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AsSTRÀCT

This thesis is concerned with some apÞlications of experÍ-

menËaL and theoreÈical nuclear spín-spin couplíng consËants Lo the

sfudy of molecul-ar strucÈure.

In ParË I preeise analyses of the proton and some fluorine

magneËíc resonance spectra in acetone soluËion are reported for the

three monofl-uorobenzaldehydes as welL as for 2-chloro-6-fluorobenz-

aldehyde and for 4-fluoro-2-niËrobenzaldehyde. The confornatíonal

dependence of Ëhe coupling parameËers al-Loqrs the measuremenË of

energy differences between the O-cis and O-trans conformations. The

energy differences are in better agreement wiËh the INDO predíctions

than Ëhey are wíËh energies derived from í.r. data. Dipole momenÈs

are computed reliabl-y and th-eir measuremenË ís suggesËed as a good

guide to conformaÈíonal preferences for molecules of Ëhis kind. The

spin-spln coupling constants between Ëhe aldehyde proton and the ring

protons and fluorine nuclei are computed for benzai-dehyde and the

Ëhree nonofluorobenzaldehydes by the INDO and CNDO molecular orbitaL

appro:rimatíons. In many instances the agreement befiüeen calculated

and observed couplings is quantiËative.

In Part II a complete anaLysis (B-spins) is given of the Proton

Dâgnet,ic reson¿mce specËrun of anílín"-15N, of the spectra of some

ls 15haloanÍlines-'-N and of 2-aminoacetophenone-*-N. Intermolecular

exchange of the emino proËons is sl-ow enough for observaËíon of their

spln-spin coupLing to the ríng protons. The nagniËudes of the couplíng

constafits beÈv¡een amino protons 
"rrd 

15N or ring proËons aïe a measure



of the geometry of the amino group" This is not Ërue of Ëhe couplings

t\
beEween '-N and Ëhe ring plotons. Long-range couplings compuËed in

the CNDO/2 and INN approxímaÈíons of molecular orbital theory show

points of agreemenË wiËh experiment. For example, their sígns and

magnítudes are consístent rrith a nonplan¿a but noË lrith a planar con-

fo:mation of aníline. Couplings ftonu 15N Ëo ring protons are also

computed for nitrobenzene

In Part III molecular orbítal theory at the INDO level of

approximaËion is used to calculaËe the Fermi contact contríbution to

t¡so-bond and Èhree-bond nítrogen-proton couplíng constants for a wÍde

variety of compor-urds. The depend.ence of calculated NrH coupl-ing

constants upon the spatíal orientatíon of the niËrogen lone-pair is

examined for selected molecules. For both saËurated and unsaturated

coupounds the calculated 2¡(15lt,U) is large and negative when the

lone-pair is oriented cis to the PToËon, and ís smal1 and of either

sfgn when the lone-pair l-íes Ërans Ëo Ëhe proton. Calculated
?
'J(N'E) depends both on the orienÈation of the nitrogen Lone-pair and

on Ëhe gCqN dihedral angle. Computed 
2¡(N,U) .nd 3J(N,II) generally

fol-l-or¿ the experínentally knor,¡n subsËiËuent and structural effeeËs-

It 1s suggested thaË observed phosphorus-proËon coupling constants ín

tervalent phosphorus compounds are dependent on lone-pair orientaËion

ín a manner analogous Lo the corresponding niürogen-proËon coupling

constants. The infl-uence of the nitrogen lone-pair orientatlon on

geninal proton-pïoton coupling constants in rnethylanine is computed

and compared r¿ith e:<periment. CaLculated barriers to pyr¡m'idal inver-

sion and methyl group roLaËion are ín reasonable agreemenË Tl7íth avail-

able experímental- data.



In parË IV Ëhe conformational dependence of the nuclear spin-

spin coupLing from rneËhyl proËons to ring protons, to the fluorine

nucleus, and Ëo protons of oËher methyl groups in Ëoluene, p-fluoro-

toluene, and the xylenes is compuËed by the finíËe perËurbatíon tech-

nique in the INDO approximat,íon of molecular orbítaL theory. The

calculaËed couplíng over síx bonds to the proton in the para posiËion

agrees quantiËativel-y with e>çerimenË and Íts predícted dependence on

the rotaËional angle of the rnethyl grouP supporÈs a cormnonly assr:med

T electron mechanj-sm for the transmissíon of spín infornation betl¡reen

the nuclei. Similar remarks apply Ëo the fluorine nucleus in p-fluoro-

toluene. The couplings over fíve and four bonds to the protons ín

the meËa and ortho positions dísplay a more complex angular dependence

a¡rd the former can be inËerpreted in terms of a don:inanË o electron

mechanísm. The couplíng beËween protons in different methyl groups

in the ortho and meta xylenes is cal-culated as raËher larger than the

values observed in their derivat,ives and in the main shows Lhe behavÍor

expected from a n electron mechanísm. Those conformations of ortho

xyl-ene in which the coupl-ed protons are in close proxim:ity yield com-

puted values plausibly atËríbutabl-e to "dírecË" and/or ttËhrough-sPâcerr

mechanisms. The preferred conformatíon of the methyl group in toluene

ls preèícted to have a C-ÏI bond eclipsíng the p1-ane of the aromatic

ríng and the calculated barriers Ëo rotaËion of 0.013 kcal/rnol in

toluene and of 0.014 kcal-/mol- in p-fluorotoluene are in quantiËative

accord wÍth uicroT,rave data.
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INTRODUCTION

Scope

IndÍrect nuclear spin-spin interacËions \^/ere first observed in

1951 by Gutowsky and Mccall (1) and by Hahn and Maxwell (2). The inËer-

acËion energy betvreen Èwo nucl-ei ín the liquid phase, where rapid tumb-

ling is presenË, has been found experimenËally to have the form

trj = h Jijii.ìj

rrhere J-. ís defined as the coupling consËanË beËween nuclei í and J,r_J

I{ ís the total spin angular momenËum of nucleus i, and h is Planckrs

constant. Typically the energy involved in nuclear spin-spin coupling

is rel-aËiveJ-y small - at mosÈ a few erg/mol , and often much less.

For fluids Ramsey and Purcell (3) proposed that nuclear spins

j-nteracË through ma¿gretíc poLarízation of Ëhe spins of nearby molec-

ul-ar electrons. The theory of Ëhese nuclear spin - nuclear spin inter-

acË1ons, as ori-ginally fornulated by Ramsey (4) , is based on three

Ëypes of interactions beËvreen the electron and nucl-ear spins: (i) a

magnetic dipole-dipole inËeract,ion, (ii) an orbital-dípole inËeractíon

between Ëhe magneËic fields due to the orbital motion of the elecÈrons

and the nuclear magnetÍc dipole, and (iii) a Ferni contact intèraction

between the electron and nucl-ear spins. If proËons are involved the

Ferni contact term seems to be oredominanË.

Because nuclear spins interact vía intervening electrons it

is noË surprising that the signs a,nd magnítudes of nuclear spin-spin

coupling consËants are dependent on molecular strucÈure. One

of the best. known relationshios between mol-ecularstructure and J is



given by the Karplus equation (5, 6) , r,rhich relates the three-bond

proton-proton coupling constanË, 3;(n,n), in Ëhe saËurated. HCCH frag-

ment to Ëhe dihedral angle. This and other relaËíonships between

molecul-ar sËïucture and coupling consËants have been rewier¡ed (7-13)

and wilL noË be discussed further Ín this section.

In practíee, the utílízation of spÍn-spin coupling consÈanÈs

for the deteruination of molecular stïucture involves two separaÈe

problerns, ví2., the determinaËíon of their signs and magniÈudes, and

the deduction of strucËural relaËíonships from Èhem. The first prob-

Iem, ÈhaÈ of speetral analysis, has been discussed in several

excellenÈ revieqrs (14-18) and wil-l not concern us here. It should be

poínted outrhowever, that wíÈh the advenË of high resoluËion n.m.T.

specÈrometers operating at magneËic fiel-ds up to 70.5 kc (7.O5 tesla)

and the avaÍlability of compuËer programs (17, 19) for analyzing

conpLex spectra, reliable spin-spÍn coupJ-ing constants are no\^r readily

availabl-e. In order to deduce useful empírícal relatÍonships between

observed coupling constanËs and moleeular sËructure, the experiment-

alist must obtain accurate coupling consËanLs from a seË of model

compor'¡nds of known geomeËry. Often it is difficult Èo obtain a saËis-

factory modeL system since the conformatíons of inLeresË may noË be

stable, or Ëhe required corrpor:nds may noË exist or be readily avail-abl-e"

The potential value of a reliable method for the calcul-aËion

of coupling constanÈs Ís obvious. It would allor¡ the e>çeriuentalist

to anticipaËe the effects of various bond angles, bond l-engths, and

substÍtuents on coupLíng constanËs. Until recently the calculatíon of



coupling constanËs has not been particularly .rrcorrr"girrg. l Most cal-

culations have been very tedious and. involve severar questionable

approximations. Recently Pople's group (22, 23) has demonstrated

that relíable proton-proton coupling constants over two and Ëhree

bonds can be calcuLated using SCF-MO theory and INDO r¡avefuncËions (24).

Although the calculaËions qrere not quanÈÍtative, e>rperimental trends

lrere reproduced. IË was felt that the semiempirical MO meËhod of

Pople et al. (22) shor¡ed promíse and that Ít should be further Ëested.

on a wide varietv of molecules.

In Part I of this dissertation the long-range ring proton -

aldehyde proton coupling consÈanÈs are measured in the monofluoro-

benzaldehydes and coupared with the val-ues calculated using the method

of Pople, Mclver, and Osth:nd (22). In addition Ëhe experimental

results are used to deduce Ëhe confomaËional preference of the aLdehyde

group. In Part II Ëhe effect of structural changes on observed and

15
caLculaËed *-N-H and H-II eouplíng constants ín anil-ine and some aniline

derivatíve are consídered. In ParË III niËrogen-proËon spin-spin

couplíng constanËs are calculated over Ë!7o and three bonds for a wide

varÍety of compounds. The effects of lone-pair orientation, of dihedral

angles, and of nitrogen protonatíon on these coupling corisËants are

examíned. Fínally ín Parü IV the confo:mational- dependence of long-

rånge spin-spin coupling constants of rnethyl protons in toluene,

1_- For a review of

and calculatíon of

references 20 and

work prior to 1968 r,¡hích is concerned

nuclear spin-spÍ-n cor:pling the reader

2I"

with the theory

is referred to



p-fluoroËoluene, and the xylenes is discr:ssed.

Prior to Part I a brief discussion of the method used for

the calculation of coupling constants may be helpful.

Calculat,ion of Coupling Constants

ÀL1- coupling consÈanËs calculated in this Ëhesis were calcul-

ated using the finíte perturbation technique (22) and sem'iempirical

SCF-MO theory. Both CNDO /2 æd INDO wave fr:nctions were eurployed (24) .

In Èhe finite perturbatíon fomalism the calculation of the Fermi

contact contribuËion to a nuclear spin coupling, J*, ínvolves the

calculation of an open-she11 molecular orbital wave function r¡nder

the influence of the perËurbatíon
t

h = (Bnl3)ßuBsB-(0)

due to the presence of a nuclear momenË UB. In Ëhis theory, Ëhe i-mple-

mentation of the perturbation simpl-y involves the additíon of the

contact perturbation hU to the diagonal maÈrix element representing

the s orbital of aËom B of the Fock mat.ríx corresponding to eLectrons

of o spin. This term is subtracted from the corresponding elemenË of

the Fock maËrix for electrons of I spin. This perturbationrhr, at

atom B, has the effect of introducÍng a very small spin densityrPspin,

throughout the molecular electron sysËem. The nuclear spin-spin

coupling constant, JAB, is then proportÍonal Èo the value of the spin

density O:Pl" ËransrnjtLed Ëo the second nucleus, A. This may be repre-- sArA

sented, schemaËically as shown it I 2 and by Equation 1,

2 To Appendix 1

toluene molecule

the t,ransmission of r:npaired spin densÍËy in the

ís discussed"



elecËron transmission
of influence due to

perturbation hU

.L

(1)
f ^ sDin,, , ,^. 

-l

L 
oosisrtnni /dtnJ nu=oJAB = (constant)

. sDin,, \ .where p;';--(h-) is the diagonal elemenË of the spin density matrixùAòÀ It

correspondíng to the valence s orbital. IIsing the meËhod of fíníte

dÍfferences, Pop1e, Mclver, and OsÈlund (22) have shown that Ëhe

derivative in Equatíon 1 can be approximated by ollllCn,>lf't,. The com-ùAÐA rr rt

plete expression for the coupling constant J^o (in Hz) is approx-
-Aö

imaËed by the expression

JAB = hlz | (8n/3¡ *]'rorrro2(o) rr2(o)iororo(hB)/hB] . (2)

The error in the approximaËion has a minimum when hU is approxímately

-?10 " harËrees (22). y¡and yu are the magnetogyric ratios of nucleí

À and B; ß is the Bohr magneton and so2{O) and Sg2(0) are the valence

s-orbÍtal electron densiËies of atom A and at.om B at Ëheir respective

nucleí.

Popl-e eË al. (22) make the reasonable assumption thaÈ Ëhe

valence s-orbital densities so2{o) and su2(o) are invariant from

molecuLe Ëo mol-ecul-e and depend only on the nature of the atoms A and



B. The valence s-orbital densities used here are Èhe semíernpirícal

ones given in reference 22. A1i- coupling consËants are calcul-ated

r-r.síng EquaËion 2 with Ëhe same integral parameterizaËion as used

previously by Pople eË al. (22-24).

As all other terms in Equation 2 are Ëaken as constant, íÈ is

the sensitivity of the spin densiËy in the orbital so Ëo the presence

of the perturbation h, which deter"mines the spin-spin coupling const,ants.

Because h, is sma11, the spin densities are exËTemely small and there-

fore the spin d.ensity maËrix must be known very accuraËe1y in the

calculati.on of coupling constants. For example, for niËrogen-proton

conpLing constants, J(14N,H) = 141 174.7016 * p,",p:" Hz when h,, = l0-3'HsHs N

hartrees. In order to obËain reasonably accurate coupling constanËs

the t¡sual energy criterion for convergence of the SCF iËeraËion was

noË used. InsÈead, either the coupling constanÈs r¡rere printed out

afËer each SCF cyele and/or the fol-lowing criÈerion was used

ro-4 r< p:ld - pl1'lp?ld
r-r- l_l- l-l_

(3)

for a1l- Í. ltith this criËeríon one can estimate the accuracy of the

calculaËed coupling constants sínce J* is direetly proportionaL to

fito¡n or ofiflí"lh dependíng on r^rherher A or B is perrurbed. For

exanple, consider the accuracy of " ""l"ulated ¡(14w,n) wiÈh a magni-

tude of 14.12 Hz. If the convergence criterion given by Equatíon 3

1s satisfied then the change ín J(tO*r") in one SCF cycle is less

than 0.00L4L Hz. In cases where the coupling constants T.rere printed

out afËer each SCF cycle, convergence r¡ras usually consídered complete

when couplíng consÊants did not change by nore than 0.01 Hz in 10 SCF

cycles. The SCF procedure vras lirntted to a maximum of 100 cycles



becau^se of the e4pence of Ëhese calculations.

The input data for a calculation required the cart.esian coor-

dinates of all aËoms, the toËal charge, and the rultiplicity of the

moLecul-e. Since the calculated coupling constants were often very

sensit,ive to the molecular geomeËry, an aËtempt rüas made to r:se the

besÈ available sÈructural parameters. The atomic coordínaËes l^tere

usually calculaËed from these structural parameters with the aid of

the "Model-Bui1der" progrr- MBLD (25). The sources of the sËructural

parameters or aÈomí c coordinat,es are given in the appropriate Ëables

and are discussed in the texÈ.

