupies Èhe 2r4, and 6

40
POSr-Ër-Ons

These techníques put forward a consistent pícture of con-

jugaclonal and steric infl-uences on nethoxy group conformat,ion,

but lend themselves Èo s1Éuations Ín which a clear dl-stincËÍon

exÍsËs beË¡+reen possible out,comes. For example, sínce the dipole
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monent of the unpopular cis form of 2-haloanisoles is less than

that of the trans, small populations of the cís form may be

conceal-ed. 0r the preference for a planar conformaÈion may be

nasked by rotations r,¡hich yield an effective tsr¿ist angle which

-37Ís non-zero . Consequently this may be interpret.ed as a

preference for a non-planar conformatiorr39'48 (see the preceding

secËion A).
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fii) mlcrowave spectroscopy

LLster has rnade exËensive sEudíes of the nícroürave spectrum

of 4-fluoroanisole, whlch was chosen because Ëhe a-cornponent of

the electric dípole noment ls larger than Ëhat of anísole

its"1f49'50. The interpreÈatlon of the spectrurr of the ground

and first. exclted torsional states favoured an exacËly planar

preferred conformation and a fairly hlgh barrler Ëo roËation

of the uethoxy group, but Lister and Owen could not exclude

the posslbfllty of non-planar relatj-ve ninJrn¡. The three-fold

barrier to meEhyl group rotaÈl-on was aË least 7 kJ.mol-l, in

rough agreement r¿íth the values for cfs-meËhyl ,rittit"5l

-1 \) -1(8.7 kJ.nol -) and methyl vinyl eËher-' (f6.1 kJ.mol -).

In a study whlch included the síx lor,¡esË Ëorsional sËates,

Lister concluded that the barrier Eo netho)çy group rotaË1on 1s

at least 4,6 l"iJ.rol-l 50. Since the concentration of a second

rotaner is less tTi,an 207" at 273 K the energy difference between

the planar form and a hypothetlcal second minimum fn the

rotational potential was shown to be greaËer than 3.6 kJ'ro1-1.

A function of the form

v^ v,
v(ô) = j O- cos 2O) + jO- cos 4þ) Eq.(2)

with a reasonably large value for VO Ì.ras proposed to describe

the rotaÈion.

Steinmetz interoreËed the l_oW-reSOLutiOn m!916j¡¿rze sDectr^lrm
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of 4-nethoxybenzaldehyde as indicative of planar and non-

planar confomatlons, but found only planar forms for 3-methoxy-

benzaldehyd.S3. No explanatlon for the apparent difference in

behaviour was províded. Bohn and cov¡orkers reÍnËerpreted low-

resolution mlcror,rave spectra as providing direct observatlon of

free rot.ator staÈes54'55. Barrlers to nethoxy group roËaÈl-on for

4-neÈhoxybenzaldehyde, 4-methoxybenzoyl fluoride, and 4-nethoxy-

benzoyl chlo5lde were found to be 2.I + O 8 kJ.noL-L, ^ value

which was also proposed for anisole and 4-f1uoroaniso1"55.

Lister Ëermed these results incompatible with Ëhe nicrowave
50spectrrrln

The relative l-nËensitles of two band series in Ëhe loÌ,r-

resoluËion mlcror¿ave specËrun of 4-fluorothioanisole suggested

an energy difference of 3.0 + 1.0 kJ.uol-l betr¿een conforrnat.ions

described as nearly planar and nearly perpendi",rl"r56.

Thus l-t seems that lower linfÈs on the barríers to nethyl

and nethoxy group rotat,lon for 4-fluoroanisole are set, buË

actual values are noË knom. rf the para fluorine substituenË

reduces the two-fold barri.r28, t.hese línlts apply to anlsole

as well. ResulÈs of low-resolution nicrowave studies should

be viewed r¡ith some sf¡grrmspsction since the validity of the

present interpretatlons of the intensfty of band series

apparently remains in question.
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1v) fnfrared and Rânan spectroscoPy

The analysis of vfbraÈfonal spectra of anisoles received

much attenËion before confornational deducCions ktere "ta"tpt.d57.
Horák, Lippencott. and Khanna suggested that, because con-

Jugation favours the planar confornaËion whíle steric ínter-

actions favour the perpendlcular, anisole probably exists in

sone lnternediate conform¡ttorr58. Spectra and Raman polari-

zaËions were explained under the assunPtion of weak interacÈion

beËs¡een the characterístíc vibratlons of effective Cr, symetry

for the phenyl rnoleCy and effective C" slrmetry for the Eethoxy

moleÈy.

Infrared and Raman spectra of anisole, fluoroanisole,

chloroanisole, and bronoanlsole were coBpared by or^¡en and

qô
Hester'v. Except for 3-fluoroanisole, Ëhe preponderance of

a single, planar heawy aEoID strucËure was inferred, as for

nethyl vinyl ether60'61, "r,d 
assigned Èo the trans conforroer.

The nethyl group torsfonal vibration rdas not observed, buË

the barrier height was assu¡ed to be near that for nethyl

vinyl eËher: 16 kJ.rol-1 59. Trso-fold torsíonal barriers were

calculated from torsional frequencles for pure l-fquids, which

yielded a varue of 25 kJ.nol-l for aniso1"59 "rrd 
22 kJ'no1-1

for nethyl vinyl ether6l. For a gíven halogen, the barrfer

increases as the substituent was raoved fron the P4 (ZS

-1 -1 .

kJ.nol-r) ro rhe neÈa (30 kJ"uol -) position and from ihe
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meta to Èhe ortho (38 kJ.ro1-1) position. Ttre barrier for 2-

fluoroanisole was excepLionally low, 26 kJ,rol-l. The

pattern was explaíned as the result of competitj_on between the

mesomeric effect of halogen substit,r.rrt"62, whích is inef-

fective at meËa posítions, and the steric interaction between

Èhe methoxy group and a bulky halogen situated ortho to it.

An equilibrium betrveen cís and trans conforrners \,üas found

for 3-f1uoro"r,iso1e59. A vanrt Hoff plot of the ratio of

intensities of unidentified vibrational lines corresponding to

cis and Èrans conformers over the range 296 to 373 K índicated

Ëhat the Èrans conformers is favoured by 2.4 + 0.6 kJ-rol-l 59"

comparable to 2.5 + 0.8 kJ.mol-l for methyl nitrite60 "nd 1"""

than 6.3 + 0.8 kJ nol-l for methyl vinyl ether60, which prefers

Èhe cÍs confornation. Josefi, Drahorádová, and Horák found

evidence of both planar conformations of the four common 3-

haloanisoles in the liquid and in solution, but not in cry-

stallÍne samples aË 93 K63.

Enthalpy dífferences determined from van't Hoff plots of

íntensity ratios should be vier¿ed with considered caution if

not skepti"i"r64.

Allen and Fewster have discussed the connection between

the analysis of Ëorsional vibrations and rotational isomer-

i"r65. From the torsional vibration frequency of the meÈhoxy
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group in the far infrared spectrrrm of the gas phase, the fol-

lowing barrler heights r.rere determined: anisole (15.1 kJ.rol-1),

anísole-d, (f2.1 kJ.ro1-l), and anisole-d5 (fS,1 kJ.ro1-1).

Inclusion of couplJ-ng between the deuterated aethyl and phenyl

tops, whlch ís expecËed to be snall since one top is much

lighter Ëhan the other, did not 1o¡¿er Ëhe apparent. barrier for

anísole-dr. Therefore, couplíng between the nethoxy group

torsion and out-of-plane ríng vibratfons was presumed to be

considerable.

Torsíonal frequencíes inplied barriers of 12.3 kJ'ro1-1

for 4-fluoroanísole, 12.5 kJ.rol-1 for 4-chloroanisole, and

12.8 kJ.ro1-1 for 4-nethylanisole, but Ëhe apparent consËancy

of these results hras not exp1aioed65. Goulon, Canet, Evans,

and Davies proposed that the tr,¡o-fold barríer in 1'4-dimeÈhoxy-

benzene ís 22 + 3 kJ.rol-l in the 1iquia66.

Methoxy group t.orsions f.or 2,6-difluoroanisole and

213r415r6-pentafluoroanisole were consistent with a barrier

height of 3.6 kJ.ro1-l 65. Thís relatívely lorv value qras

attributed to r.reakenlng of the ring carbon-oxygen bond by

elecËronegative fluorine substituenËs, and Ëo steric l-nterac-

tions betr¡een the meËhoxy group and fluorine at orËho posítions.

Recently Tyl1i, Konschin, and Grundfelt-Forsius studied

the Ranan specÈra of solíd anisole, anisole-dr, anÍsole-dr,

and anisole-d, aË 130 K67-69. Apparent barriers Ëo nethyl
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group rotatÍon wete 22"L + 0.2, L7.5 + 0.2,21.8 + 0.2, and

17.0 + 0.2 kJ.rnol-l, respecLívely. The l-ower values for tri-

deuteríomethyl groups led to the proposal of coupling between

the methyl- torsion and a 1ow frequency carbon-carbon stretchíng

mode of the ring. Barriers to methoxy group rotation were

48.2 + 1.3 kJ'rol-l for anisole, 49.0 + 1.5 kJ'o,ol-l fot

anlsole-d^, and 46.6 + 1.0 kJ.tol-l for anisole-d., in
5')

contradistÍnctíon Ëo All-en and Fewsterrs concl-usions drawn from

gas phase spectra.

tr{hile the meÈhyl group barríer for nethyl vinyl ether in

Ëhe gas phase and the apparent barríer for anisole in the

solid phase seem to lie Ín rough agreement, Èhe two-fold barrier

to methoxy group roÈation trÍpl-es on passíng frorn the gas to

the solÍd. PossíbJ-y AJ-1-en and Fewsterts suggestion that Ëhe

difference between the torsÍona1- frequencies from the gas and

the J-Íquid should be attributed to intermolecular contributions

to the barrier, perhaps as a resul-t of some ordering of the phenyl

moietÍes Ín the liquid' can be exÈended to the crysÈal. The

difference concernÍng the coupling of the methyl grouP Ëorsion

Ëo another mode Ís removed by postulating a change in dynami 
"t67 

.

A1-Èhough the steric influence of halogens located ortho

Lo the methoxy group seems reasonable, the electronic contri-

bution to the weakening of the ring carbon-oxygen bond ín 2,6-

difluoroanisol-e is probably a manífestaËion of the mesomeric
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effect rather than the inductive one. Since Ëhe same two-fold

barrier is found for 213r4,5r6-pentafluoroanlsole che steric

effect appears dominant.

Barriers for the para-substituted anisoles likely lie

within the experimenÊal errors so no subsÈituent effects are

vísible. However, the cause of a hlgher apparenË barrier in

anisole than in any of the para-substituted anisoles is not

clear.

Cunliffe provides a discussion of the calculatton of

int.ernal rotational barriers from torsíonal frequenci""70.

The potential energy expression in the absence of coupling is

usually assurned to have a sÍmp1e form, either quadratic or a

sÍngle cos nþ Eerm. Naively, the harmonic oscillator approxí-

naËíon yields
2

v t
F

; n2,-nn=1

Eq. (3)

vrhere va is the Ëorisonal frequency, F is Èhe redueed rot.atlonal

constanËr and V' is the n-fold barríer hefght. If only one

V' is present and the molecular geometry, hence F, is known,

then the torsi-onal frequency ytelds an approxinate barrier

directly. However, if more Ëerrtrs are Ëo be included, as Lister

proposed for anisole, ¿þs frequencies of hot torsfonal bands

are required. These remain unobserved. From Equation (3)

and an esËimate of 3.6 kJ.rol-l f.or Y* Lister inferred a four-

fold barrier height of aboux 2.2 kJ.nol-l ¡64 {-fluoto"ni"o1.50.
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v) díffraction techniques

No X-ray crystallographic sËudies of solíd anisole haye

been reported, but Seip and Seip have performed an electron

diffraction study of gaseous anisole7l, At 328 K a model

having all heavy atoms coplanar was consistenË with the

observed radial distribution function. However, a very slight

improvement of calculated features rras noticed rrhen the

methoxy group was seË 10o out of the ring plane. At 523 K

the planar structure was unsatisfactory and comparison of the

obseryed and calculated intensity distributions suggested a

dihedral angle of about 40o. Attempts at determination of the

barrier by comparison r¡ith classical íntensity dÍstributions

for a two-fold barrier failed, The existence of a second

mini¡n 'm in the methoxy group rotational potential r¡as proposed

to explain the large dihedral angle at high têmperature.

Goodwin, Przybylska, and Robertson determíned Ëhe crystal

structure of 114-dimethoxybenzene and found no evj.dence of

either methyl group roEation .or meËhoxy group rot.axíon72.

A1l heairy atoms lay in the rÍng plane,

Kollman, Iloukr and coworkers suryeyed X-ray crystallographic

studies of thirty unhindered methoxy groups on aromatic rings

and found an ayerage díhedral angle of 6 * 6" 73. In fifty-

eight of sixty cases two methoxy groups ortho to one another

preferred a dihedral angle of I * 6o, but the remaining two
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structures had angles of about 110", At least one of these

was attributed Ëo crystat packing for""r74.

An inelastic neutron scattering study of. 216-dimethyl-

114-dimethoxybenzene concluded that the 4-nethoxy group prefers

the ring plane, but the l-nethoxy group nakes a dihedral angre

somewhat snaller than 9Oo 95. Barriers for Ëhe three-fold

cosine-shaped potentíal were obt.aíned from the torsíonal

transition for Ëhe merhyl group of the l-nethoxy (7.5 kJ.,ool-1)

and 4-meËhoxy (15.0 kJ.ror-1¡ groups, and for the nethyl

groups themselyes (7.5 kJ.ro1-1), No significant difference

was observed between the solid and the liquid phases.

RecenÈ X-ray crystallographic studies dqnonstrated that

the methoxy group makes a dihedral angle of about go in

4-methoxyphenol, 25o in 2,6-d,í-t-butyl-4-nethoxyphenol, and

89o in 2,3r5r6-Ëetr¡methyl-4-nethoxyphenolT6'77 . In six

trimethoxy aromaËics v¡iÈh methoxy groups at both positions

ortho to the first, the outer groups preferred average díhedral

angles of 5o, but the inner group v¡as nearly perpendicular.

Anisole is expected to be planar in the crystal since a

para methoxy substituent should reduce the türo-fold barrier.
crystal packing forces uay enforce strict planarity for L14-

dÍineËhoxybenzene, but the gas phase structure of anisole Ís

convincing if an effective dihedral angle ís ascribed Ëo tor-
sions, rn most cases a single orËho subsËituent seems to demand
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that Ëhe Eetho)qy group lie trans, substituents aË both orËho

positions lead to nearly perpendicular conformatíons. The low

barrier Ëo methyl group roËaËion for the l-rnethoxy group of

2r6-dimethyl-1r4-dimethoxybenzene is consistent with reorien-

taËion i.n a regíon where steric interacËion with the ortho

subsËituents (including ortho hydrogens) is redu""d75.
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vi) phoËoelectron spectroscopy

Baker" May, and Turner explained the splitting of the

lowest ionizaËion energy band of the photoelectron spectrum

of a monosubstituted benzene as an indication of the removal

of the degeneracy of the 2rr, gro.rnd. sÈate78. The donatíon

of electrons from the hydroxyl group Èo Ëhe Br-type orbital,

which has a me'<i¡um at the position of substiËution and at

the para positíon, buÊ not Èo the A.r-type orbiËal, which has

nodes at Èhese positions, resulted Ín a 0.70 ev splitting for
phenol. The 0.83 eV splirting was seen as a reflection of

electron donaËion from the nethyl group to oxygen, which

facílitates mesomeric release Ínto Ëhe phenyl ríng, Therefore,

the 0.5(8) ev splirting for t-buroxybenzene rras attrÍbuted to

a reduction of the mesomeric interaction in a non-planar confor-

mation, No splitting was obserrred for trifluormethoxybenzene or

for pentafluoroethylbenzene, Ín which the elecËronegative fluorines

make conjugaËíon ineffective.

Vertical ionization potent,ials (IP) for the o)çygen lone-

pairs were estimated to be 11,3 eV for phenol and 11.2 eV for

"rÍ"o1.78, The value for t-butoxybenzene hras 9.80 eV. A

sharp band at L0,24 eV r.¡as assÍgned for 1,4-dinethoxybenzene,

the decrease being due to the ínteraction between electron-

donating para subsËiËuent.s.

Ithile the ionization energies of the r-orbitals increased
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monotonically from phenol to 2-methylphenol, and again to 216-

dùnethylphenol, decreases were observed for Ëhe corresponding

anisoles, which suggests that the phenols retaín conjugaÊion

while the anisoles lose ít79. The confonnaËion of 2,3r415,6-

pentafluoroanisole hras not indícated clearly sínce the energies

of all n-orbitals fall relaÈive Ëo anisole, but the energies

of the n-orbiËals of 2r3r415,6-pentafluorophenol rrere found

below those of phenol.

corresponding n-orbital ionizatíon energies r¿ere similar

for anisole, ethoxybenzene, and isopropoxybenzene, but lower

for t-buto*yb"rr""n"80, Mechyl substÍtutíon at both ortho

positions decreased the rPs except for phenyl, which remains

planar, and for t-butoxybenzene, which rpmaíns near-perpen-

dicular.

Since the highesr occupied molecular orbiral (HOMO) of

anísole contains a mixture of ring n-orbital and oxygen lone-

pair char""t"r"80-84, the first ionization energy of para-

substituted anísoles vÍas expected to be sensirÍve t.o the effect

of the subsËituent on the degree of conjugatíon between the

meËhoxy group and the ring. The order of ionizatlon energies

.or"84 N02 t H > cH3 t sc'3 t 0cH3 t M2 > N(cH3)2.

Kollman, Houk¡ and coworkers courpared ionizaÈion energÍes

r^rith values derived from molecular orbital calculations at the

ST0-3G 1evel and concluded that 113-dimethoxybenzene and 114-
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dimethoxybenzene are preferentially planar, but 1, 2-dimethoxy-

benzene prefers a nearly perpendicular orientaËion for one

.85meËhoxy group--. From the ionization energy of the olrygen

lone-pair (9.86 eV) the 2-methoxy group of 1¡2r3-trimethoxy-

benzene r'¡as supposed to 1ie nearly perpendicular to the ring

plane, aIÈhough the methoxy groups at both ortho positions were

nearly in Ëhe phrr"85.

Friege and Klessinger found thar sterically hindered a1kyl

aryl ethers prefer the perpendicular confornatiorrST. Anisole

and other unhindered eÈhers preferred Êhe planar conformation,

but the existence of a less sËable perpendicular confonner vras

established. The energy difference between these conforrners

was estimaËed from the photoelecËron spectrrñ at high temper-

atures Ëo be 5.7 + 0.6 kJ.rol-l for anisole, 7.3 + 1.5 kJ.rol-l

for 2-met-hy1anisole, 4,0 ! O 9 kJ.ro1-1 for ethoxybenzene, and

5.3 + 0.4 kJ.rol-1 for 2-nerhylÍsopropoxybenzene.

The spectrum of thioanisole was explained by Bock, Wagner,

and Kroner r¡ithout. resort to unoccupied d-orbitals on sulphur8rr82.

Conformat,ional equilibrir-m between the planar and the less

stable perpendicular confolrters was reported for methyl, ethyl,

isopropyl, and !-bucyl phenyl su1phides8O, Since rhe HOMO is

almost enËirely sulphur lone-paÍr81-84, the first ionízation

energies of para-substituted rhioanisoles were not affecËed as

greatly as for the anisoles, but the Èrend was Ëhe 
""r"84,



Schweig and Thon estinated Ëhe confomaËion equilibrium con-

sËant for thÍoanisole beËvreen 293 anð.773 K88. A two-state

urodeL irnpl-ied an energy difference of 3.5 + 0.3 kJ"rol-l, but

Honegger and Heílbronner demonstrated that a more careful ana-

lysis, which accounts for al-l conformaÈions, is requir.d89.

A1l- evidence from photoelectron spectra favours the

planar conformation of anísole over the perpendicul-ar one.

Relatfvely little information about the form of the rotational

potential of the methoxy group is obËained, but the perpendi-

cular conformer appears to represenË a local energy ririr''*8o'87'88.

Ihe electronÍc effect of para substituents ís reflected in the

first ionÍzatíon energy and ín the two-fold barri"t84, as for

pa:¡:a substÍtuÈed Èhíoph"rrol"28. The degree of non-planarity may

increase when substítuents are pJ-aced aË one or both ortho posi-

tions, but Ëhe origÍn of thís effect is uncertain. Kollman,

Houk, and coworkers suggesü that it is entirely electronicS5

but the combined data seem to require steríc interactions fo

compleÈe expl-anatíon. For exâmple, a 2rethyl substituent i

expected to reduce the energy dÍfference between planar and

perpendicular conformatÍons of anisole, but an increase Ís
. -87oÞservecl

t

ra

S
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víi) electron spin resonance

The use of the hyperfine coupling constant of the methoxy

proËons in nethoxyphenoxy radicals as a conformational probe

was investigated by Rabold and coworkers, who concluded that
there must be overJ-ap between the ring n-orbitals and an oxygen

lone-pair, whÍch is a naxim,rn Ín the planar conformer and a

minim¡ when the methoxy group lies ín a plane perpendicular

Ëo the ring plane, and there nust. be sufficient spin densíty

on the o*yg"rr90. The methoxy proËon hyperfine coupling constant

in 4-nethoxyphenoxy radical r¡as 0.21 nT91, and taburated yalues

for 2,6-dialkyl derivatives and compounds wÍth only one alkyl
group ortho Ëo the 4-methoxy group 1ay in the 0.15 to 0.21 mT

92range

From the temperature dependence of Èhe esr li_newidth be-

t!üeen 193 and 27iK t]'e activaËion energy of the methoxy group

rotation in 2 r6-dÍmethyl-4-methoxyphenoxy radical was est.ímaËed

to be 32,6 kJ-rnol-l 93. Arherton and coq¡orkers found no tempera-

ture dependence of the couplÍngs in the elecËron-nuclear double

resonance (ENDOR) specËra of 2,6-di-t-buty1-4-methoxyphenoxy

radÍcal, but a marked dependence vras obseryed for the corres-

pondíng ethyl eth"r94. rn fact, the sharpness of rhe lines

suggested rapid rotation, which was enhanced presrrmably by the

sËeric interactions of the ethyl group in the planar conformer.

Methoxy proton hyperfine coupling consËants in 2,3,5,6_
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tetr¡meËhy1-4-nethoxypheno:ry radical95 and in 2,3,5,6-tetra-

methyl-4-ethoxyphenoxy radi .^L96 \¡¡ere surprisingly low,

0"000 and 0-032 mT respectively, and vrere artïibuted to the

Ínhibition of conjugation by sreric interaction with the ortho

methyl groups. As expected, the coupling constant in 2,31516-

ËeËrâmeËhy1-l, 4-dirnethoxybenzene radical cation was found to be

large, 0,2955 + 0.0010 mT ar 193K, but even larger Ín 1,4-

dineËhoxybenzene radícal cation, 0.336 + 0.01 mT at zoo x97'98,

rnhibition of conjugation by steríc ínteraction was for-

warded recently by rngold and coworkers ín connecËion r¿ith a

study of the reactivity of tocopherol_s Ëowards peroxyl

- 76.77raclr_caIs

wíthout attenptíng a quantitaÊfve description of the roethoxy

proton hyperfÍne coupling, it seo'ns clear ÈhaÈ small coupling

constants result from conformatíons in which conjugation between

the n-orbitals and the oxygen lone-paír is not favoured

sterically, Electronic effects of alkyl subsÊituenËs on the

aromatic ring are sma1l by comparison.
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viii) nuclear magnetíc resonance

Several techniques of nuclear magnetic resonance spectro-

scopy har¡e been applied Ëo Èhe study of methoxy group confor-

mation in anisoles, A sr:rorlary of some investigaÊions appears

in this subsecËion,
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a) carbon chæical shifts

The carbon chemical shifts for anisole r¡ere obtained

first by LauËerb.rt99 and by Spiesecke and Schneíd.t100,

who proposed thaË the shif ts of rÍng carbons correlate ¡^rit.h

n-electron density. The order of increasing shíeldíng was

CI < C3 < C4 < C2. Dhani and Stothers attributed Lhe pro-

nounced shielding of the para carbon to conjugative elecËron

release by the nethoxy group, which requires a subsËantial

population of the planar conformer in Ëhe 1-l-q,ria101, KiËching,

Adcock, and coworkers determined a 0,25 + 0.03 ppm increase

in the substituent-induced chemical shift (SCS) ax C4 of. 2-

methylanisole, relative to anisole, but observed a 3.23 ppn

decrease for 2,6-dÍmethyl.rri"ot.102. Similar effecËs ¡¿ere

seen by Dhami and Stothers, who interpreted the decrease as

evidence of inhibition of conjugation. SÍmilarly, the increase

r,ras seen as an indÍcaËion of increased preference for Ëhe planar

conformation of Ëhe methoxy group - enhancement of conjuga-

. L02t.l-on r

For 2-alkylanisoles Dhami and Stothers found an upfield

shift of. C6, and a downfield shift of C2, beyond the value

expecËed on the basís of additivíty of substÍtuenÉ-induced

chemical shifts. More recently Èhe metho><y group of 2-methoy-

anisole was found to shield C6 by an additíonal 4"3 PPn relaÊí"ye

Ëo Ëhe metho:ry gloup -ín ¿nis61e, buÈ to deshieird, CZ by 3.4 nntl02
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As a re flection of the conformational preference the shielding

was aËtributed to crowding of rhe 6-posirion by the nethyl of

the metho*y gtor'rplOl. Such crowdÍng was alleviated at the 2-

posiËion, relative to anisole, and therefore deshielding was

observed.

Additivity of methoxy substi-Ëuent-induced chemícal shífts

is noË particularly good for any of the dimethoxybenzenes, but

Ít is especially poor for rhe ortho Í"" .1102. (see Figure 1)

whtle this may be evidence in favour of non-planar conforoaËions,

the discussion of 2-methylanisole suggest.s that separaËe values

which account for the distinctÍon betr+reen Ehe tr¿o ortho posit,ions

are required. If such yalues (which could be called stereo-

specific substítuent-induced chemlcal shifts) are approximately

the s:me as those derlyed for C2 and C6 of 2-nethylanisole,

the agreement beËween additivity and observation l_s improved

sÍgnificantly. Sími1ar considerations apply to the meta

positions.

Dhamí and Stothers obseryed that

shift ís dependent on rhe síze of the

the methyl carbon chemical

qlEho substituenÈ, being

within experi-mental error for anisole and 2-nethylanisole, 3,9 ppm

downfÍeld for 2,6-dímethylanisole, and 9.7 ppm donmfÍeld for

2,6-dí-t-buty1aniso1"101. The origin of this effect remained

a puzzLei a decrease in conjugaËÍve el-ectron release by oxygen

or a change ín orbital hybridization on oxygen fror 
"p2 

go
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Figure I

Methoxy substituent-induced chenical shifts for anisole, Z-

neËhylanÍsole, and 1,2-dimethoxybenzene.

carbon chemical shifts relatíve t.o internal benzene are from

reference 102. Values based on additivity appear in paren-

theses" Values based on additívity of distínct conËributions

aE C2 and C6 in 2-methylanisole appear in brackets.
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3 ..sp-, or crovrding of the methyl by the

increase the shielding of the carbon.

the deshielding to an increase in the

ortho substituents should

Stothers has atcribuËed

po\arization of the

oxygen-methyl carbon bond upon a decrease in conjugarive

electron release frc¡m the phenyl rirrg103.

The chemical shifts from specËra of solid 1,4-dímethoxy-

benzene and of solid 1,4-diethoxybenzene indicated that the

aromatic carbon nuclei foro chemically-inequivalent p"ir"104-L06 .

Although Èhese resonances r^7ere atËribuÊed Ëo a single planar

conformer, the assignnent to eíther Ëhe syn or Ëhe anti form

üras not possible on Ëhe basis of shif ts alone. The spectrrrm

of solid Ir3,s-trÍ-meËhoxybenzene r,ras consistent with the anti-

synrmetric planar conformaËion, the three proËonaËed aromatic

carbons being chemÍcally-inequiv.l"rrr107

Buchanon and coworkers found that the spectrum of fhio-

anisole behar¡es much like that of anisole when substituents

are placed at one or both orËho positfons or aË the para

108position---. However, the order of aromaËíc carbon chemical

shifts was Cl < C3 < C2 < C4, Ëhat is, C4 was most shielded.

The thiomeËhyl carbon was shÍelded by about 39 ppn relative

Èo the methoxy carbon of anisole. However, the thíonethyl

carbon in 4-methoxyËhioanisole was deshielded by about 2 ppn

relative to thioanisole, and the Ëhiornethyl carbon in 4-nitro-

thioanisole v¡as shielded by about 1 ppt" This trend opposed
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that for the corresponding anisoLes, for whích an electron-

wfthdrawing niüro group at the para position deshielded the

neËhoxy 
"rrborrlol. The Lack of sensitivity of the thíomethyl

carbon shift to el-ectron donation or withdrawal by the para

substítuent, rel-ative to the rnagníËudes for the corresponding

anisoles' suggested that there is little conjugatíon between

the sulphur lone-pafr and the î-orbital-s.

KalabÍn and. coworkers found that the trends begun in the

spectra of substítuted thioanisol-es continue in the selenoaní-

"ol-""109. The trends 'urere extended down Group vï A to tellurium

by BaiwÍr and co11abot"tot"110. Monotoníc downfíel-d shifts

of ortho and para carbons kept the laÈËer to high field. I^Ihile

the shifts of the meta carbons changed littl-e, those of the

heteromethyl carbon and CI moved upfield on passing down Group

VIA.

As the energy of the hÍghest occupíed molecular orbital

rises upon descending Group VIA, the character of the orbiËal

approaches that of the heteroatom 1-one-pait83. That is, con-

jugation betr¡een the lone-pair and Èhe n-orbitals decreases.

However, the dependence of the conjugative interacËion on the

dfhedral angIe, that ís, on conformation, is supposed to

become more pronounced because the hybridization of orbítal-s

of the heteroator 
"hrrrg."109.

Thus, as conjugation decreased, the shielding of the ortho
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and para carbons decreased, Additional shielding of the ortho

carbons was ascribed to steric crowding, which also affects

the heteromethyl carbon chemical shift. The decrease in

electronegativiËy upon descending Group VIA v¡as seen to

increase the shielding of Cl and the heteromethyl carbon. No

evidence for participarion of d-orbitals was found108-110.

The deshielding of the thiønerhyl carbon in 4-nitroÈhioani-

sole suggest that thioanisole itself is not. effectively planar,

but an electron-withdrawing pÍìra substituent can increase the

degree of conjugation. For anísole the highest occupied mole-

cular orbital has both oxygen lone-pair and n-orbiËal charac-

ter80-83. Therefore, the electron withdrawal by a para nitro

group may extend to the methoxy carbon.

The change in hybridization of the heteroatcm upon des-

cending Group VIA involves an Íncrease in the s-character of

one lone-pair and an increase in Ëhe p-character of the

oËh"r30'310 This may be accompanied by a decrease in the bond

angle aË Êhe heËeroatom and a concomitant Íncrease in steric

crowding in the planar conformrtion, which is expecËed to

f,urËher shield the het.eromethyl and ortho carbons. Such an

effect night be masked by the inductive effect of the hetero-

at.om or by the deshielding effect of the proxÍrnate, nainly

p-character lone-p 
^írL26, which may be responsible for low-

field shifts of the orËho carbons of selenoanÍsole and tellur-
110oanr-soIe
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ofIn sr:muary, carbon cheorícal shifts can be useful probes

heteromethyl group conformation in liquid and solid phases.

However, additivity of substituenÈ-induced shífts is only

approxÍmate and may lead Ëo mistaken interpretations of

deviant behaviour. The Ínfluence of crystal packing forces

on molecular conformation i.s noc clear from spectra of solid

samples.
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b) carbon and hydrogen spin-lattlce relaxation

In an ex¡minaÈion of carbon spin-lattice relaxation tj-mes

(Tr) LeW, Cargiolf , and Anet suggested that the value for

the outer methoxy grouPs of 3,4,5-t.ri-methoxypheneËhylamine

hydrochloride (roescaline) is smaLler Ëhan the value for the

4-methoxy grouP because rotation about the oxygen-methyl

carbon bond is hinderedllo, v¡hi"h causes an increase ln the

effective correlatlon ti¡oe for methyl group rotation2'5'112-114.

Bov6e and Sroidt made proËon relaxation ti¡e measurelIenËS

for 2,6-dimethyl-1, 4-djfoethoxybenzene in deuteriochlorof orm

and calculated acËfvation enthalPies for methyl group reorien-

Ëation of 12.6 + 0.4 kJ'tol-l for the 4-merhoxy group t g'6 +
_1 _1

0.4 kJ'mol-'for the l-metho<y grouP, and 9.2 + 0.4 kJ'rnol'

for the methyl subsÈituerra"ll5, Similar values were obtained

from carbon disulphÍde solutions v¡hich suggested that Èhe

difference between the t\.¡o meËhoxy grouPs is not a solvenË

effect. Further' these workers proposed that the dipol-ar

mechanisu dominatee Proton relaxaÈion in this case and Ëhat

meËhoxy group roËaËion is slo¡¡ enough to be negligíble when

one or both ortho posítions âre occupied by hydrogens. With

this model the activatÍon enthalPies of the methoxy grouPs at

posÍtíons 1 and 4 of 2,3,5-Èrimethyl-l,4-dimethoxybenzene were

12.6 + 0.8 and 2.L + 1.7 kJ'to1-1, resPecÈív"1y116. A similar

value was obrained for 2,3,5-trimethylanisole (15,1 + 1.3 kJ'

_ -1.mol ).
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The activation enthalpy for methyl group rotation r,¡as

15.1 + 0.4 kJ'ror-1 from proton relaxatron time"117 
"rrd

7.5 + 1.3 kJ'rol-l from carbon relaxation time"66 fo,, poly-

crystalline 1r4-dimethoxybenzene, Appreciable coupling

between Èhe methyl and methoxy group rotations was suggesËed

by Goulon and coworkers, who found an actívation entharpy of
9.5 kJ'ro1-1 for ueËhoxy group reorientatÍorr66. rn a sËudy

of solid 2'6-dinethyL-1,4-dineËhoxybenzene wind and colrabora-
Ëors determíned an activaËÍon enthalpy of 7,7 rçJ.mol-l fo,
methyl group rotation in rhe l-nethoxy subs'ituent, 15.0 kJ.