All calculations were carried out on an IBM 360/65 corrputer.
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PART I

Nuclear Magnetic Resonance Spect,ra, Conformations, Spin Coupling

Mecha¡risms, and INDO Molecular OrbiÈal Ca1culatíons for

the Monofluorobenzaldeh¡¡des and some Derivatíves
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INTRODUCTION

The spin-spin coupling constants over six bonds betr^reen ring

prot,ons and methyl protons in Ëoluene derivaËives are dourinated by n

electron conËribuËíons, which are also importanË in the analogous

eoupLings Ëo ortho and met,a ring protons (1). In benzaldehyde, on

the oËher hand, Ëhe coupling between the al-dehydic protons and the

para ring protons is not sensibl-y different from zero (2) but Ëhe

couplíng over five bonds to the meta proËons is sËrongly stereospecífic

and is probably dependent on a o elecËron mechanism (3-5).

The spin-spin coupling constants beËween fluorine nuclei and

methyl protons in derivatives of the fluorotoluenes depend prinarily

on a 1T electron mechanism, their signs being opposíte to the analogous

ring proton - meËhyl proton coupl-íngs in the toluenes. The sign opp-

osition has iËs reasonable origin in the sígns of the hyperfine inter-

actÍon constants, QC¡ > 0 and QCU . 0 (6) . rn brÍef , o'url;;", . o,

4r6JF'c"3 ,0, 5JH,CH3 , o. 5¡F,cH3 .0. 5¡H,cHo > 0, 6¡1,6¡1Q = 0r"orp-",-m-e,-m-vr"m-Y,"p

where 1-eft superscrípts give the number of bonds íntervening between

the coupl-ed nuclei, índicated in the right superscript. In the right

subscriptsr or m, and p sígnify orthoi meta, and para positíbns of the

subst,ituents rel-ative to Ëhe fluorine or pïoton ring positíons.

A recent sign deËermÍnation g"rr. 6Jt'cHo < 0 in p-fluorobenz-

aldehyde (7) suggesting a negaËive Q value ,ot t, aLdehyde grouP

coplanar with the ring if thís is índeed a r electron couplíng. 0n

the oÈher hand, the sign seguence of fluoríne-proton coupl-íngs in

pentafluorobenzaldehyde (8) ís evidently the same as ín the fluoro-
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toluene derívaÈives (6) but with a much larger magniËude of 5J_F'CHo
-m

- 5 -F. CHcthan of -J-'----. A resoLution of Ëhis apparent conËradicËion nnd am

base for the more general study of Èhe couplíng mechanisms in benz-

aLdehyde derívatives (9) demands reliable corlpling data for the three

monofluorobenzaldehydes. A careful analysÍs of the p.m.r. spectra

of these compounds, as well as of two of their derivativesrís reported

here. Fl-uorine spectra are reported vrhere necessary.

The model ín which o and T electron mechanisms for Ëhe couplings

are separately considered ís very successful for Ëhe toluene (1),

fluorotoluene (6, 10), and fluoropicoline (11) derivatives.I In Ëhis

model, ring substituent,s affect spin couplings between ring protons and

beËvreen ring protons and ring fluorine substituenËs, prímarily via a

pelarízation of the o sysËem (12, 13); r¡hÍl-e their effecË on long-

range coupl-ings between side-chain nuclei and ring protons or fluorine

subsËítuents is much less marked. IË is of interest Lo díscover

whether such a sinnpl-e model can also be used in discussing the couplings

in benzaldehyde derivaËives. Therefore, INDO and C0{D0 molecular

orbitaL methods (13 -15)are used to compute the long-range couplÍngs

bet¡¡een the aldehyde proËon and the ring protons a¡rd fluorine nuclei.

The differences between the couplíngs found by the two methods are an

indication of the n electron conËríbution to the couplings (14).

ConformaËional preferences are deduced from Ëhe observed

long-range couplings over five bonds.

1 S"" Part IV.
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E)(PERIMENTAT

The compounds were obtained corrmercíally and were used wiËhout

further purification, excepÈ for Èhe niËro derivative from r,¡hich

ferromagnet,ic dust had to be removed. Thirty mol percent solutions

in acetone-d., containing tetTaaethylsilane (TMS) as ¿m internal refer-
o

ence, were degassed by the freeze-pr:mp-thaw Èechníque. OËher solvents

that were tríed gave very tightly coupled specËra and made ari accurate

analysis difficult at 100 MIIz. At 60 MHz even the acetone soluÈions

did not al1ow corapleÈely relíable analyses in one or two cases.

The p.m.r. specËra Þrere recorded in the frequency sr¡reep mod.e

on ¿m HAIOO-D spectrometer at a probe Ëeûperature of 30 I loC. The

calibration procedure is described for u-fluorobenzaldehyde and applies

to the other compounds. The ring proton peak positions were deËer-

míned by readi-ng manual and sweep oscill-ator frequencies at íntervals

of less than 3 Hz, each peak being ca1-íbrated aË least fíve times.

Proton resonance peaks rüere norrnally l-ess than 0 .L2 Hz wide at half-

height. The aldehyde'proton peaks r¡rere calibrated ten tÍmes. The

average sËandard deviaËíons of the measured peak frequencies were

0.017 IIz for the protons and 0.019 IIz for the aldehyde protons (this

coryares with an r.m.s. error of 0.OL9 Hz in the analysis, see below).

Sweep raËes r¡ere 0.0L Hz/s.

Sorne specËra r^tere also recorded aË 60 MFIz on a DA60-I

spectrometer at a probe teûperature of 31 t loC. Fluorine ïesonance
i

spectra rirere measured on an 456-60 spectrometer at a probe temperaËure

of 32 t loC. When the sofutfons lrere prepared it was not considered
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that fluorine specËra would be required and therefore no Ínternal

fluorÍne reference material was present. AË any rate, Ëhe observed.

fluorine specLra v-ere needed only to confi:m the sign of certaín

coupling consÉants. The fluorine resonance peaks r¿Íere no¡¡1ally less

than 0.20 Hz wide ar half-heíght.

Certain decoupling and tick1ing experíments hrere carried out

in the usual r¿ay (16) 
"
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RESIILTS AND DISCLÍSSION

1. Analysis of Spectra

a) p-Fluorobenzaldehyde

The proËon resonarice is the [*J ,* part of an t*l ,** spectrum

and was analyzed using the corrputer program LAOCN3 (L7) in a manner

slmÍlar to the analysís recently descríbed for p-fluoroËoluene (10).

Of the 128 calculaËed transitions wíth intensiËy greater than 0.01,

106 were assigned to experimental peaks. The r.m.s. error r,ras 0.O12 Llz

when all parameters were allowed t,o varT ín the íËeration. The

probabLe error in all parameters was less than or equal to 0.003 Hz.

The final parâaeters are given in Table 1. Extensive tickl-íng

experiments (16) confirmed Ëhe negaËive sign of 6JI'CHo.
p

b) 2-Nitro-4-fluorobenzaldehyde

The analysis of the protorr resonance spectrum using LÀIÍE (18)

was straighÈfo::r,rard except that the peaks from the rÍng proton orËho

to the nitro group T¡rere somewhat broadened by íncompleËel-y relaxed

couplíng to the quadrupol"= 14* nucleus. ThÍs means Ëhat the shifË of

this proton, I[., is precise to only È 0.1 IÌz and that tÏt't is knownJ'

to only t0.1 Hz. All- of the 48 transitions for O1, 
"5, 

and iIU were

assígned. The r.m.s. error beËr¡een observed and calculated Ëransitions

wa,s 0.0O7 Hz. Three element.s in the correl-aËion matrix vrere greater

than 0.05 and Èhese lay beËween 0.05 a¡rd O.L7" The probabl-e error was

0.004 Hz or less for all but Èhe Ëe/o paråmeters above and the error in

the small Utl'oo. is real-isËical-ly put at O.oZ Hz. Final parameters
p

are tabuLaËed in Table 1.
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c) o-Fluorobenzaldehvde., ABCDB'

0f 183 transitions calculated Èo have inËensi-Ëy greaËer Ëhan

0.01, 156 were assigned to experimental peaks, yielding an r.m.s.

error of 0.018 Hz when all paramet.ers vlere allovred to vary in the

LAOCN3 analysis " The probable errors in the parameters \474s less than

or equal to 0.005 Hz. Paremeters are given in Table 1.

No sp1-ittings aËtributabl-e to 5tlF were observed in Lhe 11,
p

resonance region. However, afËer assigníng all Èhe transiËíons in
HT'

the low-field H, region a negative value of .lf- was obtaíned on

iteration. The negative sign was clearly confírned by conparison

of the observed 19F t""orrance spectrr:m vrith calculated speeËra using

varíous sign combinations (see Figure 1). I{eak irradiaËíon experi-

ments confirmed Ëhe negative sign of 4JF'ffior t" did the observed

1q*-F speeËrum. In Figure 2 ttre calculaËed and observed ring proton

spectra are cornpared. I^Iith the exception of a few obvíous impurity

peaks agreement is good. The ring proton reson¿mce spectrum ü7as not

sensitÍve to the sign of otl't"o.

The observed and cal-culated specÈra at 100 and 60 MIIz of the

aldehyde proËon are gíven in Figure 3. The correct signs of all the

long-range couplings to the aldehyde proton are easily for.rrd from

Figure 3 even in the absence of double resonance experiments. The

effective T, in the calcul-ated spectra in Figure 3 was deliberately

increased beyond the value indicated by the obsen¡ed specËrrm at

100 MIIz because iË makes comparisons more obvious Í/ithout vitiating

any conclusions.



Figure 1. The observed and calculatea 19f magneÈic resori¿mce spectra

at 56 MHz of a 30 nol % solution of o-fluorobenzaldehvde in

acetone. The calcul-aÈed spectra use the specËra1 para-

meters in Table 1 and different sign combinaÈions for
4 -F. CHO . 5 -I1. F'J-'-*- and -J--'-. The caLculated spectrum with both signsop
negative Ís the correct one.
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Figure 2. The observed and calculated ring pïoton magnetÍe resonance

spectra at 100 MHz of a 30 rnol % solutíon of o-fluorobenz-

aldehyde in acetone. The calculated spectrum uses Ëhe

parameters in Table 1. The experimental spectrum shows

the presence of a smal1 amounË of impuritv.
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Figure 3. The al-dehyde proton magnetic resonance of o-fl-uorobenz-

aldehyde as a 30 moL % solution ín aceËone. In a the

observed spectrum is shown aË 100 MHz whí1e in f the

observed spectrum aDpears aü 60 MHz" In b to e and g Ëo

f, the spectra calcul-ated with the coupling parameters in

Table 1 and wiÈh Ëhe following couplings involving the

aldehyde proton are shown; b and g' are clearly Èhe correct

sign cornbinations so thaË the sígns of all these eouplings

can be dírectly obtained from the a1-dehyde pïoton resonance.

100MHz Þ c d e

60MHz g. h ! I

4,F'CHO ^ ^ì\, -u. ¡ r'8 0 .378 -0.378 -0.378o
5rH3'cHo 0.L22 o.rzz o.Lzz -o.L2zm
5rII5 , CfIo 0.739 0.739 0"739 0"739

-0. 152 -0.L52 0 .L52 -0. 152
41116, CHO



20

1.O Hz



2L

d) m-Fluorobenzaldehyde, ABCDXR

The chernical shift between H, and H, is only abouË 0.015 p.p.m.r

presenting some analysis problens. rn a preliminary experíment the

ring proton spectrum was calíbrated twice while decoupling the

aldehyde proËon. Several trÍa1 and error calculations with LAOCN3,

followed by some iterative runs, finally yielded the correct relative

chenical shifts of H, and Hr. The coupling parameters so obtained

agreed to within abouË 0.02 Hz r¿ith Ëhe results of the comoleËe analvsis

whích is discussed belor¿.

Proper calibration procedures on the complete proton specËrum,

and assignment of. L26 of the 137 ríng proton Ëransitions with inËen-

sities greater Ëhan 0.01, gave the parameters in Table 1. The r.m.s.

error was 0.0I9 Hz and Ëhe probable errors varied bet$reen 0.003 and

0.006 llz (two values). No agreement between calculaËed and observed

ring proton spectïa could be obËained unless 41116,cllo was -0.1L6 Hz.
o

observed spl-iËËings in the Hu regíon coul-d not be predicted if this

coupLÍng was hel-d at 0.00 Hz in the iteratíon and, furthermore, the

smal1 doublet splittíngs (0.1 Hz) in Ëhe Hu region berween 795 to

810 Hz (see Figure 4) disappeared when the al-dehyde protons r^rere

irradiated. one rn:ight noËe that at 60 MHz these splittings are not

observabLe. In Figure 4 the calculated and observed ring proton

spectra are compared. Apart from a few obvious, weak inpurity peaks,

Ëhe agreemenË ís quite saEisfactory.

The aLdehyde proÈon resonance dÍsplayed asymmetry
2

abouË its nidooint-

I- Because of rnultiple

the estinated error ín
is 0"O2 Hz.

degeneracíes

Ëhe shift of

in the aldehyde proton resonance

the aldehyde proton and ir, SJF'ffio
.m



Figure 4. The observed and calculaÈed ríng pïoËon magnetÍc resonance

spectra aË 100 MHz of a 30 nol % solution of rn-fluorobenz-

aldehyde in acetone. The calculated spectrum uses the

parameters in Table 1. There are present a few impurity

peaks, Ëheir presence becoming obvíous only when proper

assignments of peak posíËíon are complete.

There are one or Ë\¡ro peaks which appear unresol_ved.

in the calculated spectrrm, a consequence of the Lorentzian

line shape. A calculaËed specËn:m in whích the right hand

half of Ëhe peaks is "brought down" more sharply Ëhan for
a Lorentzían, thereby símulating spectrometer conditÍ-ons,

shor.red better agreement wíth Ëhe obserr¡ed spectrum for
these peaks.
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and could be reproduced only by a posÍtíve valu" of SJF'ffio.
In

Because a negative val-ue could be inferred from previous work (B) it

r*as felt necessary Ëo compare the 19, 
"n""rrtm with Èhose cal-culated

for different, si - 5-F'cHo rn Fíeure 5 thr ombin--gns of -J-'--^". In Fígure 5 the varíous sign cr

- s-Egr{o 5-HFat].ons or Jm and -J*- very clearly deuonsÈraËe Ëhe posiËive sign

of these two couplings. A posÍtív. 5J"F had prevíously been known
p

only in fluorobenzene iÈself (19) and was negaËive ín those derivatives

studied to date (10).

Fínally, ít might be mentioned that the near degeneracy of the

H., and II, cheuícal shifts al-lov¡s the presence of 4rH6'CHo to go

undetected at 60 MHz.

e) 2-Fluoro-6-chlorobenzaldehvde

The anal-ysis of the proton resona¡ce spectrrn as an ABCX part

of an ABC)(R spectrum by LAOCN3 was st,raightforward. The negative signs

- 5_HF . 4-F.CH0of -J-- and 'J-'---- were confirted bv double irradiation e:<oeriments.po-
The r.rn.s. error was 0.010 Hz and probable errors were 0.004 Hz or

l-ess. Par¡meËer values are gíven Ín Table 1.

2. The Cheinical- Shífts

The chenical shifts are soLvent dependent (20) and will noË be

discussed in deÈail. The relative shífts of the ring proËons are

consistent with the predictions (21) based on mesomeric and indueËive

interactions of the subsÈituents \^r-ith the aromatic ríng, as nodified

by nagnetic anisotropy effecËs from Èhe carbonyl group at the ortho

proton (2L) , for example, and by the sízeable reaction fi.eLd (22)

shlfts caused by the polar solvent. The shifts of the aldehydic



Fígure 5. The observed and calcul-aÈe¿ 19r magnetíc reson¿mce specËïa

at. 56 IfHz of a 30 nol % solution of n-fl_uorobenzaldehyde

Ín acetone. The calculaËed spectra use the specËral païa-

meters in Table 1 and differenË sígn conbinations for
5 _F. Cr{o 5 _HFJ_'- - and -J__-. There is no doubt that the calculatedmp
spectnn with both signs positive is Èhe correct one.
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J(r,3),1845
Jl3O.Q?32

J(1.3)=1845

J(3.6). -O.232

J(13)= -1845
J(3.Ð.0232

J13)=-1.845

{Þ=-a232
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pr:otons shor^I

interactions

3. The Spin-Spin Coupling ConsÈanËs in the Ring

a) The ProËon-Proton Co-pli"gg

some

(2r,

evidence for deshiel-díng effecËs caused by steric

23) with orËho srrbst,ítuents.

HII HTI
raKr-ng Jo as r.54, Jffi as 1.38, and Jffi as 0.63 Hz Ín benzene

(24) the addiËívity of substituent effects on these coupl-ings r.ras

examíned by using the parameters for fluorobenzene ín acetone soluÈion

(19) and for benzaldehyde in CC1-o solution (25). The agreement

beËween predicËed and observed proton-proËon couplings was excellent for

p-fJ-uorobenzaldehyde, deviaËions ranging between 0.00 and 0.04 Hz for

the four values. For m-fluorobenzal-dehyde agreement was also good,

the average deviatíon for síx values beíng less Èhan 0.04 Hz. The

biggesË deviaËion was 0.07 Hz for one of the .ff couplíngs.

In o-fluorobenzaldehyde the mean deviaÈíon between predicted

a¡rd observed couplings was 0.07 Hz (sÍ-x va1-ues) , noË quíte large

enough to decide whether the subsËiËuent effect of the aldehyde group

depends on its confo:mation (24). The INDO calculations suggesË no

conformaËionaI dependence (13). In later sections it is shorrm thaË

mfluorobenzaldehyde probably exisËs almost equal-ly in the O-cis and

O-Èrans conformations whereas o-fluorobenzaldehyde exists predomin-

antly ín the O-tra¡rs conformation indicated in Table 1.

For 2-fluoro-6-chlorobenzaldehyde and 2-nitro-4-fluorobenz-

aldehyde the average deviatíon rÍses to 0.27 and 0.11 Hz, respectÍvely.

A saturatíon phenomenon (26) is indicaÈed for three substiËuents in

that the deviatíons of the calculated from the observed couplings are
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in the direction e>çecËed if the effect of a substituenË has been

decreased by the presence of the oËher two substituents. The sat-

uration phenomenon is e¡ridently most marked rshen the three substiËuents

are placed 1, 2, 3 on the ring.

b) The Proton-Fluorine Couplings

The substituent effect of the aldehyde group on Èhese coupling

constants has not been previousl-y measured. Considering the aldehyde

group as more electronegaËive than hydrogen, Ëhe observed changes in

these couplings are, r,rith one exception, in the direction for:nd by

Gol-dstein and co-workers (27) for a series of fluorobenzene derivaËivss.The

exception is tÏt't in m-fluorobenzaldehyd.e r,rhere a decrease of 0 .4 Hz

relatíve to its value in fluorobenzene is observeci insËead of a

predicted íncrease (27). It ís not,ed that, in conËrasË to ring proton-

proton couplings, ríng proËon-fluorÍne couplings are neasurably

solvent dependent (28) so ËhaÈ a further r¡rcertaÍnty is present

For fl-uorobenzene in acetone solution 5JHF = 0.3 Hz and

nethyl- group replacenenË Ëechnique (6 , 29) irpfl"" that o and n con-

tributions Ëo this coupling are of opposite sign, resulting in a

value near zeïo (tO¡. Therefore, the small negaËive value of JHF
p

(-0.18 TIz) in o-fl-uorobenzaldehyde and Ëhe snnaLl posítive value in

m-fluorobenzaldehyde (0.23 Hz) are in agreement wiËh the knorm reg-

ularities, as i-s the larger negaËíve value (-1.07 IIz) ín 2-fluoro-

6- chlorobenz aldehvde .

here.

the
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4. Spin-Spin Couplings to the AldehydÍc protons

a) To Meta proËons over Five Bonds, tr*,CHo, 
"rrd

Conformatíona1 preferences

rn benz¿.. , 5_H.CH0rldehyde -ç'---- is 0.38 Hz (2), an average of the r\./o

couplings ir 1. rn a series of 4-substítuted derivatives of I a

maxímr:m íncrease of 0.L Hz is found for strongly electron donatíng

groups like oCH. ir,rt s.iT'cHo 's never less than 0.38 Hz, even forJM

electron aËtracËing groups (3). The coupling is stereospecific. rn

2-hydro4ybenzaldehyde (9), 2-amínobenzaldehyde, 3 2-hydroxy-3-metho>ry-

benzaLdehyde (5a) , all of whieh correspon d to 2 because of hydrogen

,zål HN czo
os

H2

#*ccH3H3

2

bonding of the carbonyl group to X, 

"lt'CHo 

's underecrably snaj.l.

I{hen x = ocH, or Br, the aldehyde group adopts a conformation in

¡¡hich the carbonyl oxygen and x are trans to one another. rn these

two cases 5rI13'CHo is not detectabl-y dífferenË from zero whileItr

ttTt'OO is 0.84 and 0.77 Hz for X = oCH, and Br, respecrively (9).

consideration of all of these daËa strongly suggests Ëhat

Ín benzal-dehyde ttl,'cHo = 0.00H2 while 5rH5,cHo = 0.76 Hz whenmm
numbering as in 1, in good agreement wiËh theoretical models (ro¡.

?- R. IfasvLishen. Unpublished work.
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Note particularly Ëhat Ëhe coupling íncreases in 2-methoxybenz-

aldehyde compared to 2-bromobenzaldehyde Ín a manner analogous to the

4-substiÊuted derivatives, bur that 5.1H3'CHo lnon zig-zag) does nor

increase above zero.

To a very good approximation, therefore, the accurate data in

Table I can be used Ëo derÍve the proportions of Ëhe Èwo possibl-e

conformations of each of the compounds in acetone solution.

i) o-Fluorobenzaldehvde

One has the Ëwo possible conformations, 3 and 4, cal-1-ed O-cis

and O-trans, respectÍvely. On the assumpËion Ëhat the 1r5 coupling

tNa z"o
l-

"g:,

o=a.zHt

rrd;
t

ln 3 is zero the data in Tabl-e I give the populatíons as P, = 0.14

and Pr. = 0.86 or K = 6.1. Hence the free energy dífference at 31 oC
4

1s 1.1 kcal-/rno1-, O-Ërans more stabLe. This conclusion differs

markedly from that reached by far i.r. torsíonal daËa ín the gas

phase (31), K = 1.6, or from Ëhat obtained by i.r. intensity measure-

ments in solution (32) r 32% trans, K.1. 0n the oËher hand, Ëhe

INDO calculations yíeld an energy difference of 0.94 kcaL/mol, o-trans

more st,able, The entropy difference between 3 and 4 is presumably

small and although the polar aceËone wiLl somer¿haË favor the more
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polar O-cís form, the agreemenË between INDO and this result is still

remarkabl-y good.4 ,h. only other conformational data on this system

are for the radical- anion, where only one conformaËion is observed,

assigned to Ëhe O-trans forrn (33).

There is no evÍdence Ehat 4, the predominant ísomer, is non-

planar; whÍIe 3 would have a maximum out-of-p1-ane twist of 20o of the

carbonyl group (34) , the avaíl-able couplíng daËa on 2,6-dichloro- and

2,6-dínilro-benzal-dehydes ímply no measurable change in tt}'t"o tot

this degree of nonplanaríty (34).

fi) m-Fluorobenzaldehyde

5-H.CH0 ^1-- i--1--i-^'^ -^-^ c-^^J ' is 0.39 Hz, strongly implying'a zeto free energy
m

difference between the Ëwo conformatíons. INDO cornpuLes an energy

dífference of 0.16 kcaL/mol, O-trans more stable. The aceËone solvent

favors the O-cís form and therefore the agreement is quite cl-ose,

INDO having K = 1.3 for zero entropy dífference beËween conformations.

In contrast, Èorsional frequency measuremenËs ín the gas phase (31)

have K = 10, O-cÍs more stable. Bancl intensity measurements in the

i.r. suggest 707" O-trans Ín nonpol-ar sol-vents (32), while other i.r.

daËa for chl-oroform soluËions give K = 2.3, O-cis more stable (31).

The radical anion of this mol-edule conËains comparable populätions of

two isomers (33).

iÍi) 2-Fl-uoro-6-chlorobenzaldehyde

The procedure yÍe1ds a free energy difference of 0.41 kcal/mol,

O-trans to chl-orine being more sËable. The coupling constant data on

t"to tJ - in the non zig-zag conformation
m

K=P,/P^ and, therefore' on Ëhe free
4J

t!' NoËe

(1,5 in

energy

Ëhat the assumPtion of a

3) puts a lo'¿er limiË on

difference.
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2,6-dichlorobenzaldehyde (34) suggest a uaxímum t\,üisË of 2Oo of the

carbonyl- group from the plane of the ring when it lies cis to chlorine.

ïn that compound 
sJH'cHo is 0. 40 Hz implying the validity of the pop-

m

ulation analysis above, i.e., a small ËT,/íst of the earbonyl group does

not noËíceably affect 5JIr'cHo.
In

ív) 2-NÍtro-4-fluorciberizal.dehyde

The free energy difference obËained from Ëhe coupling consËants

ís 0.87 kcal-/mol, O-trans Èo Lhe nitro group more stable. Note Ëhat

the sum of the coupling constants ís 0.79 Hz, almost Ëhe same as in

benzal-dehyde and in 2,6-dinítrobenzaldehycle, 0.78 Hz (34). The INDO

energy difference Ís L.64 kcal/moL, O-trans Ëo nitro more stable. But

the calculatíon was done for compl-etely planar conformaËions so that

1.64 kcal/rnol is very much of an upper limiË. The O-cís to nitro forn

must. have strong steric hindrance betr¿een the N -O and C:O bonds.

Previous measuremenËs on 2rí-dínítrobenzaldehyde (34) indicaËe a max-

ímr:m twist of 25o of the carbonyl group out of the p1-ane of the ring.

No doubt the nitro group wíl-l also Èt¡rist ouË of plane. The INDO

calculatíons on nonplanar forms are not encouraging for standard

geometríes. The faílure of the CNDO/2 method to predÍcÈ the barriers

in some eonjugated systems has recenËly been discussed by Gr.open and

Seip (35)

v) Suggésted Dipole Momént Measurements

The INDO computations on 2-fluoro- and 3-fluorobenzaldehydes

predict dipol-e moments of 4.32 (2.95) and 3.47 (1.13) D, respectively,

the O-trans moment being given in brackets. For benzaldehyde INDO

calculates 2.75 D, measured values ranging from 2.8 to 3.0 D in
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solution (S0¡. For p-fluorobenzaldehyde the calculated value Ís l-.87 Ð,

observed being 1.98 D (:41 . The good agreement encourages Lhe measure-

menË of the dipol-e moments of the other two isomers as a check on Ëhe

conformational informaËion reported here. Small l-ong-range couplíngs

can be measured accuratel-y and if Ëhís ís done, relatively reliable

conformational information can be obtained (eomplete analyses of good

high resolutíon spect,ra is absoluËe1-y essential , however).

b) To Fl-uorÍne over Four Bond", otl'cHo, 
"rrd 

Five Bond", tt|'oo

The populaËion analyses in previous secËions cari be used in

calcul-ation values of 4.lF'ffiO when the c - H bond of Èhe aldehydeo-
group lies cis, Jc, and when Ít lies trans, JË, Èo the fl-uorine. Thus

for o-fluorobenzaldehyde write 0"14 Jr + 0.86 J" = 0.38 Hz (Table 1)

whil-e for 2-fluoro-6-chlorobenzaldehyde v¡rite 0.66 Jt + 0.34 J" = 1.CB Hz.

Th.n 4JF'CHO i" -0.2 and 
4JF'cHo is -t .6 Hz. This result is insensitive tocE.

the assumptions concernin, 5tå'CHO. An assumption thaË íË is O.L Hz in the

non zLg-zag path yields 4JF'cHo as -0.4 and 4JF'CHO as -1 .4 Hz.

For 2,6-difluorobenzaldehyde one predi"r" 4rF'tHo ao be -0 .9 Hz.
o

For pentafl-uorobenzaldehyde there is a reporË of *1.0 Hz for this

coupling (8), a reasonable magnitude but a quesËíonabl-e sigl. In ortho

fluoro derivatives of benzaLchloride a negative sígn and a similar

sËereochemical dependence is found for 4rF'cHC12 (37).
o

rn m-fluorobenzaldehyde sJr.'cHo is *1.84 Hz. There is a
m

reported value of -1.3 Hz for thís coupling in pentafluorobenzaldehyde

(8) and must be the mean of its values in O-cis and O-Èrans conform-

'ations with respect to one meta fluorine.substituent. The population

analysís iurplÍ.es I.84 Hz as the average value for the Ëwo equally
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populaËed o-cis and o-trans forms of m-fluorobenzaldehyde. rf 5¡rrcHo
m

has a conformational d,ependence similar to thaË of 5JHrCHo th.r,
m

5_F.CH0 - .-J-'---- lies between f3 and 4 Hz in the O-cís form of m-fluorobenz-Itr

aldehyde (as acÈually ca1-eulaËed by rNDO, see below). rf -1.3 Hz is

the correcË value in pentafluorobenzaldehyde, a very large subsÈituent

effecÈ exists in this molecule.

.c) INÐO and CNDO-MO Calculations of J

These were carried out on an IBM 360/65 system, using standard

geometríes (14). Às many as 76 cycles Ín the scF procedure were

necessary to obËain convergence of the calculated eoupling constants

to 0.01 llz; as few as 50 were sufficienÈ for cNDo. As a check the

proton couplings in benzene rrrere calculated and agreed to within less

than 0. OL Hz wiËh Ëhe val-ues quoted in reference 14. The .¡(13C - it)

value in benzaldehyde was calculated as 159.08 Hz, ín exact agreemenË

with the value given ín reference 38.

Io Table 2 tl.e cal-cul-aËed coupLing consËants to Èhe aldehyde

proton are reported for the planar conformations of benzaldehyde and

the three fLuorobenzaldehydes. rn view of the expense of these cal-

culations, they were noË done for the other Ër{o compor:nds in Table 1.

In Table 3 the observed and calculated eoupl-ing consËants ¿¡s qsmpared.

À1L conformations are planar, benzaldehyde and p-fluorobenzaldehyde

natural-l-y ha'ring two equally populated forms, while the fractional

populatÍons of the o-fluorobenzaldehyde and m-fLuorobenzaldehyde were

taken from section 4a above.