-1mo1 - in the 4-methoxy subsÈituent, and 9.0 kJ.mol-I for the

methyl subsËituents from the tmperaËure dependence of carbon

relaxaEio' tÍ-."75. No evidence of methoxy group reorientatíon
uras found, vøhÍch indicaËed that the correlation time for this
motion r,¡as much longer Ëhan the correlaËion tíue for the methyl

group reorientation. Discrepancies between the sol,rtÍonl15

and solid phase results were attri-buted Ëo uncertainties in the

molecular geoneËry or to Ëhe dÍfference between sËaËes.

Makriyannis and KnÍttel have used .differences in carbon

spin-latËíce rela.¡ation tÍmes among methoxy carbons in a given

molecule as a relaËive neasure of Ëhe rat.e of methyl gïoup

rotation under the assrmpÈion that the dipolar mechanism domin-

"r."118'119. A metho>ry group l-ocated ortho to a sÍngle formyl,

aceËyl, or meËhoxy substituent had a relaxat.Íon time si_milar to
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that found v¡hen no ortho substituenE v/as present. However,

when both ortho posítions vrere occupied by substituents

t,he relaxation tine r,¡as much longer, and the carbon resonance

was shifted dorrnfÍeld (see the preceding subsection a).
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c) molecules oríented ín a nematic phase

Diehl and coworkers failed to reporduce the spectr,,m of

anisole in a nernaËic phase from classical averages of the

dipolar coupling constants over a two-fold potential for the

methoxy group rotation and a three-fold potential for the

methyl group rot"tiorrl20. A saËisfactory fit was obtained with

a planar meËhoxy group, a two-fold barríer uuch,greater than

-125 kJ.mol ', the staggered orientaËion of the nethyl group.

and a three-fold barrier much greaËer than 7.5 kJ.nol-l.
Erosley and coworlçs¡s ex¡mined the spectrum of 3,5-

dichloroanisole and of 3,5-dichloroanisol"-o-13c and favoured

a model wich a high barrier (ca L2 k.l.no1-1) Ëo interconversion

between planar conformers and rapid reoríentation of the methyl

BroupLzl.' 
L2z. The spectrum of 2,6-dichloroanisol"-o-13c *r"

consistent with a high barrier to ínterconversion beËr¡een

conformers with the methoxy gïoup in the plane perpendicular

to the ring plan eL22. Free rotation of the neËho:ry gïoup or

inËerconversion of planar conformers \¡ras unacceptable.

Essentj-ally free roËation of the methoxy group, or

interconversion betr^reen 2d1 equivalent positíons (n=1 , 2,3r...),
was found for 2,3,5,6-teËraf1uoroarri"o1"123. The spectrum did

not yield Ëhe barrier ro methyl group rotaËion.

Certainly Ëhe approach of Diehl and cowork"t"l2o is pre-

ferable to the ínt.erpretaion ín ter:ms of a few confor¡oaÈions
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although the former is more difficult. possibly the spectrum

of anisole could be reproduced from averages over a non-

separable energy surface composed of a tvro-component rotational

potential for the methoxy group and a three-fold potenÈial for

the methyl group roÈation. Even a brief consideration suggests

that two separaüe, síngle-component poËentials are insuffÍcient

and Èhat the analysis is doomed to failure; steric ínteractions

between Èhe nethyl of the methoxy group and the ortho hydrogens

are reduced when the meÈhoxy group lies in the plane perpendicular

to the ríng pLane. l^Ihíle it may be impractícal to employ this

approach in the deducÈÍon of an energy surface from the spectrum,

that Ís, to sol-ve the so-called ínverse problem, it may be useful

to símulate Ëhe specËrum when the potentÍal is knorsn approximately

from other sources. RejectÍon of the approximate, c1_assical

approach may be premature.
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d) proton chemical shifrs

Castellano, Sun, and Kostelnik found that the order of

chemical shifts in Èhe proËon spectïum of aníso1eo whether

fron the neat liquid or a 10 weight % solution in carbon tetra-

chloríde, is H3 > H4 = H2124. This reflected conjugatÍve

electron release by the meËhoxy subsËituent. Hutton and

schaefer observed that although the actual shifts varied

considerably with solvent, the order rdas preserved for
L25¿+-nl-Eroaru_s oIe

Bair¿ir and collaborators found Ëhe order of proÈon chemÍcal

shifts r¡as H2 > H3 > H4 for thioanisole and selenoanisole,

bur H2 > H4 ; H3 for relruroani"ol"llO. The methyl proron

resonance moved upfield as Group vrA was descended. rn a

study which j.ncluded 2-hydroxyrhioanisole Schaefer and.

. L26coworkers--- concluded that the thiornethyr group lies in a

plane nearly perpendicular to Èhe ring plane and, although

additivity of substituenr-induced proÈon chmical shÍfts is

only approximut.l2T 'L28, the ring and methyl proton shifts are

consisÈent with this preference. A marked dov¡nfield shift of

H6, a so-called "heawy aÈom'r effect, was atËríbuted to the

proximity of the mainly 3p lone-palr on sulphur.

Hofer Ínvestigated the conformational behavíour of the

meËhoxy group in 6-methoxy-1-indano1, and in the 5-methyl and

7*methyl deriyatiyes, by comparison of lanthanj.de-induced

shífts of the methoxy protons wirh calcul-ated "or1,r""129,130.
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Essentially the uethoxy groups remained in the

aromatic ring, but preferred to lie trans with

nethyl substituenË. Support came from nuclear

- 130enhancêments

plane of the

Tespect to the

Overhauser
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e) long-range proton-proton spin-spín coupling to methoxy

profons

Long-range proËon-proËon spín-spin coupling constants

ínvolving methoxy groups in aromatic compounds were first

reported by Martin and DaileyÚl, and by Fors6n and

. 132.L33coworkers Coupling over five formal bonds between Ëhe

meÈhoxy protons and the ortho ring proton, 5.r^0C":'H6, 
ora"

o

between 0.24 and O.3L Hz in magnirude for some 2-substiruted

anisoles, but no coupling Ëo oÈheï ring protons r¡ras d"t."t"d133.

The suggestion that the coupled protons must be proxímate was

supported by the small or non-extanË couplfn8 to methylene

protons of 1,3-benzodioxole. The spectrum of anisole did not

yield any coupling consËants between methoxy and ring prot ontLz4.

Angad Gaur and collaboraËors determined 5J-0cH3'H6 
ao

o

be -0 .33 Hz in 2,4-dibromo"r,i"o1"135. This first determfnarion

of the sign was acconplished by perfor-míng double resonance

experinents. The magnitude of 6J-0CH3'H5 *"" 0.1 Hz or 1ess.
m

The magniËude of 5J^0cH3'H2 in 4-btomoanisole was esrimared
o

to be 0.18 + 0.03 Hz from srrong irradiaËion (decoupling)

e-¡perÍ:lenËs. A nr-mber of monosubstiËuted anisoles were sÈudíed

by Crecely, MeCracken, and Goldstein, but splitting due to

couplÍng to Ëhe meËhoxy protons $rere resolved for only a few

2-substituted anisol."135. The magnitudes of the coupling con-

stanËs elustered about 0.31 Hz. The fu1l wídth of the methoxy
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proEon resonance r,ras 0.45 Hz at half height, but no splitting

was resol'yed. Schaefer, Gesser, and Rowbotharn found that the

analogous coupling consranr, tt3|lt,H, r.s -0.32 Hz in methyl

vinyl ether, -0.21 Hz in 4-methoxy-trane-3-buten-2-one, and

-0.29 Hz ín 1-methoxy-!Ene-1,3-butadiene, which prefer the

cis-planar methoxy gtotrpl36. In 2-merhoxyphenol and 2-methoxy-

thiophenol rhe magnirude of 5.lo0cH3'H3 rr" O.2g ll"L37 . The

for-mer r¿as found t.o contain a st.rong hydrogen bond beÈween

the phenolic hydrogen and the meËhoxy o)qygen. Sinilar values

were reported by de Kowalewski and collaborators for some

substituted anisol""13B. Rather peculiar result.s were ob-

taÍned when an amino substituent occupied one ortho positíon.

For o<ample, the uethoxy protons coupled to al_1 ring proËons

ín 2,4-ðiaminoanisole, whích was suggested as a reflecËion of

a particular metholry group conformation and electronic effects

involving o, r(, and proximaËe coupling mechanisms.

rn 3,4-dirnethoxybenzaldehyde 5r-OcH: 
"H2 ^nd 

5J^0cH3'H5
oo

were 0.25 Hz and 0.27 Hz, respectively, in magnítudeÚ8.

In a sËudy of 1,2-dimethoxybenzene Schaefer and Laatikaínen

suggest that such values indÍcate that both methoxy groups

prefer Ëo lie in the ring plane139.

LunazzL and Macciantelli proposed th.t 5J'SCH3'H6

is dependent on the size (van der l^Iaals radius) of the

substiËuenË for 2-substituted Èhio"rri"ol""140. However,
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Schaefer, Sebastian, and Sahan performed a careful analysis of

the spectrr-m of 2,5-dichloroËhioanisole and found that 5J SCH3'H6
o

r¿as -0.35 nrI4L" about tl¡ice the report.ed value for 2-chloro-

thíoanisolel4O. When Ëhe thionethyl group preferred to lie

near the plane perpendicular to Ëhe ring p1ane, as for 2-

hydroxythioanisole, the magnitude of 5.1^SCH3'H6 r"" less Ehan
o

O.OZ uzL26. Therefore, Ehe magníËude of rhis type of coupling

constant did seern to depend on the proxÍmity of the proËons

involved. The mechanism of other long-range couplings in

2,5-dichlorothioanisole rras not exanined, but 6J SCH3'B 
and

ID

tr^tttt'H4 r.ru 0.05 + O.o2 Hz and -0.03 + 0.02 Hz, ïespec-p-
L4Itavely
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C. Acetophenone

Experimental investigations of the conformatlonal behayiour

of acetophenone and some of its derlvatives are su¡marized ln

this section. some crlticisms of the techniques menËfoned

here appeared fn the precedíng section on anisoles.
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1) near-ultraviolet absorpËÍon spectroscopy

Braude and Sondheimer lnferred confor.maEional preferences

of aceËophenone and some derivatives from Ehe intensity of the

K-band absorption, due to an allowed transitfon of the benzoyl

chromophore near Z4O ,*L42. Alkylation at a meta or para

posítion caused a bathochromlc shift and an lncrease in ínten-

sity through enhancement of conjugation beÊween ,the elecËron-

withdrawing acetyl group and the ring n-systen. Methylatíon

at one orËho position caused a marked hypsochromÍc shift and

a reductíon Ín inÈensity, and a further reductíon was found

for 2,6-dÍmethylacetophenone. Wirh Ëhe equatlon

2¿cos 0= - o
Eq. (4)

where e is the K-band intenslty and eo fs the intensity when

the acetyl group and ring are coplanar, and the assumptfon

that aceËophenone has a1l heawy atoms coplanar, effective

Ër47ist angles $ about the ring-carbonyl carbon-carbon bond

were calculated for 2-methylacetophenone (40") ; 2,6-dimethyl-

aceËophenone (55o) ; and 2,4,í-xrimethylacetophenone (63') .

Surprisingly, the K-bands of benzaldehyde and acetophenone were

nearly identical, presumably because the steric interacËíon

between the methyl and ortho hydrogens is uninportant.

I.Ihile these results are Ínternally consi-stenE, Ëhe assr:mp-

tions underlylng the use of Eq. (4) are unproyen. A1so, the

argrrmenË leads to Ëhe erroneous conclusion that 2-nethyl-
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benzaldehyde does not pref er the 0-syn 
"orrf 

o*"t143.
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ii) dípole moments, Kerr constants, and dielectric relaxation

A nr:mber of studíes of Ëhe conformation of acetophenone

derivatives have involved dfpore moments, nolar Kerr constants

or dielecËric relaxation. Bentley and collaborators explafned

that steríc hinderance reduces

ín 2,4, 6-trimeËhylacet.ophenone

one or no ortho substituen"L44.

the opportunity for conjugatlon

relatfve to acetophenones with

The conclusíon that 2-methyl-

- 144contormer-' ' vras challenged byacetophenone prefers the O-gyg

Braude and Sondh"ir.tl42.

Plnkus and custard found ËhaË the dipole moments of methyl,

ethyl' and lsopropyl phenyl ketones are greater than those of

the corresponding alky1 methyl keËones, possiby through greater

charge separatíon upon conJugationl4s. Hovrever, the dípole

moment of t-butyl phenyl ketone (2 58 D) was srnaller than that

for Ë-butyl methyl keËone (2.70 D) because srerfc interacrions

beËween the t-butyl group and the rÍng favour non-planarity.

Dipole moments of alky1 214rí-trímethylphenyl ketones supported

the proposal.

Ass"míng that acetophenone ís planar, Bock and coworkers

lnterpreted the dipole monenË of 4-fluoroacetophenone as

índicatfve of the planar conformatiorrl46. An equilrbrfr¡:¡ mÍx-

ture of planar conformers of 2-fruoroacetophenone favoured the

0-angi conformer by about 5.6 kJ.nol-l.t 298 K. In contrast,

the acetyl group of 2-trifluoromeËhylacetophenone preferred to

1ie near the plane perpendicular to the rlng plane.
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From ccmparison of calculated and observed molar Kerr con-

stant.s Aroney, corfield, and LeFèvre concluded Ëhat acetophenone

prefers planarÍty of the heawy atons, but 2,4,6-trLr0ethyl-

aceËophenone and 2,i,5,6-teËr"-ethylacetophenone prefer the

acetyl group in the plane perpendl-cu1ar Ëo the ring plarr"147.

Later work affirmed the result for acetoph"rron.l4g,L49. An

effectíve Ëwist angle of abouË 20" was inferred for aceÊophen-

ones wíth a fluorine, chlorine, bromine, nitro, or acetyl sub-

sriruent aE the 4-positionl48-l51. Mírarchf and Ritchie have

found that the molar Kerr const.ants for the three 4-haloaceto-

phenones and for the 4-nit.ro and 4-cyano derir¡aËiyes aïe noË

consistent with strictly planar confor,:maËiorr"149. They pro-

posed that 4-methylacetophenone Ís planar and that 4-t-butyl-

acetophenone may be planar.

The díelectric relaxatíon time of aceËophenone was consis-

tent with a planar ayera9e conformaËion, but could not be con-

"1rr"ir"152. The value u¡as nearly doubled for 2,4,6-Ërimethyl-

aceEophenone, possibly because the acetyl group can noÈ achíeve

coplanarity \{ith the ring for sËeric reasons, or because the

barrier is lov¡ in acetophenone, but rises when methyl groups

on Ëhe phenyl ring enhance conjugation by electron release.

None of these studies suggest that. aceËophenone 1Èself

prefers a conf ormation r.¡ith non-coplanar heavy atoms. The

effective twist angles of 4-substituted acetophenones may

result fron torsions absuË the planar, minimr:o energy
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conformation. However, iË is clear that steric interactions

may be important in 2,6-disubstituted acetophenones.
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lii) lnfrared absorption spectroscopy

The infrared absorpËion spectr 'm of acetophenone 1s consís-

tent wlth a preferred planar conformatfon ln the liquld ph"""153.

Jones, Forbes, and Mueller observed that the fundauental

carbonyl stretching band is sensitive to ring subs.lt.rtiorrl54.

The frequency for 4-substituted acetophenones is highest for

4-nitroacetophenone (1700 cn-l), lowesË for 4-amínoaceËophenone

-1 -1(1677 cE '), and abouË 1692 + 1 cn ^ for aceËophenone and four

4-haloacetophenones, whlch reflects the srm of mesomeric and

ínductive effects. Hydrogen bonding to Ëhe carbonyl o)rygen

made 2-aminoacetophenone prefer the O-SJS conformatíon, as

does 2-methylacetophenone. A single band r¡as found for 2-

fluoroacetophenone, but Ëwo maxj¡a were observed for the 2-

chloro, 2-bromo-, and 2-nitro-acetophenones. The aligrment of

carbonyl carbon-orrygen and carbon-subsiÈutent bond dlpoles

Ín Èhe 0-"g. form was expected to shift the carbonyl stretching

band to higher frequency. Thus, the bands were assigned and the

tenperature dependence of the fntegrated intensíty ratlo sug-

gested that 2-brc¡mo- and 2-nitro-acetophenone prefer Êhe O-elg

conformaËion, buc 2-chloro- and 2-fluoro-acetophenone prefer

O-anti.

Two-fold barrlers to acetyl group rotation in acetophenone

(13 kJ.rol-1) and 4-fluoroacetoPhenone (15 kJ'roo1-1) w"t.

deduced from the torslonal frequency of the aeetyl grouP

of the molecul-e ln the vapour phase by Miller,
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Fateley, and l^IÍËkowskilss. Only one torsion \¡ras obseryed for

2-fluoroacetophenone so only one component of the rotational

potential could be determíned from Eq. (3) , but neglect of

the one-fold barrier yíelded an effectÍve two-fold componenË

of 12 lcI mol-1.

The effect of ring substitutíon on the normal modes of

aceËophenone might be expected to appear in the carbonyl

stretching frequency, buc the urility of this observation for

more than qualitatiye characterízation is uncerËain. I.Iíth

regard Ëo torslonal frequencies, Míller and coworkers eruphasíze

that liquids rnay yíerd barríers quite different frcm rhe intrin-

sic rotational barrÍers obtained froro the g."155.
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iv) X-ray diffraction

The crystal sËructure of acetophenone Ì¡ras solved by

Tanimoto and collaborators, who found that the acetyl group

was Ewisted by about 4o with respecË to the ring plane at

154 Kr56. The molecures were packed by van der l^raals forces.

According to KÍm, Boyko, and Carpenter, the aceËyl group

was twísted by about 3" ín the crystal sËrucËure of 4-niËro-
l-57acetophenone . The nitro group Þras tr¡risted by about 4o in

the opposite sense.

The Ínplication of Èhese resulÈs for the conformational

beha'viour in other phases need not. be obvious. However, sínce

no specific inter^molecular j-nÈeract.ions determine the conforma-

tion in the crystal, iË seems that the preferred conformaËion

may be planar, or nearly so, ín all phases.
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v) electron spín resonance

Magnetic non-equivalence of aeta and of ortho hydrogens ín

the electron spin resonance "n"".l-of rhe ;" radical frc,¡o

4-nicroacetophenone \¡ras repoïËed by Kæinskí and t'töbiu"l58.

From cornplete lineshape ¿n¿lysis at various ¡s¡nperatures the

Arrheníus actiyatíon energy for acetyl group rot,ation was

thoughË Ëo. be 31 + 2 kJ.mol-l . Lower bounds r,rere set for

aceËophenone (51 k^¡.nol-l), 4-bromoaeetophenonul59 (49 kJ.mol-l),

4oetho:ryacetophenone C46 t-l.rnol-l), and 4-methylacetophenone

(-45 kJ'ro1-1¡ .
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v1) nuclear nagneËic resorrance

This subsection presents a srnnmary of some of the inves-

tigations of acetyl group conformaËion ín acetophenone

derivatives.
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a) carbon chæical shÍfts

Spiesecke and Schneider Ëabulated substituenË-induced

chemical shifts for the acetyl group which reflect the conjuga-

Èiye withdrawal of electron density from the rÍng r-sysËern in

the order CL < C4 < C2 = C3100.

Dhani and SËothers noticed that the carbonyl and methyl

carbon che¡oical shifts were relatively insensitive to meËa or

para substituent polarity while the shífts of ring carbons may

be approxÍ¡ated by additivity of subsËiËuent-induced shífts160.

Apart frorn C4, trends in ring carbon shifts upon ortho substitu-

tion were difficult to ascertain since additivity f"i1"161.

As the size or number of ortho substituents increased the C4

resonance mor¡ed upfíeld by as much as 4 ppn. Carbonyl and

meËhyl carbon resonances rnoved dor,¡nfield concurrently, although

the latter r¡rere less sensiËive Èo substitution.

Ortho effects on the carbonyl carbon shift were attributed

to neighbouring group anisotropy, steric effects, and other

eff ect.s of unknor^m origirr160. NeverËhe1ess, these shif ts
xõjO wÍth respect to internal carbon disulphide were used to

estÍ-maËe aceËyl group ËwÍsË anglesg from the fornuLaL62

zcosQ =
^x ^90oco - oco {o - z:'z

Eq.(s)^0 ^90oco - oco
20

r¡here €O t" the shifÈ

ís Ëhe expected maxirnal

of the coplanar acetyl group and OlO - ,:3

dor,mf ield shif t. Acetophenone ¡¡as
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assutred to be planar.

Equation C5) led to consistent values for simllar ortho

substituent.s, but ccrmparison of different substituenËs was

rather unconvincÍng. ¡s¡ Ð(¡mpler the rr"risÈ angles derived

f,or 2,6-diroethylacetophenone (50") anð 2,6-díchloroacetophenone

(28') are not reconclled easily.

Makriyannis and Knittel have proposed that. the do\.mfleld

shift of the carbonyl carbon indicates a decrease in conjuga-

Ëion, which may be aÊtributed Ëo non-coplanarity of the heawy

"ror"118. Support was drawn from the corresponding lncrease

in the relaxaËion ti-me of the methyl carbon nucleus, but not

frcm its relaÈÍ¡¡ely insensitive chemical shift.

Drakenberg, Somer, and Jost compared experinental and

calculated bandshapes of ring carbon resonances froro solutions

of 4-substituted acetophenones at a few low tmperttrrt""163'L64.

A free energy of actÍvation of 22.4 kJ.mol-l *ts derived for

acetyl group rotaËíon in acetophenone. For the O-protonated

species in whÍch conjugation is enhanced, altalue of 48 kJ.nol-1
. .165IJaS Õecernrnecl
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b) proton chemical shifts

The order of chemical shifts in the proton "gnetic reson-

ance spectnm of acetophenone eJas found to be H2 <H4 < H,3,

as expected for conjugatÍve wirhdrawal by Ëhe acetyl gto,rp166 'L67 .

Snith, DeavenporÈ, and Ihrig have inyestigated the relationship

of substituent effects and acetyl group conformatlon to the

proton spectrr¡m of seyeral 2-substituted acetophenones and ben-

zaldehydesl68. The acetyl group was aore sensitíve to sÈeric

factors than was the formyl group, as lras evldenÈ from the

shift of H6.

Klinck, Marr, and SËothers assmed that the acetyl group

prefers to líe in the ring plane ín 4-methoxyacetophenone and

in 4-N,N-dÍmethyleminoacetophenonel6g. Frm the tenperaËure

dependence of the proton spectra of these ccmpounds in toluene-

d, free energies of activaËion aË the coalescence tenperature

rsere 35 kJ.nol-l at 181 K and aË most 31 kJ.no1-1 
". 

157 K,

respectively. (cf. 28 kJ.rol-1 and 34 kJ.mol-l, respectively,

fron Ëhe carbon 
"p."rr.163'164)

LanthanLde-induced cheuical shifts for Z-methylacetophenone

were interpreted in t.erms of an equilibrir.m mÍxture of planar

or non-planar confonners with O-syn fayoured by 2-4 kJ.mol-l L70'L7L.
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c) molecules oriented 1n a nernatic phase

Solutions of acetophenone in a noatic solyent yielded

spectra which rrere consistenË wlch planar rleary aEom structures,

although Emsley and coworkers indicaËed that molecular reorienÈa-

tlon is faster than the inÈernal rotationlT2 w]nj-Le Diehl and

coworkers suggesËed the conver"ul2o. The atÈmpt to determine

the two-fold barrier in the latter inyestigaEion failed. Both

sËudies concluded Èhat 6¡s methyl carbon-hydrogen bond 1íes

trans to the ring carbon-o:rygen bond. The sa-e geomet.ry rras

preferred by 3,5-dibronoacetophenoo"l2l.
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d) l0ng-range proton-proton spin-spin coupling to acetyl protons
No coupling beËween the methyl and ring proËons of aceto-

phenone has been reportedl66'L61. No coupling was resorved for
2-hydroxyacetophenone, in whÍch an intr.*molecular hydrogen bond
fÍxes Ëhe acetyl group conformatiorrl33. Smith and coworkers
resolved no coupling to the aceËyr group pïotons for a nunber
of 2-subsËituËed aceËophenor,""168. i,Jasylishen'Rowbotham, ErnsË,
and Schaefer found, however, that Ëhe magnitude of troata,H6 i"
0'L9 Hz in 2-aminoacetophenone, r¿hích prefers the o-gyn, hydrogen
bonded conformationU3.
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D Proxiuate ProËon-Proton and Proton-Fluorine Spín-Spin

Coupling

So-ca1led t'proxÍ.maËett, ttËhrough-spacet, or ttdirecttr spin-

spin coupling occurs betr¿een spaËially-prorimaÊe nuclei, and

necessarily along a path or paths other than the intervening

fra-mework of formal bonds. Af ter the report of proximate

coupling by Davis, Lutz, and Roberts174, .rrry s¡¡¡mples

.pp.rr.dl75. some provide ccmpelling evidence if not proof of

Ëhe nature of the couplj-ng.

SemÍ-emiprical CNDO and INDO MO FPT calcularions of

prøÍmate proton-proton coupling consËants were first presented

by wasylishen and s"h".f"r176. calculaËed signs were negaÈive

and the magnÍtudes decreased with increasing spatíal separatÍon

of the spins. UnpublÍshed resul-ts indicated thar no coupling

would occur oyer distances greater than about 220 pD, roughly

twice Ëhe van der l{aals radius of hydrogen. Some e>rcepËions

t.o these rules haye been recognÍzed. ¡e¡ qç¡mpler in the

conforaation of o-xylene depicÊed in Figure 2 t]ne protons which

lie in the rÍng plane couple significantly over about 320 p^L76,

possibly ührough the intervenfng rear lobe of the carbon-
- -rl5nydrogen Þond

Meinr¿ald and Lewis propose that proton-proton coupling rlay

occur when the rear lobes of antiparallel carbon-hydrogen bonds

irrt.t""tl77. Another mechanism inyolyes transmlsslo-n Ëhrough
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Figure 2

A conformat.ion of o-><ylene in which the methyl protons in the

ring plane (which appear in bold-face) are coupled substanËially

over 320 pn.
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an interyeníng third atoa, as Anet, Brown, carterrancl l^Iinston

suggest178. Alrhough che prorotypical third atom is oxygen,

this mechanism may apply Èo cases in which a lone-paír on the

intervening atom Ís essential . The example of the confor-rnatíon

of o-xylene in Figure 2 does not fit Ëtuis cate Eory, sínce the

largesË couplÍng occurs between Ëhe protons in the ring plane

specÍfically, and perhaps represents a separaËe mechanism.

Proximate proton-fluorine coupling consËanËs are usually

larger than corresponding proron-proton n¡-ubers. rn the

absence of specifíc interacËions, Ëhe coupling may become

unÍ.mportanr oyer distances greaËer than 250 pr0179,180. The

e:<perÍ.mental1y-observed orientational,dependence of the coupling

beËween methyl protons and a fluorine nucleus was d.escribed

by the t'converging yector rule", which states that it is
necessary' buE noË sufficient, Ëhat a vecËor in the carbon-

fluorine bond direction coû/erge upon and inÈersect a r¡ecÈor in
the carbon-hydrogen bond direcrionlSl'182. This rule is of

L75Ilml_ted use

calculation in the rNDO Mo Fpr approxímatlon by i{asylishen

and Barfield índicate Ëhat the sfgn of the coupling betr¿een

proËon and fluorine is usua11_y negatíye when the spins are

pto*i."t"183. Bond orientation effects are ímportant, horvever,

and a subsËantial positive contribut.ion arises fron int.eraction

beË¡¿een the fluorine and the rear lobe of a carbon-hydrogen bond.



In -r¡iew of the complexity of proxinaËe

and the inadequacies of the approxim=te

felt chat non-conËacÈ mechanísms should

66

proton- fluorine couplíng

treatmenE Ëhese authors

not be inyoked prer¡aturely.
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Chapter 2

Introduction to the Problm
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Experimental studíes of anisole, acetophenone, and of

their 4-substituËed derivatives suggest that the elecÈron-

releasing methoxy group and the electron-r,rÍthdrawing acetyl

group prefer Ëo lie in the plane of the aromatic ring.
Effective Ëwist angles ¡¡hich are noÍL-zeïo rnay be attributed

to averaging over the roËational motion about the bond to the

ring carbon. I.Jhether a single oïtho subsËítuenÉ enhances or

Ínhibits conjugati-on is uncertain, but the methoxy group Èends

co lie trans to the substj.tuent. specific interactions between

the aceËyl nethyl group and oxygen and the ortho substituent

determine the O-glm:O-an!.i. equilibrir-m. Non-planar conformations

are strongly favoured when substituents occupy both ortho

positions. This seens quite clearly a sËeric requirenent, and

less significantly an electronic effect.

The inËent of this study was towards the description of

Ëhe conformatÍonal behaviour of some 2-fluoroanisoles ar.d 2-

fluoroacetophenones ín solutfon and towards the undersÈanding

of the reflection of this behavíour in the nuclear magnetic

l:esonance parâmeËers, particularly spin-spin coupling constants.

Naturally, the conformational and substitutional dependences of

these parãmeters are important fn an analysis of this kind.

Principal mechanisms of spin-spin coupling may be indicated.
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Chapter 3

Experimental Method
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A. Materials

Anísole (Baker Chenical- Conpany); 2-ÍLuoxoanisole (Pfaltz and

Bauer, Inc.) i 213,5,6-tetrafluoroanisole (pCR, Inc.) ; aceËophenone

(Cheu Service) 3 2,6-dífluoroacetophenone (Maybridge Chenical

Conpany) i 2,3 r4,5,6-pentafluoroacetophenone (Fairfíeld Chenical

Conpany) ; and cr'oro-Ërifluoroacetophenone (PCR) r^/ere corurercially

avaílable. other compounds \¡rere synthesized from zone-refined

phenol (Aldrich Chemical Conpany), from 2-fluorophenol (pierce

chemical company), or from 2-fluorobenzaldehyde (Aldrich). Merhyl

iodide r¿as obtained from Fisher scíentific company, from stohler

IsoÈope Chemicals (95 atom ll I3C), and from Merck, Sharp and Dohme

Canada Liroited (90 atorn Z L3C). Pyridínium chlorochrornate was from

Aldrich.

Acetone-du Qs.5 atourz D) fron Aldrich was used as a solvenÈ

and an internal deuterium lock sígna1. Solvent carbon ÈetrachlorÍde

was from Fisher. Tetramethylsilane from Aldrich (Diaprep) or

fron Merck, sharp, and Dohme was used as an internal proton and

carbon reference, and as a proton lock sÍgnal. Hexafluorobenzene

from Pierce qras used as an internal fluorine reference.
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i) bromination of 2-fluorophenol

The brouination of 2-fluorophenol r¡/as accomplished by the

standard nethod of adding bromine dropwise with stirring to a

solutíon of 2-fluorophenol in tetrahydrofuran or dilute aqueous

sodir:m hydroxide. Substitution of one or Èwo equivalents of

brom'f ne yíelded 4-bromo-2-fluorophenol and 4, 6-dibromo-Z-

fluorophenol, whÍch were identifíed by pnr and mass spectromet.ry.

Addition of bromine in acetic acid to a solution of 2-

fluoroanisole in methanol and acetic acid yielded 4-bromo-2-

fluoroanísole according Ëo pmr and mass spectrometry.
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ií) methylaËion of phenolÍc hydroxyl groups

Methylation of the hydro>cyl groups of phenol, of. 2-

fluorophenol, of 4-bromo-2-fluorophenol, and of 4,6-dibromo-2-

fluorophenol v¡as aceomplished by the standard uethod of adding

nethyl iodide to a mixture of the phenol and anhydrous potassium

carbonaËe in aceton.l84, Both unlabelled and methyt-13c-

enriched coupounds, except 2-fluoroanisole-a-13ar r"r" obËained

and ídentified by prnr and mass spectrometry.

An inÍtial atËempt at reaction of sodium 4r6-dibromo-2-

fluorophenoxide níËh methyl iodide in absolute ethanol yielded the

corresponding anisole, but thís procedure r.ras not preferred.
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iíi) preparatíon of 2-fluoroacetophenone

Unlabelled and nethyl-13C-enriched 2-fluoroacetophenone

v¡ere obtaíned as follow"l85. Addition of 2-fluorobenzaldehyde

to ethereal nethyl magnesi'm iodide yielded l-(2-fluorophenyl)

eËhanol, which rras idenËified by pnr and mass spectronetry. A

solution of the crude alcohol in nethylene chloride was added to

a mixture of pyrÍdinium chlorochromat"lS6 in methylene chloríde to

obËain 2-fluoroacetophenone. The dark crude product was chroma-

tographed on silica gel plates with hexanes containing a srnall

amount of ether. The pmr specËrr¡m of the resulting clear, pale

yellow soluÈion suggested that this material \^ras a mixture of

about 3'.2 2-fLuoroacetophenone and 2-fluorobenzaldehyde.
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B. Sample PreparatÍon

solutions r^¡ere prepared by weÍght to consÍst of no o,ore than

15 mole "A of the compound of ínterest in carbon tetrachforide or

aceËone-d6. Each was transferred to a precisÍon-bore 5 or r0 mm

nmr tube fitted \rith a ground glass joint through â pipette

containing a filtering wad of tissue or cotton wool. samples

were degassed by at least eight freeze-pump-thaw cyeles before

Ëhe tube was sealed wíÈh a torch. The sample depth in ei-ther

tube lay between Èhree and five centímerres approxinately.
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C. SpectroscopÍc Method

Proton magnetic resonance spectra rrrere recorded on a varian

Associates lìA-100-D spectrometer operated in the frequency sv¡eep

mode. A Hewlett-Packarð 4204A oscillator üras used as the external

rnanual oscillator. The probe temperature üras maÍntained at

305 + 1 K. Peak positions were determined as follows. spectral

regíons of interest lsere divided into inten¡als no greater than

about five Hertz vide. Each ínterval \¡ras recoïded at least four

tímes from low to high fie1d. calibration lÍnes were placed at

the beginning and the end of each interval. The corresponding

frequencies vrere found by the difference berween the manual

oscillator and sweep oscillator frequencies. The average

frequency of each peak and its standard deviation were calculated

froru peak positÍons obtained by interpolatÍon between calibration

lines. The typical standard deviation was less than 0.015 Hz.