í) Calculated Couplings ín Tabl-e 2

Inasmuch as the INDO apptoximaËion considers one-centre exchange

Íntegrals (14) it incl-udes Èhe n e1èctron contribution, expecËed to be
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TABLE 3

Couparíson of calculated and obselved aldehvdic proton couplíng

constants on the basís of deduced conformatÍonal* preferences

in benzaldehyde and its monofluoro derivaEives

4JE, CHO

o
5Jir,cHo 6JH,CHO 4,5,6JI"!H9
-m o o rtrP

o=att

-ö:,

o=a-*

',é('

\c/

ö
F

* Benzaldehyde is planar in the gas phase (39) and ít ís assr¡med that it

and p-fluorobenzaldehyde are planar ín solution" The fracËíonal contri-

butions of the o-cis and O-trans fo:ms of the o- and m-fl-uorobenzaldehydes

are taken from section 4a, as derived frorn the five-bond proton-proton

coupling constanÈs. All data are ín Hz'

Exptl -0.10
INDO -0.10
cNÐo 0.40

E>çË1. -0. 15

rNDO -0.30
CNDO 0.33

Hz H6

Exptl- -0.01 -0.I2
rNDO -0.05 -0.17
GNDO 0 .44 0. 38

0. 38

0.90

0.46

IIS II3

0.74 0.t2
1.36 0.40

0.76 0. 16

0.39

0.92

0.46

0.44

0. 85

0.44

Exptl
ÏNDO

CNDO

-0. 12

-0.11
0. 40

-0 .03

-0.29
0 .00

0.00

-0.29
0.00

0 .00

-0.32

-0 .01

-0.39
0"14

0.34

1 .84

l.Jo

1 .31

-o.44
0. s3

0 .08
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negaËíve over four or six bonds and posítive over five bonds. The

expectation ís borne out by, for exarrple, Ëhe two sets of dat.a for

benzaldehyde in Table 2. Ilowever, ÍÈ is probable that calculations

using standard geometries somewhaË overestimaÈe the n electron con-

. 5 -H. CHOtributions to -J"'""" (see bel-ow). The daËa in Table 2- may well be of

interesË in the study of those molecules in which Ëhe carbonyl group

is fixed by intramolecular hydrogen 'oonding. NoËe thaË the preserlce

of the fluorine substíÈuents has a negligible effecË on the calculated

- 5 H.CHo ,6-}1,CHO ! , ,rmagEritudes of -r"'""" and
m

the conformational arguments in secËion 4a. The insensitivity to sub-

stítuent and solvent effects of the long-range cor.rplings beËween

protons on a side-chain and ring protons is e:perimentall-y known for

a variety of benzene derivatives (3, 6, 10).

ii) Observed and Calculated Couplings in Table 3

A stringent couparison beËween observed and calculated values

can be made for benzal-dehyde and p-fluorobenzaldehyde. INDO is in

excellent agreement with the obse::r¡ed 
4JH'CHO data while C'NDO yield.so-

rather too large values, indicating the inportanee of n electron con-

tributions (for that matËer, INDO is also in striking agreement \,IiËh

the thTo differenË observed 4JH'gHO values in m-fluorobenzaldehyde).
o

On the other hand, CND0 agrees quantitaËively with the sJ:'cHo
m

neasurements r¿hiIe INDO overestimaËes their magnitude substantíaLLy,

suggesting thaË n elecËron contríbut,ions to SJH'ffio 
"t. very smal-1-"

m

ThÍs suggesËion ís verified by Ëhe observaËions on appropriaËe

cornpounds thaL a ineËhyl group, repl-acing the ring or aldehyde proton'

does not couple to the remaining proton. It should couple íf, a n
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electron ôontribution were imporËant (29). FurËhernore' the five-bond

coupling is not known for the anti-zig-zag arrangemenË and (in Table 2)

CNDO calculates less than 0.03 Hz for this situation while INDO finds

O.2 Hzn which r¿ould be easily observed. In ring-substitut,ed styrenes 
'

BarfÍeld eÈ al. (40¡ have also found INDO to overestim"t" 5¡E'tECn2 fot
m

the p1-anar zíg-zag arrangemenË. They attríbuËe the disagreement

between 5tLCECHZ calculaËed and observed to an overestimaÈe of the
m

o electron effeet by INÐO.

GNDo predicts a vaníshíng 6JT'CH0, as observed for al-1 molecules

in Table 3, whÍle INN overestimetes this coupling by -0.3 TIz.

The agreement between calculated and observed II, F couplings

in Table 3 is not terribLy good, an exception being 5JF'CIIO in the

INDO approximaËion. Both methods calculate a posiËiv. 6.tI'CHo ir, p-
p

fluorobenzal-dehyde, contrasting with the negatíve observed value.

Sinilar disagreements for H, F couplings in other moLecules are

mentÍoned by Popl-e and co-r,¡orkers (14).

In general the agreement between theory and e>çerimenÈ for the

present molecules is impressive and the use of the combÍned CNÐO and

INDO Ëheories in conJr-mcËion with precise e>rperimental , long-range

coupl-lng data is suggested as an improved Ëoo1 in conformational st,udies.

d) Calculations of J for nonplanar-ConformaËions

It has been argued (41) that, as Ëhe carbonyl group Ëwists

abouË Ëhe C - C bond in benzaldehyde 
6JiI'gHO should become J-arge and-p

oegaËfve, displaying an extremrm r¿hen Èhe carbonyl group lies perpen-

d:icular to Ëhe ring plane. Sírnilari-yrUtl't"O in p-fluorobenzaldehy'de

shotrld, become large and positive (7). I; Table 4 the compuled long-
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Tange coupl-ings of the aldehydic proËon in benzaldehyde and p-f1-uoro-

benzal-dehyde are presented for ecnformaÈions ín whích the plane of the

carbonyl group lies perpendicular t,o the aromat,ic plane. The INDO

calculations bear ouË Èhe prewious predictions as expecËed if, in Èhe

qualitative model (7, 39), the coupling to the para position nor,r goes

mainl-y via a n electron mechanism. The synthesis of Ëhe 2r6-di-t-butyl

derivatives is suggested.

TA3LE 4

CoropuËed ring proton - aldehvde proËon coupling constants in benzaldehyde and

p-fLuorobenzal-dehyde for perÞendicul-ar orientaËions of the carbonvl group

4JE,CEO 5JH, CHo
m

6JH(F) ,CHO

<'

<.

INÐO

CNDO

I}IDO

CNDO

-0. 43

0.48

-0. 49

o.46

1.01

0. 19

0.98

0" 17

-0.76

0.01

r.45

0. 13

Fiaa11-y, it nay be remarked that the presence of a subsËiÈuent

distorts the benzene ring and it would be of interesË to perform a

systematíc series of calculaËions in which such a distortion is

íntroduced.
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ADDENDUM

I{hile this thesis was in preparaËíon, Bock and Tomchuk (42¡

measured the dipoJ-e moments of Èhe three monofluorobenzaldehydes in

benzene aÈ 25 oc. For 2-fluoro-, 3-fluoro-, and 4-fluorobenzaldehyde

they observed 3.07, 2.63, and 2.03 D respectively. Assuming the

calculated dipole moments (section 4av) aïe correct, the observed

values indicate that the O-trans conformation is the most stable one

for 2-fl-uorobenzaldehyde and thaË m-fl-uorobenzal-dehyde exist,s in

benzene (a nonpolar solvent) in roughly equal proporËions of O-trans

and O-cis conformations.
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PART TI

Long-Range spin-spín couplíng constanËs from Amino protons .od 15m

to Ring protons in Anirín"- l5m 
and. some Derívatives.

INDO Molecular OrbiËal CaLcul-ations
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TNTRODUCTION

The one-bood 
15N-tt spÍn-spin eoupl-ing constants in anilin.-ls,

and many of its derivaÈÍves have been discussed in detaíl (i-4). Ring

substiËuents which diminísh electron densíty on Ëhe nitrogen atom cause

an íncrease in Ëhe nagniÈude of these coupling consÈants, apparently

iupl-ying an alteration ín the geometry of the aníno group and descri-

bable as a change ín hybridizaËíon of the nitrogen atom. The chemical

shifts of the amin6 proËons (5-8) and of 15, 
"t. interpreÈed in a

sinil-ar nanner (1).

Long-range coupling constants betr,reen ring proËons and protons

on sidechain fr:ncËioas such as methyl (9-13) , fornyl (L4-I7), hydroxyl

(18, 19) and amino (2O, 2L) groups are stereospecific. Such couplings

for the sm-ins protons therefore offer another approach to Ehe study of

the geometry of this moiety. The couplings are l-ess than L Hz ín

magnitude and this approach has ¡¡rtíl recently (22-24) been hampered

by the facile ínternolecular exchange of the ¡m-ín6 protons in solutions

of a¡riI-íne and iËs derivatíves. The mean lifeËíme before exchange

mr¡st be increased to the order of seconds-before these long-range

couplíngs become obse:¡¡able ín a slow-passage experimenÈ. In this part

of the thesís these parameteïs are described for anilirr.-l5N iËsel-f

and aLso for some of its derivaÈives.

spÍn-spín interactions betwe.r, 15N and the ring proÈons

are also measured. Other workers have observed their magniÈudes only

for protons situaÈed orËho Èo the amino group (1).
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In addition, the long-range coupling constanËs involving the

15"'NH, fraguenË are calculated by the finite perËurbation technique (25)

io atr" INDO mol-ecular orbital approxíma Eíon (26). À comparíson of

calculated w-iËh observed couplings leads Lo ínferences about the

comformation of the amino group ín aniline.
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ÐPERDÍn\TAI

1" Preparation of Compounds

AcetanÍlid"-lsN v7as preÞared by the addiÈion of 5.3 ml of

acetic anhydrid.e to a soluËíon of 4.2 g of anilin.-l5N (96.5 aËom %

l5--N from àzote et Produits chíniques, Toul-ouse) in 2.4 n1 of acetic

acid- After the mixÈure solídified, 50 n1 of waËer r¿ere ad^d.ed and the

product was fílËered off and dried at 60'c/0.0I torr for Ëhree hours,

m.p. 114-116 oC. The mnss spectrrs was consistenË with thaË expeeted

on Ëhe basis of the mass spectrum from a cormercial sample of

acetanilide.

To prepare 2-aminoacetophenorr.-15N, a solution of 5.00 g of

aceÈanilid"-l5n ín 120 rnl. of absolute eËhanol r¡as Írradiated for

eighteen hours at 254 nm whí1e bubbling dry nitrogen through the

solutíon. Steam dístíllatíon and extraction of the dístillate gave

O.I2 g of a mixture of 2-amín6¿setophenon"-15W and acetanitide-15N.

TtrÍs míxture rd'as submitted to dry col-r:mr chromatography: silíca gel ,

coh.m. length 80 cm, diæeter 2.5 cm, eluant ethyl acetaËe/cyclohexane

95:5, v:v. The yieldl of prrr" 2-aminoacelophenon.-15N was 0.10 g , Z,Á.

ExËraction of the residue from the steam distill-aÈíon yiel-ded 4.4 g

(88%) of starËing material.

A three:Ëwo míxture of 4-btomo-2-chloroaniline-15N and 2-chloro-

4r6-d.ibromoaniline-15N r"" obtained by the addition of brorn:ine to 0.2 g

of 2-chloroaniline-15* (gø.47 atom z 15¡l from Merck. sharp and Dohme

1 
ELad (27) obtained a 20"/,

high pressure mercurlr vapor

yield of 2-eminoacetophenone by using a

l-amo.
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of Canada) in 5ro1 of acetic ecid, when a slight eolor remained., 10 nl
of v¡aÈer were added and the precipiËate r,¡as collected. An analogous

brornínation of aniline-1510 yi"ld.d. a two:one mixture of 2r4-dibrono-

aniline- 15N 
"r,d 

2, 4, 6- trlb romoanílirr"- 15N 
.

2. PreparaÈion of Samples for Spectral tr^Iork

AJ-l sarples (solvenÈs and concenÈrations given in Table 5)

were degassed by the freeze-purrp-thaw technique. rnËernal- tetra-
nethylsilane \474s added as reference maËerial. InËermolecular exchange

of the amí¡s protons hras reËarded by adding basie aLumina to the

s¡rnple tubes before sealing and some of the solutions \^rere stored over

NaOE pelleÈs for several hours.

The reacËion of equimolar guanÈíties of anilin.-l5N and DrO

yíelded a nixture conÈainíng Èhe 15*r¡ group among others. The

mixËure was dried over NaOII pe1-J-eÈs and. r¿as transferred to a sample

tube containing basic ah-nina and sufficíent toluene-d, to yield a

15 no1 Z solution of nonexchanging ¡mine. The sample was degassed

and the Proton magneËic resonance spectrum indicated equimolar amounts

of the tt*, 
"rrd 

l5mto moieËies.

3. Proton lfaFnetic Resonance SÞectra

SpecÈra T¡rere recorded in Ëhe frequency slreep mode on an IIA100-D

spectromeËer at s\¡reep raËes of 0.01 and 0.02 Hz/sec at sT,reep widths of

L Ez/ø.. They were calibrated by reading sweep and. manual oscillator

frequencies at interval-s of a few lLz, and double and tríple resonance

e:rperimenËs (28, 29) yieLded the signs of the coupling consËênts.
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REST]LTS AND DISCUSSION

1" Spectral Analysis

a) Aniline-15n

Tt¡o s""nFles were subjected to specËral- analysis. rn one

(17 nol- "Å ín benzene-du) the rate of inËermolecular proËon exchange

was 1or¿ enough to allou¡ the observaËion of the long-range coupríng

constants between ring and emi¡s proËons. rn the oËher (30 rnol z in
benzene-du) the rate of proton exchange was high enough to eliminate

Êhe effects of these coupling constarits from the observed hígh

resolutíon spectnm.

Each of the 165 peaks observed in Ëhe nonexchanging sorution

was caribrated at 0.01 Hz/sec. The specËrum was analyzed as an eight

spÍn system by means of the computer progråm LÀcx (30). Because so

many of the 640 calcuLaÈed transitions were nearly degenerate it r¿as

oot sensible to assign more Ëhan 380 to observed peaks (34g of the

512 calculated ring proton Ëransitions were assigned). The resulËs

given in Tables 5 and 6 were obt.ained when all parâmeters rrere allowed

to vary Ín the final- iËerative stages. ThJr.m.s. error was 0.015 Hz and

the probabLe error of all- parâmeters lras egual to or less than

0.003 Hz, except Ëhat the probable error ir, 1J(15¡t,n) was 0.0o6 Hz.

The observed ring proton spectrrn, Ëogether with the calculated

spectrum, is shown in Figure 6. The wídths aË half-height of non-

degenerate peaks in the e>çerímental spectrÌm are less Ëhan 0.11 Hz.

The relative signs of al.l- 15m-U couplÍng consËants were d.etemined
r 15relative Ëo 'J(^'N'H) whích ïüas assumed negative (31). rn FÍgure 7,
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PÍ.gure 6. The lower part shows the ring proton magnetic resonance

spectrrn of aní1in. - 15* as a L7 mo1 "Å solutíon in
benzene-d. under condÍtions where long_range coupling

betnreen amino and ring proËons is clearLy observable.

ïn the upper part of the figure the calculated spectrrrm

erupl.oys Ëhe par¡rneters given in Tables 5 and 6. In the

observed spectrum line-widths at half_height of nonde-

generate peaks were less than 0.Ll Hz.
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the upfield meta proton Èransitions (701.0 to 694.2 Hz) are shor*rn

during írradiation of Ëhe 1ow field tt*-" resonance sígna1- (333.408 Hz).

Notíce ËhaÈ the low fÍeld tripleËs coi-lapse indÍcating 1¡(15u,ti)/
l. 1Ê*J¡"N,H¡ > O. In Figure 8 the orËho proton transitions are shov¡n

during irradiaÈion of the low fiel-d 15¡t-tt doublet. once again Ëhe low

field triplets collapse indicaËíng thaË 3¡(15n,n) is negative. The

signs of the long-range ring proton - amino proton eoupling consta¡-rts

vere detendned as described for 2-chloroaniline (23).

In the specÈrum for Ëhe exchanging solut,ion, L27 of the 130

transiÈions of significant inËensity calculated by the computer

program IJ'ME (30) were assigned to observed peaks. The r.m.s. error r¡ras

O.02L Hz in the final iteration and the probable error was less than

or equal to 0.008 TIz. AgreemenL beÈween observed and calculated spectra

was excell-ent. Because all of Ëhe coupling constanËs obËained in Ëhis

anal-ysis are Ëhe same Ëo Íríthin 0.01 Hz as Ëhose obtained for the non-

exchanging sample, the spectra are noË reproduced here and the spect.ral

parameters are oruiËËed from the tables.

Only the ¡mins proton resonance peaks were studied for the

sarnpl-e containíng 15vDr, 15NrÐ, 
"rrd 

lsltrtt, groups. At 31 oc the

(isotope) shift in the 15*O group was 0.0235 ! 0.0020 ppn ro high

field of the tt*, proton shifË, compared ro 0.0255 ! 0.0020 ppn in

2-chloroa¡riline-l5N (23). ÀË this Ëemperature Ëhe line wídths of Èhe

lq lq'-NÐ and '-NHn proton resonance peaks were 1.35 and 0.85 Hz, respect-
.L

ively" Sínce YE/YD = 6.514 one can estimaËe the magnitude of the

gemínal proton coupl-ing in Ëhe emono group,"T, as 1.6 t 0.6 Hz.



Figure 7. The u_pfield meËa proton Èransitions (701.0 to 694.2 Hz)

for the nonexchanging aniline - 15N sorution during sËrong

irradÍation of Ëhe low field 15N-g resonance sienal

(333.4L Hz). By comparing Èhis specÈrum with Èhat observed.

for the same region in Figure 6, it ís obvious ËhaË the

1ow fíel-d triplers have collapsed. Thus 1¡(15x,tt)/
t <-*J (t'N,n) > o.
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333A1 Åz
7C-1.C-Hz 694"2 Hz



Fígure 8. The orÈho proËon transítions for the nonexchanging aniline -
15N 

"o1trtíon duríng strong írradíaËion of the 1or,¡ field
tt*-g 

reson¿mce signal-. By comparing this spectn:m wíth

that observed for the s¡rne regíon in Figure 6, it is

obvious thaË the l-ovr fiel-d triplets have coLlapsed. Thus

lt(t5*,")/3¡(15u,n) t o.
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llL 15b) 2-AminoaceËophenone-'-N anci -'-N
The derived coupling pårâmeters for Ëhe two isoËopomers aïe

in close "rt".r"rr, and only those for the sarnple containíng the non-
l5

exchanging --N compor:nd are given in the Ëables. The methyl protons

are coupled to IIU (ortho Ëo the aceryl group) by t0 .LB7 Hz.2 on

assigning a1l- of t1ne 264 calculated ring proton ÉransiÈions to observed

peaks.the results gÍ.ven in Tables 5 and 6 are obtained. The r.m.s. error

was 0.024H2 and all probable errors were less Ëhan or equal_ to 0.006H2.

c) Acetanilid.-15ND

Because of its 1ow solubiliÈy in benzene, the p.rn.r. spect,rum of

an 1I moJ- 7" solution in acetone-d. was calibrated and anal-yzed using

the progran LACX. trrrhen freshly prepared, the emíno proton resonance

was observable as a doublet. Its disappearance after several weeks is

at,tributed to slow exchange of the emi¡6 protons r,rith deuteríum in the

solvent moLecules. The rough analysis gave the results in Tables 5

and 6 and the probable errors r,rere less than or equal to 0.021 IIz but

a reasonable error estímate probably lies near 0.04 Hz.

d) Ilalogenated DerivaËives of Aniline-l5N

These rrere studied as dilute solutions in benzen"-d6. The

tr.ro brornine derivatives r¡rere present. as a mixture, as r¡/ere the tr,ro

bromochloro derivaÈives. The peaks originating in each compound in

the two míxtures were readily distinguishable. All observed peaks,

including those of the ¡mino protonse r¡rere assigned ín the analysis

by tAI"fE. The derived paramet,ers, given in Tables 5 and 6, had

2 fit val-ue of t0.187 IIz is

spectrum using LAME and, d,oes

the nethyl proÈon resonance.

complete analysis of Ëhe

Èhe observed splittÍng ín

obtaíned by a

not represent
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probable errors of less than 0.0L3 Hz

0.015 and 0.023 Hz. The annino proton

probable errors Lying between 0.003 IIz

2. MoLecuLar OrbiËal Calcul-ations

and the r.m.s. error varied between

- ríng proton couolings had

and 0.006 Hz (one value).

The coupling constants appearing ín Tables 7 and I were cal-

culated by the finite pert,urbat,ion Ëechnique (25) in the INDO approx-

ímatj-on (26). As many as 100 cycles in the SCF procedure were

necessary to obtaín convergence to 0.01 Hz. The parameterization ís

available only for first-row elements. Therefore compuËaËions were

done only for aniline, 2-"minoacetophenone, acetanilide, and niÈro-

benzene. Standard geometries (26, 32) were employed to calculaËe the

atomic coordinates in the benzene ring.

For aniline Èhe geomet.ry of the amino group was taken from

the micror^rave results of LisLer and Tyler (g¡). Another calculatíon

on anilinê assrrmsd complete planarity of the mol-ecule with C-N and

N-H bond lengths equal Èo those given (33) for the nonplanar mol-ecule.

SËandard geometries r,rere used in a planar (apart from Ëhe urethyl

proËons) model of 2-aminoaceËophenone and also for nítrobenzene. The

geomet,ry of the sidechain in acetanil-íde r¡as found in the l-íterature ß4-36).
The acetamido group was assumed twisted 3Bo out of the benzene ring plane

(36) .
According to INDO the nonplanar form of aniline is 11.3 kcal/mol

more stable than the planar forrn. Lister and Tyler (33) suggest an

inversion barrier of less than 0.3 kcal/mol-. An optÍnizatLon of the

geometry of the amino group aË each successíve stage of its inversion

night well improve the computed value.

The calcul-ated (observed) dipole moments in Debyes are:
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TA3LE 7

uted long-range Droton-Droton ling constants in Hz

in aniline and 2-aminoacetophenone

H

H2

H3

Nonplanar Planar

GNDO/2 INDO

-ï- 
flH'ì^lt-.r,

HòAH,
l-J¿

PlanarCoupling

Constant

Couplíng

ConsÈanÈ

4, H6,NH2
o

4, H6,NH1

lo \
(4r H,Nrr)wo/

5.i H3,NH1(H2)
m

5¡ H5,NII1(H2)

ry\
(sJ H,Nrr/
\m/

6., H4,utt1 (H2)
p
2J IINTT

C'ö

4J H2,NHl
o

4J H6,NHl
/o \
(0r""'9
5, E3,NH1

m

5, E5,NH1

¡m \
(s, u,un)
\"m /
6J II,NH

p
2J HNH

g

0.353 0.088

0.010 -0.727

0. 181 -0.319

0.065 0.080

0.s13 0.983

0.289 0.532

0.010 -0.203

5.704 -0.041

0.686

-0. 166

0.260

-0. 148

0.799

0.32s

o.r27

8.231

INDO

o.702

-0. 143

0.279

-0 . 211 (0 .972)

0.826 (-0.183)

0.380(H3) 0.321(Hs)

0.187 (0.119)

7.6L

/\* 
f.ft'oÌ= 0.20 Hz when one c-H bond of the nethyl- group ecl-ipses rhe C=o

bond a¡rd the oÈher Ëwo are staggered wíth respecË to the C-H, bond of the ring.
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TABLE B

Couputed couoling constants in Hz between 15N 
and. protons in some

aníline derívatíves* and ín nítrobenzene

1*'Hx*-H,o \*.'c=o o-*-o

Ö-d--CH¡Ö Ö

-99.25

-87 "76

-73.48

-g. go5 -3.75

0.18 -0.33 -0.62 -0. 82

* Th. nonplanar geometry for aniline and planar geometry for o-aminoacetophenone

were employed as described in the t.exË. For aceËanilide the calculations were carried

ouË assuming that Ëhe planar acetamido group was twísted 38o ouË of Ëhe benzene ring

plane (36) . Planar geometries assume an HNII angle of 1200.

f For an amino group coplanar with the aromatic ring one finds 1¡(15tlrH) = -92.20 Hz.

* cl¡ro/z f inds -43.0 Hz.
5 ,hr" ís rhe average of 3Jilstl,itr) = -3.46L and" 

3.i{15x,lt') = -4.267.

Coupling

Constants

1.r(15tt,tt)

3.r115u,tto)

4.1{15n,it 
)

tt

I

"2

H3

H.)

¿+j5g.53rr

!+
-)v. )J "'

-2.52

-1 .06

-1.06

-1.10

-0.94

_L.L2

-0.77

-0.63

-0. 63
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eniline, L.46 (1.56); planar aniline, 1.105; acetanilide, 4.10 (3.gg

to 4.02); niËrobenzene , 5.22 (3.93) i 2-¡minsacerophenone, 1.g5 (2.05).

E:çerimental dipole roomenÈs are cited frorn the cornpilation of

McCl-ellan (37).

3. The Coupling beÈween 15N and Amino protons

a) ExFerirnental Data

Three different linear relationships between Ëhe one bond.
15--N-II coupling and the % s character of the nitrogen bond orbitals
have been proposed (2,3,23). Two (2, 3) are based. mainly on the

observaËion for 1r(15*,") of about -75 Hz in ar¡nonirm ion 1"p3 tylria-
ízation) , -90 Hz i¡r nmi flss ("p2) and abour -136 Hz j.n protonated.

nÍtriles (sp). The third (23) used anilinir.m ion and the geomeËry of

anilíne ín the gas phase as calibratíon points. The laËter r¿riËes
_ l lq
7o s = -0.59 *J('-N,H) - r7.5 and yields 29"Á s character in aniline

and 52% in sp systems. The former two give 467" anð,527" r.or sp

hybridízatlon and 27 anð. 28Å s character for anilíne. clearly, only

semiquantiÈative predictions of the geometry of the anino group ín

anil-ine derivatives are possible by these meËhods. Furthermore, Èhe

corrpling is solvenË dependent (L, 4, 38) and the effective nucl-ear

charge (39) ís probabLy rather different in some of the compor:nds used

for calibration, adding to the r:ncerËainty in the reference points.

NeverÈheless, in aniline derivat.ives containing meta and para

substituenËs (1r 4) electron wÍthdrawing substítuents cause an increase

in the rnagnítude or 1.r(15t1-H), interpretable as a d.ecrease in n electron

density, a flattening of the pyrarnìd and therefore as a change in

hybrídization, at niËrogen. In Table 5 the ring-subsËituËed anilines
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all conËain one or tv¡o groups ortho to the ¡mins group. The observed
1 rç

nagniÈudes of 'J('-N,H) in these compounds are compatible with such an

ínterpretaËion.

Ï{owever, in the presence of ortho substítuents intramolecular

hydrogen bondíng is an additional facËor vhich uay lead to a flarren-
íng of the nit.rogen pyrnmíd. Evidence for such bonds comes from x-rav

diffracÈion data (40), the ¡míno proton chemical shifts (5-B), as

well as from N-II srretching frequencies (4r, 42). The relatívely
large magnitude of 88.6 Hz for I¡(15w,n) in 2-amÍnoacetophenone in
tol-uene solut,íon, coupared to 86.4 Hz for 4-nitroaníline in chloroforrn

soluËíon (1), can therefore be regarded as arisíng from a composite

effect: electron withdrar¡al by Ëhe aceÈyl group, deseribed by 1,

together with hydrogen bondi¡g between the N-H and c=0 bonds as in 2.

-at,

I 2

Both structures favor an HNII ang1e larger

The linear relaËionshÍp above yields 35i( s

*-r-t'Î

o-'

than the 1L4o

characÊer at

in aniline (33).

nitrogen and
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an HNH angle of I22o in 2-¡minoacetophenone (using cosg/cosO-1 =

fracËional s characteï), perhaps somewhat 1"rg.3 but raËher smaller

than the 1330 deduced from infrared dara (4I).

rn an attempÈ to provide another measure of the degree of

ínËremolecular hydrogen bonding in aniline derivatives Axenrod and

wieder (43) argue that the difference between Èhe magnitudes of
t tç-J(--NrH) in ðinethylsulfoxide solut,íon, where a strong Èend.ency to

intermolecular N-lI hydrogen bonds Ëo solvent mol-ecules exists, and in
chloroforn solution, where intramolecular hydrogen bonds are preferred.,

is a measure of the hydrogen bonding abilities of Ëhe ortho substiËuenË.

These are deduced as NOr t C=0 > Br, in reasonable agreement with

a príorÍ expecËations. The data Ín Table 5 irnply simílar hydrogen

bonding tendencies for Cl- and Br subsËiËuents if due allov¡ance i-s mad.e

for theír elecËron withdrawing abílities, also indicated (1) as

nearly the same by the 1¡(15ltru) magniËudes in Ëhe meËa and para

haloanilines.

b) Cornputed Data

I lqFor ¡nrmonia the cornputed'J('"N,II) is -42.6 Hz (26, 44) while

the experímental vaLue is t65.L Hz (4s¡. A simÍ1ar ratÍo of the two

quantities, -59.5 Hz and -78"9 Hz, is found for aniline in Tables 5

and 8. Ilowever, when a planar form is assrrmed for anil_ine the computed

3 For acetanilíde, tr(tt*,H) is -91.3 Hz ítDMSo solurÍon (Tab1-e 5) buË

in view of the known solvent effecÈs (1, 38) it could well be equal to
I lq-J(-'N'H) Ín 2-¡mínoacetophenone if both coupor:nds \rere measurabLe in

toluene solution. Pl-anarlty of the geometry about Ëhe nitrogen aËom in

2-amlnoaceËophenone is therefore noÈ ruled out by this difference ir,lJ(15N,tt).
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is 1-arger than the observed magníËude. In this sense the INDO results

are in qualitatíve agreement with the nonplanar geometry of aniline.

For 2-aminoacetophenone one observes -88.6 Hz for 1.r(15¡t,H)

whereas Ëhe average computed val-ue for a planar 2-aminoacetophenone

is -93.5 Hz, not sËríkingly different from tlne -92.2 Hz calculated for

a planar anílíne. The relaÈively good agreement beÈween observed and

calculated values is consistent v¡ÍËh an almost planar 2-aminoaceto-

phenone buË unfortunately cannot be treated as confirmation of this
.TconrormaËl-orr.

Qualítatively Ëhe calculated one-bon¿ 15U-U couplings are in

accord with the observed trend towards larger rnagnitudes as Ëhe

nítrogen pyramid becomes more shallow in ring-substituËed anilines.

4. Long-Range Couplings from Amino to Ring ProËons

a) Experimental Data

By means of an earlier calibration procedure (22) Utl'*
p

was esËimated (22) as -0.I4 Hz in aniline. Because of problerns with

internolecular proton exchange, this parameter was not observable aE

Ëhat time (22) b* the predícËíon is now borne ouË by Ëhe observed

value of -0.I37 Hz (Tab1e 5). The prediction assumes the geometry of

Ëhe anilíne molecule ín Ëhe gas phase (33) , having an angle.ö of 20o

beËween the ring plane and Ëhe p1-ane defined by the nuclei ín the

ú.' There is a much larger dífferenee between calculated and observed

values rrhen the aceËy1- group is bonded directly to the nit,rogen atom,

as in acetanílide (Tables 5 and 8). Ilowever, it should be noted that in

the latter case the calculaËions were carrÍed out, assuming Ëhat the

planar acetamido group was twisted 38o ouË of the benzene ring plane (36).
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C-N-H fragment (see 3). From the value of -0.108 Hz . 6 -H"NHrorJ'
P

,'\ o
llrlng plane

t

2-chloroaniline an average ö of 17.50 follows. ,:,* is noÈ observ-p

able Ín 2-emin6¿qetophenone (Table 5) but an upper 1Ínít of o. 06 Hz

for this coupling then yields a maximum angle þ of. L2o. The observed

coupling in 2-arninoaceÈophenone is of course also compatible r¡ith

Ô=0o and is an íllustratÍon of the rnfortunaËe insensitivítv of JH'M to
D

small angles of p , a consequence of

the assumed coupling mechanís¡n (22).