Strong (decoupling) and weakl8T {ai"tti'g¡ irradiarion

experiments vrere perforned with a second HP42O4A oscillator which

was adjusted to irradÍaÈe at the desired frequency. The arnplitude

of the irradiatÍng field was adjusted to perrurb at the intended

frequency while avoíding proximate transitÍons.

Proton' fluorj-ne, and carbon magnetic resonance free induction

decays lrere recorded on a Bruker I^IH-9O-DS spectromet.er. The probe

temperature was mâintained by a Bruker B-srr00/700 tenperature

controller at 305 + 1 K unless other-r¿íse specified. Quadrature

phase detection and automatic baseline correction were used.
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Proton and fluorine pulse lengths produced 70o fti.p angles,

approximately, with equilibrium delays of about five seconds.

Dígital resolution vras typical-Iy 0.01 Hz/rea1 point or better.

carbon flÍp angles vrere about 40o with typical equilibrÍum delays

of ten seconds. Typical digital resolutíon for the carbon spectra

r.¡as about 0 .2 Hz /reaI point . Exponential urultiplication of the

free induction decay with the line broadening equal to the reciprocal

of the acquisition tíme was performed in mosÈ cases.
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i) low temperature experiments

Proton, fluorine, and carbon spectra at temperatures between

180 K and 305 K were acquired as above. Digital resolution was

typically about 0.05 Hz/rea1 point for proton and fluorine spectra

and about 0.I Hz/rea1 point for carbon spectra. Samples equilibrated

for at least fÍfteen minutes at each temperature. some trials

after only eight minutes suggested that this perj,od was sufficient.

The temperature controller lras calibrated as the temperature

was raised from 170 K to 305 K. An nmr tube containing a copper-

constantan thermocouple immersed ín nethylene chloride was placed

in the probe and the reference junction was placed in an ice-water

bath. Temperature readings vrere equal over most of the range, but

the tenperature controller read 2 K lower than the thermocouple

at 200 K and below. Reported temperatures have been corrected.
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ii) nuclear spin-lattice relaxation experiments

carbon and fluorine spin-lattice relaxatíon experiments r,rere

performed at 305 K with the samples described above. Broadband

proton decoupling \.'as used in every case. selective fluorine

decouplíng was accomplished fn some cases r¡ith the aid of a

Bruker B-SV3B decoupler and the spectrometerrs frequency

synthesízer.

The inversion-recovery cycle consisted of tr,¡o 1g0-t-90

sequences wiËh a 1800 phase shÍft of the second lg00 pu1se, that

is, ÍnversÍon-recovery with al-ternating phases. The 1g0o pulse

length for carbon was set at 28 microseconds on the basis of a

determination of the null for anisol"-o-13c. For fluorine a

pulse length of 8.4 mícroseconds was found for (unlabelled)

4'6-dibrorno-2-fluoroanisole. The 90o pulse lengths lrere set at

one-half of the 180o pulse length. Digital resolution v¡as usually

0.39 Hz/real point. An equilibriurn delay of 60 to 100 seconds

provided at least four Trts before another sequence. The cycle

was repeated at least four times.

Calculations of relaxation time l¡ere based usually on

Lorentzian peak heights picked automatícally by the Nicolet

softv¡are. 0ccasíonallyr peak íntegrals were chosen. Data

were fitted to two- and three-parameter funcEions wÍth the

assumptíon of single exponential decay. Between thirteen and

fifteen data points were used in each determÍnation.
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iÍi) methyl carbon nuclear overhauser enhancement experiments

Enhancement of the methyl carbon resonance intensity by

strong írradiation of coupled protons \"/as determined as follows.

spectra were acquired as for the relaxation experiments. A

spectrum with broadband proton decoupling was compared to one

ín which the decoupler was gated on at acquisition. The compari-

son was by peak height and by peak integral as calculated by

the Nicolet sol_tware.
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ComputatÍons

Spectral simulations were performed with the program LAME,188'189

or a version accommodating eight magnetically non-equivalent spinsr

I,AI-ÍE8, in iterative and non-iterative modes and coupled to a

plotting routíne.

Ab initio molecular orbíta1 calculations were performed at

the ST0-3G lev.1190 with rhe program GAUSSIAti70191 Semí-einpirical
. I92cal-cul-ations lrere performed v¡ith INDO or CNDO/2 usually using

sÈandard geometrie sL92'193 or the optimum geometry from the ab

initio calculations. Coupling constants vrere calculated using

Laatikainen's FrNDo program,l94 .r",r"11y by r"T195 'L96 .

Computations were performed on an Andahl 470/V7 or an IBll

370/L68. Calculated spectra r^rere plotted by a Versatec plotter.
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Chapter 4

Experimental Results
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The observatíons and numerical resulËs which follow represent

anal-yses of proton, fJ-uorine, and carbon nmr spectra of the anisole

and acetophenone derivatives studíed. Some methyl carbon and

ring fluoríne relaxation experirnents are íncluded.

Spectral parameter val-ues from proton or fluorine spectra

are those calculated by LÆ'fE unless otherwise stated. Linewidths

are roughly 0.1 to 0.2 Hz and onlytransitionswíËh relatíve

intensity greater than 0.05 are considered in most cases. Useful

confÍdence 1inits197 '198 on the parameter val-ues are given probably

by three times the standard deviaËion cal-culated by IAME, which

appears in parentheses after the value.

In mosË cases coupling constants involving carbon nucLei are

set equal to the observed splitting of the specËral lines under

the assumption of first-order behavÍouïlg9-201-. similarly,

carbon chemical shifts are those read directly froin the spectra.

A measure of the reproducibil-ity of the chemical- shífts is given

by the root-mean-square deviation of the 1-íne positíons from

proËon-decoupled spectra. The nns deviation of the magniÈude

of the observed splíttÍng for a number of spectra is taken as

an lndícatíon of the rel-iability of the parâmeter value.

Parameter vaLues and errors deduced by other means are

menËioned specifieal-l-y. All quoted val-ues are compatibl-e wíth

the nagnitudes of cal-ibration error, digital- resolutíon, and

linewÍdth.
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signs of proton-proao'l34'202, proËon- .^rbon203'204

proton-f luotir,"205, carbon-""rbon203' 206-209, and carbon-f luo-
. 205-207rj.ne--- spin-spin coupling constants \¡/ere assumed from the

líterature, unless othetwise stated.
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A.

i)

Hígh-resolution Spectra

anísole

carbon spectra of a 4.39 rnole z solution of anisole and of

a 4.62 more z solution of anisol"-o-13a in acetone-du yielded

the results ín Table r. The rms deviation from rhe average lÍne
posiÈions for three proton-decoupled spectra of the 4,62 more T.

sample was about 0.07 Hz (0.003 pp!r). This and the difference

ín concentratíon between the sarnples precluded any attempË to

determine l3c-ind,r""d I3c-Í"otope shifts.

According to a comparLson of línewidths the magnltude of

coupling constants over four or fíve bonds between ca and c3

or C4 cannot be greater Ëhan about 0,2 Hz. The sign of 3, Ca,C2
o

is tentatively assumed positive, but the sign of 2JCo,Cl i"
. 209

unKnol¡¡n

Only a few carbon-hydrogen coupling constants could be

ascertained due to the complexity of the spectra of the coupled

systern. one-bond coupling constants are quJ.te safely assumed

posÍtive also, but the sign over two bonds i" ,rrrknoo 204. 
The

widths of the resonances of c3 r,¡ere able to acconmodate small

tr¿o- and four-bond couplings to H2, H4 and H6 if the sun was

about 2.5 Hz.

Although the proton spectra of these samples were not

analyzed, the centers of the x0ethyl proton resonances were at
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Table 1

Carbon Chenical Shifrs

Acetone-dU.

and Coupling Const"ntsb

CCH

ö

4.39 mole '/"

c

160. 65

l-Lâ.63

130. 11

L2I.T7

for Anisole in

4 ,62 mol,e 7.

(methyl 13C enriched)

55.27

160.64

Lr4.62

130 . 10

TzL,16

3

6
Co

'c1

"c2

r\"c3

Á'c4

2 -Ca. C1J+
3 - CaC2

J
o

4- Co,C3
Jn

5. Co,C4
J

p

0. 13

0 .09

a

b

In ppm dor,mfield

In Hertz.

2.33 +

4.18 +

d

d

1rC o,H

lJC2,H

IJC3,H

1JC4,H

3Jc3,H5
m

3 
JCí ,H2

n
2 

JC4 ,H3
o

Probably *

143.60 + 0.03

159.9 e

I59.2 e

T6I,4 E

8.0 + 0.5

7.5 + 0.1

+ 1.3 + 0.1

0.01 ppn.

conÈinued. . .

from ínternal TMS.

. ..Table 1
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Table 1. . .

c Not observed.

d Not resolved and less than 0 .2 Hz.

u 1rt2'H = 158.52 Hz, trt''H = 158.35 Hz, 1Jc4,H = 160.43 Hz

by selecrÍve proron decoupling (ref . 229).
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3.76L ppn for the 4.39 mole Z eoluÊíon, 3.762 ppm for the

residual unlabelled compound, and 3.760 ppm for the 1abe1led

anlsole ín the 4.62 mol.e % solution.
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il) 2-fluoroanisole

The 100 MlIz spectrurD of the ring protons of a 4.83 nole %

solution of 2-fluoroanisole ín acetoae-d6 appears as Figure 3.

The nethyl proton resonance is included in Figure 4.

Analysis yielded the parameters in Table 2. Six- and

seven-bond eoupling constanÈs betveen Eethyl protons and the

meta and para ring protons v¡ere fixed at zero. Strong coupling

was found betr^zeen H3, H5 and H6, the three shífts occurring

wíthin about 0.5 Hz. Consequently, some large correlation

coefficients vrere found between 5J F'H5 rrrd 3J H4'H5 (0.5869),
Po

5J_t,H5 
"od 

3r^t5'H6 (0.57g9), or_"',H5 ,r,d 5J H3,H6 (-0.5351),pomp

"r,d 
3J.H4'H5 rrrd trr"o'tu (-0.6817); and berween v, and 

"ot''to(-0.5263), and vo and 'ro"o'tt (0.5398).

The magnítude of 5.r-Ct:'H6 û"" not well-deÈermined for thís
o

aceÈone soluÈion: the near degeneracy of the proton chemical
L

shifts v, and v6 causes "virEual coupling"* between the nethyl

protons and H5. For a benzene-d. solution r^rhích was not

analyzed conpleËely, the splitËings of the resonances of H6 are

about 0.25 Hz. This estimaÈe of 5JocH3'H6 l" preferred. The

negaÈj,ve sign is ."".m.d.134

In accord with the determinaÈlons of the sign of trottr'F in

the bromlnated 2-fluoroan1soles, fÈ was set positive.

The center of t.he proÈon-decoupled fluorine resonance lay

about 27.0L6 ppn downfield of inÈernal hexafluorobenzene.
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Figure 3

spectrum of the ring protons of a 4.83 moLe 7. solution of 2-

fluoroanisole in acetone-d'.
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Figure 4

spectrum of the methyl protons of a 4.83 rnole % solution of 2-

fluoroanísol-e in acetone-d..
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bd.
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Table 2

Parameters from the Proton

H6

Spectrum of 2-Fluoroanís olea.

?C HS

F

H3

38s.9s9 (2)

1500b

709 .369 (3)

6e0. s03 (3)

709.663(4)

709.868 (5)

4J F,H6
m

3J H3,H4
o

4J H3,H5
m

5J H3,H6
P

3J H4,H5
o

4J H4,H6
m

3J H5,H6
o

H5

5J cH3,F
o

6J cH3,H3
m

7J cH3,H4
p

6J cH3,H5
n

5 - cH^,H6
JJo

3J F,H3
o

4J F,H4
m

5J F,H5
p

u.cHs

uF

J

,4

u5

u6

0.181 (4)

0

0

0

-0. u9c(4)

11.800 (s)

4. sss (4)

-L. L78 (10)

8.6e7(11)

8.108 (4)

1 .564 (6)

0.243(4)

7.5ee(6)

1. s40 (8)

8.202(s)

H4
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Table 2. . .

rms deviation 0.0163

largest difference 0.038

peaks observed 47

transÍt.ions assigned 283

Èransit.ions calculated 492

a At 100.001 MHz for a 4.83 rnole Z soluËíon in acetone-d..

chemical shífts and coupling consËants are in Hertz with

internal TMS as reference. Numbers in parentheses are

standard deviations in the last decímal p1ace, calculaËed

by LAl"fE.

b rreated in the x approxÍmatíon with no transiËions assígned.

. 5J.CH3'H6 i" not well-determined because the near degeneraey

of the proËon chemical shi.fts v, and v6 causes virËual

coupling of the nethyl protons and H5. See ÈexÈ.
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Although fluorine transÍtons !¡ere not assigned Ín Ëhe spectral

analysis, the simulated fluorine spectrum was consistent with

observation.

The proton-decoupled carbon spectrum of this sample was

assigned with reference to the assignments for the brominated

2-fluoroanísoles. Chemical shifts rrrd' ."tbon-fluorine coupllng

constanÈs appear in Table 3, but no attempt leras maCe to obtain

carbon-hydrogen coupling constants. The signs of the carbon-

fluoríne coupling constanÈs were taken from determinatíons for
E1 207 '250Il.uorobenzene
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Table 3

Carbon Chemical ShÍftsa

for 2-Fluoroanisole in

,î
"c1

r\-c2

"c3
tuc4

I

"c5

ôco

and Carbon-Fluorine

AceÈone-dU.

?CHS
--l'- F

f:o:Í\€rz

Coupling Constantsb

r48.67

I53.23

Lr6.52

IzL.57

r25.34

LTí.6L

aIn

bIn

lJc2 't (-) zh3.gB

2Jc!'F to.g¿
o

"3'' 
18.04

3Jc4,' O.g'
m

3Jc6'F t.ga
m

4Jc5'F 3.96
p

ppn downfield frour internal TMS. Probably + 0.03 ppm.

Hertz,



97

il1) 4-bro¡no-2-fluoroanísoLe

The I00 MHz spectrum of the ring protons of a 2.96 moLe 7.

soluÊion of 4-bromo-2-fluoroanisole-o-13C in acetone-d. appears

as Figure 5. Results fron the analysis of this spectrum and of

a spectrum of the unlabell-ed compound at 4.52 roole % in carbon

tetrachloride are presenËed in Table 4.

Only proton Ëransitions were assigned ln the íterative

refÍnement of the calculaÈed apectrum. The sign of 5J^CH3'H6
o

was assuued negatlr"I43. Calculated spectra were insensitive

to the relative sign of ttottr'F which was deternined by weak

irradiation experiynents descrÍbed below. The magnitude of
4J^co'F should not have perturbed the other values in Table 4,

o

but an estimate was included fn the calculations. The relative

sign of trrto'"' !Ías assumed from 4r6-dibrono-2-fluoroanisole-
1ã

c--'C (vÍde infra). By comparíeon of the observed spectrultr

wiËh calculated spectra, Èhe effect-of a non-zero 5J*Co'"5
m

was decided: the magnitude of a small splitting in some

nultiplets increased. certainly the magnítude of 5r-Cc'H5
Itr

r¿as less than 0.05 Hz, ff not zero (see Figure 5).

The center of the proton-decoupled fluoríne resonance was

found 31.063 ppn dovmfiel-d fron hexafluorobenzene.

Coupled and proton-decoupled carbon sPeetra of a 14.0 mole
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Figure 5

Spectrum of the ring protons of a 2.96 mol-e 7. solution of

4-bromo-2-f luoroanisole-q-13a rn acetone-d'.
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Tabi-e 4

Paremeters from the ProËon Speccrr:m of

?CHS

ua",

,F

u3

u5

u6

uco

srS"g't + 0.173

- 0.271

L45.L32

L0.826

-.L.657

9.094

0.23

2.382

0.340

- 0.281

c

l_0.401

- l_.6s9

8.734

c

2.358

.. .Tab1e 4

(3)

(2)

(3)

(s)

(4)

(4)

(4)

(3)

(4)

(4)

(6)

(3)

continued..

5 _cH^,H6JoJ

l_rcHr r cc

3JF,H3
o

5JF,H5
p

4JF,H6
ID

4-F'CaJo

H6

H5

F

H3

2.96 moLe %

in acetone-d--- -;;---'- -6
(nethyl "C enriched)

387. 6s6 (1_)

1200b

730.e47 (3)

727.3L0(2)

7o8.2oo(2)

1800b

4-Br omo-2-f luo roanís olea

4.52 mo].e 7"

in CC1O

382.L76(2)

1500b

7L6.6sL(2)

7L0.36L(2>

67s.104 (3)

c

Bn

4 _H3,H5
do, (3)
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5JH3,H6
p

5 -H3, CoJt

3_H5,H6
J (̂J

5-H5,Co
Jm

0.20e (4)

0.264 (4)

8.783 (3)

< 0.05

0.20s (4)

c

8.689 (4)

c

zas deviation 0.0133 0.0134

largest dífference 0.034 0.040

peaks observed 44 36

174

220

transitions assigned 284

Ëransitíons calculated 442

a At 100.001 MHz. Chenical shifts and coupling constants are

in Hertz wíth int.ernal TMS as reference. Numbers in paren-

theses are standard deviations in the last decimal place,

calculated by LAlfE.

b Treated in the X approxinûation with no transitions assigned.

c Not included in this analysis.
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solution of 4-bromo-2-fluoroani-so1e-o-13a yielded the parameters

ín Table 5. The rms deviation from the average line posítions

for two decoupled spectra was about 0.36 Hz (0.013 ppm).

LinewidÈhs of l Hz or less were obtained when 0.3 Hz 1ir¡e

broadening lras applied.

Resonances were assigned with reference to the spectrum of

4,6-dibrono-2-fluoroanÍso1e-o-13c. The C4 multípIet did not

exhibit a large nuclear Overhauser enhancement.

Coupling beÈween Cq and C5 was observable, but spli.ttings

ütere not resolvable. Inspection of line¡¿idths led to estimates

near 0.2 Hz. Línes due to C3 or C5 had wÍdths similar Ëo those

of nultiplets in which the splittings were resolved clearly

(see Figure 6).

Average carbon-hydrogen coupling constants ín Table 5 were

obtained from three spectra. The complexity of the C1 and C2

nultiplets and the close proxiníty of the Cl resonances to the

high-field multiplet of C2 did not a11ow esrímation of rhe

coupling constants between those nuclei and protons. Ot the

two-bond couplings involving C4 the larger r¡ras associated with

H3' tentatively (see Discussion). The línewidth of the reson-

ances of C6 suggested coupling to H5, H3, or the Dethyl protons,

but no eoupl-ings could be resolved. The full width of each

nultiplet is abour 1.5 Hz ar half heíght.
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Figure 6

Spectrum of the ring carbons of a I4.0 mole Z solution of

4-bromo-2-fluoroanisole-o-13a in acetone-d..
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Table 5

carbon chemical shiftsa and coupling constantsb for 4-Bromo-2-

fluoroanisole in Acetone-d..

H6

H5

Bt-

'co:
¡
"cl
Â

"cz
¡
"c3

A"c4

"c5

"c6

2.15 + 0.03

2.73 + 0,02

c

c

0.2 + 0.1*

2.31 + 0.01

2 rCatCI

3 -Cu,C2Jo

4 *Co, C3
Jm

5 -Ca, C4
J.

v

4-Co,C5
Jm

3 -Ca, C6Jo

+

56.95

148.13

152.97

119.93

LL2.05

I2B.3I

116. 11

2 -c1, FJo

1JC2, F

2.C3, F
Jo

3rc4,F,m

4_c5,F,P

3.C6,F
Jm

4,Ca,F
Jo

10.37 + 0.01

(-)249.87 + 0.10

2I.26 + 0.01

8.23 + 0.01

4.00 + 0.01

4.75 + 0.01

+ 0.24 + 0.01

..Table 5 conËinued...
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Table 5. . .

lJc3,H

3Jc3,H5
m

167 .53 + 0.17 1Jc5,H 168.51 + 0.33

6.15 + o.ot 3Jc5 'H3 6.35 + 0.26
4Jc3'H6 (-)0.87+0.05 2Jc5,H6 +r.23+0.05

rv
2Jc4'H3 + 4.66 + 0.14e 1Jc6,H 163.59 + 0.05o-
2 
Jc4 'H5 + 3. 40 + o . 2oe 4 

'c6 'H3-o __ ,p
3Jc4,H6

m
7 .96 + o.L4 2Jc6 

'H5o

lrco,H 145.13 + o.o5

a In ppm dor^.nfield from internal TMS. probably + 0.04 ppur.

b In Hertz.

c Unobserved

d Unresolved, but estimated from the linewidth.

e Tentative assignment (see Discussion).

f unresolved. FWHH is abouË L.5 Hz for the resonances of c6.

f

f
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deterrrination of relative sign of trottÏF by ,".k

írradiaÈion experiments

rf a nuclear spin couples weakly to other spins, transitions

betr¿een energy level-s can be assigned to particular nuclei. The

position of a transition wÍthin a resonance multiplet reflects

the nagnetic enviror¡¡¡ent of the nucleus; each position is

associated wÍth a specÍfic orientation for each spin which is

coupled to the nucleus undergoing the transit.ion. However,

the high-resolution nmr haniltonian is symmetric with respect

to reversal of all sígns. If spin states are designated by

* and -r and if the low-field transíton is designated * r¿hen

the coupling constanÈ ís positive, the relative signs may be

deduced by weak irradiation experiments.

l.Ieak irradiation of a transition wit.hin the resonance

nultiplet of a nuclear spin affects transítions within the

nultipleÈs of coupled nuclei. The signs of the coupling constants

deteruine r¡hich Ëransítions have energy 1eve1s in common and

perturbation of one such transÍtion v¡íll affect the others such

Ëhat relative signs can be ascertained by uultiple resonance.

A first-order representation of the line spectruu¡ of the

nethyl protons, of the rnethyl carbon, and of parts of the nulti-
plets due to H6 is depicted in Figure 7. rt follor¿s the relative

signs frorn Table 4 and an extension of the conventions described

above. The observed spectrum of H6 and of the low-fÍeld urultiplet
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Figure 7

A firsÈ-order representation of the line specÈrum of the methyl

proËon, of the nethyl carbon, and of parËs of the nultíplets

due to H6 of 4-brono-2-fluoroanisole.
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of rhe methyL protons appears in Figure 8.

Weak irradiation of line l- or line B caused a reductíon in

the intensity of the low-f1e1d part of the roethyl proton reson-

ance (see Ffgure 8). These lines !¡ere associated wíth the *

desígnation for the fluorine nucleus since the sign of 4JrF'H6

is positive. therefore, the effected roethyl resonances also

had this designatíon and the positive sign of 5.1^CH3'F rt"
o

realÍzed. As a further eheck on this assignment the second

field was moved to the rnÍdst of the hÍgh-fÍeld member of the

H6 resonance. Weak irradiation of these 1ines, designated F-'

produced a decrease in the Íntensíty on the high-field side of

the rnethyl- resonance, as predicted.

b) the relative sígn of 4Joce'F

An at,tenpt was made to determine the relative sign of

Oroto'F, b,r, the snall magnitude of this coupl-ing !/as a hinder-

ance. The spectrum of the nethyl carbon nucleus in a 14.0 nole %

sol-ution was observed rshil-e the low-fieLd l1ne of the lovr-field

nethyl proton multipLet was Írradíated weakly. Since the 1r-

radiated line corresponded to the * designation for the fluoríne

nucleus, the al-Èered lines shared this designation. The

obeerved reduction of inÈenstty for the l-ine at lowest fíeld

in Ëhe xûethyl carbon spectrum suggested the positive sign for
4, Ccr'F.

o
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Figure I

Spectrum of H6 and of the Iow-field multipleÊ of the nerhyl

protons of 4-bro¡no-2-fluoroanÍsole.

a the multiplet of H6 v¡iÈh the irradiated lines numbered

according to the scheme introduced in Figure 7

b the lorv-field rnultiplet of the rnethyl_ protons in the absence

of weak írradiation

c in the presence ofweak irradiaÉion of the líne numbered 1

d in the presence of weak irradiation of the line nuubered g

e ín the presence of weak frradiation between the l-ines numbered

28 and 29
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iv) 4,6-dibromo-2-fluoroanisole

ResulÈs of the analysis of proÈon spectra of a 3.79 mole Z

solution of 4,6-dibromo-2-fluoroanisole ín carbon tetrachloride

and of a 15.5 urole Z sorution ot 4,6-dibromo-2-fluoroanisole-o-
13^c in acetone-d' appear in Table 6. The ring proton resonances

can be assígned unequivoeally on the basis of the large dor,mfield

shift of H5, due to tlro bromines at ortho positions, and the

large splitting of H3, due to eoupling over three bonds to the

fluorine nucleus. A spectrum appears as Figure 9. Of course

the cheroical shífts are solvent dependent3'2L5.

Lack of dÍscernable sharpening of these resonances when one

of the methyl proton rnultiplets is irradiated strongly precludes

coupling between methyl and ring protons. However, coupling

between the xûethyl protons and the fluorine is obvious ín the

Proton spectrum and in the fluorine spectrum, which appears in

Figure 10. And the uethyl carbon certainly couples with both

ring protons and wíth Èhe fluorine. The relatíve sígns of
trottr't, oroto't, trrto't'r ând ,rrto' can all be detennined

by weak irradiation experiments descríbed be1ow.

The increase in 3J^F'H3 rsith solvent polarity was not
o

uo.*p""t"d21? 4J-F'H has been shor,m to depend on the sorvent,
m

although 5J F'H was invariant."p
The center of the 12c-r.thy1 proton resonance lay 0 .2L5 Hz

dor,mfield fron the center of the 13c-rethyl resonance at



Table 6

Par¡meters from the

L1,4

Proton Spectrum of 4, 6-Dibromo- 2-f luoroanisolea

3.79 nole
in CC14

aü 100.001

390 .420

1500b

717.432

743.l-75

d

1. 569

10. 187

-1. 898

2.302

d

d

d

d

15.5 nole Z

in acetone-d6
ar 90 .0234 tü12

1?(nethyl '-C enriched)

3s4.29s (1)

1ooo.199c(1)

666.397 (1)

679.r8(, (1)

1500b

o/

MHz

(0)ucH^
J

uF

J

5

uco

5J CH3, F
o

3 - F,H3
J

o
5 _ F,H5

J
p

4_ H3,H5
J

m

lrC c, H

4 - Cr.,F
J

o
5. Ce,H3

J
m

5. Ca,H5
J

m

(0)

(0)

(1)

(1)

(1)

(1)

+r.484 (1)

r0.424 (1)e

-1.904 (1)

2.3L3 (1)

146.190 (2)

4 .87 4 (2)

+0.2]-6 (2)

+0.279 (2)

Br

...Table 6 conËinued...
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rms deviatíon

largest dífference

peaks observed

0.0021

0.005

10

0 .0065

0 .017

49

202

208

transitions assÍgned 80

transÍÈíons calculated 80

a rn Hertz. Numbers in parenËheses are standard deviations in

the last deeimal p1ace, calculated by LAME.

b rreated ín the x approximation with no transiËions assigned.

c Treated in the x approxÍmatíon. The numerical value is not

significant.

d Not included Ín this analysis.

e Usual solvent effect on magnitude of 3JH'F (ref. 2IO)
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Figure 9

Spectrun of the rÍng protons of a 15 .5 mol_e % sol_ution of

4r6-dibromo-2-fluoroanisole-o-13C in aceton e-d- at I00 MHz.
b

a observed specÈrum

b cal-culated specËrum
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Figure 10

Fluorine spectrum of a 15.5 mole % solution of 4,6-dibromo-2-

fluoroani"ol"-o-13C in aceÉone-d.6'
a observed

b calculated
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90.0234 MHz whfch lnplied an isoËope shift of about -0.0024 ppn.

A linewidth of about 0.2 Hz was typical. The dígital resolution

was 0.049 Hzlreal- point.

The fluorine spectrum of the 15.5 mole % solution was

acquiredwirhO.O24 Hz/real point. The linewidth for the spectrum

in Figure L0 was about 0.15 Hz. The center of the proton-decoupled

fluorine resonånce occurred aË 38.471 ppn dov¡nfiel-d from hexa-

f l-uorobenzene.

Tabl-e 7 presents the chemÍcal shífts and couplíng constants

deËertined for carbon spectra of a 9.47 mole % solution of

4r6-dibromo-2-f3-uoroanÍsol-e, â 1.83 nol-e % solution oÍ 4,6-

dibrono-2-fLuoroanisoL"-o-13c, and a 15.5 nol-e % sol-ution of the

methyl-l3C-enriched compound ín acetone-d.. Chemical shifts

are deríved from at least three proton-decoupl-ed spectra of

Lhe L5.5 mol-e % sol-ution. The r"ms deviation from the average

line positions ís about 0.24 Hz (0.01-1 ppn). As indicated by

the r,¡el-L-resolved snall splÍttíngsin Figure 11, l-ineurídths

are 0.8 Hz or l-ess when 0.1 \ïz l-íne broadeníng is appl-íed.

Couplíng constants beËween carbon nucl-ei and protons \rere

estimated from spectra of the 9.47 rnole % and 1.83 urole % solu-

tiong. Proton couplings to CL t¡ere not obtained because the

peak intensíty ¡lras too low under the experínenËal condítions.

SínÍLarlyr the couplÍngs to CZ were not r¡e1-l--defined. The

dÍfference betl¡een Ëhe tlto-bond coupl-ings invol-ving C4 was not

discerned.
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Table 7

Carbon Cheníca1

2-fluoroanisole

Shiftsa and Coupling Constarrt"b

in AeeËon"-d6.

f or 4,6-Dibromo-

2 -Co, C1J+

3, CerC2
o

4, Ca,C3
m

5, Co,C4
p

4, Cc,C5
m

3, Co,C6
o

ôao

¡
"c1

"c2

"c3

"c4

"c5
¡
"c6

3.23 + 0.01

1_.51 + 0.01-

0.66 + 0.04

0.94 + 0.02

0.55 + 0.04

1_.90 + 0.03

61. 88

14s . 81

L56 .45

t20.76

116.16

L3L.7 4

118.93

2J Cl,F
o

IJcz,F

2J c3,F
o

3J c4,F
m

4J c5,F
p

3J c6,F
m

4, CorF
o

L2.87 + 0.04

(-)zss.82 + 0.01

22.99 + 0.02

10.01 + 0.01

3.61 + 0.01

3.55 + 0.01

' +4.82 + 0.09

Br'

...Table 7 contínued...
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Table 7...

2J c2,H3
o

4 J c2,H5
p

1Jc3,H

3J c3,H5
In

2 J c4,H3
o

2J C4,H5
o

+ 6.1 + 0.4

(-) 2.0 + 0.2

L70.7 + 0. 1

6.5 + 0.1

+ 4.3 + 0.1

+ 4.3 + 0.1

1Jc5,H

3J C5,H3
m

4J c6,H3
p

2J C6,H5
o

lrCo,H

L73.94 + 0 .09

6.54 + 0.06

(-)1.90 + 0.07

+ 3.89 + 0.06

L46.24 + 0.04

Probably + 0.03 ppn.In pprn dovrnfíeld from internal TMS.

In HerË,z.
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Figure 11-

Spectrum of the ring carbons of a 15.5 nole % solution of

4r6-dibromo-2-fluoroanísole-o-13a j-n acetone-d. in the

presence of strong irradiation (decoupl_ing) of proËons.



c2 I

c5 i

50
 H

z

c3 I

I
en

ric
he

d 
m

et
hy

l 
ca

rb
on

fo
td

ed
 o

ve
r

H N
)

-Þ



L25

a) deterîination of Èhe relati 4- Ca pve sign of -Jo'*'' by weak

irradíatíon experiments

First-order diagrams for the line spectrrrm of the uethyl

protons, of the fluoríne, and of the nethyl carbon appear ín

Figure 12. Signs are from Table 6.

Iühile observfng the fluorine spectrum, the methyl proton

line I ¡.¡as Írradiated weakly. This line r,ras designated * for

the carbon nucleus and the effected transitions must have shared

this oríentation. By comparíson of the spectrum with Figure L2

the sign of 4roCo'F 
"r" 

found Ëo be positíve. Weak irradiation

of Line 3 of the neÈhyl proton spectrum led to reduced intensíty

for the fluorine transÍtíons desígnated - for the carbon nucleus,

which is consístent with a posiÈive relative sign fot 4JoCo'F.

b) determinatÍon of the relatíve sign of 5.loCH3'F by r"ak

irradiation experimsn¡s

Spectra of the neÉhyL carbon nucleus r¡7ere acquired while

irradíating line l, l-íne 3, or line 4 of the nethyl proton

spectrum. These transfËions lrere associated wíth the fluorine

nucl-ear orientations +, f, and - respectively, the relative

sígn of Oroto't havÍng been determined. By comparison of the

carbon spectrâ with Figure L2, the relative sígn of 5J-CH3'F
o

was found to be positive.

Spectra are dispLayed in Figure 13.
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Figure 12

A fÍrst-order representation of the line spectrum of the

nethyl protons, of the fluorine, and of the nethyl carbon of

4, 6-dibromo- 2-f luoroanisole .
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Figure 13

Spectra of the neËhyl carbon of a 15.5 nole % solution of

4,6-dibromo-2-fluoroanisole-o-13a in acetone-d- .
6

a the nethyl carbon nultipl-et in the absence of weak írradiation

b ín the presence of rnreak Írradíation of the line numbered 1 in

the methyl- proton specÈrum Ín Figure 1-2

c in the presence of weak Írradíation of the line numbered 3

d in the presence of weak irradiation of the line nrmhered 4
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determinatíon of relatlve signs of 5.1_co,H3 rod 5r_co,H5
mm

by weak irradlation experiments

First-order representations of the Iíne spectra of H3 and

H5 appear in Figure 14.

weak frradiaËion of the fluorine transítion corresponding

to lÍne 2 in Figuxe L2, and designared * for H3, - for H5,

and * for Ca, reduced the lntensiry of lines 3 and 7 in rhe

H3 resonance and of line I and 3 Ín the H5 resonance. Sínce
4J^Cc'F was detenûfned to be positíve, it ¡.ras inferred fromo

Figure l-4 rhar both 5.1 cc'H3 
"r,d 

5- cq'H5
ul 

-Jm- - '--- are positíve.