The assumption (22) that JH'M originaËes in a hyperconJuga-p

tive overl-ap between the N-H bonds and the n electron system of the

ring, analogous to the mechanism described. for meËhy1 proton inter-
actions in toluene (31, 46), is consistent !/ith its observed values

in Table 5. Alternatively, ít ruíght have been argued that a d,ecrease

fn 0 ímplies an íncrease in the conJugation of the niËrogen atom wíth

the n system of the ring. À n electron mechanism operating via Ëhe

nftrogen atom, i.e., via the partially doubleC-Nbond, would then

serrte to enhance the -ag¡ritude of JH'M in 2-aminoacetophenone relaÈivep

Ëo aniLine. rn fact the opposit,e occurs, in agreement with the hyper -
cooJugatÍve model. The applícation of the model Ëo the confo:maËional

problern also assumed the absence of an intrinsi.c, as distinct from a

steric, effecË on;l'NH, Ín line with sirnil-ar assumpËions for other
P

its proporÈionaliËy to sin2 6 in
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sidechains (17, 31, 46).r

such an effect is harder to exclude for 4JH'NH. oËher four-o-
bond couplings in unsaturated sysÈems being subject to int.rinsic

substituent effects (17,47), buË its behaviour in Table 5 í.s roughly

paral-1e1 to Ëhat or .il'M. an íntrinsic ef fect or, 5JH5,M i= foundP-m
for the anil-ine derÍvat,ives in Table 5. For ex ' -IIq'NH:ample, J."---- is O.I Hz

small-er than {3'M in 2-¡mins¿seËophenone. This behaviour is repro-

duced by the molecular orbital calculatíons.

b) Conputed Data

rn Table 7 the computed couplings between Ëhe amino and ring

protons are given for the nonplanar conformation of aniline as r¿ell

as for the planar forms of aniline and of 2-.âminoaceÈophenone. Their

hlgh stereospecificity is of confonnational inËerest. As the exper-

imental val-ues in Table 5 are measured. for molecul-es in r^rhich rapíd

rotatíon occurs about the C-N bond, they shoul-d be compared with the

aveïage cal-culaËed couplings (ind.icated by angular brackets) in Table 7.

In as much as INDO considers one-center exchange integrals it

Íncludes the n el-ectron cont,ributÍon to Ëhe coupling constants (26).

Thus, INDO finds their correcË sígns for the nonpl-anar fo:m of aniline,

r¡hereas CND0/2 calculates positive values fo= 4.¡1,M 
"rrd 

6JH,M. 
onop

the other hand, INDO tends to overestimate the negative n elect,ron

contrÍbuËion to these two couplings as well as the positive 1r

5 
E r"rt' ¡shen Ëhe

as in pyridíne,

relatively milor

ttsubstíËuent" 
aËom

its intrínsic effect

(48) .

foros part of Ëhe aromatic ring,

on couplings over six bonds is
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cont.rí6uÈÍon Èo 6'HrNH r-^-:-:^Jm' (reïDlnl_scenÈ of a similar situation in
Ëenzaldehyde derivatives(17)). cNDo/2 agrees quantitatively with
experÍmenË for trl'*, 

suggesÈíng a dorrinance of the o electron

conËríbution Ëo thís coupling¡ and furÈhernore fínds 6JHTNH = o.o1 Hz,
p

thereby supportíng the assumpËion Êhat this parameter origínaËes in n

el-ectron effecÈs

The signs or 4.lf'M 
"rra 

6.il,M 
calcuLaËed by rNDo for rheop

p1-anar forn of aníline are opposíüe Ëo Ëhe observed sign. AlËhough

theír magnitudes are probably again exaggerated, the irnplied confor-

mational dependence qualitatively confírms the empirícal use of the

observed couplÍngs in conforrational ded.uctions.

For a planar 2-¡mino¿seËophenone the INDO results reprod.uce

the subsËituent depend.ence of the *o 5rl'* values buË again appear
ID

to overestimate the magnitudes of 4JH'M 
"rrd 

6JH'M. The averageop
coupling between the rnethyl protons and ríng pïoton H, (configuïation

of the rnethyl group as given ín Table 7) is conputed as 0.zo Hz,

coryared to the observed vaLue of t0.19 IIz. couplings of this kind

occur when the protons are in close proxim'íËy (often called t'through-

space" couplings) and the comparíson índicates that rNDo can cope

¡¿ith such interacÈions (49, 50).

5. coupl-ing of 15N Èo Ríng protons

The observed coupl-ings in Table 5 are apparently not closely

relaËed to the geometry of the amíno group although substiËuent effects

oD their magnitudes aïe pïesent, particularly fo, 4J¡15Nrn ). In

Table 8 the computed couplings are rather larger than, but roughly in
the proporËion of, Èhe measured parameÈers. The cornpuËed couplíngs in
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nitrobenzene are not sËrikingly different from Ëhose in anÍ1ine

derivatives. rn nitrobenzene, 3¡(l5Nrtto) ís calculaÈed. as -3.75 Hz,

which may be cornpared to an observed value of +2 .5 Hz ín l-nitronaph-
thalene (51).

6.

SNDO/2 finds 

"T'* 
equal Ëo I.60 Hz in amnonia and rNDo fÍnds

-6.37, in qualitative 
"lr..r"rrt with the experimentar value of

-10.35 t 0.8 Hz (4s). sinÍlar behaviour ís found for aniline in
Table 7, cNDo/2 computi.ng 5.70 Hz for this coupling whereas rNDo

calculates -0.04 Hz. For a planar aniline model the INDO estimare

rises to 8.23 Hz. The rNDo results are consistenÈ with a nonplanar

aníline form because the obsen¡ed value is I to 2 Hz ín maguitude.

The sígn of Ëhis couplíng is probably negative since ín 2-chloroaniline
where the nitrogen pyrarnid is more flattened, ,tl'* = 0 È L Hz.

rNDo conpuÈes 7 .6r Hz in planar z-.rioo"]eËophenone. rn this
respect and. also from the view point of the other computed couprings

ín Table 7 it rrould be of inËerest to analyze Ëhe spectrum of this
compound under conditions where rapid rotation about the C-N bond does

.6noE occur.

A" Recently the free energy of activaÈion for híndered rotation about

this bond has been reported to be 10"6 t 0.5 kcal/mol ín toluene

solutÍon at 233 t 10 oK (52) Prel-Íninary 1ow temperatuïe measuremenËs
- 15 ? r¡ Àrr¡on the --N ísotopomer indicate ¿Jrlrr\¡n = 5 Hz. Also it is of interest

to noËe that rNDo calculate" ttÏ'* equal ro +3.g0 Hz in formarnidet
whlle Ëhe observed val-ue ís *2.3 Hz in aqueous soluËíon (53).
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CONCLUSIONS

The magniËudes of the coupling constanËs betr¿een amino proËons
15

and --N or ring proËons in anílí¡re and some of iÈs derivaËíves

constituËe a measure of the degree of flatt,ening at the niËrogen

pyr¡rníd. In conttast, Ëhe coupling eonstants betr¿""n 15N and Èhe ring

protons are sensitive to Èhe presence of subsËituents but are not,

sitnFly related to the geometry of the emine group. The long-range

coupling constanÈs computed by morecular orbital theory in the tNDo/2

and INDO approximaËions are sensitive to the sËereochemistry and are

in agreement r,rith a nonplanar conformatíon of anj_line.
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PART III

rNDo Molecular orbítal calculations of NÍËrogen-proton Spin-spin

Coupling ConstânÈs over T\^¡o and Three Bonds. Effects of Lone-

Pair OrÍentation, of Dihedral Angles and of protonatíon
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INTRODUCTION

There exists considerable experímenËal and theoret.ical

ínËerest in the correlatíon of Ëhe signs and magnitudes of nuclear

spin-spin couplíng constant,s rvíth molecul-ar stïucÈure (1-5).

AËtention has been focussed on Ëhe derívaËion of enpirical relation-

ships between couplíng consËanËs and parameËers such as the electro-

negativity and spaLial orienËaËion of substiËuents, the direction of

l-one-pair el-ectronsl as re1l as bond angles and bond orders. These

relationships have proved useful in conformational studies (5).

Recently (2, 3) Ëhe success of Ëhe INDO molecular orbital approximation

in the calculation of geminal and vicinal proton-proÈon coupling

constants has been demonstrated (6-9).

Detailed napping of structural and subsËítuent effects on tT¡ro-

bond and three-bond nitrogeri-prot,on coupling constanËs has been

hampered by erperímental- d:ífficultÍes arísíng from the electric guad-

rrrpole moment of 14tl (naËuraJ- abundance of 99 .635%). Consequently
11,

J('-N'E) is only obsezwable ín mol-ecules where Ëhe flucËuating electric

field gradienËs at the nitrogen at,om are small. The oËher isotope of
IR

nitrogen, '-N, has spín L/2 but íts 1or¿ natural abunda¡rce (0.3657")

mâkes the measuremerit of .l(l5ltrH) values difficult ín unenriched

samlrles. Nevertheless, a considerable body of dat,a is now available

(10, 11) for conparison with Ëheory.

1 Io ahi" discussion Ëhe lone-pair is Ëreated as having directional

characÈer, in line wÍth a simpLe hybridizaËion mode1.
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In the presenË study the technique of pople eË al. (6, g) ís
eruployed in the study of structural and substÍtuenÈ effects on tr,ro-

bond and Èhree-bond nitrogen-proton coupling constanËs. In particular,

Ëhe dependence of the calculated NrH couplíng constants on the orient-

at,ion of the níÈrogen lone-pair, on Ëhe NCCI{ dihedral angle, and on

the substituenË electronegaËívity ís exemined. computed NrH coupling

constanËs are compared wíËh experimental values when ühese are available.

An atternpt ís uade Ëo compare the angular dependence of Ëhe calculated

NrH coupling constants wiËh that observed for phosphorus-proton coupling

constants in certaín molecules. The change ín NrH couplings caused by

proËonatíon aË niËrogen is aLso calculated and ís comÞared to e:rperiment.
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COMPUIATIONAL }{ETHOD

Atomic coordinates (12) and nuclear spin-spin coupling consËants

(13) were calcul-ated as discussed in the inËroduction to this thesis.

An aËtempt Tnlas made to cal-culate the NrH coupling constanËs in nitro-

methane, methylníËrate, and N,N-dímethylnitrosoamine, but even after

100 scF cycles the energy and the coupling constants did not converge.

Therefore the results of these calculations are not gíven.



74

RESIILTS AND DISCUSSION

1. Two-Bond Nitrogen-Proton Coupl_ing Constants

rn Table 9 calculated two-borrd l5NrH coupring constanËs in the
tq-"N-C-H fragment are gíven for 31 compounds. Available experimental

dat.a are presented for comparíson. rn a few cases, where couplings

have been observed for large molecules (great,er than 40 valence

eLect,rons), comparison is made r¡-ith values calculated for closely

related smaller molecules. To simpl-ífy the díscussion, the compounds

in Table 9 are dívided Ínto Ëhree groups. The eoupor:nds in the first
group (1 to 9) conËaín therrH)=Z fragment. In Èhe second group--MrY 

I q(10 to 15) the carbon atom of the "N-c-H fragmenÈ is bor:nd to four

aÈoñs (approxirnaÈely 
"p3 

hybridized) or to Lwo atoms (approxinat,ery

sp hybrídized). The coupounds ín rhe third group (16 ro 31) are

eíther molecules with which one may associaËe a rrloealÍzed niËrogen

l-one-pairtt or are their protonated derivatives.

a) Compounds I ro 9 
z

The observed values or 2.r(15u,u) ín rhe Å fraguenr

/ t*:rt

r¿rnge from -19.0 Hz in form¡mide (Z=0) through (-)8.3 IIz ín N,N-
1ç

dinethyl---N-phenyl-fozm¡mídíne (Z=Nþ) to t0 .2 Hz in díerhylanilíno-

meÈhene malonate (z=CR;). The calculated values are i-n faír agreemenË

wÍth experimenË: -L7.23 Hz ín form¡mr'de , -6.65 Hz in form¡mídine çZ=t(H) 
"

and 0 .23 Ez in vinylamine (z=(fi). Ttuis large range or 2.r(15N,ti)

values is analogous Èo the range of 2.1çttru) values observed. and cal-
I+.

culated ín the 'þC=Z fragment (2, l8).

The observed decreas" io2.l(15N,II) betw""r, z=c(l and Z=0 has
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been at.t,ríbuted Èo Èhe higher elecËronegativity of the oxygen aÈom as

well as to the increase in Èhe n-bond order of the C-N bond (10, 11, 23).

In Tabl-e 10 calculated values of 2.r(15Nrtt) are compared with calculated

C-N bond orders and with calculated charge densitíes at the carbon

atom of Èhe NCH fragment. As Ëhe elecÈronegaËivity of Z decreases,

the C-N bond orders decrease and the positíve charge on the carbon

aËom of Ëhe NCll fragment also decreases, confirmíng the qualitatíve

arglmenÈs (10, LL, 23).

The effecË of an electronegatÍve subsËituent placed ß to the

carbon aËom of the N-C-H fragment r¡as also investígaËed. In Table 11

the calculated values of 2.r(15ucu) for Ëhree trans-x-vinylamines are

TABLE 11

) 1\ ) *Effect of substituent electrone

*\/" -\,/"

c
il

-/t\/\*,

x 2¡(15tl,ti) 
cal-c.

2¡(n,u) 
calc.

2.1(tt,tt) 
obs.

Li

E

F

-6 .01

o.23

t.66

13"80

3.24

-0.18

7"L

2.3

-3.2

*
Standard

bond length

2.r(u,R) are

geometries (8, 37) were used for all-

was Ëaken as 2.f R Cg). Computed and

cíted from reference (2).

calculations. The C-Li

observed val-ues of
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TABLE 10

? 1\
A comparison of calculated -J(*-XCX) val.res r+íth N-C bond orders

.å

and carbon charge densities for cgmpounds l, 4, and 9.'-

Bond Orders Total Charge at Carbon
?, .1\ J-/,Compound -J(*-N,H) tt(pn) C(p,r) N(s) C(s) (x 10-* elecrrons)

o
n

_c_ ,,H -L5.62 O.44L2 0.2ggg +4382
Hl -N/

I

H

H

N
rl
tlc,H,/\ /

{ \¡/
I

H

HE
\/

lt

1".r"

-6.57 0.4043 0.297s +3018

0 .23 0.3373 0. 2833 +167 4

l
H

st,andard geomeËries (8, 37) were used for all calculations.
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conpared r,rith the calculated and observed 'r,gaÐ values in the

correspondíng substituted ethylenes (2) . From Tables LO and 11, it is

apparent that the calculaËed reduced coupling consËants 26(NcH) 
show

the same trends as rhe zx(gCrf) values (2, 38) .2

b) Conpounds 10 to 15

In molecules r¡here the carbon aËom of the N-C-H fragment is

bor:nd to four atoms (conpor-rnds 10-13 and 16-21) the known two-bond
15--NrH coupling constants are usually less than 3.5 Hz in rnagnitude (10) 

"

ExcepËÍons have been observed in cyclic molecules where Ëhe relevant dí-
I

hedral- angle- is fixed on Ëhe n.m.r. time scale (see compounds 19 to 21).

In the next secËÍon it is shor¿n that when the carbon atom is bound to

four groups, one of them being a nitrogen aÈom with a "localized lone-
? t(pair" -J('-NrH) is predicËed Ëo vary over a wide range. However,

internal rotatíon has the consequence that the observed values of these

coupl-ing constants are small (see compounds 16 and 18, for example).

Calcul-ated val-ues for compounds 10 to 15 agree fairly well

wÍth experÍmenË. Both the caleulated and observed. 2¡(15tl,tt) increase

on going frorn ethylisocyanide to ¡nethylísocyaníde. The caLeulated
2 lq-J(-"NrH) in protonaËed hydrogen cyanide is f1.39 Hz, significantly

)- The reduced couplíng constanË is defined as K* = 2 rJ*/AVilS.

since v (ln) and y (15u) are of opposiËe sign, r(15n,tt) 
"rrd 

.l(15m,n) are

also of opposíËe sign.
q- In the sÍmple hybridizaeion picture

ùirectional character; therefore it Ís

angle between the plane conËaining the

contaíning the lone-paír, NC fragment,.

Ëhe nitrogen lone-pair has

reasonabl-e to define .a díhedral

NCH fragnent and the pl-ane
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lower Èhan the observ-ed value of 19 .0 Hz (27). This discrepancy is

probably due in part to the choice of geomeËry for Èhe protonaËed

species.

c) Conpounds 16 to 31

It is known that the observed tç¡o-bond tt*r" coupling constants

in coupor-urds 19-23, 25r 27, and 29 are stereospecific, depending on

the orientaËíon of Ëhe niËrogen lone-pair (10, 11, 33). specifically,
) 1\if the lone-pair is directed cis to the C-H bond Ëhen 'J("N'H) is

observed and calculaËed (see Table 9) to be large and negaËive; if

the nitrogen lone-pair and C-II bond lie trans Ëo one another Ëhen the

absolute value or 2.1(15tq,n) is small. To test the generality of Ëhis

ru1e, the angular dependence of 2¡(15wrg) was calculaËed for methyl-

nmi¡s, methylisocyanate, nethylenimine, and aziridine. The results

of these calculatíons are presenËed in Figures 91 10, 11, and 12. rn

each cal-culation bond 1-engths were taken Ëo be the same as those in

tbe gror:nd st.ate conforraÈion (see geometry references in Table 9) .

i) Methvlamíne

In Figure 9r 2J (15Nru) ís plotted as a fr:nction of the angle,

0, defined in 1 aod ¿. Thís angle c¿m also be descríbed as Ëhe dihedral

angle defíned by the lone-pair, NC fragment and the NCH fragment.

!. 2



Figure 9. A ploË of the calculare¿ 2.¡(tt*,") versus the dihedral

angle defined by the lone-pair N-C-H fragmenË in

neËhylamine.
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For 0=0o one of the C-H bonds eclipses the lone-pair and
t lq-J(-"N,I{) for the proton in that bond is calculated as large and

negative, -L4.90 Hz. For 0=18003 one of the C-H bonds sits Erans to

the rone-paír and 2.r(15u,n) is -0 .40 Hz. Norice rhar2.l(15u,g) and- cr-s
2 lC-J(--N,H)trans predicted for rnethyl amine are similar to Ëhose observed

for unsaturaËed compounds such as fortnaldoxime (conpound 22).

To coupare experimental and calculated couplíngs in methyl

¡mìns, one need only consider the staggered confonnation because the

barrier to roËation about the C-N bond is 1.98 kcal/rnol (39). For Ëhe

staggered conformation one calculates ¿m average of -2"70 Hz while

the observed value is -1.0 lIz (28) (INDO calculaËes the barrier to

rotaËion of the methyl group as 1.74 kcal/rnol) .

Fe¡¡ observatíons are available for two-bond tt*r" coupling

constants in saturated systems of fixed geomeËry. Ilowever, it is of

some interest Èo coûpare calculations for methyl anine i¿ith those

obse:r¡ed for the saturated 1,3 oxazine(3). Ríddel and Lehn (40)

) 1\ ? l5
measured -J(--NrlI2.) and -J(*"NrI{4") as approximately zero, while
? lq-J(-íN,U4") was about 1.5 Hz. The sign of the latter coupling is

al-mosË certainly negative since on protonatj.on of the nltrogen atom

these couplings are no longer resolved.4 NoÈice that the relevant

a,ngle is approxímately 1B0o for lI2" and II4" whil-e for II4. it is appïox-

inatel-y 600. For 0=180 + 50 and 0=60 t 50, rNDo calculaËet 2l(tt*,")

as -0"4 t 0.L Ez and -3.8 1 1.3 Ez, respecËivel-y, for meËhylanlne.

4 The choice of sign is based on the observation Èhat 'r(tt*,Il) usually

lncreases on protonation (33). This observation is supported by the MO

calculatíons. For example, in protonated methylanj-ne INDO calculates
t1\-J(*-N'H) = 2.43 t 0.05 1Iz, índependenÈ of the HNCH dihedral- angle.
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ii) l"fethylisocyanate

rn Figure 10 rhe calculaËe¿ 2;(tt*,") in

plotted as a funcËion of Ëhe angle 0, defined in

resembles that calculated for meÊhvlanine. For

methylisocyanate ís

l, The plot closely

a given 0 , this coupling

o
il
il
C

in nethylisocyanaËe ís calculated to be larger than in methylamine.
? tc-J(-"N,H) is 5.52 Hz when the C-II bond lj-es trans ro the lone-pair

a 
-) 

ì5(e=t8oo) ; when Ëhe C-H bond l-ies cis to Ëhe lone-pair (g =0o) , 'J(t'N,H)

is -9 .93 Hz.

The conformation of lowest energy is calculated as one in

r¿hich a C-H bond eclipses the nítrogen lone-pair (O =0o¡. The barrier

to rotation of the meËhyl group is calcul-ated as L02 ca1-/mo1, in good

agreemenË with the experimenËal barrier of 83 i 15 cal/moJ. (41).

Because the barrier is so small-, comparison of cal-cul-ated wiËh exper-

Ímental couplíng consËants enLaíls an average over all angles and one

? lqfínds -J(--N'H) = 0.88 I{2. This coupling constanü has not been measured

in nethylisocyanate; in the reLaËed compor:nd, methylisoËhiocyanate,

43

"4a

2¡(15t¡,g) = I 3. 3 Hz (29) ,



FÍgure 10. A plot of the

angle defined

isocyanaËe.

calculated 2¡(15u,H) versus rhe dihedral

by the lone-pair N-C-H fragment in nethyl-
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iíi) Methylenimine

For meËhylenimine (Ð, 2t(1'*,")

11. INDO finds the lowesË energy

is ploËted against 0 in

when 01650. At this angleFigure

õ

5

? lq 2 15-J{'-N,H^) = 4.18 ttz and -J('-N,I1) = -11.4I t+2.

' The barrier to pyramí¿¿1 inversíon is calculated to be

25.5 kcal/mol, in good agreement with the values of.27.9 and 26,2

kcal-/nol- formd by ab initio SCF-LCAO-MO rnethods (42, 43).

The INDO method was employed to examine substituent effects
? lq

on -J(--NrH) values in three hypothetical syn- and anti-substituËed

nethylenimines (Table 12) . As the elecÈronegativíty of X increases '

TABLE 12

t
Calcul-ated values of -J 15* for some subsËiËuted meth lenimínes

l)t=*---t
H\.,-*r/H
x/u="

2.r 
( 15¡r, 

H)
2¡(15¡l,n)

+
Lí.
H

F

-L7.82

-9 "64
'-6.48

-18.54
4 "27

10.04

f
Standard geomeËries

The C-Li bond length

(8, 37) r¿ere used for all calculaËíons.

was laken as 2.1 E,



FÍgure 11. A plot of the calculate¿ 2.1(15n,H) versus Ëhe indicaËed

angle 0 ín neËhyleninine.



oh

fulETHYLËNIM ¡NE

l-la H

\/^Ç:n( ---L-
/

HB

tJ ('t N, H )
Hz

t2.o

8.O

4.O

o

-4.0

'-g.o

*f 2.o

*t6.0

-aCI.0

15" 30"

tJ ('t N, HA )

45" 60"

0
75"

uJ ('uzu,HB)



95

? 15-J(--N'H) increases for both the syn and anËí isomers. Notice thaË
? 1qthe change in -J(*"N,H) is opposite to the Èrend observed and calculaËed

z
ltin the .E- fragment.

H ìTXY

iv) Azíridine

In Figure 12 the calculated values of 2J (l5lrrn) in aziridine (6)

are ploÈted as a fr.¡ncËion of Ëhe angle 0 betv¡een the bisecËor of the CNC

angle and the N-H bond. INÐO fínds a minimum energy when 0=680, and

6

'2 lq t
then zJ(r5N,tto) = -0.62 Hz rrrd 2Jç15w,tiu) - -9. L4 Hz. The barrier ro

pyramidal- inversion is cal-cuLaËed as 24.5 kcaL/mol, somewhaË larger

tha¡r the values of 16-19 kcal/rnol observed for aziridine derivatives (44).

For oxaziri.dine (see compor¡rds 19 and 20 in Tabl-e 9) 2¡(15n,u)

was also calculated as a functíon of 0 . Its angular dependence T¡zas

very simil-ar to that obtained for aziridine although 2r(15r,") in

oxaziridlne was more positíve than in aziridi-ne. Inlhen 0 =640 ,

2.1(15u,Hl) = 0.95 Hz 
"rra 

2¡(tt*r%) = -J.78 Hz. in excellenr agreemenË

!ü1th the measurements of Becker (30, 31) on some substituted oxaziridines.

INÐ calcul-ates the barrier to pyramída1 Ínversion Ëo be approximately

10 kcal-/nol- larger than Ëhe 32 kcaL/moL (t++, 45) observed for oxaziridine

derlvatives.

,{
N-_-r-



Figure 12. A plot of the calcul-area 2.1(tt*,") in

the angle 0 beËween the N-H bond and

the bisector of the CNC angle.

aziridine versus

Ë,he exËensi.on of
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From Figures 11 and 12 the very similar calculaËed angular
? l5

dependence of -J(--NrH) in methylenimíne and aziridlne is appaïent.

In methylenimine and aziridine the hybridization of the nitrogen aËom

changes with variations in 0. This is not so for methylamine and

methylisocyanate in r¡hich the hybridization of the nitrogen atom remains

essenti.ally unchanged for all val-ues of 0. Because of this difference

one does noË expect the sâme angular depend.ence ,f.2J (l5nrtt) in uethyl-

¡mÍne and nethylisocyanaËe as in nethylenímine and azirídine.

In su mary, the overall agreement between observed and calcuL-
t 1\

ated -J(--¡lrti) values in Table 9 is good. M,any experimental trends

are reproduced by Ëhe calculations. For all compounds (wÍth the

exception of rrinylarnine) nitrogen protonation increases 2¡( l5l{rt ) in

agreeuent with the experimenË. The calculated substítuenË effecËs on
2.r5 fr-J(--N'E) in the R-ör¡lfy fragment also agree with experiment. The

calculated angular d,epend.ence of 2.1(t'*r") in the meËhy1amíne and

methylÍsocyanate seerns reasonable ín vier^r of the val-ues observed ín

azirÍdine and oxaziridine derivaÈives.

2. The Influence of the Phosphorus Lone-pair on 2J(31p,H)

The effect of the phosphorus lone-pair on trwo-bood 31p,ll

coupling constants in tervalenË phosphorus compounds has been

investigated (46-48) " For a seri.es of cyclic phosphines, Albrand et

al. (46, 47) plotted rhe observ"d 2.r(31prs) 
againsË rhe díhedral

angl-e iavolving the phosphorus lone-paír and the pcH fragnent. These

data are replotted in Figure 13 along r,¡ith a plot of 2.f(15¡,lt) 
as



Figure 13. A pJ-ot of the observed 2.¡(31p,it) in some Ëervarent phos-

phorus compounds (46" 47a) and of Ëhe calculaËed
? lq

-oJ1'-N,H) ín nethyramíne versus the dihedral angre defined

by the Lone-pai-r x-c-H fragment. see section 2 of t],,e text.
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I
calculated" for meËhylemine in Figure 9. The símilar shape of Ëhese

two curves suggests a simíIar mechanísn by which spin information is

transferred between the nuclei.
t

3. The Influence of the Nitrogen Lone-Pair on "J(H,H) in an Adjacen!

Methvlene Group

The effect of lone-pairs on geminal proton-proton coupling

consËanËs has been calculated for several conformations of meËhylaminet
t

Ëwo of which are shown ín 7 and 8. 'J(HÀ'HB) is plotted as a funcËion

of Oin Tigure 14. According to an earlier MO theory (38) back-

donation from the lone-pair inËo antisJrmnetricaL CH, orbitals leads

to an íncrease in 2.1 (tt,H): the present calculatíons indicate maximr:m

donation for 0=300 (7) and minimum donation for 0=1200 and 0=3000 (Ð.
i3oi

H"B

H
HB

H

H

a2o=30", -J(HArHu)=-0.85 Hz

Z

o =3ooo , 'r(tto,\)=- 4.79 Hz

g

In Table 13 the calculated angular dependenc" of 2.1(II,H) is

compared wíth the experimental val-ues for a series of compounds wiÈh

bridge-head nitrogen atons (49, 50). The calculated values of. 2l (H,H)

are obwiously too large (2), although the relaEive values are in fair

agreement with experimenË. Chivers and Crabb (49) predict 2.1(H,tt) 
as

most posiËive when e =0o buÈ rNDo calculaÈes 2.r(n,H¡, 
=30o 

> 2.1{tt,tt)u 
-oo.

q - - 2-,L5,, ) ?1

' Ir, eomparing the angular dependence of -J(--N,H) and 'J ('prtt) it
is convenient to.,qultipl¡.,either parameter by -1 because the magneto-
gyric ratios of *"N and --P have opposite sign.



Fígure 14. A plot of Ëhe calculate¿ 2.T(SCH) in methyl:mine versus

the l-one-pair N-C-II dihedral angle.
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TABLE 13

Calculated and observed (49) influenee of nitrogen .l-one-pair
,

orientation on -J(IlCIl) valr¡es in a¡r adjacent methylene group

2_J ObS.
*

^ 
obs.

2
J Cã | C.

*A ca1c.

300

6oo

3000

-8.5

-11.0

-13.6

4.9

2.5

0.0

-o.85

-L.92

-4.79

4.0

2.9

0.0

- n=r -r" e "3ooo

To shotr that the observed variation" ilr 2J(HgIì)are due to lone-pair
t)effects, -J(WIf)was calculated for the sËaggered conformaËion, -J(HNH) =

-6.57. Ez" and for the eclipsed conformaËion, 2J(IÐ[H) = -7.L0 Hz. The

dÍfference was only 0.53 Ez.

4. Three-Bond Nitrogen-Proton Coupl-ing Constants, 3J(N,Il)

In Table 14 tîe calculaËe¿ 3.r(15N,u) are presenËed for 15 com-

pornds rr-ith rígid geometries. The paucíty of experímenÈal data makes

a critical evaluation of the calculated 3.1(1t*,") vrlues difficult.

However, several e>çerimental Ërends appear to be reprod.uced by the
q Iqcalculations. On protonatíon of the nitrogen aton, -J(-"NrH) is pre-

dÍcted to decrease" (see compounds 1 and 2, 3 and 41 7 and 8, and 11

æd 12) in l-ine r¿iËh an experimental rule (33): on qu¿ternizatíon of
? ls 1 lq

1"" 
lrltrogen aton, "J(--NrE) decreases. rn winyl isocyanide "J('-NrHtr"o")

fs calculated. as approximately Ëwie. 3.l115wrH^*^), in good agreemenÈ
cr_s
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TABLE 14

15
CalculaÈ,ed and observed three-bond --N.H coupling constantg*

Comoound 3.1(15n.u) 
"r1".

3¡ (15N.n) obs,

2.

,"?j;

4\
I ^ tl

\,/
I

H

, "t-,_/"^4' 
"-(ro\",

rl.
NI\\o/

E^3H-
'\r,Ä,/ 

)

ïtl
o/-T4"-

Tio-1

-0.59

-7 .5L

-0.74

2.L4

-).4)

-L7 .27

-3. L9

-7.30

-8.10

-7.0L

-7 .73

-1.53

-3.98

"4

H-
.l

"4
H-

.)