Moreover, weak irradiatÍon of line 7 or line I of the

resonance of H3 decreased the intensity of line 1 or line 2,

respectively, Ín the resonance of H5. From Fígure 14 thís

result inplÍed that boÊh 5r-cc'H have Èhe snme sign.
m
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Figure i.4

A first-order represenËation of the line spectrum of H3 and

H5 of 4r6-dÍbromo-2-fl-uoroanisole.
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v) 2r3r5,6-tetrafluoroanisole

The L00 MIIz proton spectrum of. a 4.70 mole z solution of

2,3,5,6-tetrafluoroanisol-e in acetone-d' appears ín Figure 15.

Analyses of rhe 90.02 and l_00 MIIz specrra, with all
fluorine-fluorLne couplÍng constants kept zero, yielded

the parameters Ín Table 8. No coupring between the nethyl

protons and the meta fluorines or H4 was observed. Linewidths

of about 0.2 Hz were obtained at go.o2 MHz and a digital resol-
utÍon of 0.073 Hz/real poÍnt was used.

The fruorine spectrum appearing in Figure 16 was anaLyzed.

as an A3BXXTYYT spín system with proton chemícal- shifts from the

90.02 MHz spectrum. The linewidrh was 0.2 Hz r,¡ith 0.02 Hz líne
broadening and 0.024 Hz/reaL poínt. on1-y fluorine transitions
were assígned.

FLuorine nucl-eí F2 and F6, which resonate s.044 ppm dovrn-

field from hexafluorobenzene, and F3 and F5, which resonate

2L.843 pprn downfÍel-d frora hexafr.uorobenzene, form isochronous

but ungnetically non-equivalent pairs. rt is doubtless that
or."'F6 

"nd 
ot tt'F5 h",r" the sâne sign; the spectrum of F2

and F6 changes dramatically if Ëhe signs are opposite. This

regÍon ís also sensitive to the signs of these coupling

constants relative to the other ring coupl_Íngs, but the changes

Ín calculated spectra are not sufficient to decide the sign by

corûparison r¿ith observed specËra. Tentatively the negatíve
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Figure 15

Proton spectrum of a 4.70 mole % solution of 2,315,6-tetra_

fluoroanísol-e in acetone-d'.

a the nethyl proton multipLet

b the ring proton multiplet
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Table I

ParrmeËers from

in AceÉon"-d6.

F6

F5

uat,

uF2 =

'F3

u4

the Proton Spectrnm of

F2

F3
90.0234 Wz

368.980 (0)

1500b

1500b

643.654 (0)

L36

2, 3, 5, 6-1 etr afluoroanis olea

100.001 MHz

409.828 (0)

1500b

1500b

7L4.470 (0)

L.349

7 .204

L0.579

0 .0029

0.013

L2

224

224

ur6

uF5

4,:
m

3.r
o

5¡
o

4¡
tn

3¡
o

cH3, F2

î2,H4

F3,H4

5 _ CH^,F6
=JJ

F6,H4

F5,H4

1-.340 (0)

7 .20s (0)

r_0. s7s (0)

0.0022

0.006

L2

224

224

(0)

(0)

(0)

:ms deviation

largest dífference

peaks observed

transÍtions assigned

transitíons cal-culated

In Hertz. Nr¡¡obers in parentheses are standard deviations in

Ín Last deciuaL pl-ace, cal-cul-ated by LAI'ÍE.

Treated in the X approxímaËion with no transítions assigned

and all fluorine-fluorine spÍn-spin coupling constants kept zero.

H4
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Figure 16

Fluorine spectrrrm of a 4.70 moLe "/"

Ëetrafluoroanísole ín aceton"-d6.

a observed spect,rum of. F2 and F6

b calculated spec¡¡rrm ef F2 and F6

c observed spectrum of F3 and F5

d eaLculated spectrum of F3 and F5

solutíon of 2,3,5,6-



tLfiL,rillr



L39

sign ís preferred (see Discussion). The results of the

analysis appear in Table 9. A correlation coefficient of

0.6667 exists between 3J F2'F3 
"r,d 

5J F2'F5.
op



1,40

Table 9

ParameËers

aanlsol-e in

from Ëhe Fluorine

Acetone-dU.

Spectrum of 2 r3 ,5 r 6-Tetrafluoro-

'at,
uF2 = uF6

uF3 = tF5

u4

F6

F5

368.980b

6so4 .oooc (2)

5481. 26rc Q)

643.654b

1.34s (2)

-20.832 (3)

7.204 (3)

9.280 (3)

-1.684d (2)

10. se0 (3)

-1.s16d(2)

.2

F3

5J CH3,F
o

3J F2,F3
o

4 J F2,H4
m

5J F2,F5
P

4J F2,F6
m

3J F3,H4
o

4J F3,F5
m

F5,F6
o
F6,H4

m

F3, F6

P

3_ F5.H4
=J

o

3¡

4,

5.i

Table 9 contínued...

å4
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Table 9. . .

:ms deviation O.OI47

largest difference 0.029

peaks observed 85

transitions assigned 187

transitÍons calculated 294

a ïn Hertz. Numbers ín parentheses are standard deviations in

the last decj.mal p1ace, calculated by LAME.

b Treated in the x approximation with chemÍcal shÍfts taken

from the 90.02 MHz spectrum.

c Absolute frequency is, not significant.

d These coupling constants have the same sign, but the sígn

relative to other values has not been determíned experimentally.
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ví) 2-fl-uoroaceËophenone

Proton spectra of a 5.35 rnole % solutíon of 2-f.luoroace-

tophenone at 90 .02 lúlz and of a 4.94 moLe 7" solution of. 2-

fluoroacetophenone-o-l3C at 100 M{2, both in acetone-d.,

yiel-ded to analysÍs and 6ome results appear in Table 10. The

90.O2 MHz spectrum of Êhe ring proËons appears as Figure 17.

The methyl- protons dÍd not couple observably to any ríng

protons. However, splitting of the resonances of H6 by the

methyl- carbon was cl-ear Ín the 100 MHz spectrum. The sígn

was deduced from r.reak irradÍation experíments. Similarly,

- 5- cH3'F 
""" 

determíned as described below. NoEhe sr-gn or Jo

coupling bett¡een the methyl carbon and H3 was observed.

ParentheËicall-y, Ëhe proËon spectrr¡m of a 5.35 nole % solution

of acetophenone in acetone-d. was not analyzed, but the center

of the neËhyl proton resônance occurred at 2.5644 ppm.

The fl-uorine resonance of the unl-abel-l-ed compound

occurred 52.922 ppn dotrnfieLd fron hexafl-uorobenzene.

Spl-íttíngs fron the proton-decoupled carbon spectra

appear ín TabLe 11-. The tms devíation from the average líne

positÍons is 0.25 Hz (0.0LL ppn). LinewidËhs of 0.8 Hz include

0.1- Hz line broadening. The spectrum of the labelled compound

ís complícated by the presence of impuritíes. Resonance

assignments correspond to line positíons in the clean spectrum

of 2-fluoroacetophenone. Proton-carbon coupl-íngs can not be

extracted under Èhe circr¡mstances.
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Table 10

Parameters from the proËon

Acetone-dU.

o*a --cH3

H6

Spectrum of 2-Fluoroacetophenoneo in

CH:

uF

u3

4

\J-5

V.
b

uco

5J cH3, F
o

3J F'H3
o

4J F,H4
m

5J F,H5
p

4J F'H6
m

3J H3,H4
o

4J H3,H5
m

5J H3,H6
p

4.94 mol-e %

100.001 MHz

(nethyl 13c enriched;

2sB.!45 (1)

1000b

723.876 (1)

761. 886 (1)

729.353 (1)

783.s22 (1)

1500b

+4.484 (2)

L7.470 (2)

s.072 (2)

0. 1s4 ( 3)

7.646 (2)

8" 344 (1)

I"077 (7)

0.367 Q)

5.35 rnole Z

90.0234 tfilz

323.46s (1)

1500b

65t.772 (1)

686.040 (1)

6s6.582 (2)

705.222 (1)

c

4. s10 (1)

11.460 (2)

5.072 (2)

0.198 (s)

7.63t (2)

8.333 (1)

r.076 (2)

0.362 (2)

contínued...

t{4

...Table 10
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Table 10...

3J H4,H5
o

4J H4,H6
m

3J H5,H6
o

lrC o, H

5, Co,H5
m

4, Co,H6
o

rrus deviation

largest difference

peaks observed

7.336 (2)

1. 880 (2)

7.792 (2)

128.246 (2)

o . 399d (2)

o. losd (2)

0.0130

0.042

7T

7.344 (2)

1.887 (2)

7.775 (2)

c

c

c

transitions assigned 873

transitions calculared 1064

0.0081

0 .032

52

373

540

a In Hertz. Both samples are acetone-d. solutions.

b Treated in the x approximation with respect to other nuclear

species. No transÍËions rirere assÍgned.

c Not included in rhis analysis.

d These couplings are of Ëhe same sign, which is assumed positive.
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Figure 17

SpecÈr'm of the ring protons of a 5.35 mole % solution of

2-fluoroacetophenone ín acetone-d6.

a observed. The peak indicated by x is due to an impurity.

b calculated
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Table 11

Carbon Che¡cical Shiftsa and Some Coupling

Fluoroacetophenone in Acetonu-d6.

'c,'
Iuco

r\-c1

t\-c2

"c3
¡
'c4

"c5

'c6

0.089

Constantsb f.ot 2-

o=c --cH3

1rCcC0

2rCo,Cl +

3, Ca,C2
o

4, Ca,C3
m

5, Co,C4
P

4, Ca,C5
ut

3, CorC6
o

43.233 +

13.785c

d

d

d

d

0.633 +

l_

w'
31. 19

l-95.36

126 .65

162.79

]-77.40

135 .5s

725.29

131. 13

3J F'co 3.203
o

2J F 
' 
cl 

12 .gz7
o

lJF 
' 
c2 

G) 253 .Lz4

23 F'c3 
z3.B2B

o

'rrt'to 9.0g5

4J F'c5 
3.515p

3r F,c6 .,),, ¿.582

4, Frco 
+6. g31

o
...Tab1e 11

+ 0.041

+ 0.016

+ 0.098

+ 0.056

+ 0.026

+ 0.013

+ 0.033

+ 0.009

contÍnued.

L47

0.019
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Table 11 ....

a In ppn downfield from internal TMS. Probably + 0.03 ppm.

b In Hert.z.

c Due to 1ow intensity, ÈhÍs value was determined only once.

d Unobserved.
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a) deter¡oination of the relati ' 4 ce F
.ve spin of -Jo"*'^ by weak

Írradiatíon experimentg

First-order diagrans for the line specËrum of the nethyl

protons, of Ëhe fluorine, and of the nethyl carbon appear in

Figure 18.

l.Jeak irradiation of line 1 of the nethyl proton spectruE

durlng acquÍsiËÍon of the fluorine spectrr¡m reduced the inten-

sÍty of the lov¡-field resonances. Since line 1 corresponds to

the carbon designation * and affected Iínes must bear that
. 4- Ca.Fsign, 'Jo--' tras found to be positÍve.

b) determination of the reLative sign of 5.r^CH3,F by weak
o

irradÍatÍon experiments

l'Ihile observing the methyl carbon spectruÐ the methyl proton

line 1 was irradÍated weakly and line 1 of the carbon nultiplet
was inverted, as in Figure 19. Line 2 was inverted when the

second radiofrequency was moved to line 2 of the proton spectrum.

Both observaËions suggested the positive sign fot 5J_CH3'F
o

since Or^to' t¡as determined to be positive.
o

c) determination of the reLatfr 4- Cc'/e srgn or ao 'H6 by r""k
irradf atlon experÍmenËs

The proËon spectru¡n of the label-led compound is conpricated

by the presence of Ímpurity peaks, buË can be analyzed reliably
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Figure 18

A first-order representation of the line spectrum of the

nethyl proton, of the fluoríne, and of the rnethyl carbon

of 2-fluoroacetophenone.
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Figure L9

spectra of the nethyL carbon of. 4.94 nole % solution of

2-fLuoroacetophenor,.-o-13a in aceton.-d6.

a the nurtiplet of the nethyl carbon in the absence of weak

irradiation. The septet indícated by xts is due to

the nethyl carbons of solvent acetone-d..

b in the presence of r^reak írradíation of the Line numbered

1 in the methyl proton Bpectrulo in Figure 1g

c in the presence of ¡¡eak irradiation of the line nunb ered 2
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r{Íth reference to the spectrum of 2-fluoroacetophenone. The

line spectra of H5 and H6 appear in Fígure 20.

lleak írradiation of líne 32 ín the high-field nultipler

of H5 decreased the Íntensity of line 32 in rhe hígh-field

nultiplet of H6. rrradiarion of line 30 inverted line 30 in

the H6 resonance. Therefore, 5, co,H5 
"r,d 

4J cc,H6 
seemed tomo

be of the same sign. The former !¡as assumed to be positive,

as in 4,6-dibro¡no-2-fluoroanisole (vide supra).
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Figure 20

A first-order representation of the line spectrum of

H5 and H6 of 2-fluoroacetophenone.
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vii) 2,6-dÍfluoroacetophenone

commercíally obtained 2r6-difluoroacetophenone contained

a significant amount of irnpurÍty and, therefore, the actual

concentration of the sample was not known precisely, but

was between 2.5 and 3.5 mole 7" in acetone-d..

The 90.02 lûlz spectrum of the ring protons appears in

Figure 21. The lÍnewidrh ís abour 0.2 Hz with 0.073 Hz/real

point. Liner,¡idths in the fluorine spectrum are 0.3 Hz wíth

0.024 Hz/reaL points. Table 12 presents the results of iterative
refinement of the A3BB'CXX' spin system.

rmpurity peaks did not interfere with the determinaËi-on

of line positions. The sígn of 5J cH3'F r"" assumed from 2-o

fluoroacetophenone (vide supra). No coupling was observed

betr¡een the rnethyl and ring protons.

The proton-decoupled fluoríne resonance occurred 50.151

ppn dovrnfield frorn hexafluorobenzene.

Parenthetically, Ëhe methyl proton resonance of. a 4.66

mole % solution of 2,3,4,5,6-pentafluoroacetophenone was

centered at 2.61819 ppm. The spectrum \.ras not analyzed, but

the triplet splitting read frorn it is 1.822 + 0.005 Hz. The

o-2 Hz liner¿idth gave no indication of coupling between rhe

nethyl protons and fluorÍne nucleí at meta or para posítions.
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Figure 21

spectrun of the ring protons of a solutíon of ca 3 more %

2,6-dífluoroacetophenone in aceton"-d6.

a cal-culated spectrum

b observed spectrum

c calculaÈed spectru¡n of an unidentified impuríty
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Table 12

Parameters from the proton and

acetophenonu" i.r Acetone d-r.

o*c -CH3

Fluorine Spectra of 2,6-Difluoro-

F6

H5

F2

H3

5J cH3,F2
o

3J F2,H3
o

4 J F2,H4
m

5J F2,H5
P

5J F2,F6
m

3J H3,H4
o

4J H3,H5
m

uat,

\) = \t'F2 'F6

V^=v-
J)

4

_ 5, cH.,F,
-JJO o

3_ H5.F6
=J

o
4_ H4.F6

=J
m

5_ H3.F6
-J p

3 - H4.H5
-J o

rms deviatíon

largest difference

peaks observed

transitions assÍgned

t.ransitions calculated

229.658 (1)

1528 .o9eb ( 1)

637.4r7 (1)

679.889 (1)

L.s64 (1)

9.612 (2)

6.42s (r)

-1. 183 (2)

3.938 (2)

B.4BB (1)

0.927 (2)

0.0113

0.035

74

474

569

..Table 12 continued.,.

H4
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Table L2....

a rn Hertz. N'mbers in parentheses are standard deviations in

the lasr decinal p1ace, calculared by LAlfE.

b Treated in the X approxÍmation.
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iÍi) ùrrrcFtrifluoroacetophenone

The proton spectrum of cro,,a-trifluoroacetophenone v¡as not

analyzed.

The fluorine spectrum of a 4.76 more z solution in acetone_

dU was acquired wirh 0.024 Hz/rea1 poinr, the linewidrh being

about 0,4 Hz. The trÍplet splitting suggested that 5J CF3,H2
o

was 1.116 + 0.014 Hz, as in Figure 22.

carbon chemical shifts and a few carbon-fluorine spin-
spin coupling constants appear in Table 13.

The r¡s devÍation from the average line positions in two

Proton-coupled carbon spectra was 0.072 Hz (0.003 ppm). A

digital resolutíon of 0 .293 Hz/rea1 poinr was used. No

eoupling was observed between the fluorine nuclei and, C2,

C3, or C4.
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Figure 22

spectrum of the Eethyl fluorines of. a 4.76 mole z solution of

e, o, ü-trífluoromethylacetophenone in aceton"-d6.
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Table 13

carbon cheroical Shiftsa and carbon-FLuoríne coupling constantsb

fer o,, o, e-Trifluoroacetophenone in Aceton"-d6.

o*a -.CF3

¡
"cF^

J
ô,-c0

,\'c1

"c2

A-c3

À"c4

1-F 
' 
co

J
2'F'co

J

3 _F, Cl
J

In ppn dorrnfield from TMS.

In Hertz.

117.61

180.94

L30 .62

130. 20

I28.48

136.65

(-)290.944 + 0.021

34.ss + 0. 31

2.I83 + 0.028

Probably + 0.01 ppm.
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B. Low Temperature Spectra

Spectra of the resonances of particular nucleí in some

''"mples were obtained at intervals belæ 305 K. Acetone

freezes at about r77.8 K and freezing point depressions of about

2 K rvere expected for the sample concentrations used. rn most

cases the lowest temperature attained v¡as 192 K.

ExperÍmental data are tabulated in this section and appear

graphically Ín the Discussion.
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i) 4,6-dibromo-2-fluoroanisole

spectra of the nethyl proton resonances of a 15.5 mole %

soluÈion of 4,6-dibromo-2-fluoroanisol-e-a-13a r' acetone-du

were acquired at íntervals between r92 anð 305 K. usual digital
resolution was 0.061 Hz/rea]- point and the linewidth increased

frorn 0'3 to greater than 1 Hz at Lg2 K. The splitríng due ro
5- CH^.FJ^ 3' was not resolved at 192 K.o

Splittings and chemical shifrs ar 90.0234 Mltz appear in

Table 14. As the temperature decreases, trottÏF d""r""""".
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Table 14

Temperature Dependence of Parameters from the Methyl proton

Spectrum of 4,6-Dibromo-2-fluoroanisole-r-13a.

T (K)

30s

290

280

270

260

250

240

230

220

2LT

202

L92

v.,r-, (tlz)

zst.nz

354.416

3s4.558

3s4.9L2

d

a

3s5 .77 s

356.I27

a

357 .078

357 .770

358. 483

1¡cH (r,, )

146.L9L

146.206

t46.207

146.238

L46.254

r&6.265

146.248

146.301

146.300

146.3L4

146.32r

146.249

trottr'F(Hr)

I,497

r.477

r.466

L.456

r.456

L.422

1.211

1. 386

t.329

L.293

1.121

a

Not determíned
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ii) 2,3,5,6-tetrafluoroanisole

The 90 .0234 Mllz methyl proton spectrum of 4.70 mole % solu-

tíon of 21315,6-tetrafluoroanisole in acetone-d. \¡ras obtained

at intervals bet¡¿een 192 and 305 K, with 0.061 Hz/rear point.

The linewidth Íncreased from 0.3 to about IHz at Lg2 K.

Table 15 presents the chemical shifts and couplíng constants.

As the temperature decrea""" 5, cH3'F increases.
o
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Table 15

Temperature Dependence of parameters from

Spectrum of. 213r5r6-Tetrafluoroanisole.

rhe }fethyl Proton

T(K)

305

300

290

280

270

260

2s0

240

230

220

2IT

202

L92

ucu, (tt' )

369.000

369.147

369 .400

369.72r

370.026

370 .372

370.7 48

371. 109

37I.464

37I.882

37 2.406

37 2 .846

373.466

trottr'F(ur)

1.340

L.346

1.354

1.365

I.376

1.387

I.397

L.4L2

L.423

1.433

L.454

L.440

1.450
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iií) 2-fluoroacetophenone

The 90.02 Mliz nethyl proton spectru$ of a 4.94 nole z solutíon

of 2-fluoroacetoph"rrorr"-o-13c in acetone-d. nas acquired at

intervals betr.¡een 182 and 305 K, usually wiÈh 0.049 Hz/real

point. The linervidth increased frorn 0.3 to gïeater than 1 Hz

ar 182 K.

The proton-decoupled fluorine resonance at 51.545 ppm dovm-

field from hexafluorobenzene had a linewídth of L.2 Hz at

182 K.

Methyl carbon spectra weïe acquired wíth 0.098 Hz/rea:-

point. Linewidths remained near r Hz. The small splittíng, due

-- 4- Co,H6Ëo Jo ' - 
' also reuained constant to wíthin experinental error.

Parpmeters appear in Table 16.
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Table 16

Temperature Dependence of

and Methyl Carbon Spectra

Parameters from the Methyl Proton
1â

of 2-Fluoroacetophenone-o-"C.

T (K)

30s

290

280

270

260

250

240

230

220

zLL

202

L92

L82

d

L28.239

t28.24s

L28.246

L28.250

L28.255

t28.27 6

L28.264

L28. 28L

L28.286

128. 309

1_28.311

L28.3L2

128. 401

b
L28.zTL

L28.238

t28.235

L28.240

1-28.24L

L28.262

128.255

l_28. 303

128. 319

l_28. 301

L28.32L

L28.370

c

1rCa,H 
lttz)

L în Ê'J v"'^ (Hz)
o

6.839

6.888

6 .951

6.999

7 .080

7 .L22

7.082

7.228

7 .234

7 .296

7 .327

7 .368

c

trottr'F(Hr)

4.508

4.648

4.752

4.858

4.97L

5 .088

5.210

5.330

5.46r

5 .583

5.737

5.878

5.992

Fron the proton spectrum.

Fron the carbon specËrum.

Not determined.
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iv) 2,6-difluoroaceËophenone

The 90.0234 MHz methyl proton spectrum of a solution contain-

ing about 3 mole "a 2rí-ditluoroacetophenone in acetone-du was

acquired wÍth 0,073 Hz/real point at inteïvals between 192 and

305 K. The linewidth increased from about 0.3 to 0.6 Hz at

l92 K.

chemícal shifts and couplÍng constants appear in Table 17.

As Ëemperature decreases, 5, Ct3'F irr"t"r""".
o
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Table 17

Temperature Dependence of parameters from

Spectrum of. 2,6-Difluoroacetophenone.

the Methyl Proton

T (K)

305

290

280

270

260

250

240

230

L92

ucH, (H')

229 .656

230 .496

23I.r23

23I.730

232.3r8

232.97s

233 .657

234 .385

237.474

trott, 
'F (tt, )

1. 555

1.581

I.597

r.672

r.628

L.646

1.663

1.684

L.7 6s
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v) 0,0,o-trifluoroacetophenone

The fluorine spect,rum of a 4.76 more "/" solution of o,,c,;-

trífluoroacetophenone in acetone-d6 \ras acquired v¡ith 0.049 Hz/rea¡
point at intervals between 211 and 305 K. Liner¿idths increased

from abour 0.4 to 1 Hz at 211 K.

The dependence of 5.1^CF3'H o' teuperature is suggested byo

the values in Table 18. As temperaËure decreases. 5J cF3'H
¿' "o J

increases.
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Table 18

Temperature Dependence

T (K)

305

300

290

280

270

260

250

240

230

220

2It

-5_cF.Hor Jo 3' tor o, a, ,^t-Trif luoroacetophenone .

trottr'H (ttr)

1. 108

1. 115

t.I29

1.116

1.I29

1. 148

1.140

1. 158

T.I72

1.143

L.I72
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C. Nuclear Spin-Lattice Relaxation Experiments

Rela:<ation rate parameters are obtained by least-squares

fitting of the peak heights, or peak integrals, from the

inversion-recovery experiment as a function of tiroe, S(t),

to the expression

s(r) = so{1-[1 + t^t(1 - exp,- Ërr) lexn(- !r¡1 Eq. (6)

where So is the equilibrium peak heíght, Sol,I is the peak height

írnrnediateLy after the 18oo pulse, D is the delay tiÐe before

the l-80o puLse, and T, is the spÍn-lattice relaxation tine211.

Of the three parameters in this equation, the value of So

is not signif icant. The value of I^I is unity for a perf ect

180o pulse and lesser values indicate pulse ímperfection. values

beËween 0.8 and 0.9 are coùmon.

Standard devÍation Ín the relaxation time r¡as calculated

from the deviations of ordinate values, S(t), from the curve.

ExperinenÈal data trere also fitted while W was held equal to

uniËy.
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i) nethyl carbon nucleÍ

Methyl carbon chemÍca1 shifts, nuclear ûverhauser enhance-

t"nt"212, and relaxation rate parameters for sor-utions of

anisole-a-13c ; 4-bro¡no-2-fluoroanirol"-o-136 ; 4, 6-dibro mo-2_

fluoroani"o1"-o-13C ; 2, 3,5, 6-tetrafluoroanisole ; acetophenone ;

2-fluoroacetophenon"-o-13Ci and 2,6-difluoroacetophenone in
acetone-d6 are listed in Table 19. The experinental method

appears Ín the precedÍng chapter.

concerning the daËa for 4-broroo-2-fluoroanisole, the more

diLute solutíon r¡as clearr pale yellow ín colour whil_e the other

was dark bror^m. rt was not apparent wheÈher the difference in
observed relaxation tímes r,ras due to impurities or to the

influence of concentratíon. The urore dilute solution r,Jas pre-

ferred for comparisons with the other compounds since the 4-

bromo-2-fluoroanisole had been chromatographed to remove impur-

íties and since the concentration is closer to that of the other

solutions.

Fluorine decoupl-Íng lras performed in one determÍnation of

the relaxation parameters for 4,6-dibromo-2-fluoroanÍsore.

Differences betv¡een relaxation times were within the experimen-

tal- errors.

Relaxation data f.or 2,6-dÍfluoroacetophenone were particu_

larly diffÍcuLt to obtain since the resonances lay very near

Èo the Lor.¡-f iei_d member of the acetone-d. septet. ThÍs
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Table 19

Methyl carbon chemíca1 shifts, Nuclear overhauser Enhancements,

and Relaxatíon Rate Parameters for some Anisoles and Acetophenones.

^âÒ¡
(ppm)

rr(s)

1')
an is o1e- e- 

t'C
4.62 more "Á 5s.27 r.6-r.7 8.5 + 0.3 9.93 + 0.06 0.85

4-bromo-2-f luoroanisole- o13a
2.96 uole Z 56.95 I.6-I.7 5.0 + CI.4 6.7 + O.Z O.l414.0¡oo1e"l t.B-1.9 2.77+Ð.Og 3.13+O.OS 0.86

4, 6-dib romo- 2- f luoroanis ole- o- 
13a

1.83 rnole % 6I.88 1.3-1.5 15.02 + 0.06 15.2 + 0.1 0.89
d 1.3-1.5 14.1 +0.¡ 15.4+0.1 0.g2

2, 3, 5, 6-tetraf luoroanisole
4.70moleZ 62.70 e t8+1 22+I O.1g

acetophenone
5.35¡no1e"/" 27.57 1.8-1.9 12.9+0.5 I5.4+0.2 0.84

2- f luoroace t oph enorr"- o- 
13C

4.94 mole Z 3I.Ig L.5-L.7 L2.6 + t.4 t4.6 + 0.2 0.86

2, 6-dif luoroacetophenone
about3nole"/" 33.24 f 17+3 32+3 0.53

a Nuclear Overhauser enhancement in the presence of strong irradiation
of coupled protons. The theoretical maximum value is 1.9g8.

b Wirh I,l fixed ar uníry.

c Wíth I^I as a parameter.

d l^ilth strong irradiation of coupled fluorine nuclei.

e Not determined.
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Table 19....

f The fntensÍty of the resonance without strong irradiation of

coupled prot,ons was not determined reliably because the

resonance overlaps the 1or¿-fie1d menber of the acetone_d.

septet .
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interference made the results of the fitting unreliable, as the

dÍfference beÈr¿een the two relaxation times shows.
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ii) fluoríne nuclei

Fluorine chemical shifts and relaxation rate paramet.ers

for soluËions of 4,6-dibromo-2-fluoroanisole i 2,3,5,6-tetra-
fluoroanisole; 2-fluoroacetophenone; and 2,6-difluoroaceto-

phenone in acetone-d. appear in Tabte 20.

Relaxation parâaeters for 213r5r6-tetrafruoroanisole were

calculated for particular lines in the presence of fluorine-
fluorine spin-spin coupling. These entríes in Table 20 musË

be vier.¡ed as estimates or,1y213.
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Table 20

Fluorlne ChemícaL Shifcs and Relaxatlon Rate par¡meËers for

Some Anisoles and Acetophenones.

6 Tr(s)
(ppn downfield

from internal CUFU) a

4 , 6-díbrorno- 2- f luoroanis ole
9.47noLe% 38,47L 13+1 2]-+L 0.6-0.7

2, 3, 5, 6-teÈraf luoroanlsole
4.70roole11 5.044c L8+Z 19+1 0.8-1.0

21.843d L6+2 2:-+5 0.8-1.0
2- f l-uoroacetophenone
5.35 mole % 52.922 7.9 + 0.5 10.0 + 0.3 O.B

2, 6-díf luoroacetophenone
about 3 nole % 50.L51 16 + 1 20.6 + 0.6 0.79

a l.lith I"I fixed at uníty.

b I,líth W as a pararneter.

c T2 and F6.

d F3 and F5.
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Chapter 5

Discussion
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rn this chapter the discussion of the experimental results

and of some results of molecular orbital calcurations is pre-

sented.

Ab lnitio molecular orbital calculations ar the STG-3G level
with parti-al geometry optimization have yielded conformational

energies. semi-empirical calculatíons in the rND0 or cNIÐ/2

approximations gave conformational energÍes andr, by finite per-

turbation theory (FPT) , spin-sp1n coupling constants.

couplíng mechanisms are elaborated by examination of the

conforrnational dependence of coupling constants and of the

effect of elimination of certain Fock elements from the calcula-

tions, as pioneered by Barfie1d230.

solvent effects may suffice to vÍtiate soue of the confor-

mational deductions present"d h.r"214'2I5. For exampre, polar

solvents may induce a preference for more polar confonners rather

than less polar conformers, whÍch may be preferred in the vapour

phase or in non-polar solvents. Since most of the discussÍon is

concerned with dÍlute acetone solutÍons, comparisons between

sinÍlar compounds seem justified. These similitudes may not

extend to other solvents or ot.her phases.
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Anlsole

ab initio molecular orbiÈal calculatíons

Molecular mechanfcs calculatrons lndicate Ëhat the barrier
to methoxy group rotatlon in anisole is essentially 

".ro48.
Ab fnitio roolecurar orbital calculations at the srO-3G level
plaee the energy of the orthogonal conformation about 20 kJ.ro1-1
belorv the planar one, but optinfzation of the bond angle at oxygen

for each confor'¡ner reduces the dífference to near ,"ro216.
sinilar calculatfons r,¡ith partial geometry optimization place the
planar conforaers of 4-fluoroanisole at energy miníma and the or-
thogonal conformers at relative urinima at 4.7 kJ.rol-1 56.

Approxirnate molecular orbital calculatíons at the INDO level with
geometry optimization suggest thaË the orthogonal conformation is
preferred by 15.1 kJ.not-l 217.

I'Ihíle the present work s¡as in progress, tr.ro groups reported

resulËs of ST0-3G calculations with parÈial geometry oprimiza-

tío'169'85. The energy difference between the planar and ortho-
gonal confo::mations was 5.61- kJ.rol-1 or 9.27 kJ,ro1-1, with the

planar lower.

some results of the present partíal geonetry optimization

aPpear in Tabre 21 r¿ith reference to Figure 23. The geouetry of

the aromatic ring Ís not optimum and the methyl group retains
cr' srmetry about the oxygen-nethyl carbon bond axis. The total
energies are lorver than those previously reported for the planar

and orthogonal conformations.

A.

i)
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Figure 23

A planar confo:¡ratÍon of anisole.

Some atous used in the descríption of the geometry are

ídentified.
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The calculated geometry of the pranar conformation agrees with

the structure of anisole as determined by electron dlffractionTl
and with the average structural parameters of the methoxy

gto,-rp85. As for the calcurations for !¡ater and for ph"r,o1219 ,220,

the bond angle at oxygen seems too small.

As the tr¡ist angle C2C10Ca increases, the degree of conju_

gation between o)çygen and the ring n-system decreases (vide infra),
¡'¡hich results in an increase in the bondlength c10. concomitant

reduction of the bond angle clOco reflects the decrease in steric
interaction between the methyl group and the phenyl group. Notíce

that the methyl group rotates to urini¡nize interactÍons betr¿een

methyl hydrogens and H2, alrhough rhe dihedral angle cl0c*Ilq is
180o in both the planar and orthogonal confomrations.

The dipole moment of anisole is nÍdway between the n,mbers

calculated for the planar and orthogonal conformations. The

angle between the Oco bond and the dipole aoment fs 30.00 in

the planar conformatÍon and 39.7o Ín the orthogonal.

Relative energies frorn Table 21 appear graphically in
Figure 24. A curve through these points approximates a path

of steepest descent on a surface

E = f(ó,q,) Eq. (7)

r¡here ô = c2c10co and ü = crocorla. ThÍs is the most probable

path for rnethoxy group reorienËation. The three-fold barrier to
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Figure 24

A plot of the relaËive energies of some conformations of

anisole from partially-optimlzed molecular orbítal calculaÈions

at Ëhe ST0-3G leve1.

O calculated

dorted l_ine Eq, (g)
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neËhyL group roËatíon is 25.6 kJ'ro1-1 for the gfven planar geo-

metry and 10.5 kJ.rool-1 for the gJ-ven orthogonal geonetry. c1-early

the Dagnit,ude and phase of the rotatíonal potential are dependent

on ó' that is, the rot,atÍons of the methoxy group and the methyl

group are not separable.

I{hÍle they recognj-ze the importance of nethyl gïoup orÍenta-

tion 1n Êhe methoxy group rotation, Konschin, Tylli, and Grundfelt-

Forsíus sËate that no evidence supports coupled or correlated

reorientation of Ëhe methyl and methoxy grorrp"69. on the contrary

Ëhe present results indÍcate most definitely that the energetically-
preferred path inerudes both motíons r but the populations of the

various conformers are just as definitely given by a distribu-
tion over the surface described by Eq. (7). Notíce that the

steric inËeraction between the rnethyl group and ortho _carbon-

hydrogen bonds of the phenyL ring is not the sole factor deter-

mlning the minímìrm energy confomatíon of the methyL group. There

is a sÊrong tendency to retaín the trans oríentation cl0corlcl in
Figure 23 f.or all nerhoxy group tv¡ísr angLes c2c10ca. This

factor is well--kno¡nm for r.th"rrol-221.

crudely' the paËh ín FÍgure 24 can be descríbed by a potential

v(ó) = 5.7 srn26 + 2.5 sinz 26 Eq. (8)

where v has the units k,¡.noi--l. This form is suggested by

Lister5O. The tr^ro-foLd barrrer is ín exact agreement with the
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energy difference proposed on the basis of the remperature depen-

dence of the photoelectron specarr'rr87. The validity of the two_

site model which yields this nr:mber is, however, doubtfulSg

and lndeed fnconsistent with Eq. (g). The present number does

exceed the 'nrnimrrm êDêrgy difference between the planar and

orthogonal confor¡ations which is expected for anisole on the basis
of the ulcrowave spectrum of 4-fluoro.r,i"o1.50. The four_fold
conponent is "reasonably large", as Lister suggests.

rn Èhe harmonic oscillator approxímatÍons r,¡ith a reduced

rotarional consranr berween I.250 and 1.5 "r-1 
Un ro. (3) yields

torsional frequencies between 66 and g9 cn-1. The observed fre_
quency Ís 81.5 "r-1 for gaseorrs aniso1u65.

catalán and yáñez are reluctant to believe that the planar
conformatÍon of anisole is preferred since the proton affÍnity
of oxygen agrees with a prediction for the orthogonar conforma-

tÍon2l7' on the assu¡option of the same linear relationship between

proton affinity and theoretícal ls-orbital binding energy, the
present calculations predÍct proton affinities for oxygen which

are 837 kJ'uol-l for the planar conformarion and 815 kJ.,o1-1 fo,
the orthogonal one. The experimental number is g34 kJ.ro1-1 222,

which may suggest that the pl-anar conformer is preferred, but not

to the exclusfon of others. The predicted proton affiníty of
the para carbon rs 769 kJ.no1-l for the planar conformatÍon and

808 kJ'nol-l for the orthogonal conformation, which runs counter
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to the trend proposed by catar-án and y'aíez. Although the

experÍmental proton affinity of the para carbon is unknov¡n, the

Proton magnetic resonance spectra of some anisole derivatives in
strongly acidic solutions support this cont 

"ntion223,224 . Anisole
prefers protonation of the para carbon over protonatíon of
oxygen' but proËonation of oxygen is preferred by 2,6-dimethyl-
anisole, in vhÍch conjugatÍon between oxygen and the n_system Ís
inhibíred.

Atomic charges (gross orbitar charges condensed to atoms)

and r-charges are given in Table 22 for the planar and orthogonal

conformatfons. rf the aËomic charge on carbon is 6.063e for
b"'',".,"216, the apparent o-electron withdrar^ral of the methoxy group

is 0.229e f.or the planar and 0.190e for the orthogonar conforma-

tion. rnhiblcion of conjugatíon drops the n-electron donation

frorn 0.087e to O.O37e.
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Table 22

Atomic and ¡-Charges for Anisole

Partial Geometry OptÍmizatÍon.

planar

from ST0-3G Calculations with

orthogonal

CT

C2

C3

C4

C5

c6

0

Ca

H2

H3

H4

H5

H6

Hq

H

H

atomíc

5.876

6.097

6. 053

6.075

6.055

6.080

8.237

6.060

0.937

0.935

0. 940

0 .934

0.928

0.922

0. 936

0.936

TT

0.986

1. 065

0.984

1.030

0.982

1.040

atomic

5.886

6.079

6 .058

6.066

6.058

6.078

8.242

6.062

0.931

0.934

0.937

0 .934

0.931

0.926

0.939

0.939

,Il

1.003

1 .019

0.993

1.010

0. 993

1 .019
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ií) semÍ-empirical molecular orbital calculations

semi-empírical molecular orbital calculations in the rNDo

Mo FPT approximation yielded the relative energy and dipole moment

of the conformers listed in Table 23. standard geometries \¡rere

chosen for most parameters. In particular, the bond angle at
oxygen ç¡as 1200, in rough agreement wrth the experimentar

- 7rvaJ.ue

The relative energies appear graphically ín FÍgure 25. No

minimura exÍsts at the orthogonal conformatíon. A different
choice of geomettrl39 does provide a relative minim'm, indeed

the energy Ís below the lower bound suggested by Listerso. Dipole
noments from the present calculations r.rere higher than 1 .25 D278 .

spin-spin coupling constants appear in Tables 23, 24, and 25.

P1oÈs of the angle dependence of Ëhese numbers comprÍse Figures 26

and, 27. Frou Figure 26 ít appears th"t 5J_ ca,cA follows thep

form

troto'ta(o) * trroto'c4 
"ir,24 Eq (e)

where trnoto'c4 i" about L.26 Hz. rf such a rerarionship does

hold' this coupling nay be a useful conformationar indicator
because Ít foLLows a sinple functíon of the twist angle g. rf
the contribution from transmission of spin informatÍon through

the o-bond framework225'226 (o-mechanisn) vanishes, the coupling

is probably transmítted via spin polarizatíon of the n-ele.tron.227
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Table 23

carbon-carbon spin-SpÍn coupling constanrs, Relative Energy, and

Dipole Moment for some conformations of Anisole from rNDo MO FpT

Ca1cu1atior,"".
energy

.I ¡co'x (Hr)
(deg) X=CI C2 C3 C4 C5 c6

(kJ-no1-1) (D)

o -4.827 I.727 -0.231 -0.017 o.L2g 3.002
(-5.095 1.901 -0.169 -0.000 0.222 3.4SZ7b
(-2.r29 1.752 0.067 -0.003 0.113 L.777)c

15 -4.851

30 -4.9L3

45 -4.99s

60 -5.013

7s -4.977

90 -4.994

I.792 -0.296

1. 806 -0 .487

r.626 -0.762

1.410 -1.004

I.337 -1.135

1.480 -L.167

0.079 0 .044

0.335 -0.193

0.67s -0.524

0.979 -0.833

1. 171 -1.045

I.255 -I.l-67

0 1.456

I.32 I.462

3.59 L.479

5.00 1.500

5.91 L.520

6.63 r.s34

6 .93 1.539

2.924

2.723

2.453

2.L09

r.7 42

1.480

From the standard geometry except clo = 140.0 pm,Oca = 143.4

pr, and CQCa = 120o.

From the ST0-3G partially-optimized geornetry.

Fro¡n CNDO / /stO-gc calculaËions.
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Figure 25

A plot of the relatíve energÍes of some conformations of

anisoLe from INDO molecular orbital calculations.

O from thís work.

! fron reference 139.
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Table 25

spin-spÍn coupling Gonstants rnvorving Methyl protons and RÍng

Nuclei for Planar Anisole from semi-empirical Molecular

OrbÍta1 Calculatior,". "

INDO/ / STO-3G CNDO//STO-3G

C1

C2

C3

c4

c5

C6

H2

H3

H4

H5

H6

Ho

7. 518

0. 319

0. 143

-0.027

0 .449

0.259

-0.L24
0.037

0.025

0. 200

0.181

In Hertz.

H

0. 833

0.042

-0.041
0.044

-0.048
-0. 194

-0.242

-0.013

-0.002

-0.031
-0.012

average

3.061

0. 134

0.020

0.020

0. 118

-0.043

-0. 203

0.011

0.007

0.046

0.052

Hq

5.282

0.612

0.026

0.043

0.237

0 .4]-9

-0 .066

0.026

-0.000
0. 146

0. 120

H

0. 855

0.I23
0.002

0.019

0.018

0.013

-0. 178

0.013

0.004

0.008

0.007

average

2.33I
0.286

0.010

0.027

0. 103

0. 148

-0 .141

0 .017

0 .003

0 .054

0 .04s
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Figure 26

A plot of rhe angle dependence of n¡rco'Cí (r, = 2-5; | = 1-4) for
anisole fron INDO MO FpT calcul_ations.
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Ffgure 27

A plot of the angle dependence of tJCo'"i (r, = 4-6; f = 2_4)

for anisole frorn INDO I,fO FpT calculations.
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on C4 (o-n-mechanism, or ¡-mechanism). Such a mechanism ís
responsible for the couplÍng over six formal bonds between

alpha protons and a Þara proton in substltuted benzenes, which
is the foundatÍon of the J nethod27.

0f the other carbon-carbon coupling constants in

'roto'c2 "r,d 
orrto,a, *", be described by expressions

form

J(ó) = Jo * .lro sin2o * Jrro sin2 Eq. (10)

Figure 26,

of the

0

2

but the observed coupling ís an average over Ëhe rotational
potentia129. consequently, empirical parâmetri zatíon of this
expression is difflcult. The conformationar dependence of
2 -Cu,CLJ :.s not strong enough to be useful.

noth 5Jrco,H3 .r,d uroao,H4 ir,"r""se monot.onically in
magnitude as the twist angle Q increases. Figure 27 shows

that the latter dependence i-s anal'gous to the proËon-proton

coupling constant2T, although the form is not exact. perhaps

uroto'toa*, - urroto'H4 
"ir,2g Eq. (r1)

where Urroto't4 Ís abour -0.36 Hz. Eq. (10) describes 5, ce,H3

-., 5, CsrH3 5 cn r¡? m't -Jo- "- is -0.13 Hz, trnoto't'is 0.06 Hz, and trrroao,t,

is 0'58 Hz. such an equatfon rs not easily used unless Èhe

rotatÍona1 barriers are high enough to permit relatively few

conformations with significant populations.

The angre dependencu of 4Joco'H2 i" more complicated and may
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contain a contrfbution from proximate couplíng,

sfgnfficant coupring between the nethyl prorons and c1,

c2, and c5 occurs ín the nost stable conformation of anisole, as

shovm in Table 25. The couplirrg" 3JHo,cl 
"r,d 

5rHc,a5 o"",r,
over all-trans p"th"225 '226. on the other hand, 4rHo,c2 i"
larger than 4JHÙ'c6 r.rhich is transmitted over an arl-trans arrange-

ment of formal bonds. some conÊribution from proxímate coupring

may be present 1n43Ho,c2.

The 1arge, negative couplfng constant between the methyl

protons and the proxímate ring proton H2 ís expectedl36. A large,
positive number is caLculated for the all-trans path between the

in-p1-ane nethyl proton Ha and H5, but the average coupling constant
6, CH^,HS s-Jr-"3"'- is small. Similar remarks apply ao ,J-CH3'H6. 

Other
o

couplings to ring protons are neglÍgib1e.

The decompositÍon of 5.1^cH3'H2 by schaefer and Laatikaineno

illustrates the angle dependence of coupling paths through formal

bonds and through 
"pr""139. The latter encompasses dírect ínter-

actíon betv¿een the protons and interactÍons via the nethyl car-

bon. FÍgure 28 depÍcts these contributions. The curve rabelled

TS(HqH) represents the difference bet¡¡een the coupring consÈant

fron the usual INDO.Fpr calculatlon and the coupling constant from

a calcul-ation Ín which the Fock elements between the ortho hydro-

gens and the s-orbítal of the nethyl carbon are set zero in each

scF cycle. curve TS(HrH) represents the dífference between rhe
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Figure 28

A plot of the angle dependenc" of 5JoH,CH3,r,d the contributions
of certain interactions to ft accordíng to rNDO MO Fpr calcul_-

ations.

From reference 139. See the text for explanation.
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usual carculation and the couplrng constant derived from a cal-
culation in r¿hich all Fock elements between the ortho hydrogens

and the nethyl hydrogens are set at zero. curve TB descrlbes

the dtfference beËween the coupling constant derived from the

usual calculation and that from a calculation in which all
Fock elements between the ortho hydrogens and the s-orbitals on

the methyl carbon oL on the nethyl hydrogens are set at zero.
These contrÍbutions are not strrctly additive. Notice that
the "total" coupling constant decreases quite quickry as the

twÍst angle of the rnethoxy group increases. Of the two
tttotaltt curves depicted Ëhe lower corresponds to correrated
motíon of the nethyl and methoxy groups to minimize steric inter-
action Ì'/ith the ortho hydrogen, but not necessarÍly to fo110w

the ¡oinÍrnum energy path (see the preceding subsection i).
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iil) carbon chemical shÍfts

As noticed previou"ty99'100, the order of chemíca1 shifts
c3 > c4 > c2 opposes the order of r-electron densitÍes Ín Table

22, but the downfield shÍfr of cl suggests that o-elecrron wirh-
drawal by the roethoxy group is important. According to Henry

and Fliszár, a correration exisËs between net charge density and

carbon chemical shift for certain ethylenic carbor,"228 and per-

haps such a correlation exists in the present case. These authors

cautíon that Ëhe chemical shift is a result of interacrion bet¡¡een

charge density and the nagneËic environment and, therefore, a

linear correlaËÍon of shift with charge is unwarranted. Ab initlo
calculations must be completely optiuized, including orbÍtal
exponents' if the best approxiuatlon is to be expected. Also,

the MullÍken popularÍon analysÍs is nor satisfactory in half-and-

half partitioning of overlap populations without regard for dís-

sfnilaríty of the elements. Both of rhese criticisms apply to
the charges in Table 22, but these numbers are used in Figure 29.

hlith only four points the trend is not very significant.
Notíce that the charge on c2 (6.097e) exceeds that on c6

(6.080). I{herher rhis effecr is transmirted through fomal

bonds or through space, Ít cerËainly reflects the confornatíon

of the methoxy group and additronal di¡rnagnetic shielding

of c2 is expected relative to c6. of course this effect is not

observed aË teEperat.ures whÍch al10¡^r rapid inÈerconversÍon
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Figure 29

A plot of chemical shífÈ for ring carbons versus atomÍc

charges cal_culated at the ST0-3G leve1.

O anfsole

A 2-fluoroanisole

@ 2-fluoroaceÊophenone
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between planar conformers

did prefer the orthogonal

would not experience thÍs

deshielded by a few ppm.

on the nmr time-scale. If anisole

conformation, the ortho carbons

shielding and would appear ro be
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iv) coupling consrants

carbon-carbon coupling constants in Table 1 agree wlth values
obtained from spectra of 13c-".t"11ites 

in carbon 
"p""ar"209.

comparison r¿ith the INDO Mo FpT predictÍons indicates rhar
2,CarCLJ--'-- is negative, buc over-estimaÈed, and 3rCarC2 i" positive,
but under-estimated. No conformational informatíon can be

exËracted. As expected from the magnitude and airgle dependence of
lt 1^ ¡?.'Jr"*'"- and the popuration distributÍon inplied by Figure 24,

Èhe coupling constant is snall íf not zero.

classically, the average value of sin2ç for the potential
given by Eq. (g) is 0.212. rf 5, cu,c4 j^ -j-_^-,p rs given by Eq. (9), rhe
expected trnto't4 ," 0.27 H4 not inconsistent with observatíon.

one-bond carbàr,-proton coupling constants in Table 1 are
about 1 Hz larger than the numbers determÍned by selective
decoupling of the rnethyl protons, which are to be preferr"d,229.
3-c,H-Jv"¡ values agree, bur 2Jc4'H3 is only o.g5 Hz.
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B. 2-Fluoroanisole

i) ab lnftfo molecular orbltal calculations

Some results of the present partial geometry optinlzation
appear in Table 26 r¿ith reference to Figure 23. For the most

part' the geometry of the aromatic ring remains standard. The

methyl group retains Crro synroetry about the oxygen_methyl

carbon bond axÍs, but the methyr group twist angle cl'coHq
is variable.

The geometry of trans-2-fluoroanisole is nearly identicar
to that of planar anÍsole. No experlmental determination is
avaílable for comparison, but the bond angle at oxygen is
probably too smal1, as for ST0-3G geometríes of r¿ater, phenol,
and anisole.

The dipole 
'ooment of 2-fluoroanisole is 2.3r n46, larger than

the number expected if the entire populatÍon is trans. The

oxygen-methyl carbon bond axis and the dipole moment make an

angle of 43.40 in the trans conformer,63.60 in the orthogonal
confor'atlon, and 96.20 fn the cis conformer, according to the
calcu1atlons.

Relative energies fron Table 26 appear in Figure 39.
DescrÍption of this rninimum energy path by a Fourier series is
too conplicated to be useful, but for surall twfst angres about

the trans confor:ner the curve resembles that for anÍsole in
Figure 24. The relative mÍnimum near the orthogonal conformation
is more pronounced than for anisole. The cis conformation
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Table 26....

a Angles Ín degrees, bondlengths in pm.

Quantities Ín parentheses v/ere assumed and not optÍmized.

b This angle is s1Íght1y too sma1' due to a rypographical error
in the geometry Ínput.

c Probably 180 deg.
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Figure 30

A plot of the relative energies of some conformations of

2-fluoroani-sole from partÍa11y-optimized molecular orbital
calculations at the sro-3G level and from rNDO mor_ecular

orbÍtal calculations.
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represents a relative energy maximum and is not populated

significanrly. Thrs must result from proxfmate interaction
betr+een fluorÍne and the nethyl group.

Atomic charges and ¡-charges for the trans, orthogonal,
and cis conformers appear in Table 27. The total r_electron
donatÍon for these conformers is 0.151e, 0.104e, and O.I44e,
respectively. rf the aËomic charge on carbon is 6.063 in benzene,

the apparent c-electron wfthdra¡+ar by the substÍtuents is
0'311e, 0'319e, âDd 0.3r0e. siurple additÍvity of n-charge

dÍfferences for anisole and fluorobenzene, relatÍve to benzene,

is obeyed nearly in 2-fluoroanisole. The reduction of n-electron
donation in the orthogonal conformer i.s then comparabre to the
reduction for the orthogonal conformer of anisole, 0.05e. Net

aËomic charges of the ring carbons are not additive.
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C1

C2

C3

C4

c5

c6

0

Cq

F

H3

H4

H5

H6

Ha

H

H

Table 27

Atomic and n-Charges

with Partial Geometry

t tans

for 2-Fluoroanisole

0ptimlzat ion

orthogonal

atomic

5 .906

5.878

6.082

6.058

6.065

6.070

8.239

6.061

9.r28
0.926

0.931

0.933

0.92s

0.923

0.939

0.936

from ST0-3G Calculations

clS

atomÍc rr

5.897 1.017

5 .897 1.069

6.076 1.019

6 .066 1 .016

6 .061 0.998

6 .07I L.025

8.234

6.063

9 .136

0.925

0.934

0.933

0.922

0.923

0.931

0 .931

atomic

5.897

5.876

6.079

6.066

6.060

6. 089

8.234

6.058

9.l26
0.926

o .934

0.934

0.932

0.919

0.935

0.93s

TT

1.020

I.044
t.o2I
1. 015

l_.001

1.050

1.038

L.026

I.029
0. 996

1.010

1 .005



ii) semÍ-empirical

Semi-eropf ri cal

MO FPT approximation

oÊhetwise Índicated.

for anÍsole.

molecular orbital calculations

molecular orbital calculations in the ÌNDO

were based on standard geometry unless

The bond angle at oxygen was 120o, as

226

2.3L D46

reproduce

Relative energies appear in Table 2g and ín Figure 30. There
1s a relative maxfmum near the orthogonal conformatÍon and the
planar conformations are nearly degenerate. The rerative maxÍ-
muJn near 30' is caused by steric ínteractíon of one nethyl
hydrogen-carbon bond with the fluorÍne.

ComparÍson of the dipole moments in Table 2g with
suggests that many kinds of conforroatÍona1 ml-xture could

the observed va1ue.

Spln-spin couplÍng constants

and in FÍgures 3l and 32. Notice
3., Cc,C6 4., Ca,C3 4, Co,C5tot'mtJrand

The angle dependence

function r,¡hÍch depends on

appear Ín Tables 28 and 29,

that the angle dependence of
troto'c4 r.""rb1es that for

the analogous couplings 1n anÍsole. rf these couprings exper-
íence onl.y mÍnor substi.tuent effects, they may be useful
conformational indÍcators, as menÈÍoned previously. From compari_

son of FÍgures 27 and 32, couplings between the methyl carbon and

ring protons are relatively ínsensitive to the fruorine substi-
tuent.

of 5¡ cH3'F 
"r,d 

4J co,F
O9

the proxinity of coupled

is a complícated

nuclei and on
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Flgure 31

A plot of the angle dependenc" of tJCo'Ci (r, = 2_5; i = 1_6)

for 2-fluoroanísole from INDO MO FpT calculations.
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Figure 32

A plot of the angle dependenc. of 5JCorHt (r, = 4_6; i = 3_6)
for 2-fluoroanfsole from INDO MO FpT calculations.
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bond orientatlons. A description in terms of a síng1e parameter,

the methoxy group twist angle, 1s inadequate r+hen a conformational

average is computed. Despite this criticis¡n, computatÍons of

the angle dependence of these coupling constants for a rigid
rotat.or lllustrate couplÍng mechanisms.

To estimate the importance of various coupling paths to
trottr'F 

and oroto'F rhe usual rNDO MO FpT calcularion is com-

pared with calculations in r¿hich interactÍons beËv¡een particular
palrs of formally non-bonded atoms are neglected by setting the

appropriate off-diagonal elements of the Fock matrÍx to zero in
every self-consistent field (SCF) 

"y"1"230. The chosen geometry

is that of the trans conformer in Table 26, but r,rirh c2c10 = c1c2F

H6c6c1' = 120o. For each conformeï coupling constants appear in
Table 30 and in Figures 33 and 34 to represenË the usual calcu-
l-atíon (labelled "total") and calculations which neglect inËer-
action between the fluorine and the rnethyl group (labe1led "T8,,)

or just the urethyl carbon (labelled "no cF") or just the methyl

hydrogens (labelled "no HF"). Notice that contrÍbutions from

these paths are not strictly additíve since thís procedure is
only a rneans of approximation.

According to Figures 33 and 34,

through formal bonds are relatíve1y

larions 5.t^CH3'F i" doninared by theo

fluorine and hydrogens. Neglect of

contributions from coupling

unimporËant. In the calcu-

dírect interaction of

the fluorine-methyl carbon
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Figure 33

A plot of the angle dependenc" of 5Joct3'F ir, 2-fluoroanisole

¡vhen cert.aÍn Fock elements are kept zero throughout the ÏNDO

M0 FPT calculations.
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Figure 34

A plot of the angle dependenc" of 4J co't in 2-fluoroanisole
o

when certain Fock elements are kepË zero throughouË the INDO

M0 FPT calculaÈions.
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interactÍon produces relatívely smal1- changes in the form of

the angle dependence and in the energy, relatíve to neglect

of the fl-uorlne-nethyl hydrogen ínteracËion. The contribution

of indireet interaction vl-a the methyl carbon ,o 5.1^CH3'F i"
o

positive.

Indirect inËeraction mediated by the methyl hydrogens

dorninaÉes 4, Ca'F. The contribution of this mechanisu iso

positive and the dÍrect fluorl-ne-nethyl carbon interacËion

provídes a negative contribution.

In the absence of fluorine-methyl- carbon ínteractions,

fluorine-DethyL hydrogen coupling rnight be rransmitted indírectly

via anoÉher neËhyl hydrogen, but calculaËÍons which exclude

nethyl- hydrogen-nethyl hydrogen interactÍons do not Ímplícate Ehis

mechanism.

Examínatíon of the couplings between fluoríne and individual

methyl hydrogens Ln the cis conformer is useful. The coupl-ing

constant invol-vlng Èhe proton di.rect.ed away from fl_uorine (Ho

in Figure 23) Ís large, positive, and responsibl-e for the positive

Portion of the "totalt' curve in Figure 33. Thfs coupling is

transmitted via the rneËhyl carbon. The coupling constant beËhreen

fluorine aúd the other tïro protons is small and negaËive, buË

when the fl-uorine-!ûethyl carbon interacËíon is negl-ected both

numbers decrease by about L4.5 Hz. The coupling constant betr^reen

fluorine and the more proximate rnethyl protons contains nearly
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equal contrfbutions from dírect and indirecÊ interaction, which

differ in sign.

Lrhen the fluorine-methyl hydrogen interactíon is eliminated,

the couplíng consËant betr¿een fluorine and He is reduced by

7.2 Hz, but the other fncreases by 25.5 Hz so both are posírÍve.

since direct fluorine-methyl hydrogen interaction provides a

negative contribuÈion Ëo the coupling constant, the latter
increase ís expected. Net reductíon of the couplíng constant

between fluori-ne and Ha ís expected because this coupring is
transmitËed largely via the methyl carbon. Fluorine-methyl

carbon coupling is doninated by indirect interaction via
the methyl hydrogens. r,rrhen the f ruorine-nethyl hydrogen ínrer-
action is removed, the fluoríne-methyr carbon coupling decreases

and consequently the indirect (positive) contriburion to the

fluorine-rnethyl proton couplÍng constant decreases.

Since the contrÍbutions of these mechanisms are ínter-
dependent, it is not surprising that the calculated effects are

not additive.
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fif) carbon spêctrua

comparíson does not support a simple relationship between

chemical shÍfts of the ring carbons from Tabl-e 3 and n-charges

froro Table 27, rnductive withdrawal of electron density by the

methoxy and fluorLne substltuents is evídent in the dornmfield

shifts of Cl and C2, but nor in the n-charges.

Linear regression by the method of least squares for the

ten points from anfsoLe and 2-fluoroanisole ylelds

ô" = O.tg gc + 133.56, r = O.g7g3L Eq. (r2)

where ô" ís the ring carbon chemicar shift in pprn and q" is the

nec atomie charge ín níllíelectrons. The s10pe of this 1_ine,

the charge ratÍo, is siroLlar to those found by spiesecke and

schneider and by orah and 
"orork"t"231. Ewing notes that

the sLope of such línes is quÍte ,^tí^bL"232. po¡ sxnmpler

Hehre, Taft and Topson plot meta and Þara carbon shifts of mono_

substÍtuted benzenes separately and find slopes of 150 pprn

electron 1 
"rrd 

450 ppm el-ectron 1 resp"cti.r"l-y233, trIhen Ëhe

Ípso carbon shifts are excLuded the seven remainíng poínts yield

ô" = O.Ot Qc + 150.56r r = 0.96953 Eq. (lf¡

which Ís sfgnificanr ar rhe L% LeveL234.

Electron urithdrawal from the o-framer,rork by the methoxy group

rnay be seen in the carbon-fLuorine spÍn-spin coupling constants

in Tabl-e 3. There is an aLternaÉing substituent effect on
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3Jc'F in fluorobenzene derivativ 
""206, which is expected to

,o.ku 3Jc6'F 
smal-ler than 3Jc4,a ir, 2-fluoroanisole. The

magnitude of 2.1C1'F is smaller th.n 2Jc3,F. 
The sÍgns and

magníÊudes of anal'gous coupling constants in 1,2-difluoroben-
zene are consisÊent ü¡ith the numbers in Table 3235.
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iv) long-range couplings to nethyl proÈons

rn comparison with Ëhe rNDo Mo Fpr results Ín Table 30

and r¿ith the other experiuental results (vide infra), the
ç cH^.FmagniËude of -Jo"'^3" suggests that the cis conformer is not

significantly populated. Thís is in accord with the ab ínÍtio
calculations, but contrary t.o the INDO predÍction.

The magnitude of 5-r^cHr'ti6 (ca 0 .25 Hz for a benzeneo

solution) Ís larger Èhan for anisole itserf, and is consistent

with a strong preference for the trans conformer.

Methyl protons are not observably coupled to any other

ring proÈons.
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C. 4-Brono-2-fluoroanisole

i) proton spectrum

The broroine substituent causes large dor,¡nfield shifts of

H3 and H5 relative to 2-f1uoroari"o1"236. The small shÍft of

H6 to higher field may be a substituent effect or due to a

conformational change such as an Íncreased preference for the

t.rans conf ormer.

According to Fígure 28, trottr'H6 ir,"t..ses as the proximity

of the methyl group and H6 increases. The magnitude of 5.1 cH3'H6
o

is 0.27 Hz in 4-bromo-2-fluoroanisole, 0.30 Hz ín |-f.ormyr-Z-
fluoroanisole, and about 0.25 Hz in 2-fluoroanisore. Apparently

the electron-withdrawing formyl substituent, and less clearly
the bromine substituent, raises the two-fold component of the

rotational potential 0f Èhe methoxy group, or changes ín bond

lengths or angles bring these nuclei ínto closer proxirnity.

According to Figure 33, S.r-ct:'F i" Ínsensítive to minoro

confonnational or geometrical changes if the trans conformer

predominaËes. The roagniËude is 0.r7 Hz in 4-brouro-2-fluoroanisole,

0.2r Hz in 4-formyl-2-fluoroanisole, and 0.1g Hz in 2-fluoroanisole.

The sign is positíve. Doubríng of 5¡^cH3'F in carbon tetrachlorideo

solution ís presumably a solvent effect on the coupling constant,

or possibly on the conformational 
"r,"tg1""214.

The absence of observable coupling between the rnethyl carbon

and H6 suggests thaÊ Ëhe trans conformer ís preferred and that
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rNDO Fpr calcularions over-estimare Oroao,tu 
(ó= tgo') in

Figure 32. Since 5, Ca'H5 is at most 0 .05 Hz ".,d 
5J Co,H3

IDm

equals 0,26 Hz, the conformers near trans are preferred, but

these numbers cannot be assigned to a particular twist angle

in Figure 33.
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ii) carbon spectrrün

Rel-aËÍve co 2-fluoroanisole, Cl and C4 are expected to

shift to higher field while C3, C5, C2, and C6 shift ro lower

field on Ëhe basís of addirivity of bromíne substituenr-induced

chemicaL shÍfts100. only c2, r¿hích bears the fluorine substituenr,

fails to meet this expectation, possibly because these subsËiËuenËs

interact electronieally. There is no clear evidence for a sígní-

ficant conformaËíonal change of the methoxy group. If Ëhe

shielding of Cl ís interpreted as an increase in net charge,

however, it may signify an increase ín conjugatíon between o)rygen

and the îr-system.

INDO FPT calculations over-estimate 2rCa,Cl in anisole and

produce even Larger values for conformaËions of 2-fluoroanisole

which are near the trans conformer. rn 4-bromo-2-fluoroanisole
2rCatcl 

"q.r.l* 2.L5 Hz in nagnitude, smaller Ëhan for anisole

(2.33 Hz), which rnay indicate an increased preference for the

trans conformer. CaleulatÍons also support the not.íon that

'roto'c2 i= greaËer than 3Joco'c6 in those conformaËions (see

Figure 3L). The other coupling constants aïe not inconsistent

with this pÍcture.

The srnal-l- value of Oroto corresponcls to a preference for

the suggested positive sign is contrary

bromine substituent increaees Ëhe

3_C4.F-J- '' r âs expected for an alternating

the tr-ans eonformer, but

to the INDO resuLr. The

t c3,Fnagnitudes of -J ano
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substituent effect on these coupling .or,rt"ntr206. 2JClrF

"r,d 
4.1c5'F remain unchanged, bur 3Jc6,r r",nor" than double the

value in 2-fluoroanisole.

The discussion of ring carbon-proton coupling constants is
postponed to the followÍng sectÍon.
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D. 4,6-Dibromo-2-fluoroanisole

i) proton spectrum

The bromine substituent ortho to the methoxy group shifts
the resonances of H3 upfield and the resonances of H5 dor^¡nfield

relatíve to 4-brorno-2-fluoroanÍsole.
5_ cH^.Fùrnce 'o J' equals r.494 Hz f.or the acetone-du solution

and 1'569 Hz for the carbon terrachlorÍde solution, the coupled

nucleí are more proximate than the trans conformer al1ows.

Evidently sterÍc repulsions disfavour the methoxy group cis to
fluoríne, which suggesËs that non-planar conformations are

abundant' The positive sign of trottr'F 
""r, be reconciled with

Figure 33 if ihe cis conformer is preferred very strongr-y. These

calculations are more likely to suggest that the sign is negatíve,
possÍbly because the negatÍve contríbution of fluoríne-methyl

hydrogen interaction Ís over-estimated relatíve to the contri-
bution from fluorine-methyl carbon interactíon.

By comparison wirh Figure 32 both 5, ca,H3 
"nd 

5J ca,H5
IDm

ímply that the methoxy group prefers to líe near the plane per-
pendicular ro the ring plane. since 5Jrco,H3 equals 0.276 Hz

r'd 5J*co'H5 
"qrrrl 

s 0.279 Hz, the methyl carbon prefe::s to líe
closer to fluorine than bromine, possibly a reflection of the

relative sizes of these substituenËs and the strength of sterÍc
interacËÍons. Figure 33 is not compatíble with a nearry rigid
orthogonal conformation since the observ"¿ 5.1^cH3,F i" too rarge.o
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PositÍve signs are calculated for both 5., Cc.,H und "r"m

confirmed by weak irradiation (tickling) experiments. The

signs of very few long-range coupling consËants between aromatic
ring protons and side-chain carbons 

"r" knor.,204.
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ií) carbon spectrum

The substituent-induced chemical shifts of bromine at c6

are quite different from those of bromine at C4 if the methoxy

group conformatÍon is unchanged. All ring carbons except cI
shift to lower field and the magniËudes of these shifts differ
signÍficantly from 4-brono-2-fluoroanÍsole. rf chemical shifts
reflect changes in net charge, these observations Ín conjunction

wÍth the charges in Tables 22 and 27 point towards a conforma-

tional change which plaees the methoxy gïoup close to the plane

perpendicular to the ring p1ane.

The methyl carbon coupres r,rith all ring carbons. SÍnce

the forms of the rotarional angle dependence of the rNDO FpT

coupling constants in Figures 26 and 31 are not very different,

they may serve as approximations to the present case.

The magni,tudes of 2JCo,C1 
"r" 2.33 Hz in anisole, 2.I5 Hz

ín 4-bromo-2-fluoroanisole, and 3.23 Hz in 4,6-dibromo-2-fluoro-

anisole. since the calculations indicate that Èhis coupling

increases rvhen one ortho fluoríne Ís present, the value in
4'6-dibromo-2-fluoroanÍsole may be sirnply a substituent effect
and not an indication of greater preference for non-planar con-

formations. By comparison wÍth Figure 31, the relative magni-

tudes of 3J^co'c2 
"r,d 

3J^co,c6 r'd of 4J ca,c3 
"'d 

4J co,c5
oonln

are consístent r,¡ith an effective È,wist angle þ of somewhat less

than 90o.
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of particular interest i" 5 - cu-cL,O - , which equals 0.94 Hz.

If the form of rhis coupling consranr is given by Eq. (9), it
yields ."ir,20, " 5' Ca'C4rr ,90 r" krorn27. INDO FpT calculations
imply thar substÍruenrs affect 5- Ca-c4,90 , but the utility of
this coupling constant in conformational analysis is unknown

at thÍs time. rt is clear that this magnítude can be explained

if the methoxy group lies near the plane perpendicular to the

ring plane. Moreover, if 0.94 Hz is a lower bound on the

magnitude of 5¡ ca'c4
'90 , both anisole and 4-bromo_2_fluoroanisole

prefer the methoxf group near the ring plane si.nce 5, Ca,C4 i"p
not observable.

The magnitude of Orot*,F Í" 
"or,"istent Lrith the proximity

of the coupled nuclei. The sígn is positive, in agreement wÍth
Èhe calculations. As expecËed, the bromine substituent at C6

íncreases 2Jcr'F .r,d 3Jc4'F relative to 4-bromo-2-fruoroanisole.

contrary to expectation, 3Jc6'F d""ru"="".

Some carbon-proton spÍn-spin coupling constants between

ring nuclei appear in Table 31. These numbers are taken from

the present and pr"rio's229'237 work. solvent effecrs are

1iab1e to be r"¡ithin the experimental error, except perhaps for
1 -CHJ As predicted on the basis of additÍvity of subs¡i¡.runa

effects, the 4-bronine reduces 3JC3,H5 ,r,d 3JC5,H3, which are

both positÍve. conErary to observation, the 2-fluorine is
supposed to íncrea"" 3JC3,H5, brrt Ëo decrea"" 3JC5,H3 slightly,
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Table 31

some carbon-Proton Spin-spin coupling constants Between Ring Nuclei

for Benzenea and Some AnÍso1""b

HgOC

ö

lJc2 'H2 r.58.43 158.52, r59 .9
2 
Jcz 'H3 1. t5 r.42, c

4 Jc2 'H5 -1 . 31 -L.42 , c

1Jc3 'H3 158.43 158. 35 , Lsg .2 .67 .s3 + 0. 17 r7o .7 + 0 . I
3_c3,H5J - 7.62 8.73,8.0+0.5 6.15+0.01 6.5+0.1
4Jc3 'H6 -1. 31 -0. 75, c (-) 0. 87 + 0 .05

3Jc4'H2 7.62 7.52,7.5+0.1
2 _C4,H3J - 1.15 0.85, 1.3+O.t (_)4.66+9.14 (_)4.3+0.1
rJc4'HA 158.43 160.43, 16r.4
2 _c4,H5J - 1.15 0.85, 1.3+0.1 (_)3.40+0.02 (_)4.3+0.1
3,c4,H6J 7.62 7.52, 7.5 + 0.1 7.6 + O.I4

3 _c5.H3J--'--- 7.62 8.73,8.0+0.5 6.35+0.26 6.54+0.06
1Jc5'H5 158.43 158.35, r5g.2 168.5r + 0.33 r73.g4 + 0.09
2Jc5'H6 1.15 -0.32, c 1.23 + o.o5

ccH" ?C":

0--'ttBr- B¡

c (-)6.1+ 0.4

c (-)2.0 + 0.2
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4Jc6'H3 -1.31 -1..42,c
2Jc6'H5 r.r5 L.42,c

255

c (-)1.90 + 0.07

c (-)3.89 + 0.06
1Jc6'H6 r58.43 r58.52, r59.9 163.59 + o.05

a Fron reference 237.

b The first number lísted for anísole Ís from selectíve decoupling

experíments on an 80 vol-ume Z solution r,rith l_O volune Z

tetramethyrsilane (reference 229). The second number is from the

present v¡ork.

c Unresolved.
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if sÍnple additiviry is obeyed srrictly. rn rhe same \^ray rhe

6-bromine decreases 3Jc3'H5 
and incre"r"" 3JC5,H3 ao 7.Og Hz

and 6.89 Hz, respecrively. 3Jc4,H6 i, predÍcted to be 12.50

Hz in 4-bromo-2-fluoroanisole, but in fact it increases l_ittle
relative to the corresponding numbers for anisole and benzene.

2,c2,H3J is expected to be _4,95 Hz on the basis of additivity
and' therefore, the negative sign is chosen for this coupling
constant i-n 4,6-dibrorno-2-fluoroanisole. similarly, 2Jc4,H3

^nd 
2lc4'H5 

"tu predicted to be negative in 4-bromo-2-fluoroanisole
(-5.31 Hz and -3.10 Hz, respecrively). A correspondence assigns

. The sma11 2Jc5,H6the larger observed nagnÍtude to 2Jc4,H3

in anisole has,a magniËude comparable to the subsËituent effects,
which differ in sign, 2JC6,H5 i" expecred ro be L.2I Hz in
4-bromo-2-fluoroanisole and -3 .33 Hz in 4,6_dibromo_2_fluoro_

anisole' The latÊer Ís 3.gg Hz in magniËude experimentally.
Predicted four-bond coupling constants 4JCz,H5, 4rr3,"6,

"r,d 
4JC6'H3 

"." -I.32 Hz, -0.95 Hu and -I.I7 Hz, respectively.
Again simple additivity is not obeyed, but the relative ordering
of the magnitudes is correct.
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iii) fluorine chemical shift

Proposed relatfonships imply that fluorine chemicar shÍft
is more sensitÍve to n-el-ecEron density than carbon chemÍcal

a )'t
shift"'. ElectronÍc effects of the bromine substituents may

accounÊ for the dovmfield shifts from 2-fluoroanisol_e to 4-bromo-

2-fluoroanisore (4.0 ppm) to 4,6-dibromo-2-fluoroanisole (7.4 ppm).

rt is not clear rvhether the larger shift includes the decrease

in n-electron density whÍch is predicted r¿hen the methoxy group

moves from Êhe planar to the orthogonal conform"rio.,238.
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E. 2 r3 r5,6-Tetrafluoroanisole

i) proton spectrum

The upfield shift of H4 relative to 2-fluoroanisole is

consÍsÊent with fluorine substituent-induced shifts236. proton-

fluorine coupling constants between ring nuclei are comparable

to those in pentaf1uorobenz"r"239.

The nagnÍtude of 5¡^cH:'F i, r.345 Hz, abour o.14 Hz smarr-ero

than in 4,6-dibromo-2-fluoroanisole. This suggests that the con-

formational behaviour of the methoxy group is sirnilar in both com-

pounds' if the rotaËional angle dependence of this coupling con-

stant is assumed to be the same in both compounds. rn the simplest

case tetrafluoroanisole is essentially planar, t, atrrF Í= ,,,"",
o

the average of the coupling constants for cis and trans conforma-

Ëions, and Íf the !¡els value is about 0.2 Hz a cis value of. 2.5 Hz

is Ínferred.

ApparenËly the steric repulsion between the methoxy group

and an ortho fluorine substituent ís importnat. Non-planar

conformations of 4,6-dibromo-2-fluoroanisole are populated

substantially and by analogy this may be true for 213,5,6-

Ëetrafluoroanisole. A rigid, orthogonal conformatÍon could

not be made consistent with proton and fluorine nmr spectra of

a nemaËic solution123. Ensley, Lindon, and Stephenson supporË

models with free rotation of the methoxy group or exchange

between 2t+1 .q.rivalent and synmetrically-disposed sites
(n = 1,2,3,..) and with free rotation of the methyl group or
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exchange between equÍvalenË sÍtes rocated gauche and trans to

the oxygen-ring carbon bond. rt is not clear whether averaging

over a rotatÍona1 potential with miníma at or near the plane

perpendicul-ar to the ring plane would prove adequate for simul-
ation of spectra from the ordered liquid,but 5J cH3,F 

seems
o

consistent v¡Íth srgnÍfÍcant non-planarity. A model with quite
1or¿ barriers to methoxy group roËatíon may suffÍce to explain

the observations. The rotational potential which was calculated
at the srO-3G leve1 for 2-fluoroanisole may support the proposal

of a 1ittle hindering in 2,3,5,6-tetrafluoroanisor-e. Emsley

suggests that 2,3r4,5,6-pentafluoroanisole does noË prefer the

planar conformatÍon on the basis of the chemical shift of the
trgpara f luorine"t .

A study of 2,3,5,6-teËrafluoroanisole-o'-13a ," needed to

deËermine whether Ehe analogy wíth 4,6-dibromo-2-fluoroanisole

is justified. significant coupling between the methyl carbon and

C4 u¡ould betray non-planar conformations.
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ii) fluoríne specrrum

The magnitudes of the fluorine-fluorine coupling constants

are similar to those found by Bruce240 for a chloroform solutÍon
or 2,3,5,6-tetrafluoroanisole and to those in pentafluorobenz 

"n.239 .

Emsley and cor¿orkers assume that both 4.1 F2,F6 
"r,d 

4J F3,F5 rromm
negative by comparÍson with signs in sirnilar molecur.rr23. The

present work Índicates that both have the sarne sign, but the sign
relative to other coupling constants between ríng nucleÍ could
not be deduced experimentally. From the substÍtuent constants of
Abraham, Macdonald, and Peppe t24I , Orrtt,F6 

"r,d 
Or*t, ,F5 are 2.9

Hz and -2.6 Hz in 2,3,5,6-tetrafluorophenol and -2.r Hz and _1 .9 Hz

in pentafluorobenzene. From weak irradiation experÍments, the
latter numbers are -2.2 Hz and -1 .r u.239. Since the spectrum of
2r315,6-teËrafluoroanisole is otherwise quite simirar to the

sPectrum of pentafluorobenzene, the anal0gy is carrÍed over to
the sígns.
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iÍi) nerhyl proËon chemical shifts

For acetone solutions of comparable concentration the methyl
proton che¡nÍcar- shift moves dov¡nfield in the series: anisole
(3.76 ppm), 2-fluoroanÍsole (3.g6 ppm), 4_bromo_2_fluoroanisole
(3'88 ppm), 4'6-dibromo-2-fluoroanÍsole (3.g4 ppm), anð, 2,3,5,6-
tetrafluoroanisole (4.10 ppm). If the latter rwo compounds

prefer non-planar conformations, this trend is contrary to the
change in ring current-induced chemíca1 shitt242, by which the
methyl protons of the pranar conformation are deshierded by about
0'18 ppm relative to the orthogonal conformation. The expecred
effect appears for 2-hydroxythioani"ol"126. The deshielding
which Ís observed for Ëhe present anisoles may by explaÍned
qualitatively as due to 10ca1 group anisotropy of the hal0gen
subsËituer,a"243: or to local electric ti"Las244, or Ëo substituent-
induced changes in the charge on the methyl group. Decomposition
of the observed trend in terms of these effects is not possible
r¿íthÍn the present study.
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F. 2-Fluoroacetophenone

í) ab inirio molecular

0ptimization of the

orbital calculations

geometry of the sÍde-chain lowers the

planar and orthogonal conformations

-12 kJ.mol ' at the ST0-3G 1eve1, ro

stable by 16.1 kJ.ro1-1 216,220

calculations ar the rNDO leve1 with standard geometry indicare
that the 0-anti conforrner of 2-fruoroacetophenone is more stable
than 0-s¡n by 5.65 kJ.mol-l 146.

energy difference between

of acetophenone by about

make the planar form more

Some results of the

ST0-3G level are presenr

35. The geomerry of rhe

methyl group retains Cr.,

nethyl carbon bond axÍs.

present geometry optimízation at the

in Table 32 r¿íth reference to Figure

aromatic ring is not optimum and the

synmetry about the carbonyl carbon_

Alchough the strucËure of 2-fluoroacetophenone has not been

determined experimentally, differences between the conformations

are interesting. rn particurar the angre clccq is rowest for
the orthogonal conformation, which rninirnizes steric interactions
betrveen the acetyl group and rhe aromatíc ring.

Relative energies in Table 32 do not provide a detaired
description, but r"¡iIl be treated as extrema on the minimum energv

path for a surface gíven by Eq. (7). Of the rwo planar confor_

ners o-ani!-L is more stable because electrostat.Íc repulsion between

the carbon-oxygen and carbon-fluorine bonds is rninimized.
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Table 32

Some Results of Partial Geometry OptimizaËion in ST0-3G Calculations

for 2-Fluoroacetophenonea

0-antí

C2C10C a

c1c

CCo

C qll

CO

CLC2

C1C6

C2F

CICCq

c1c0

C2CIC

CCqH

FCZCI

H6C6C1

ClCCoHe

C3C2C1C

dipole moment (0)

total energy (H)

relative energy (t.l mot-l)

orthogonal O-syn

90 180

153. B 152.7

L54.2 rs4.4
108.6 108.6

L22 .I L22.4

139.0 138.9

L39.6 140.2

1-35.6 735.4

116.6 118.5

120.4 Izt.I
\I9 .4 118 .9

110.0 110.2

119.8 L20.7

119.5 120.0

(180.0) (180.0)

180.0 (180 .0)

2.323 2 .827

-47 5 .L6042 -47 5 .16380

12.18 3.30

0

153.1

154. 3

108.6

L22.3

139.1

139. 9

135 .6

118.8

120.0

I23.6

110. 1

L2L,9

118. 3

(180.0)

(180.0)

1,.687

-47 5 .16506

0

Angles in degrees, bondlengths ín

I¡¡ere assumed and not optinized.

Pm. Quantitíes in parentheses
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Figure 35

An 0-¡1n!i conformation of 2-fluoroacetophenone.

some atoms used Ín the description of the geomerry are identífied.
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Ha
In- cg'- H"\ c/ \H''

2tF
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Furthermore, the 0-anti conformer may afford the opportunity

for intramolecular hydrogen bonding betr.¡een the methyl group

and fluorine.

The dipore moments in Table 32 are Ëoo sma1l to account

for the measured value , 2.77 ,146, unless the relatíve
energies are incorrect.

Atomic charges and r¡-charges for the 0-ant!, orthogonal,

and O-svn conformers appear in Table 33. The total r-electron

donation of the subsriruenrs is 0.045e, 0.066e, and 0.051e for
each respectively. The apparent o-electron wíthdrar¿al Ís 0.215e

0.2I7e, and 0.22Ie, vrith the assumption that the atom'c charge

on carbon is 6.063e in benzene. Additivity of atomic charge

and n-charge effects Ín aceËophenone and fluorobenzene Ís
obeyed nearly. The reductÍon in n-electron wíthdrawal by

the acetyl group ín the orthogonal conformation is about 0.021e

relative to O-anti.
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Table 33

Atomic and n-Charges for

Calculations r¿ith partial
2-Fluoroacetophenone from ST0-3G

Geometry Optimization

0-ant Í orthogonal o-s-y"

atomic r

6 .046 1.050

5 .852 0 .991

6.086 1.037

6 .049 0 .97 3

6 .070 1.020

6 .054 0.980

5. 802

6.207

8.2r9

9 .119

0.925

0.929

0. 933

0.929

0.922

0.929

0.929

c1

C2

C3

C4

c5

c6

C

Ca

0

F

H3

H4

H5

H6

atomic

6 .048

5.862

6.086

6.049

6.070

6.048

5.799

6 .207

8.227

9. 131

0.926

0.929

0.932

0.9r4

0.925

0.924

0.924

fT

1. 048

1. 004

1.039

0.973

1.018

0. 963

atomic

6.040

5.863

6.083

6.053

6.066

6.056

5.794

6.206

8.2L4

9.133

0.926

0.930

0.932

0.931

0.922

0.924

0.927

1T

1.031

1.014

I.032

0.984

1.012

0.993

Ho

H

H
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íÍ) semi-empÍrical molecular orbital calculatÍons

semi-empirical morecular orbital calculatíons in the INDO

Mo FPT approximaËion are based on a standard geomerry or on

the partially-opËimized STO-3G geomerry from Table 32.

Results of some calculations based on the latter geometries

appear in Table 34. Preference for the o-anti conformer in

combinatíon r¿Íth the dÍpole moments is consístent with the

experimental value of. 2.77 Dr46. contrary to the sr0-3G results,

the Ëhree energies increase monotonically from o-antÍ to 0-qn.

The coupling constants in Table 34 bear some resemblance

to those for 2-fluoroanisole. rn particular, notice that
3,CcrC _. , 5.Ce,HJ ancl J increase monotoni-ca1lv as the roËational angle

increases. The magnitude, of 5Jco,c4 
"r,d 

6rco,H4 are largest

at or near Èhe orËhogonal conformation.

The importance of various coupling paths between the methyl

group and fluorine is illustrated in Table 35 and in FÍgures

36 and 37. coupling constants represent the usual calculation
(1abelled "toÈa1") and calcuratÍons which neglect elements of

the Fock matrix betvreen fluorine and Ëhe methyl group (1abelled

"TB") or just Ëhe nethyl carbon (1abe11ed "no cF") or just the

utethyl hydrogens (labelled "no HF"). The geometry is that of

the O-an¡¡¡ conformer ín Table 32 with crc2 = clc6 = 140.0 pm

and c2c1c = Fc2c1 = H6c6c1 = 120o. coupling through formal

bonds is relacÍve1y unimporÊant when the nuclei are proximate.



269

Table 34

Some Spin-Spin Coupling Constants

Moment for Some Conformations of

MO FPT Calculationsb

, Relative Energy, and Dipole

2-Iluoroacetopheno¡s f¡e¡ INDO

,ce'H r19. 06g

dipole 2.547
moment (D)

relative energy 0
(kJ not-l)

a In HerËa

o-sJ"

4.7I7

2.897

0.306

0 .403

-0.267

I.687

68.26I

0. 201

0.602

-0. 110

0 .064

-0.L23

118. 251

4 .565

2.36

partially-oprimized ST0-3G

,Coi, C1

,ca'c2

,Co, C3

Jc0'c4

Jcq'c5

Jc 
q' c6

Jc0'c

,cu'F

,C 
o, H3

,C 
a, H4

,C ai:H5

,C or H6

o-enli

3.756

r.047

-0.365

0.500

0. 140

2.736

67 .054

2.349

0. 100

-0. 140

0.630

-0.096

ort hogonal

3.47s

L.826

-0.535

0.914

-0 .527

1.856

6s.998

0 .446

0. 396

-0.270

0.377

-0.190

l-TB.7 4L

3. 758

I.32

Geometry from

calculations
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Figure 36

A plot of the angle dependenc" of 5J^ct3'u ir, 2-fluoroacetophenone
o

when certain Fock elemenËs are kept zero throughouË the rNDo MO

FPT calculations.



coupting constant H z)
O rñ

É
a

0r
)(O
õ3
Þ.

a- (D
(O

l\)
o

J

@
O

tLz



274

FÍgure 37

A plot of the angle dependenc" of 4J CorF ir, 2-fLttoroaceto_
o

phenone when cerËain Fock elements are kept zero t',Tor-rghout

the INDO MO FPT calcularions.
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RotatÍonal angle dependences of 5.r_tt¡,F 
and 4, cu,F 

"r" similarOO

to those for 2-fluoroanisole i.n Figures 33 and 34 and similar
cornmenËs app1y.
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iiÍ) proton spectrum

chemical shifts of che ring protons of 2-fluoroacetophenone

are consÍsrenr wíth fluorine substituent-induced =hift"236.
Deshielding of H4 and H6 is due ín part to electron wÍthdrawal

from the aromatic ring by the acetyl group. Magnetic anísotropy

of the carbonyl group also deshierds H6 and the sensitivity of

this shift 1n 2-haloacetophenones stands in contrast to the

2-halobenzaldehydes, for which sËeric effects are ress pronouncedl6S.

As Smith and gslre¡kers found168, the methyl prorons do not

couple observably with any ring protons, but the magnitude of
trottr'F Í" strÍking: 4,484 H4 larger than for any of the ani-
soles studied. In conjunction with Ëhe INDO FpT calculations this
observatÍon inplies a preference for conformations near o-anti.
The positive sign cannot be reconciled ¡.¡ith Figure 36. The

sÍurilarity between the rotational angle dependences of 5J cH3'F
o

r'd 4Joc*'F fot 2-fluoroanisole and 2-fluoroacetophenone suggests

that the electronic structure along the intervening path of

formal bonds is unirnportant relative to proxímate interaction

between the methyl group and fluorine. rnternucrear separation

and bond orientation determine the fonn of these coupling

constantslS3'245. Apparently the positive segment of the "tota1',

curve in Figure 36 is under-esËimated, apparently because the

negative conËribution from direct hydrogen-fluorine Ínteraction
is over-estimated.
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The methyl carbon couples r¡íth H5 and H6, but not other

ring protons. By cornparÍson'¡iËh the rNDO FpT coupling consrants

in Table 34 these observations are consistent !¡ith a preference

for the O-anti conformer. weak írradiarÍon (tickling) experiments

reveal that both 5, co,H5 ,r,d 4-, co,H6
m ,o ' - are positive. Although

the latter is calculared to be -0.096 Hz, this is rhe smallesr

magnitude obtained and it may be reconciled with a sma1I, posí-

tive value.
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iv) carbon spectrum

Ring carbon chemical shifts frorn Table 11 and net atomic

charges derived from Table 33 are plotted in Figure 29 and forlow
the patËern deËermÍned previously. I{hen the sixteen points

from anisole, 2-fluoroanisole, and 2-fluoroacetophenone are

used the regression line is

ô" = (0'181 + 0'002)9. * (r35.24 + 0.05)r ï = o.96539 Eq. (14)

r¿here ô" is in ppm and q" is in millelectrons. I,Ihen only the

negative net charges are used

ô" = (0.40 + 0.03)qc + (150.41 + 1.93), r = 0.93160 Eq. (15)

Both correlations are sÍgnificant at the 0.lZ leve1234,

A p1o! of chemical shift for the rÍng carbons of anÍsole,
2-fluoroanisole, and 2-fluoroacetophenone versus excess n-charge

(Ag¡ = qr - 1) appears as Figure 38. As for Figure 29 the sub-

stituted carbons are easily distínguished. A regressÍon line
through the eleven points for unsubstituted carbons is

ô" = -0.25 Aqn + 127.52, r = 0 .87448 Eq. (16)

andthe correlation Ís sÍgnificant at the 0.12 leve1. Hehre, Tafr,
and Topsom propose that the apparent correlatÍon for all positions

of carbonin the aromatic ring is an i11usio.,233. hrhen separate

plots are constructed for the meta and para carbons of mono-

substituËed benzenes, different slopes resulË. Furthermore,
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Figure 38

A plot of chemical shift for ring carbons versus n-charges

calculated at the ST0-3G Ievel.

O anisole

Ø 2-fluoroanísole

@ 2-fluoroacetophenone
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induced o-charge differences for para carbons are inversely

proportionaL to induced n-charge differences at the same site.
consequently correlations of chemicar shift with o-charge,

¡-charger or toËa1 charge are of the same quality. Excess n-charge

is related to the chemícal shift of the para carbon of 1,4_disub_

stituted benzenes, for which substituent-induced chemical shifts
are nor addirive246.

From Table 11 rhe magnirude= of lJCo,c and 2rCa,al ur"
43.2 Hz and 13,8 Hz, respecrively. Thar is, the INDO calculations

over-estÍrra" lJco'c 
"r,d under-estimate 2rcorc1. 

The magnitudes

of these couplÍng constants are 42.7 Hz and 13 .7 Hz in aceto-

phenone itself, and 45.r2 Hz and 17.58 Hz ín acenaphthenone,

which is a model for a conformationally-frozen acetyl gtour247.
3, CorC ô , ,! 247-Jo--''- is 8.4 Hz in acetophenone'-'. The magnitudes of

3, CorC2 __, 3- Co,C6,o ano ,o in Z_tluoroacetophenone are unexpectedly

smal1; 3J^co'c6 
"qrr"I, 0.63 Hz 

".,d 
3J^co,c2 í, unobservabre. ThisO'O

unusual result is similar to the observation that (2+3), carcg
o

equals L.56 Hz in acenaphrhenone, bur (3+a¡J-co,c2 
i" unobservabl_e.

o

Marshall and coworkers propose that these coupling constants re-

Present the algebraic sum of coupling over both formal bond

p^thr247, but this expranation cannot apply here since only one

for¡nal bond path exísÈs. rt is possible that interactÍons

beÊween formally non-bonded nuclei Ëransmit significant contri-

butions ao 3Jcorc2 ,r,d 3rcc,c6, .r,d these contributions are
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manifest in the preference for the O-anti conformer. For

example, when the Fock elements betr¡een the carbonyl carbon and

c2 and c6 of 2-fluoroacerophenone are set at zero ín ]NDO FpT

calculations, 3rco'c2 d".r".ses by 0.1 Hz 
"r,d 

3Jco,c6 in.r""ru,
by 0.8 Hz. when the Fock elernents berween the methyl carbon and

C2 are neglected, 3rto,C2 i.,"r"rses by 0,8 Hz ".,d 
3JCo,C2 in"r".r",

by 0.3 Hz. Somewhat similar calculations demonstrate the impor-

tance of direct ÍnteracËion in 3Jc'c for butan"23o .nd .ir-
crotonald"hyd"248. siurilar small values of 3.lc,c 

"pp"u, betireen

ortho carbons of phenyl groups and ß-carbons in 9,lO_diphenyl_

phenanthrene and tetraphenylcyclopenradÍenon .249 .

As expected when an electronegative substituent lies ortho

to fluoríne, the magnitude of 2JF,Cl j-s less thrr, 2JF,C3 
"r,d3JF'c6 ís less ah"r, 3JF,c4. A1r couplíng constanrs between

fluorine and carbon, except the methyl carbon, agree with the

determinati-on of i.Ieigert and Robera"250. These authors place

an upper bound of 0. 4 Hz on the magnitude of Oroao,a. 
Under the

conditions of the present work, Ëhís couplÍng constant equal_s

6.83 Hz. The positive sign is reproduced by the INDO FpT calcu-

lations. Transmission of the coupling is substantially through

space rvhen the methyl group and fluoríne are proximaËe.
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G. 2, 6-Dif luoroacet ophenone

The methyl proton resonances of dilute acetone-du solutions
of acetophenone and 2-fluoroacetophenone occur at 2.56 ppm and

2.58 ppm respectively. For 2,6-dífluoroacetophenone and

2t3,4,5r6-pentafluoroaceËophenone the resonances occur at 2.55 ppm

anà 2.62 ppm. That is, the raethyl proton resonance is either
relatively insensitive or the contributions of various effects
cancel approximately. rncreased non-planarity of the aceËyl group

causes a decrease in deshielding due to the magnetic anisotropy of
the aromatic ring. Local group anisotropy and locar electric
fields nay cause shieldÍng or deshielaing243,244. Electron

donation by fluorine to the n-system may shield the methyl

Protons.

Methyl protons couple with the ortho fluorine
7.56 Uzr but do not couple with other ring protons.

the urethyl group does not prefer to lie in the ring
trottÏF í" smaller than for 2-fluoroacetophenone.

between the carbonyl group and the carbon-fluorine

the planar conformation unfavourable.

nuclei by

Evident ly

plane since

Interact ion

bonds makes

The observation of coupling to ortho fluorine nucreí, but

noË to other fluorÍnes or protons, and the similarÍty of the

magnitude of 5.loCH3'F in 2,6-dÍfluoroacetophenone , 2r3r5,6-

tetrafluoroanísole (1.35 Hz), and 2,3,4,5,6-pentafluoroaceto-

phenone (1.82 Hz) may betray an underlying similarÍty in the
form and mechanism of this coupling.
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H. û,o,o-Trifluoroacetophenone

The coupring constant 5JocF3'H 
rnay be transmítted directly

between the nuclei rather than vía the trifruorourethyl carbon,

but the mechanÍsm and the sign are not known. The magnitude

is 1.I2 Hz, which is comparable to the value of 5.1 CH3,F,h"r,
o

the nethyl group prefers non-planarity with the aromatic ring.
This rnay be coÍncidenral sÍnce 5.i^cF3,cHO i" 2.23 Hz in 2_o

trifluoromethylbenzaldehyde, for v¿hich the O-ag[ conformer is
at least 952 extant, and since troatr,cF0 Í" r.g4 Hz in 2_methyl_

benzoyl fluoride, for which the O-eyg conformer is about 752
L43exËanf

chemical shifts of cl, c2, c3 and c4 resembr-e Ëhose for
cl' c6, c5 and c4 of 2-fluoroacetophenone, or for acetophenone

it's.rf.247, but dov¡nfield shifts of c2 and c4 are consisrent vrÍth

$re:âter electron withdrawal by the trifluoroacetyl group than

by the aceryl group.

The roagnitude of 1JF'co i, comparable to those in trÍfluor-
oacetíc acid (-28 3.g Hz)'Ot o, 1,1,1-rrifluoroacerone (_2Bg ,")25I .

2JF'c is 41 .7 Hz in rrifluoroacetic acid, whÍch is símilar to
the value for the present compound, 34.6 Hz. The sign is not

kno¡.m. 3rF'c1 
"q,r"ls 2.18 Hz, but couplÍng to the ring carbons

is not observable.

No conclusion can be reached as to the preferred conformatÍon

of the trifluoroacetyl group. Further discussion Ís deferred to
Êhe succeeding sectj.on.
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r. Temperature Dependences of 5.1 CH3'F 
"nd 

4J C,F
Oo

The temperature dependences of 5JCH3,F fo, 4,6-dibromo-
o

2-f luoroanÍso1e, 2, 3, 5, 6-tetraf luoroanisole, 2-f]r,¿oroacet(_r-

phenone t 2 rí-díf.luoroacetophenone, and c, o,, c-trifluoroacetophenone

aPpear in Figures 39, 40,4I,44, and 45. The temperarure depen_

dence of 4.1^c'F for 2-fluoroacetophenone appears in Figure 43.o

The observed coupling constant represents an average over the

.distribution of individual conformers, which can be represenËed

by a static (or discrete) mode1252 o, by a dynamic (or continuous)

,od"1253 ,254 
.

The mathematical formarísm of Gutowsky, Belford, and l.fcMahon

is based on the approximatÍon that an nmr parameter <p> is an

average of the parameters from N possible conforrnations, weighted by

the mole fraction of the conformer, x..
N

<P> = I x.P.
L11=I

n.
l

Eq. (I7)

n.
Ix.tN Eq. (18)

I n, I n. exp[-ß(E.-E.). i I . I 1 -L-l-= l- l= -L

where n- is the nr¡mber of moles of the i-th conformer, 6 =t
_1(nf¡', and (E* - Er) is the energy of the i-th conformeïl- -L

relative to the lovest energy, E1. Energy E is presumably a

free energy. The temperature dependence of the spectrum at

high tenperatures yíelds nmr and thermodynamic parameters for the
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conformers, usually by a least-squares meth od255. Govil and

Bernstein warn that this Êechnique suffers from a number of
limitations Ín both the underlying assumptÍons and in the reast-
square r"thod256.

A classical dynamic model may be developed as fol1ows.

The observable J, also denoted by <J> or J(ß), Ís recognized

as an average ove¡ the rotational motion, thus:

2¡
.f o c(,+ ) exp[-BE(O)]dó

{>= Eq. (19),2¡., - exp [- 0n 16 ¡ 1¿6o

v¡here C(0) is the coupling consranr

rather than teurperature. Concisely

J(ß) = t:' p(ß,0 )c(o)4

as a functíon of angIe,

Eq ' (20)

where p( ß,0) =
exp I-en1p ¡ 1 Eq. (21)

rin "*p¡-ßE(o) lö

The correspondence between Eq. (12¡ and Eq. (20) is clear.
Equation (20) is called a Fredholm Íntegral equation of

the first kin¿257 '258. Solutions to such equations frequently
pose problems and accurate results are dÍfficult to obtain due

to i11-conditioning, in the sense that many solutions will satÍsfy
exactly an equation which is perrurbed slightly from the original.
A t'smoothtt solution, rather than an exact solution, may be

obtained numerically by expressing it in terms of the domÍnant
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singular values and the corresponding singular functi_ons of

the linear operator in Eq. (20). Srna1l singular values correspond

to hÍghly oscÍl-l-atory components and are ouÍtted. The uníqueness

of the resul-t is aehíeved by preferring the minimal least-squares

solut.ion. The operator r,rhich yields this solutÍon r,¡hen applied

to J( 8) is caIled the pseudo-ínverse of the r-ínear operaÊor in

Eq. (20). (see Appendix)

sÍnce the barriers to internal rotaËion may be too low to

justify the approximation of the distriburion of conformer popu-

lations by reLatÍvely few fixed conformations, as Eq. (17) implies,

and sínce the rotatÍonar angle dependenc. of 5J cH3,F ís not
o

knov¡n from experiment, the discussion of the temperature dependen-

ce Ís confined for the most part to qualítative remarks. rt is
recognized' with the Íntent to avoid ímpertinent conclusíons,

that the Êemperature dependences of chemícal shifts and coupling

const.ants may contain contributions from Íntermolecular and intra-
molecular 

"ff."t"215. An unambiguous distinction between these

effects ís not possÍb1e here.
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i) 4,6-díbrono-2-fluoroanisol-e

The monotonícally decreasing magnitude of 5J CH3rF 
shows

o

thaÊ Êhe sign of thís coupling constanr is positive at arl
of the tenperatures investigated. Naturally, Ëhe population

of the preferred conforrnatíon increases as Ëhe temperature

decreases. since the eoupling constant is on1-y o.L7 Hz in 4-bromo-

2-fLuoroanisole" which prefers the methoxy group trans to

fLuorÍne, and since the value musË be on the order of several

Hertz in the cis conforr[er, the decreasing magnitude with

decreasing temperature is consistent r4riËh a preference for a

substantially non-planar conformer, provided that it reflects

conforaationaL change and not oËher factors (such as vibrational

effects) .

Parenthetícal-ly, J(ß) becomes linearl_y dependent on ß as

B decreases. rf a line i.6 fiËted to the five points aË lowest

reciprocal temperature in Fígure 39 the y-íntercept lies at

1.70 + 0.06 Hz. This value approximates the average coupling

constant r+hen all conformaËíons have equal weights, presumably.
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FÍgure 39

A plot of the temperature dependence of troatr,F 
and of

uarr tot 4, 6-dibrorno-2-fluoroanisole-o-13a.

O coupling constant

Ø rnethyl proron chemical shift
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ii) 2,3,5,6-tetrafluoroanÍsole

The temperature dependence of 5J_at3,F i, 
"or,ristent witho-

a preference for coplanar-Íty of Ëhe methoxy group with the
aromatÍc ring. If changes ir, 5,' CH^'F,o J' are due sole1y to con_

formational changes, the increasing magnitude suggests that the
populatíon of conformers \"¡ith the methyl group and the fluorine
proxÍmate is Íncreasing at 10wer temperatures. This can be

reconcÍled r¿Íth a weak preference for conformations which are
nearly planar. such a descrÍption is in accord with the con-
clusions of the study of a solution of 213r5,$_tetrafluoroanisole
in a nemaËic riquidl23 .nd with the discussion in section E above.

A line through the síx poinËs at 10west reciprocal tempera-
ture in Figure 40 has a y-intercept at 1.07 + 0.05 Hz.
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Figure 40

A plot of the têÐperature dependence of 5J CH3,F 
and ofo

V.r, for 2,3,5r6-tetrafluoroanÍso1e.
-ar3

C coupling consËant

Ø neËhy1 proton chemical shÍft
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iii) 2-fluoroacetophenone

The temperaËure dependencu of 5J CH3,F i,
o

because rhe coupling constant increases by 1.5

and 182 K. Qualitatively, Ëhis suggests rhar
prefers to 1ie near fluorine.

s t r iking

Hz between 305 K

the methyl group

Since the two-fold component of the barrier to ïotation
of the acetyl group is reratÍvely hÍgh in acetophenone itself
(about 13 kJ ro1-1 from torsional frequencies from th" ,upo,rrl55
and about 16 kJ rol-1 from sr0-3G ca1cu1.aíor,"220), a r\,ro-srare

static rnodel may be usefur. The data from Table 16 can be fítted
to this model by a computer program devised by Laatikain".,259.
with the assumption of no entropy difference, the o-anti conformer

lies 3.I4 + 0.26 kJ.*o1-1 below 0-_g-yn, where the estÍmated error
rePresents Ëhe 90Z" confidence liroit. The characteristíc coupling
constants for these conformers are found to be 7.4g + 0.22 Hz anð

-5'82 * 0.34 Hz, respectively. carculated numbers may be compared

in Figure 41. The rms deviation of the coupling consranrs is
0'011 Hz from the observed values, whích may well be smaller
than the contribution of vibrations and sorvenr effects.

A computer program devised to invert the temperature dependence

described by Eq. (20) is based on singular value decomposit'on257,260

(see Appendix). The rotational potentía1 is described simply by

Eq
)
ev(o ) = v, "ir2$ + v, sin (22¡
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Figure 41

A plot of the temperature dependence of 5, at:,F for 2_
o

f luoroacetophenone- o-13a .

O observed

¿\ static ¡node1

Ø dynamic model wÍth Êwo singular values

D dynarníc model with three singular values
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I'rom Êhe preceding STO-3G results, values of V, = 3.3 kJ.mol-l
and v2 = l-0'5 kJ'rol-1 nay be inferred, although a complete

description of the energy surface is preferable. The resultant
solutíon Ís given ín terms of singular functÍ onr257, which are

approximated by a cosine serÍes. rf a basis of ten cosine

Ëerrns fs used Êo descríbe the síngular functions, Ít appears

that relatively few singular funcËíons are required to describe

the temperaËure dependence. Unfortunately the calculaËions show

that the most significant singular funcËion is rather poorly

approximated.

Llíth Eq. (zz¡ the angle dependence of the coupting consrant

is

C(0) = 0.096 * 2,236co$" + 1.139cos& + 3.0t6cos3ö

* 2.02Lcos4o + l.g04cos5g * L.266cos(i

* 0.667cos7S + O.335cosft _ 0.071cosg Eq. (23)

when fivo singular values are retained and

C(ó) = -1.063 * 3.279eos0 * 2.496cosb * 2.7g7cosh

* 2.L62cos40 + 0.724cosft + 0.545cosØ _ 0.42lrcos7þ

- 0.494cos80 - 0.783cosg Eq. (24)

r¿hen three singurar values are kept. Temperature dependences

inferred from these solutions are plotted for comparison in
Figure 41. The rme deviarions are 0.31g Hz and o.274 Hz,

respectivel-y. Both are lÍkely to be of the order of the combined

effects of vibratÍonal and intermolecular contríbutiorr"215.



Determinatíons of the dependence of

fure range in a varíety of solvents

is to be treat,ed properly.

Sínce populations fmply and are

the energy functíon E(ó ) Ín ¡q. (19)

expressíon such as

Ínplied by free energies,

may be approximated by an

5, CH3, F orr",
o

are desirable
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a wider tempera-

íf this problem

A(0) = v(o) - rs(ó) Eq. (2s)

where the entropy is given by the usual expression

s(0)= -R p(O) sn p(0) Eq. (26)

and ís inpLÍcir1y a funcrfon of ß since p(ó) = p(ß,0 ) in Eq , (Zt)
This approach did not yield berter results ín any case.

Both Eq. (23) and Eq. (24) are plorred ín Fi.gure 42. Appar_

entry Ëhe coupling constant decreases quickly as the twist angle

íncreases, as the rNDo Mo FpT calculatíons suggesË. The same

calculatÍons, and the spectra of conpounds which prefer the trans

conforrer, favour a small magnitude for C(0 = lg0o), but these

equations fail to describe this detail. rr is noË clear

whether the present results support the rNDo predíetion of

a ponderable, if over-estimated, negatÍve contribution from

dÍrecË hydrogen-fl_uorine inreracËíon, as in Figure 36.

A line through the fÍve points at lov/est recÍprocal tempera-

ture intercepts the ordinaËe at 1-.83 + 0.06 Hz. It ís interesting

that the corïesponding nr:mber for 4r6-dibromo-Z-fLuoroanisole is
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Figure 42

A plot of the angle dependence of the Eethyr proton-fluorine
spin-spin couplíng constant inferred from the temperat.ure

dependenc" of 5JocH3,F fo, 2-fluoroaceEophenone.

solid line two slngular values

broken LÍne three sÍngular values
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1.70 + 0.06 Hz. rf the intercept is Ínterpreted as the average

value of c(0) over alr possible twist angles with equal probabi-

1Ítiesr the near equality of these numbers may Írnpry that the

angle dependence of the methyl proton-fluorine coupling constant

ís sÍmilar for these compounds. The predictions of Eq. (23)

and Eq, (24) are 0.096 Hz and -1.063 Hz, respecrively.

The tenperaÊure dependenc" of 4J^co,F ir, 2-fluoroacetophenone
o

is consistent wÍth a preference for the 0-ant:i conformer. The

two-state nodel yields an energy difference of 5 ,2 + 2.2 kJ *o1-1

and characteristic coupling constants of. 7.63 t O .23 Hz for the

O-anti conformer and 0.63 + 3.72 Hz for rhe 0-S:r,_. The rms

deviaËion Ís 0.028 Hz. rf rhe energy difference is fixed at 3.2
-'1kJ'uo1', in agreement with the result derived from the temperature

dependenc" of 5J^CH3'F .r,d with the ab initio calculations, theo

characteristic coupling consËanËs are g.L4 + 0.09 Hz and, 4.62

* 0.22 Hz, respectively and the rms deviatíon is 0.032 Hz. The

predicted teÐperature dependence appears in Figure 43 for compari-

son.

l,Iith Eq. (22¡ and rhe values of V, and V, suggested by the

ST0-3G calculaËions, the dynanic nodel yields

c(0 )

+

2.824 + 2.

0. 768cos4Q

0. 430cos8q

613cosÔ * 3.686cos& - 0.225cosg

- 1.278cosg' - 0.550cos60 - 0.927cos7þ

- 0.l07cosS Eq. (27)
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r¡hen three singular values are used and

C(0) = 2.7I7 + 2.54tcog + 4.I89cosä _ 0.7O4cos3d,

+ 0.j72cosh - 1.2g3cos5Ô _ O.575cos& _ 0.576cos7(,

- 0. t6tcosgo + 0.295cos90 ¡q. (28)

when four singular values are kept. The rms deviations are 0.055 Hz

and 0.101 Hzi respectively. predicted temperature dependences

appear in Figure 43. As noted above, the nost ímportant sÍngular
function is not well-approximated by the ten cosine terms and

the resulting solutions c(0 ) are not as reliable as the problem

demands ' Equations (27) and (2g) are plorred in Figure 44.
oroto'F t"nds Ëowards zero in those compounds which prefer the

trans conformation (viðe supra), which is inconsistent with the

prediction based on eíther equation. rt may be sÍgnificant that
both equations describe a maximum near Q = 3Oo, which Ís similar
to the rNDO Mo FPT results in Figure 37. Further work ís

necessary if reliable comparisons are to be made, but these

results are encouraging

A line through the six points at lowest reciprocal tempera-

ture intercepts the ordinate at 5.48 Hz. The average over all
possible tr,¡isr angles wírh equal probability yíelds 2.g24 Hz

for Eq. (27) and 2.717 Hz for Eq. (28).
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Figure 43

A plot of the temperature dependence of 4, ca,F fo, 2-fluoro-

aceÊ ophenorr"- o-13a .

O observed

A static model

Ø dynamic model wÍth three singular values

D dynamic model r.¡ith four singular values
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Figure 44

A plot of the angle dependence of Êhe nethyl carbon-fluorine
spin-spin coupl-ing consËant inferred from the tenperaËure

dependenc" of 4JoCo,F fo, 2-fluoroacetophenone

solÍd line three singular values

broken line four sÍngular values
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iv) 2,6-difluoroaceÊophenone

The temperature dependenc" of 5J^ct3't ,r, Figure 45 resembleso

that for 2r3r5,6-tetrafluoroanisole in Figure 40. The rotational

Poten¡i¿1 for the acetyl group is predominantly trvo_fold and non_

planar conformarions are populated significantly. If Eq. (ZZ¡

and Eq. (23) are modified to reflect rhe rvro-fold symmerry of

the aromatic ring by Ìrriting

v(o) = vr(sin2$ * sin2 *fq, + Vrsinfo Eq. (2e)

where V, and Y, are approximated by the values used for
2-fluoroacetophenone (3.3 kJ.ror-1 and 10.5 kJ. ro1-1, respecrively),
and

C(0) = 0.096 * 1.139cos& * 2.}2Icosh * l.266cos6ô

+ 0.335cos80 Eq. (30)

the predicted coupling constanrs are between 0.4 and 0.g Hz too

large over the observed temperature range.

rt 5.1^cH3'F at 192 K approximares (5.1^-.^ + 5.1- 
-^^^) /z = [ c(0")c1s trans,tL - t

+ c(180')J/2, the observed value of 1.765 Hz is ro be compared

wÍth the calculated values of 1.67 + 0.40 Hz from the static
model and 2.429 Hz from the dynaroÍc mode1.

The intercept of a line through the reciprocal temperatures

bet¡,¡een 230 K and 280 K and rhe ordinare is 1.20 + 0.04 Hz.

This is sÍmilar to the value of 213,5,6-tetrafluoroanÍsoIe

(1.02 + 0.05 Hz), which again suggesrs thar rhe roÈarional angle
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Figure 45

A plot of the temperature dependence of 5J CH3, F and of .,o cH3
f or 2, 6-dif luoroacetophenone

O coupling constant

Ø nethyl proton chemÍcal shifr
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dependence of these Èwo coupling constants is nearly the same.

The average of Eq. (30) over all_ tu,ist angles with equal

probability vields 0.0g6 Hz.
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v) q,0,q-trifluoroacetophenone

The temperature dependenc" of 5J^Ct3,n ,r, Figure 46 ís
o

not r.¡e1l-determined, but may irnply that planar conformations

are preferred. The rate of change of the coupling constant with

reciprocar temperature is comparable to that for 2,6-difluoroace-

tophenone, but the significance of this observation is not

apparent. The magnitude of the coupring constant is somewhat

smaller in the present compound due to the differences in

geometry, couplÍng mechanism, and rotatj_onal potenËía1.
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Figure 46

A plot of the temperature dependence of 5r^ao3,F fo, o,,o.,(l_o
trif luoroacetophenone .
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J. MethyJ- Carbon Chenlcal Shffts

The chemical shfft of the nethyl carbon of subsrituted

anlsoles remaÍns a puzzLe. Steric crowdíng and reduction of

conjugation are expected to fncrease the electron density at

the nethyl carbon and, thereby, to shíe1d this nuc1..r"101. srothers

Proposes that deshielding is caused by increased polarizatíon of

the oxygen-methyl carbon bond as the methoxy group twíst angle
. 103r-ncreases

As in Table l-9, the methyl carbon chemical shlft progresses

to lower fleld in anisol-e, 4-bromo-2-fluoroanisole, 4r6-ð,lbromo-

2-fluoroanÍsoler ând 2r3,516-tetrafluoroanísole. This observa_

tion may find an explanation in Éhe net aÉomíc charge on carbon.

As conjugation between oxygen and the Í-system is reduced, the

atomic eharge on the nethyl carbon (indeed the el-ectronic popu-

lation of the nethyl group as a whole) íncreases accordíng to

the ab iníËfo calculatfons. The polarízaËion argument ís not

supported. F]-j.szár suggests that a Mulltken population analysis

is noÊ a good approximation for polar bonds and that the carbon

atoms in alkanes are, contrary to Ëhe coñmon vÍew, posltivelv

charged ¡+hen an appropriate defínitíon of charge is applie ð261-.

Any decrease fn the positíve charge causes a decrease in shl-el-d-

lng' whlch is perhaps unexpected. Puguíre and Grant propose that

the l-ocal paranagnetÍc screeníng exhibits such a charge dependenc e262.

The magnetíc anísotropy of the phenyl rÍng should l_ead to a
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decrease in deshielding as the methoxy group tr,/ists out of the

rÍng plane, buË this effecË is masked. Locar group anisotropy

of substituents on the phenyl ring, local electric fields, and

substituent-induced electronic effects may contríbute to the

chemical shift, as for the methyl proton chemícar shifts.

These shifts indicate that the electronic environment of the

methyl carbons ín 4r6-dibromo-2-fluoroanisole and 2,3,5r6_

tetrafluoroanisole is quite different from the erectronÍc environ-

ment of the methyl carbons in anisole and 4-bromo-2-fluoroanisol-e.

This supports the contentlon that the nethoxy group prefers Ëo

lie in the rÍng plane in the ratter t\.ro compounds, but non-planar

conformatÍons are preponderant for the dí-ortho substítuted

anisoles.

A sirnilar gradation Ís found for acetophenone, 2-fluoro-
acetophenone, and 2,6-difluoroacetophenone, but it is less

narked and is not a particularly good conformation indicator.
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K. Methyl Carbon Spin-Lattice Relaxation Tlmes

i) theoretíca1 considerations

Methyl carbon spln-lattÍce relaxation in the anisoles and

acetophenones studíed here is dominated by dipole-dipore
relaxation by the methyl protons. The dipole-dÍpore relaxation
tÍme, T1(DD)' can be deternined from the measured relaxation
Ëime, Tr, frour Table 19 by the formula114

n
T, (DD) - max 

T-L n -1

{#t = ,,å2Y 
3, r r' '.iu ."

Eq. (31)

where n is the nuclear overhauser enhancement and 1.9gg Ís the
m¡ximal value for carbon relaxed by protons. rn the extreme

narrowing lÍmit, the dipole-dtpole relaxation time is inversely
proportional to an effective correlation time, r :

Eq. (32¡

where n is the nunber of protons attached to the carbonr.¡ is
the gyromagnetic ratio of the nucleus, and tcH i" the internuclear
separation.

Molecular reorientation may be described by the tuurbling

of an ellipsoid at different rates about each of the three

internal coordlnat" .*""112 'II4. Internal motions are super_

imposed on these rotations in a u¡anner which depends on Ëhe

overall geometry. Simplifying assumptions are required íf the

problem is Ëo be tractable. For the present discussion, the
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overall rotatÍonal motion is isotropíc and the methoxy group

rotatlon is prohibÍted. rf the nethyl group jumps between

equivalent posltÍons in a three-fo1d barrier, the effective

correlation rime is gÍven by114

_ _ A- B*c
'c - 6D - et-T-?J77Dl

1

Eq. (33)

where A, B, and c are geomeÊricaI paramters, D is the rotational

diffusion coefficient, and D. is the methyl juurp rate. l.lith

Ehese approximations and the assumption that the rotational

diffusion coefficients are equal for all of the anisoles studied,

an increase in T., (DD) corresponds to an increase in the rnethyl

jump rate.

AcËual1y the molecular tumblíng is not isotropic and

methoxy group reorientation should be included in the analysis.

l"lithin the analysis presented above, the consÊancy of Ëhe rota-

tional diffusion coeffícient, D, could be checked by determining

Tl(DD) for a carbon nucleus wirhin the rigid framework.

coupling betvreen the methyl carbon and fluorÍne may cause

devlations from exponentíal recovery through cross-ruh*"tior,213.

since dipole-dipole relaxatíon of the methyl carbon is dominated

by the üethy1 protons and since coupling betr¡een the methyl carbon

and fluorine ís weak, a negligÍble error ís incurred if fluoríne

is not lrradíated strongly during the relaxation experiments.
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ii) measured relaxation times

The nuclear Overhauser enhancements Ín

that dipole-dÍpo1e relaxation of the methyl

protons is dominant. SËrong irradiatíon of

presence of strong broadband irradiation of

influence the value of relaxation parameters

2-fluoroaníso1e.

Table 19 demonstrare

carbon by methyl

fluorine in the

protons díd not

f.or 4,6-dibromo-

since the nuclear overhauser enhancements are not well-
determined, relaxation times T1(DD) v¡ill not be quoted. The

spin-lattice relaxatÍon tíme for anisole, g,93 * 0.06s, ís
taken as a reference point. For 4-bromo-2-fluoroanisore the

relaxation tiae which r¡as found for a c1ean, dirute solution
is 6'7 * 0'2s. Qualitatively this is interprered as a sign

of more hÍndered rnethyl group reorÍentation than in anisore.

The preference for the trans conformer results in a greater

population of more hindered methyl groups. In contrast the

relaxatíon time for 4,6-dibromo-2-fluoroanisole is 15.2 +

0'1s' r¿hich implies that methyl group reorientatíon is less

hindered than in anisole. This is expected for non-pranar

conformations in r¿hich the steric interaction between the

methyl group and the phenyl groups is reduced. Ab initio cal_

culatÍons for anisole reproduce thís effect. símirar1y, the

relaxation time is, quíte roughly, 22 + ls for 2,3,5,6_tetra_
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fluoroanisole, which indicates that non-planar conformations

are populated significantly.

Proton Ínversion-recovery experiments performed on a

varian cFT-20 spectrometer provide a measure of the correlation
time for overall reorientation. since the coupled spectra are
not amenable to a proper determination of the relaxation
tÍmes' the position of the nuII is taken for comparison of
4-brono-2-fluoroanisole and 4,6-díbromo-2-fluoroanÍsore. For
H3 the nu1l occurs at 27 + 3s for 4_dibromo_2_fluoroanisole and

at 20 -l- 2 for 4,6-dibro¡oo-2-fluoroanÍsole, that is, the overall
reorientation of the former compound Ís faster than fo¡ the
latter' The short spin-lattice relaxarion time of the methyl
carbon of 4-bro¡no-2-fluoroanisole is then not due to slor^rer

reorientation of the whole molecule.

Relaxation times for the nethyl carbons of acetophenone

and 2-fluoroacetophenone are 15.4 + O.2s and 14.6 + 0.2s, res_
pectively, whÍch iuplies simílar conformarionaÌ behar¡iour for both.
This vier¿ is consistent vri.th a strong preference for planar con-
formers of both compounds. rt is not clear that the relaxation tíme
is much greater for 216-difluoroacetophenone and the three-parameter
fit of the relaxaËion data is suspect. rf the two-parameËer fÍt
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ís preferred, the relaxation time may be somewhat longer than
for the other t!¡o acetophenones, but the resul_ts are not of suf_
ficlent quality to be conclusive.

Various mechanisms, but in partieular the spín_rotation263
and dipole-dipole mechanisms, contribute to relaxacion of
covalenËly-bonded fluorine in srnarl molecules. For larger
molecules the contríbution from spin rotation decreases. The

contribution from the dipole-dipole mechanism can be deduced

from nuclear overhauser enhancements and reaches a maximum

of 0'53 for fluorine relaxed by protons. Such enhancements

affirm the importance of this mechanÍsm in fluorob"nr".,""264.
The fluorÍne spin-r-attice relaxation times Ín Table 20 are

essenËia1ly identieal for 4,6-dibromo-2-fluoroani_sore, 2,3,5,6-
Ëetrafluoroanisole, and 2r6-difruoroacetophenone. The number

for 2-fluoroacetophenone Ís about one-half of this conmon

value, which is most probably an índication of the proximity
of the fluorine and the methyl protons which cause dipole-dipole
relaxaËion. (The enhancement of the fluorine signal in the
presence of broadband Írradiation of protons is about 0.16 for
2-fluoroacetophenone). The sinilarity between the two anisoles
and 2'6-difluoroacetophenone supports Ëhe argument that the
non-planar conformaËions of the latter are populated significantry
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Chapter 6

Sunrnary and Conclusions



J¿J

In thls work proËon, fluoríne and carbon nuclear magnetíc

resonance spectroscopy has been used Ëo investigate the methoxy

group conformation in sone 2-fluoroanisoles and Ëhe acetyl group

conformation in sone 2-fruoroacetophenones. Long-range spin-spin
coupling consËants have been the principal source of ínformation.

A review of the 1íterature on the conformat.ional behavÍour

of the methoxy group in anisole.concludes that the barrier lies
between 0 and 40 kJ.ror-1. Evidently the preferred conformation

has all heavy atoms copranar. The present. study of anisole in
solution demonstrates Ëhat the planar conformer is preferred and

that a finite barrier to inËernal rotation exi.sts. Ab initio
molecular orbital calculations aË the sro-3G lever reinforce t.his
conclusion, but indicate Èhat a significanÈ four-fold component

creates a 10ca1 minimum at the ort.hogonal conformation on Ëhe

míni¡oum energy path for meËhoxy group reorientation, at least for
Èhe isolated uolecule. The nethyl and methoxy group roËations are

not separable. Long-range carbon-carbon and carbon-proton coupring

constants have not been widely used as conformatíonar indicators,
buË if, appears ahra 5rocurc4r 6Joco,H4, or*ao,c 

"rrd 
trraorH 

may be

important in this regard. Future research night continue to seek

enpirical relationships sinílar to those fo, 6J )cI'H4 4r XH,H -
5, xHrH 

v^rer¡rve Þru¡!ér -p ' 
to ' - and

.J.
m

A sËrong preference for t.rans_2_fluoroanisole

nmr parameters and is predicted fron the ab iniËio

is seen in Èhe

calculatÍons.
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INDO Fpr calcularions of 5.1^cH¡,F 
and 4r^co,F inp]y thatO9

transmission of both coupllngs relies on Ehe proxÍmity of the nethyl
grouP and fluorine. Direct hydrogen-fluorine interaction dominates

Èhe cal-culated trot"r'F, brrt the indirect interaction of carbon and

fluorine, mediated by the roethyl hydrogens, dominates the calculated
4- Ca.F
'o 

Both couplíng constanÈs contaín conËributions from direct
carbon-fluorine interaction. Apparently the rNDO Fpr calculations
over-esti-mate the signíficance of direct hydrogen-fluorine

interaetion, which provides a negatíve contribution to 5JocH3,F,

relaËive to the indirect interaction, which is mediated by carbon:

rotaÈional averaging over the calculated angle dependenc" of 5J cH3,F
o

ís expecËed to yíeld a negative sign, but a positive sign is
inferred fron úeak irradiation experíments.

t,ottr'H6 i" large 
"rrd 

5JocH3'F is suall in 4-brono-2-fluoro-
anisole' which strongly prefers the trans conformation. 5, corH3

m

is relatively large, but trrto'Hs i" at most 0.05 Hz in magniËude,

which Ís consistenÈ with Ëhis conclusion.

The effect of the ortho bromine substituenË in 4r6-dibrono-
2-fluoroanisole is dramat.ic. The nmr parameters indieate that
Ëhe uethoxy group prefers to 1ie near the plane perpendicular to
the ring plane. coupling between the methyr carbon and all ring
carbons is observable. The nagnítudes of 3JoCo,C2 

"od 
,roaoraU,

and of 4, ca, c3 
"rrd 

4., ca, c5 2rm m , --e nearly equal, which inplies
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Ëhat the nethyl earbon li-es near the prane perpendicular Ëo

rhe benzene ring. The large magnírude of 5J_co,c4 (0.9410 .02 Hz)p

places a lower bound or, 5Jroco,c4. sígns of 5JocH3,F, oroa*,t

"rrd 
5J*co'H rr. posÍtive. BoÈh-'roao,a 

"rrd 
sJrco,H 

".rgg""t that
the nethyl group lies somewhat nearer to fluorine than to bromine,

on the average. The nethyl carbon spin-laÈtice relaxation time

and the temperature dependence of 5J cH3,F nay be explained if
a near-orthogonal conformaËíon is preferred.

sinilarly, sígnificant populaËions of non-planar conformations

of 213,5r6-tetrafluoroanisole exíst. Rotation of Èhe methoxy group

Ís less hindered by an ortho fluorine substituenÈ than by bromine.

since trot"r'F ín"r..ses as temerature decreases, contrary to the

observations for 4r6-dibromo-2-fluoroanisore, t.he preferred

conformation of 213r516-tetrafluoroanisore is pranar, or ,oore

nearly so. However, the barrier to methoxy group roËation cannoË

be estímated wiËhout further information. Determinations of the

coupling constants between the methyl carbon and ring carbons,

fluorines, and H4 r^rould be useful .

High resolutíon spectra of 2-fluoroacetophenone are consistent

wiËh a preference for the o-anti conformation over the o-eyq. rf
onry thése two conformers are appreciably populated, Ëhe Ëemperature

dependences of 5.r^cH¡'F 
and 4r^to,F rt. consistent r¿ith an energyOO

difference of 3.1:t 0.3 kJ.ro1-1. Ab inirio calcularions place the

energy of the o-anti conformer of the isolated uorecule 3.3 kJ.ro1-1
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below thaÈ of the o-¡yn. orotorH6 
"rrd 

trrao,H5 ,r" both finite
and posiËive, buË trrto'H3 i" unobservable, which reinforces Ëhe

conclusion that o-anti ís strongly preferrêd. rNDo Fpr calculaÈions
yield rotational angre dependences of 5r^ct3rF 

arrd 4, carF which areOO

quite símilar to those calculaËed for 2-fluoroanisole. A dynamic

(continuous) model of the temperature dependences of 5.1 cH3,F 
"rrdL. nt.o'to"*" leads Ëo forms rshich are síuirar to those calculated with

INDO FPT' buË which suggest that the indirect interaction doninates

both couplings. Further experímental and Èheoretical work is
needed to complete the deternination of Èhe conformational

dependence and mechanism of both couplings.

The nagnitude of tr^ttr'F ir, 2ri-dif.Luoroacetophenone is mucho

smaller than ín 2-fluoroacetophenone, but ít is comparabre to the

number for 213,5r6-teÈrafluoroanisore. Tf 2-fruoroacetophenone

prefers the o-anri conformation in order to minimize repulsive
interacÈions betr¡een Ëhe carbonyl oxygen and fluorÍne, it may follow
Ëhat these ínteractions creaËe a substantial populaÈion of non-planar

conformers of 216-difluoroaceÈophenone. Although the temperaÈure

dependenc" of 5J cH3,F
suggesËs that the preferred conformaËion is

planar, the sirnilaríty of the fluorine spin-lattice relaxation
times for 4 , 6-dibrono-2-fruoroanisole , 2 ,3r 5 ,6-teËrafluoroanisole
and 2,6-difluoroacetophenone is adduced for significant populations

of nån-planar conforners.

The nagniËude and tenperature dependence of 5.i CFgrH Ír,o
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c'o'q-trifluoroacetophenone may indicate that the planar conformer

is preferred, and that non-planar conformations are sígnificantly
populated.

A relationship exisËs beËween ring carbon charges deríved from

ab íniti'o calculatíons for anisole, 2_fLuoroanÍso1e, and

2-fluoroacetophenone, and chemical shifts. I4riËh an appropriate

defínition of charge, the conformational dependence of nethyl
carbon chenical shifÈs for the anísoles is explícabIe.

Although much of this work could not have been performed

wiËhout a pulsed nmr spectrometer with Ëirne averagÍng and some

mulËinuclear capabilities, Ëhese studies could be performed beËter
and more quickly, and could be extended further, if a hígh-field
spectrometer !üith suitable hardware and computer support lrere

accessible. A superconducÈing magnet provides Èhe advantages of
high spectral dispersion for ease of anarysis, high sensitivity Ëo

reduce the time required to obtain a spectrum, and stability of
field superior to an electromagneË (which is essentíar for
lengËhy experíments aímed at high resolution).

A computer with appropriaËe prograr¡¡ming for pulse sequencing

and data acquistion courd. open the possibirity of performing the
more recent experiments r.¡hích involve considerable gymnastícs on

the part of the nuclear spíns. such techniques may remove much of
the conplexity from a spect.rum to revear oÈherwise inaccessibre

infornaÈion. For example, carbon-carbon spin-spin coupling
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constants may be obtained from eompounds with 13c in natural

abundance by creating double-quantum coherence, as demonstrated

by Bax, Freenan, and Kemps 
"tt265. Long-range proËon-carbon

spin-spin coupling constants may be obËaíned by a technique

proposed by Bax and Freem^n266 which includes a selective 1g0o

pulse applied Ëo Ëhe isolated resonance of Ëhe proton of inËerest.

The required spectral dispersion may be obtained readí1y with a

htgh-field magner.



329

Referenc es



330

1. J. A. PopIe, W. G. Schneider, and H. J. Bernstein, High_

resolution Nuclear Magnetic Resonance. (McGraw-Hi1r,

New York, 1959).

2' A. Abragam, The principres of Nucrear Magnetism. (oxford

UnÍversity press, Oxford, 1961).

3. J. W. Emsley, J. Feeney, and L. H. Sutcliffe, High

Resolution Nuclear Magnetic Resonance Spectroscopy (per_

garnon Press, London, 1965).

4. R. J. Abraham, The Analysis of High ResolurÍon MfR Specrra

(ElsevÍer¡ Aasterdam, 1971).

5' T' c' Farrar and E. D. Becker, purse and Fourier Transform

NMR (Academic, New york. 1971).

6. D. Shaw, Fourier Transform NMR Spectroscopy. (Elsevier,

Amsrerdam, 1976) .

7. C. P. Slichter, prj,nciples of Magnetic Resonance.

(Sprínger-Verlag, Berlin, 1978).

8. A. Carrington and A. D. Mclachlan, IntroductÍon to

Magnetic Resonance. (Chapman and Hal1, London, IgTg).

9. P. H. Hermans, in: van't Hoff-Le Be1 Centennial, ed.

0. B. Ramsey. (A¡nerican Chemical Society, Washington,

I97s) pp. t23.

10. üi. J. orville-Thomas, in: rnternal Rotation in Molecules,

ed. W. J. Orville-Thomas. (l^Iiley and Sons, London , Lg74)

p. 7.



331

11. 0. Hassel, Tidsskr. Kjemi Bergvesen og }fet . 3 (IgA3) 3Z;

reprinted in English in: Topics in stereochemistry,

Vol. 6, eds. N. L. Allinger and E. L. Eliet. (tlÍley_

Interscience, New york, I97L) pp. 11.

12. D. H. R. Barron, Experienria 6 (1950) 316.

13. R. Bucourt, in: Topícs in Stereochemistry, VoI. g,

eds . E. L. E1ie1 and N. L. Allingeï, (l^Ìi1ey_Inrerscience,

New York, 1973) pp. 159.

L4. W. Klyne and V. prelog, Experientia 16 (1960) 52L.

15. T. A. I^Jilduan, Chem. phys. Letr.75 (1980) 3g3; g0 (1981)

2I0.

16. 0. Jardetzky, Biochiur. Biophys. Acra 621 (19g0) 227,

L7. A. Haaland and J. E. NÍlsson, Acta. chen. scand, 22 (196g)

2653.

18. T. A. l^li1dman, unpublished calcularions.

L9. H. D. Bíst, J. C. D. Brand, and D. R. I,lilliams, J. Mol.

Specrrosc. 2! (t967) 402.

20. E. Mathier, D. WeltÍ, A. Bauder, and Hs. H Gunthard, J.

Mol. Specrrosc. 37 (I97I) 63.

2L. N. I,¡. Larsen and F. M. Nicolaisen, J. Mo1. Struct. 22

(1974) 29.

22. L. Radom, W. J. Hehre, J. A. pople, G. L. Car1son, and

l,J. G. Fareley, J. Chem. Soc. Chen. Commun , (Ig72) 3666 .

23. T. Schaefer, J. B. Rowbotham, and K. Chum, Can. J. Chem.



332

54 (L976) 3666"

24, I,¡. J. E. Parr and T. Schaefer, J. Magn. Reson. 25 (Lg77)

L7L.

25. T. Schaefer and W. J. E. Parr, Can. J. Cheur. 55 (Lg77)

552.

26. I^i. J. E. Parr and T. Sehaefer, J. Mol. Specrrosc, 66 (Lg77)

448.

27. I^I. J. E. Parr and T. schaefer, Accounts chem. Res. 13 (1980)

400.

28. T. Schaefer and T. A. I,tildman, Chem. phys. Lerr. gO (19g1_)

280.

29. T. Schaefer, T. A. l.Iildman, and R. Sebastian, Can. J. Chen.

60 (1982) rs24.

30. T. Schaefer, T. A. Wildman, and S. R. Sa'tmanr J. An. Chem.

Soc. l-02 (l-980) 107.

31. T. Schaefer, R. P. Veregin, and D. M. McKinnon, Can. J.

Chen. 59 (1981-) 3204.

32. A. Burawoy and J. T. chanberlain, J. chen. soc. (L952) z3].o.

33. H. Hart and C. R. llagner, Proc. Chem. Soc. (1958) 284.

34. J. C. Dearden and trI. F. Forbes, Can. J. Chem. 37 (1959)

t_305.

35. L. J. Frol-en and L. Goodman, J. Am. Chen. Soc. 83 (196j-)

3405.

36. P. F. Oesper, C. P. Snyth, and M. S. Kharasch, J. An.

Chem. Soc. 64 (L942) 937.



333

37. K. B. Everard and L. E. Surron, J. chem. soc. (r_949) 2312.

38. H. Lumbroso, 8u11. Soc. chÍrn. France (1950) gI2.

39 . a) M. Aroney, R. J. I^r. LeFèvre , and S. _S. Chang, J. Chem.

Soc. (1964) 2954.

b) M. J. Aroney, M. G. Corfield, and R. J. W. LeFèvre,

J. Chem. Soc. (1964) 2954.

40, M. J. Aroney, R. J. W. LeFèvre, R. K. pierens, and

M. c. N. The, J. Chem. Soc. B (1969) 666.

41-. A. A. BredikhÍn, V. p. Kostin, S. G. Vul'fson, and A. N.

vereshchagin,8u11. Acad. sci. ussR, Div. chem.30 (1981)

4r9.

42, D. I'1. Roberri and c. p. snyth, J. Am. chem. soc. g2 (1960)

2106.

43, S. K. Garg and C. p. Smyth, J. Chem. phys. 46 (Lg67) 373.

44. G. Klages and G. Kraus, Z. Narurforsch. A26 (1971) 1272.

45' l'1. A. Mazid, J. P. shukla, and s. warker, can. J. chem. 56

(1978) 1800.

46" I{. F. Anzilotri and B. C. Curran, J. Am. Chem. Soc. 65

(1943) 607.

47. H. Lumbroso, J. Curé, and C. G. Andrieu, J. MoI. Struct.

4J (1978) 87.

48. N. L. Allingêr, J. J. Maul, and M. J. Hickey, J. Org.

chem. 3é (1971) 2747.

49. D. G. Lister and N. L. Ovren, J. Chem. Soc. Faraday Trans.



334

Tr 69 (1973) 1304.

50. D. G. Lisrer, J. MoI. Srrucr. 6B (t9gO) 33.

51. P. H. Turner, Il. J. Corkill, and A. p. Cox, J. phys.

Chem. Sg (1979) I473.

52. P. Cahill, L. P. GoId, and N. L. Owen, J. Chem. phvs.

4g (1e68) L620.

53. tJ. E. Sreinrnerz, J. Am. Chem. Soc. 96 (Ig74) 6g5.

54. N. S. True and R. K. Bohn, Chem. phys. Lerr. 60 (Ig7g)

^^^JJ¿.

55. N. S. True, N. S. Farag, J. Radhakrishnan, and R. K. Bohn.

This result remains unpublished at thÍs writÍng, but

appears in reference 50.

56. D. G. Lister, p. palmieri, and C. Zauli, J. MoI. Srruct.

3å (le76) 29e.

57. See papers 1-13 cited in reference 67.

58. M. Horák, E. R. Lippincott, and R. K. Khanna, Spectrochim.

Acta A 2! (L967) 1111.

59' N. L. owen and R. E. Hesrer, specrrochim. Acta A 25 (1969)

343.

60' N' L' owen and N. sheppard, proc. chem. Soc. (1963) 264.

6I . N. L. Or^¡en and N. Sheppard, Trans . Faraday Soc . 60

(1964) 634.

62. K. venkateswarlu and M. Radhakrishnan, Spectrochim. Acta

-1-Q. (1soz¡ t433.



335

63. R. Josefi, E. Drahorãdová, and M. Horák, Collection

Czechoslov. Chem. Couun. 39 (I974) I54I.

64. T. Schaefer, R. SebastÍan, and T. A. Lrildman, Can. J.

Chem.59 (1981) 302I.

65. G . Allen and S. Fewster, j-n: Internal Rot.ation in

Molecules , ed. I,I . J. Orville-Thomas . (l^Iiley and Sons ,

London, l97h) Chapter g.

66. J. Goulon, D. Canet, M. Evans, and G. J. Davies, Mol.

Phys. 39 (I975) 973.

67. H. TyllÍ and H. Konschin, J. Mo1. Srrucr. 42 (Lg7:) 7.

68. H. Tylli, H. Konschin, and C. Grundfelt-Forsius, J. l,fol.

Strucr. 5¿ (1979) I57.

69. H. Konschin, H. Tyl1i, and C. Grundfelt-ForsÍus, J. Mol.

Srrucr. 7¿ (1981) 51.

70. A. V. Cunliffe, in: Internal Rotation in l'{c1ecu1es, ed.

l.I. J. Orville-Thomas. (l^iiley and Sons, London , Ig74)

Chapter 7.

7I. H. M. Seip and R. Seip, Acra Chem. Scand.27 (Ig73) 4024.

72. T. H. Goodwin, M. przybylska, and J. M. Robertson, AcËa

Cryst. 3 (1950) 279.

73. Reference 85 and references therein.

74. P. A. Luhan and A. T. Mcphail, J. chen. soc. perkin Trans.

rr (1973) s1.

75. R. A. I^Iind, I^J. M. M. J. Bovée, J. C. F. Kupers, J. Smidt,



336

and chr. steenbergen, Z. Narurforsch. A 34 (Lg7g) 631.

76. G. I^i. BurËon, Y. Lepage, E. J. Gabe, and K. U. Ingold,

J. Am. Chem. Soc. 102 (1980) 7792.

77. G. W. BurËon and K. U. Ingold, J. Am. Chem. Soc. 103

(1981) 6472.

78. A. D. Baker, D. P. May, and D. W. Turner, J. Chem. Soc.

B(1968) 22.

79. J. P. I'faier and D. I^I. Turner, J. chem. soc. Faradav Trans.

rr e, (1973) szr.

80. P. S. Dewar, E. Ernstbrunner, J. R. Gilmore, M. Godfrey,

and J. I'f . I'te11or, Terrahedron 30 (I974) 2455.

81. H. Bock and G. I,Jagner, Terrahedron Lerr, (Lg7I) 37L3.

82. H. Bock, G. Wagner, and J. Kroner, Chem. Ber. 105 (lrg72)

3850.

83. G. Tschmurowa and H. Bock, Z. Narurforsch. 31 B (1976) 1611.

84. F. Bernardi, G. DÍsËefano, A. Mangini, S. pignataro, and

G. Spunta, J. ElecËron Spectosc. Re1at. phenom. 7 (I975)

457 .

85. G. M. Anderson III, P. A. Kollman, L. N. Domelsmith, and

K. N. Houk, J. An. Chem. Soc. 101 (1979) 2344.

86. L. N. Dor¡elsmith and K. N. Houk, Inr. J. Quantum Chem.,

Quantum Biol. Synp. 5 (1978) 257.

87. H. Fríege and M. Klessinger, chem. phys. Lerr. rrz (1979)

L6L4.

88. A. Schweig and N. Thon, Chem. Phys. Lerr. 3g (1976) 482.



337

89. E. Honegger and E. Heilbronner, Chem. phys.. Lett. gI

(198r) 6ts.

90. G. P. Rabold, R. T. OgaËa, M. Ok:mura, L. H. piette,

R. E. Moore, and p. J. Scheuer, J. Chem. phys. 46 (1967)

1161.

91 W. T . DÍxon, I'f . Moghími , and D. Murphy , J. Chem. Soc .

Faraday Trans. II æ (1974) I7I3.

92. W. Uber and H. B. Stegmann, in: Landolt-Börnstein, New

Series, MagneËÍc properËies of Free Radicals. Vo1. g,

eds. H. Fischer and K.-H. Hellwege. (Springer_ Verlag,

Berlin, 1979) Chapter g, parr c2, pp. 2g_2I4.

93. l^I. J. van den Hoek, W. G. B. Huysmans, and M. J. C.

van Gemerr, J. Magn. Reson. 3 (1970) J.37.

94. N. I'f. AËherton, A. J. Blackhurst, and I. p. Cook, Trans.

Faraday Soc. 67 (1971) 2510.

95. W. J. van den Hoek, J. F. Th. de Winrer, and J. Smídt,

J. Magn. Reson. 6 (1972) 15.

96. W. G. B. Huysmans, W. J. I'fijs, J. G. Westra, I^I. J. van

Hoek, H. Angad Gaur, and J. Srnidt, Tetrahedron 25

(1969) 2249.

97. l^I. F. Forbes and p. D. surlivan, J. chem. phys. 48 (196g)

1411.

98. P. D. Sullivan, J. phys. Chem. 74 (Lg7O) 2563.

99. P. C. LauËerbur, J. An. Chem. Soc. 83 (1961) L846.



338

100. H. Spiesecke and W. G. Schneider, J. Chem. phys. 35

(1961) 731.

101. K. s. Dhani and J. B. srorhers, can. J. chem. 44 (1966)

2855 .

102 . W. Kitching, I . de Jonge, l^1. Adcock, and A. N. Abey,wick_

rema, 0rg. Magn. Reson. 14 (1990) 502,

103. J. B. Stothers, carbon-r3 NMR spectroscopy. (Academic press,

New York, 1972) pp. 203-204.

104. I'f. I'laricq and J. s. waugh, chem. phys. Lett. 47 (rg77)

327 .

105. E. T. Lippnaâ, M.A. AlIa, T. J. pehk, and G. Engelhardr,

J. Æn. Chem. Soc. 100 (1978) 1929.

106. A. Höhener, Chem. Phys. Lerr. 53 (1978) 97.

107. T. R. Sreger, E. O. Srejskal, R. A. McKay, B. R. Srutrs,

and J. Schaefer, Terrahedron Lerr. (1979) Zg5.

108. G. l"I . Buchanan, c. Reyes-Zamora, and D. E. clarke, can. J.

Chem. 52 Q974) 3895).

109. G. A. Kalabin, D. F. Kushnarev, V. M. Bzesovsky, and G. A.

Tschmutova, 0rg. Magn. Reson, 12 (L979) 598.

110. G. Llabres, M. Baiwír, L. Christiaens, J. Denoel,

L. Laiten, and J.-L. pierte, Can. J. Chem. 56 (197g) 2009.

111. G. C. Levy, J. D. Cargíoli, and F. A. L. Anet, J. Am.

Chem. Soc. 95 (1973) 1527.

112. D. E. Woessner, B. S. Snowden, Jr., and G. H. Meyer, J.

che¡r. Phys. 50 (1969) 7L9 .



339

113. J. R. Lyerla, Jr., and D. M. Granr, J. phys. Chem. 76

(L972) 32L3.

J.I4. J. B. Lambert, R. J. Nienhuis, and J. I^J. Keepers, Ange!¡.

Chem. Inr. Ed. Eng1. 20 (1981) 487.

115. l,J. I'f. M. J. Bov6e and J. Snidt, Mo1. phys. Zþ (Ig73) 1133.

116. w. I'1. I'f . J. Bovée and J. smidt, Mol. phys. 28 (rg74) 1617.

117. J. D. Curnell and L. Verduin, J. Chen. phys. 59 (1973)

258.

118. A. MakriyannÍs and J. J. Knitrel, Tetrahedron Letr. (Lglg)

27 53.

119. J. J. Knirtel and A. MakrivannÍs, J. Med. chem. 24 (rggr)

906.

I20. P. Diehl, H. Huber, A. C. Kunr¿ar, and M. Reinhold, Org.

Magn. Reson. 9 (1977) 374.

L2I. J. W. Ems1ey, J. C. Lindon, and J. M. Srreer, J. Chem.

Soc. Perkin Trans II (L976) g05.

I22. J. ll. Etüsley, C. M. Exon, S. A. Slack, and A.-l,f . Giroud,

J. Lihem. Soc. Perkin Trans. II (1978) g2g.

123. J. W. Emsley, J. C. Lindon, and D. S. Stephenson, J. Chem.

Soc. PerkÍn Trans. II (1975) 1794.

L24, S. Castellano, C. Sun, and R. Kostelnik, Tetrahedron

LeËr. (1967) 5205.

l-25. H. M. Hutton and T. schaefer, can. J. chem.43_ (rgos) 3116.

126. T. Schaefer, S. R. Salman, T. A. I.jild¡nan, and p. D. Clark,



340

Can. J. Chem. _60 (f SaZ; 342.

I27. P. Dieh1, He1v. Chim. Acta 44 (1961) B2g.

I28. J. S. Marrin and B. p. Dailey, J. Chern. phys. 39 (1963)

1722.

I29. 0. Hofer, Terrahedron Lerr. (1975) 3415.

130. 0. Hofer, Monarsch. Chem. 109 (197g) 4OS.

131. J. Martin and B. p. Dailey, J. Chem. phys. 3j (Ig62) 25g4.

L32. S. Forsén, J. phys. Chem. 67 (1963) 1740.

133. S. Forsén, B. Ã.kermark, and T. A1m, Acta Chem. Scand. 1g

(1964) 2313.

134' H' Angad Gaur, J. Vriend, and 
'o. 

G. B. Huysmans, Terrahedron

Lerr. (1969) 1999.

135. R. W. Crecely, K. lI. McCracken, and J. H. GoldsteÍn,

Terrahedron ä (1969) 877.

136' T' schaefer, H. D. Gesser, and J. B. Rowbotha¡n, can. J.

Chem. 5! Qstî¡ 2235.

r37 ' T. schaefer and T. A. I4rÍldman, can. J. chem. 57 (rg7g)

4s0.

138. D. G. de KowalewskÍ, R. H. Contreras, A. R. Engelmann,

J. C. Facelli, and J. C. Durán, Org. Magn. Reson. 17

(1981) 199.

139. T. Schaefer and R. Laatikainen, unpubLished.

14.0' L' Lunazzi and D. MacciantellÍ, J. chem. soc. chem. comm.

(1971) 933.



34L

I4I. T. Schaefer, R. Sebastian, and S. R. Salman, J. Magn.

Reson. 4-6 (1982) 325.

r42- E. A. Braude and F. sondheÍmer, J. chem. soc. (1955) 3754.

r43. T. schaefer, S. R. sarman, and T. A. wíldrnan, can. J. chem.

s8 (le80) 2364.

L44. J. B. Bentley, K. B. Everard, R. J. B. Marsden, and

L. E. Surron, J. Cheu. Soc. (I949) 2957.

145. A. G. Pinkus and H. C. Custard, Jr., J. phys. Chem. 74

(1970) 1042.

L46. E. Bock, R. Llasylishen, B. E. Gaboury, and E. Tomchuk,

Can. J. Chem. 51 (1973) 1906.

L47. 'll. J. Aroney, !1. G. Corfield, and R. J. W. LeFèvre, J.

chem. Soc. (1964) 648.

148. P. H. Gore, P. A. Hopkins, R. J. W. LeFèvre, L. Radom, and

c. L. D. RÍrchie, J. Chem. Soc. B (1971) l-2O.

149. D. MÍrarchi and.G. L. D. Rirchie, Ausr. J. Chem. 34

(le81) L443.

150. C. L. Cheng, R. J. W. LeFèvre, G.L. D. Ritchie, p. A.

Goodman, and P. H. Gore, J. Chem. Soc. B (1971) 119g.

151. C. T. Aw, H. H. Huang, and E. L. K. Tan, J. Chern. Soc.

Perkin Trans. II (L972) 1638.

L52. R. J. W. LeFèvre, D. V. Radford, and E. p. A. Sullivan,

Ausr. J. Chem. 29 Q967) 623.

153. A. Gambi, S. GiorgÍanní, A. passerini, R. Visínoni, and S.

Ghersettí, Specrrochim. Acta 36- A (19g0) 971.



342

I54, R. N. Jones, W. F. Forbes, and i{. A. Mueller, Can. J.

chem. 5-3 (1957) 504.

155. F. A. Mi11er, W. G. Fareley, and R. E. I^litkowski, Specrro_

chim. Acta 23 A (1967) g91.

156. Y. Tanimoto, H. Kobayashi, S. Nagakura, and y. Saito,

Acta Cryst. 29 B (1973) 1822.

157. J. K. S. Kim, E. R. Boyko, and G. B. Carpenter, Acta

Crysr. 29 B (1973) 1141.

158. i{. KaminskÍ and K. Möbius, J. Magn. Reson.5 (197r) 1g2.

159. W. Kaminski, Z. Narurforsch. 25 A (1970) 639.

160. K. s. Dhami and J. B. srorhers, can. J. chem.43 (1965)

479.

161. P. C. Laurerbur, J. Am. Chem. Soc. g3 (1961) 1g46.

162. K. S. Dhami and J. B. Srothers, Tetrahedron Lerr. (1964)

631.

163. T. Drakenberg, J. l.f . Soramer, and R. Jost, Org. Magn. Reson.

8 (1976) 579.

164. T. Drakenberg, J. Somruer, and R. Jost, J. Chem. Soc.

Perkin Trans. II (1980) 363.

165. J.-F. Barthelemy, R. Jost, and J. Sommer, Org. Magn.

Reson. 11 (1978) 438.

166. K. Hayamizu and o. yamamoËo, J. Mor. specrrosc.25 (196g)

422.

L67. S. Castellano and C. Sun, in: I^i. Brügel, Handbook of

NMR spectral paramerers. (Heyden and Son, London, rgTg) p.34.



343

168. W. B. Smith, D. L. Deavenport, and A. M. Ihrig, J. Am.

Chem. Soc. 94 (I972) 1959.

L69. R. E. Klinck, D. H. Marr, and J. B. Stothers, J. Chem.

Soc . Chem. Cornm. (L967) 409 .

170. ¡r. Grimaud and G. pfister-Guil1ouzo, org. Magn. Reson.

7 (197s) 386.

17I. R. Benassir D. Iarossi, U. FoIlÍ, L. Schenetti, and

T. Taddei, J. Chem. Soc. perkin Trans. II (1981) 22g.

L72. J. W. Eusley, J. C. Lindon, J. M. Street, and G. E.

Hawkes, J. chem. soc. Faraday Trans. rr 72 (1976) 1365.

173. R. wasylishen, J. B. Rowbotham, L. Ernst, and T. schaefer,

Can . J . Chem. 59 (J97 2) 257 5 .

174. D, R. Davis, R. p. Lutz, and J. D. Roberts, J. Am. Chem.

Soc. 83 (1961) 246.

175. J. HÍlron and L. H. surcliffe, in: progress in Nucrear

Magnetic Resonance Spectroscopy, Vol.10, ed. J. W. Emsley,

J. Feeney, and L. H. Sutcliffe. (pergamon press, London,

197f) pp. 27 and references therein.

176. R. l'lasylishen and T. Schaef er, can. J. chern. 50 (rgi2)

1852.

r77. J. Meinwald and A. Lewis, J. Am. chem. soc. g3 (1961) 2769.

178. F. A. L. Anet, A. J. R. Brown, p. Carter, and S. l.IinsËon,

J. An. Chem. Soc. 87 (1965) 5249.

L79. P. C. Myhre, J. W. Ednonds, and J. D. Kruger, J. Am. Chem.



344

Soc. 88 (1966) 5249.

180. J. P. N. Brewer, H. Heaney, and B. A. Marples, J. Chem.

Soc. Chern. Co¡mr. (L96j) 27 .

181' A. D. cross and p. 
'd. 

Landis, J. Am. chem. soc. g4 (Lg62)

3784.

182. A. D. cross and p. w. Landis, J. tur. chem. soc. 86 (1965)

400s.

183. R. E. Wasylishen and M. Barfield, J. Am. Chem. Soc. g7

(1e7s) 4s4s.

184' L. F. Fieser and M. Fieser, Reagents Ín organic synthesis

(Wí1ey and Sons, New york, 1967) 6g2f,

185' J' L' Marshall, D. E. l'fiilrer, H. c. Dorn, and G. E. r,racie1,

J. Am. Chem. Soc. 9Z eglS) 460.

186. E. J. Corey and J. Lr. Suggs, Terrahedron Lerr. (1975)

2647 .

187. R. Freeman and W. A. Anderson, J. Chem. Fhys. 37 (1962)

2053.

188. S. M. Castellano and A. A. Bothner-By, J. Chem. phys.

4t (Le64) 3863.

189. C. W. Haigh and J. t^I. I"Ji11iams, J. Mol. Specrrosc. 32

(196e) 3e8.

1-90. W. J. Hehre, R. F. Stewart, and J. A. pop1e, J. Chem.

Phys. 5¿ (1969) 2657.

191. W. J. Hehre, W. A. Lathan, R. DÍtchfield, M. D. Newron,

and J. A. Pople, program 236, Quantum Chemistry program



34s

Exchange, Indiana Uníversity, Bloominton, Indiana.
I92, J. A. pople and D. L. Beveridge, Approxímate Molecular

Orbiral Theory. (l,lcGraw_Hi1I, New york, IgTO).

193. J. A. pople and I,f. Gordon, J. Am. Chem. Soc. g9 (1967)

4253.

194' R' Laarikainen , FTNDO, unpublished. Thís modification of
the QCPE C/INDO program contains numerous options
incorporated by Laatikainen. rn particular the facility
for modifying or neglecting Fock elements throughout the
SCF calculations was useful Ín the present work.

195. J. A. pop1e, J. W. McIver, and N. S. Osrlund, J. Chem.

Phys. 49 (1968) 2960.

196. J. A. Pop1e, J. lnl . McIver, and N. S. Osrlund, J. Chem.

Phys. 4-9 (1968) zg6s.

I97. R. Laarikainen, J. Magn. Reson, 27 (Ig77) 169.

198. O. Manscher, K. Schaumburg, and J. p. Jacobsen, Acra

Chem. Scand. A 3å (1981) 13.

199. M. Hansen and H. J. Jakobsen, J. Magn. Reson. I0 (1973)

74.

200. A. I,l. Douglas and M. Shapiro, Org. Magn. Reson. ]É- (19g0)

38.

20I. A. J. Jones, G. A. Jenkins, and M. L. Hefferman, Aust.
J. Chem. å (rl8o¡ l.z7s.

202. R. Freeman, J. Chen. phys. 43 (1965) 30g7.



346

203- J. L. Marshalr, D" E. Míi11er, s. A. conn, R. Seiweil_, and

A. M. Ihrig, Acc. Chem. Res. 7 (1974) 333.

204. P. E. Hansen, Progress in NMR Spectroscopy, VoI. 14

(eds) J. W. Ernsley, J. Feeney, and L. H. Sutcliffe
(Pergamon press, Oxford, 1931) L75.

205. J. I^I. Enstey, L. phíll_ips, and V. I^Iray, progress ín NMR

Speetroscopy, Vol. 10 (eds) J. W. Ensley, J. Feeney, and

L. H. surclíffe (pergamon press, oxford, Lg77) g3; reprinted

Ín: Fluoríne coupling consËants (pergamon press, oxford,

L977) .

206. R. E. trr7asyl-ishen, Annual Reports on NMR spectroscopy, vol. 7

(ed) ç. A. hrebb (Acaderoic, London, Lg77) 246.

207. P. E. Hansen, A. Berg, H. J. Jakobsen, A. p. Manzara, and

J. Michl. 0rg. Magn. Reson. LO eg77) I7g.

208. P. E. Hansen, Org. Magn. Reson. 11 (197g) 2I5.

209. V.I,lray, L. Ernst, T. Lund, and H. J. Jakobsen, J. Magn.

Reson. 49 (l_980) 55.

zLO. S. L. Snirh, TopÍcs Curr. Chern. 27 (Lg72) l-Ll.

zLL. G. C. Levy and I. R. pear, J. Magn. Reson. j_g (1975) 500.

2L2. J. H. Noggle and R. E. schirner, The Nuclear Overhauser

Effect. (Acadenic, New york, L}TL).

2L3. r. D. campbell and R. Freeman, J. Magn. Reson. r-1 (1973)

143.

,214. R. J. Abraham and E. Bretschneid.er, ín: rnternal Rotation



347

in Morecules. (ed) w. J. orville-Thomas (r^ri1ey and sons,

London, I974) Chapter 13.

2L5. P. Laszlo, progress Ín NMR Spectroscopy, Vol. 3 (eds)

J' l'1 ' Emsley, J. Feeney, and L. H. Sutclíf fe (pergamon press,

Oxford, 1967) 23I.

216. W. J. Hehre, L. Radom, and J. A. pople, J. Am. Chem. Soc.

e4 (1972) L496.

2I7. J. Catalán and M, yáí,e2, J. Am. Chem. Soc. 101 (Ig7g) 3490.

218. A. L. Mcclellan, Tables of Experimenral Dipole Momenrs.

(Rahara Enterprises, El Cerrito, CA, Ig74).

2I9. J. S. Binkley, J. A. pop1e, and hr. J. Hehre, J. Arn. Chem.

Soc. 102 (1980) 939.

220. T. schaefer, T. A. t{ildman and R. Sebastian, J. Mol. struct.
(Theochem) , in press.

22r. v. Bachler and G. olbrich, TheoreË. chim.Acta 57 (19g0)

?to
JaJ.

222, y. K. Lau and p. Kebarle, J. Am. chem. soc. 98 (1976) 7452.

223. D. M. Brouwer, E. L. Mackor, and C. Maclean, Rec. Trav.

Chim. 85 (1966) 109.

224. D. M. Brouwer, E. L. Mackor, and C. Maclearn, Rec. Trav.

chim. 8å (1966) 114.

225. M. Barfield and D. M. Grant, Advances in Magnetic Resonance,

Vol. 1 (ed) J. S. Waugh (Academic, New york, 1965) ]r4g.

226.14. BarfÍeld and M. Karplus, J. Am. chem. Soc. 91 (1969) 1.



J¿+¿'

227. H. I'1. McConnell, J. Mo1. Spectrosc. 1 (Lg57) 11.

228. H. Henry and S. Fl-iszâr, J. Am. Chem. Soc. 100 (197g) 3312.

229. L. Ernst, V. l,lray, V. A. Chertkov, and N. II . Sergeyer,, J.

l"Iagn. Reson. 25 (I9j7) LZ3.

230. l'1. Barfield, J.Am. Chem. Soc. 102 (19g0) 1.

23r. see D. G. Farnum, in: Advances in physical organic chemiscry,

VoI. 11 (eds) V. Gold and D. Bethell (Academic, New york,

r97s) r23.

232. D. F. Ewing, ín: correlatíon Analysis Ín chemisrry. (eds)

N. B. Chapman and J. Shorter (plenum press, New york, 1978)

357 .

233. it. J. Hehre, R. i^l . Taft, and R. D. Topsom, in: progress

in Physical OrganÍc Chemísrry, Vo1. 12 (ed) R. I^1. Taft

(Wiley-Interscience, New york, L976) 159.

234. R. A. Fisher and F. Yares, sratistical Tables for BiologÍca1,

Agricultural and IIedÍca1 Research. 3 ed (Hafner, New york,

1948) 46.

235 . L. Ernst, D. N. Lincoln, and V. Ittray, J. Magn. Reson . 21

(L976) lls.

236. B. Richardson and T. schaefer, can. J. chem. 46 (196g) 2rg5.

237. !1. Hansen and H. J. Jakobsen, J. Magn. Reson. _2O. (1975)

520.

238. J . I^1. Emsley, J. Chem. Soc . A (1968) 1459 .

239. E. Lustig, W. B. Moní2, P. Diehl, and B. Bodmer, J. Chem.

Phys . 4-9 (1968) 4550.



349

240. M. L Bruce, J. Chem. Soc. A. (196g) I45g.

24I. R. J. Abraham, D. B. Macdonald, and E. S. pepper, J. Am.

Chem. Soc. 90 (1968) I47.

242. R. J. Abraham, S. C. Il. Fell, and K. M. Smlrh, Org.

Magn. Reson. 9 (I9j7) 36j.

243. L. Penn and F. B. Ifa11ory, J. Magn. Reson. 1g (1975) 6.

244. A, D. Buckingham, Can. J. Chem. 3g (1960) 100.

245. R. H. Contreras, A. R. Engelmann, G. E. Scuseria, and

F. C. Facelli, OrB. Magn. Reson. 13 (19g0) lr37.

246. J. Bromilow, R. T. C. Brownlee, D. J. Craik, M. Sadek, and

R. l^1. Taf t, J. Org. Chem. 45 (19g0) 2429,

247. J. L. ìfarshal1, L. G. Faeh1, and R. Kattner, Org. Magn.

Reson . 12 (1979) 163.

248, J. L. Marshal1, L. G. Faeh1, R. Kartner, and p. E. Hansen

0rg. Magn. Reson. IZ (Ig7g) 169.

249. P. E. Hansen, O. K. poulsen, and A. Berg, Org. Magn. Reson.

r? (te7e) 43.

250. F. J. Weigert and J. D. Roberrs, J. Am. Chem. Soc. 93

(1971) 236r.

251. N. Muller and D. T. Carr, J. phys. Chern.67 (Lg63) LIZ.
252. H. S. Gutowsky, G. G. Belford, and p. E. McMahon, J.Chem.

Phys. 39 Q96z) 33s3.

253. J. C. Schug, p. E. l"lcMahon, and H. S . Gutowsky, J. Chem.

Phys. 33 (1960) 843.



350

254, K. G. R. Pachler and p. L. l^Jessels , J. Mo1. Struct . 6g

(1e80) LAs.

255. R. L. Lipnick and E. W. Garbisch, Jr., J. Am. Chem. Soc.

9s (1973) 6370.

256. G. Govil and H. J. BernsreÍn, J. chem. phys. 47 (1967) 2glg.

257. C. T. H. Baker, The Numerical Treatment of Integral

Equations (Oxford University press, Oxford, Ig77).

258. R. couranr and D. Hilbert, Methods of MathematÍcal physics,

Vo1. I (Inrerscience, New york, 1953) Chapter III.
259. R. LaarikaÍnen, THER¡IO, unpublished.

260. c. H' Golub and c. Reinsch, Numer. Math. 14 (rg7o) 403.

26I. S. Fliszár, Can. J. Chem. 54 (1976) 2g3g.

262. R. J. Pugmire and D. M. Granr, J. Am. chem. soc. 90 (196g)

697 .

263. P. S. Hubbard, phys. Rev. 131 (1963) 1155.

264, R. A. Bell and J. K. saunders, J. chem. soc. chem. commun.

(1970) 1078.

265. A. Bax, R. Freeman, and s. p. Kempsel1, J. Am. chem. soc. r02

(1980) 4849.

266. A. Bax and R. Freeman, J. Am. Chem. Soc. LO! eggZ) 1099.



351_

AppendÍx

MÍnima1 Least-Squares Solution of a Fredholm

Inregraf Equation of the First Kind by

Si-ngular Vafue Decomposition



352

The solution of a Fredholm integral equation of the first
kÍnd,

/b x(*,y)f (y)dy = g(x) Eq.(A.t)

is somewhat difficult generally due to ill-condÍtioning in the
sense that many solutions may satisfy exactly an equation whÍch

is perturbed slightly from the original. Baker provides a

thorough discussÍon of the existence and uniqueness of solutions.
The present work involves the numericaf ínversÍon of an

equation

J(ß) =.rbp(ß,0)c(O)do

-ßv( ó)
r.shere p(g,O) - e

Eq . (4. 2)

Eq. (4.3)

Eq. (A.4)

/: 
"-ßv(o)dó

Since C(ó) and V(g) are perÍodíc in 2.n and, of even pariry,

[a,b] = [0,r] and the functíon C(Q) Ís approximated by the

expansion
N

c(ó) = r^ c cosnon=u n

Eq.(4.2) rhen becomes

J(ß) = l^ .r, /l p(ß,Ö)cosnQdö Eq. (A.5)
n=u

Discretization of ß yields algebraic eguations

Jè

b = A c Eq.(A.6)

where the elements of A are evaluated by simple numerical



3s3

quadrarure. (A is rq i U)

The linear operator A may be decomposed into a singular
-+ .-Lsysten (u., v-; o-); o= > O; i = 1r2,3... wherel-Ir'i'

.t . a ? - f r î +A- A v- = o.;- v_. and AA' u. = o.t l.r!l_ii-i

l.
and A- ís the transpose of A. Formally at leasË,

-L æ tt.Èc= t t 
i Eq.(4.7)

i=l- o . l-
l_

PractÍcaLly, very smarr singurar values o. correspond to highly
oscírlatory singul-ar functions, whích are to be excluded from

a ttsmooËh" solution. To determine a solution in the least-
squares Eiense' wiËhouÊ obJection to M > N, minimize the (Euclidean)

norm of Èhe resfdual, namely J I i I l, , where

Eq. (4. B)

rf this soLution ís not unfque, minimíze the (Euclidean) norm of

the solution aLso. The resul-t, call-ed the minimal least-squaïes

solutÍon, ís acconpl-ished by the operatíon of the pseudoinverse

of A, denored A+, o'i. rf A is square and non-singular At = A-1,

the inverse, but Íf M > N the singular value decomposÍtÍon is

A = uvt Eq. (A.9)

where ¡ = l¡ol
Lo j

and xo is a square, posÍtÍve semi-definÍte, diagonal matrix of



singular values, I is I'f x N,

order If,N respectively. The

3s4

and U, V are orthogonal matrices of

pseudoinverse of A ís

A* = vr*ut

+
r'¡here I..' is given by I/a

Statistical weighting may

Baker describes.

Eq. (10)

if oii I 0 and by 0 if oii = 0.

included in the procedure, as

11

be

Algorithms which accomprish a singular value decomposition

and a minimal least-squares solution based on singular value

decornposition are provided by Golub and Reinsch. The latter
procedure, translated from Ëhe orÍgínal ALG0L60 ro FORTRAN rv

for the wATFrv cornpiler of an Amdahl 470/v7, is Íncorporared

in the program INVERSION whÍch is listed below.

The program AVERAGE evaluates classÍca1 expectation varues

for a given algebraic expression over a one-dimensíonal, periodic

potentía1 by simple numerícar- quadrature. A listing appears

be1ow.
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the Moving Finger wrj.tes; and, havÍng wrít,
Moves on: nor all thy piety nor Wit
Shall lure iË back to cancel half a LÍne,
Nor all thy Tears wash out a l,Iord of Ít.

He11 is truth seen too late.

Edr¡ard Fitzgerald,
Rubãiyát of Oroar Khayyám
of Naíshapur

H. G. Adams