5.

6. NtHg

NtHs

NgHt

N^H.J)
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Compound 3.r(15n,u)."tgr- 3.1(15n,n) ob" .

"'\/'

/\

7" Et -11.17

Hz -4.56

Ht -13.56

Ez -6.76

-11_.96

-5"19

-10.93

-2.52

-5.00

-3"90

8' 
"\/'

ll

e' H4 
7Hz

ìf
c

"/ 
\".

"ÄR,

Ç
I
E

\N/

0
@
Ni,

o

"1
Ez

-8. 68

-4 "26

-5"40

-L.94

-2.46

10"

r.1. E

L2.

13" "$u*,
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Compound
3 _.15__ --.J ( N,lt) calc. 3 _,15,- ,-,J( r\rtl) obs.

L4. 1"t -3. 86 -1. 85

\.too

ls' 
\*-o

-3"75 z.s+

* R.f"=.nces to the geometries and observed coupling constants for the

fírst t.en molecules are given in Table 9. The geometries used, and the

erperimental values observed for compounds 11, 13, and 14 are given in

Part II. For the anilinium ion, sLandard geomeËries (8, 37) were used to

calculaËe Èhe atomic coordinates of the atoms in the benzene ring fragmenL.

The C-N and N-H bond lengËhs were Èaken as 1.431 and 1.03 3. respectively

(5) . A1-1 CNII and HNH angles were Ëaken as 109 .47o .

+' This

See Y.

(Tokyo)

is the experimental value of 3.1(15olr") in cr-niËronapËhalene.

Kawazoe, M. Araki, S. Sawakí, and M. Ohnishi. Chen. Pharn. 8u11.

18-, 381 (1970) .
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T,riËh experiment. For aniline, 2-aminoacetophenone' acetanilide' and

nitrobenzene, the calculated 3.i(l5ltrtt) values range frorn -2 .52 to

-3.90 Hz. rr 3¡(151¡,tt) in niËrobenzene is negative the observed 3¡(15r,tt)

vaLues faLl beËween -1.85 and -2.5 Hz, in fair agÏeement with the cal-

culaËed values. I,Iith the exception of 3r115*r".) in isoxazoLe, all
3¡(15u,tt) coupling constants are correct,ly calcir"a"U as negative.

TABLE 15

I 1< I *
Effect of substituent electronega

)..(:

"\.=./*

"( 
\",

"J( 5N,tt"r=) ealc. 3.r{u'ur) obs.

Lí

TT

F

- 13.04

-6.76

-L.99

23.03

9. 31

4.7 4

19.3

11.5

4.65

*̂  Standard geometries (8, 37) were used for all cal-culations. The

C-Li bond length r^ras taken as 2.11.. Computed and observed values of
?
'J(II1rH2) are cited from reference (3).

In Tabl-e 15 the 3.i(I5t't,tt) values calculated for three vinyl-

amines are compared with 3.f (Urg) cal-culaÈed in three ethylene deriva-

tives (3). As the electronegativiËy of X increases, 3.1(tt*,") íncreases

?
while '.1(tt,tt) decreases. Thus for the vinyJ fragqrent the reduced
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coupl-jng constanËs, 3rc(mrn)"í" *d 3rCnr¡r)cis, sho* símirar substituent

effecËs

To antícípaËe fuLure experiments, the angular dependence of
? lq-JC-N'H-) r,ras evaluated for e,ËhylanÍne, protonated eËhylamine, ethyl-

ísoe¡ranide, cís- and trans-acetaldoxime, and protonated cis- and Ërans-

acetaldoxime. Sinee the experÍmental plots (52) preserrt 3J(14urti)

versus the NCGII dihedral angle, the spme convenl-ion will be followed

here. This facilÍËates a comparison betwe"r, 3.1(14Nrti) and the analogous
???

couplÍngs "J(IlrH), "J(F,II), and "J(P,H), all rhese nuclei hawing

posítíve g)rromagneti.c raËios.

a) Ttre Angular Dependence of 3J(14N,H) in the N\c-clH fragrnent

Í) Ethyl-amine

In Figure 15 the NCCH dihedral angle 0, in ethyJ-amine is plotted

agaínst cal-culated l4tlrtt coupling constanÈs. Two conformations of the

amín6 group are considered; in the E conformation (9) Ëhe N-II bonds

and Ëhe C-II bonds of the adJaeent methyl-ene group are eclipsed, while in

the S conformation (10) they are staggered.6 Noa. that in the E conformation

HEFN'- '\ 
?þr,.c\c

H.',í" * 
\

H 'Hg

E conformation
o =1800 (II3) , 6o0 {tt, and IIr)

6 In this discussion, E and S denote eelipsed and staggered.'conformations

ÉespecËively,

9



FÍ.gure 15. A plor

angle

and S

of the calculate¿ 3¡(to*,")

for the E and S conformations

conformatíons are depicted in

versus the NCCII

of etþylamine.

9 and 10 of the

díhedral

rne _E;

text.
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the nitrogen lone-paír 1-ies

conformation it lies Ërans

cis to the methyl group while in Ëhe S

Èo the meÈhyl group. The E conformation IÞ

H
.¿øu

N

H-'á
)+

tJ,
&H,

C

H,H
#;

S conformaÈion

o =lgoo ltir) " 6oo {n, and Hr)

10

cal-cuLated to be more sËab1e than the S conformation for all angl-es 0.

From Figure 15 it is apparent that 3J(14tl,u) ís dependenË

both on the orienÈation of the niËrogen lone-pair and on the NCCI1

dihedral- angle. Both the E and S conformations of ethyl¡mine are most

stable when the C-H bonds of the methyl and methylene groups are

staggered, i.e., for 0=600 (H, and Hr) and 1800 (Hg). Th"rr 3J(14N,H)".,'.

is 2.65 Hz for the E conformatíon, and is 0.61 Hz for S. In rigid

coryor:nds a sinilar d.ependence of 3.1(UrH) on lone-palr orientation is

observed (53-56). For exam.ole, in N,N-dinethylnitrosamine (11),
? lq-J(-"NrE) = t2"2 Hz when the rnethyl group lies cÍs to the lone-pair

I tq¡vhile -J(*"N'H) = i0.8 Ez vhen the methyl group lies trans to Ëhe lone-

palr (53).
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ffi3-'-r-,- ffi3

Ill\o

11

The coordinaËes of Ëhe amíno group nucl-eí were calculated

assuruing equal- C-N and N-H bond lengths in ethylarnine and methylamine

(referenee L ín Table 9). In addition, the fol-lowing bond angles were

assu¡ned.: angle HNC = LAg.47o and dihedral angles HNCC = 1200 (E confor-

rnation) and t60o (S conformation) . The atomí c coord.inates of the ethvt

group ç¡ere taken from the líteraLure (57).
â 11"J("-PrH) in aminophosphines depends on Ëhe oríentation of

the phosphorus lone-pair (58-60). Below -120 
oC the p.m.r. spectrum of

nethylarnìnobis (trífluoromethyl) phosphine, CH3NH'P (CF3),, indicaÈes

the presence of thro rotatÍonal ísomers (12a) and (12b). The mosË

¡f''
^lÀcç 

'i 
cq

12a

CHt

t2b

abr:ndanË ísomer is assigned Ëo L2a where 3t("rrH) = 13.9
?LrIzb, -J("'P,H) = 4 Hz (58). In phosphines and in niÈrogen

containing a lone-pair, 3.1(31p,ti) 
"rrd 

3,¡(tO*,") apparenrry

sinflar dependence on Ëhe orÍentatíon of the Lone-pair.

IIz r¡hile in

compounds

display a



íi) ProËonated Erhylamíne
a 1/,In Figure 16 , -J ('-N rIi) i.n

againsü the dihedrai- angle in Ëhe

S (14) conformaËions of the amino

protonaËed ethyl¡mjne
ô

fragment *ñccH. Both

group are considered.
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the E (13) and
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Fígure 16. A plot of the calculaËea 3.¡(to*,")

angl-e of the NCCH fragment in Ëhe

of protonated ethyl-anrine.

versus the dihedral

E and S conformaËions
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coordinates for protonated ethylamíne were essentially the same as

those used for the unproËonated species. À11 H-N-X angles were taken

as 109.47o and the N-iI bond length was assumed to be 1.03 3.. For every

angle 0 the S conformation (1,Q was more sËable than the E conformation (13).

The curve" of 3.1&CCH) versus 0 in Figure 16 are very simil¿¡,

in contrast to those of the unproËonated molecules (Figure 15). Note

Ëhe inerease in 3¡(14tlrtt) over its values in the unproËonaËed species.

iii) Ethylisocyaníde

In Fígure 17 the curve depicting the calculated angular depen-
7. 11,

dence of "J(*-NrH) closely resembles Lhe rough e>çerimental curves

assembled by Bothner-By and Cox (52). INDO finds 2.345 kcal/nol as

Èhe barrier to rotation about C-C bond. Therefore ít is best Ëo use

the cal-culated average t4*," couplings in the st,aggered conformation.
1 1¿ 2 1l!

one has -J(*-N'H)rrr. = 2.81 Hz and -J(*-N,H)".r" = -2.78 Hz. Maher

(25) arrd MacFarLane (24) observe 3.r(14N,tt) = 2.5 Hz and 2¡(14N,g) = -2.0 Hz.

The bond lengths and angles in the C-N=C and the ethyl fragments

were taken as Ëhose in methylisocyanide and ethane, respectively

(reference i and h in Table 9).

b) The Angular Dependence of 3J(I4N,H) in the N\-clH Fraguent

i) Cis-Acetaldoxime and ?rotonaled eis-Aceteldo¡i*g

rn FÍgure 18 the calculatea 3.r(t4*r", in 15 and 16 is plorred

vef,sus the N=C-C-H dihedral angle. The maxirnum occurs at an angle of

90o Índicating the importance of the n orbiÈals of the C=N bond in

the transmission of the spin infomation.

The structure used to calculate the aËomi c coordinaËes in

tsas that of Rogowski and Schrnrendeman (61). I^Iith the exception of

15

the



Figure 17. A plot of the calculare¿ 3.r(to*,") versus rhe NCCIÍ

dihedral angle in ethylisocyanide.
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Figure 18. A pi-oÈ of rhe calcular,ea 3¡(tO*,")

dihedral angle in cis-acetaldoxime

cis-acetaldoxime.

versus the NCCH

and in protonated
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The structural paråmeters for trans-acetaldoxime were obtained

fron Rogowski and schwendeman (61). ExcepË for the additíonal proton,

the protonated species T¡ras assumed Èo have the sâñe sËructure as Èhe

r¡rpïotonated. speeies: the N-II bond length was Èaken as I.03 i, the

cl'IE bond angle as 1200 and. the ccNo d,ihedral angle as lgoo.

115

*;>'*ç

15

methyl group, the protonated speeies was assumed planar, wiËh all bond

angl-es and bond lengths the same as those used. for Ëhe trnprotonated,

species; the N-H bond length r¿as raken as 1.03 i and rhe cNH angle as

1200. rNÐo cal-culates the barrieï to rotation of the meËhyl group ro

be 208 cal/mol while rhe observed barrier is 373 cal/nol (61). The

barríer in the proËonaËed species is ealc¡rlated. to be slíghtly larger,
363 cal-lrnol.

Averaging over all angles yields 3.r(14N,H) as 2.65 Hz and 4 .22 Hz,

respectively, for cís-acetaldoxime and protonaÈed cÍs-acetaldoxime.

ií) Trans-Acetaldoxime and protonaËed Tr4ns-Àcetaldoxíme

In Figure 19 the II-C-C=N díhedrai- angle Ín 17 and 18 is plotted
against the calculated 3J(14n,tt) 

.

ot")"=*'o

T6

-).=q
18



Figure 19. A plot of the calcularea 3;114u,H) versus

dihedral angle in trans-aceËaldoxime and

ated t.rans-acetaldoxime.

Ëhe NCCH

in proËon-
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rNDo finds Ëhe barrier Ëo roËation of the rnethyl group to be

1080 eal/mol while rhe e>çeriuenral barrj.er is 1g35 cal/mol (61). The

barrier ín the protonated species r¡as calculated as I1B5 cal/rnol. since

the observed barrier is greater than 3kT one can compare the calculated
and, observed coupling constants by considering only Èhe mosÈ stable
confornatíon. The average values or 3.r(to*r") for the most stable con-

formations are 3.57 Hz and 5 .25 Hz for trans-aceËaldoxime and protonate¿

trans-acetaldoxime, respectÍvely.

NotÍce that in the trans isoner (17) the niÈrogen lone_paÍr is
cis to the nethyl group rod 3.r(14m,n) is calculaÈed to be larger than

in the case where Èhe methyl group is trans (_ll_) to the lone_pair. This

ís in good agreement lrirh experiment. For the oxime (19) ,r(14*,cH3(À))

is 1. 57 Hz rod 3-l(14*,cH3(B)) is 2 .g6 Hz (33). I,rrhen 19 is sÈudied in rri-
fl-uoroacetic acid, eactr of th. 14N,H coupl-ing constants becomes rarger:

(A)
o3-a="rro"
os/
(B)

19

3r(14*,clr3(A)) is 2 .36 Hz 
"r,d 

3.r(14u,crr3(B)) is 3 .27 Hz (33).

all the calcul-aËed coupling constants are

relaËive values agïee with experiment.

a litËle Ëoo Large,

Although

their

- rn stlrmary' scF calculatj.ons at the rNÐo 1evel predict a dihedral
angle dependence or 3.1(tO*,") in the N-c-c-H fragment similar to that
obsen¡ed for rJ(H,H) (1,3,5), for 3.r(19r,u) (62, 63) and for 3.1(31p,ti)

(52" 64) in Ëhe saturaËed X-c-c-H fragments. The angular dependence of
3r(14*r") in the N=C-C-H fragment is computed, as different from that in
the saËuraËed fragmenÈ.
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5. The Effect of protonarion on J(N,H) in Iièiq", Aníline, Armronia

rn Tables 16 and 17 the calcurated and observed tt*," couplings

are given for pyridine and the pyridinium ion, and for anílíne and the

anilinir'¡n ion- rn Table 18, I¡(l5lrtt) is presented for ¡mmo¡1i¿, the
anrmgnium ion, methyl¡míps, and protonated methyl¡rnins.

INDO predicts a d.ecreas. in 1J(15N'ïI) on protonation, in agree_

ment lrith experiment for aunonia and methylemíne but not for aníIine,
rshere uncertainty about the geometry of the ¡mins group may be the cause

of the disagreement. Thus, a planar .ami¡s group entails a calculated
I lq-J(-"N,H) of -92"5 Hz (50).

TABLE 16

Calculated and observêd 15N,H coupling constants

for pyridine and the pyrídínír.m íor, *

Jcâlc. Jot=. (34) J
cã f c. (34)

@
ù rob".

and Methvlamine

.r (15tt,n)
3t(15",")
4.r(15¡r,n)

-16.9 I
-0.59
0.54

-10.76

-1. s3

0.21

0.47

-7.s!
1" 73

-3.01
-3.9I
t0.69

The geometries used for these calculations are given in Tabl_e 9.
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TABLE 17

Cal-culated and ob".rlr.d 15N

for aniline and the anílinium l-on

Jcalc. J^L^ (see ParË II)
ODS.

ftt
o

o
l"
o

Jcarc. Jobs. (65)

1r(15x,")
3, ( 15¡r, r)
4¡ ( 15u,lr)

5¡ 
( 150r,")

-59.53

-2.52
-1.06
+0. 18

-78.875

-1.935

-0.476
0.009

-72.36
-5.00

-1.04

-1.34

-76.0 t 0.s

The geomeÈries used for Ëhese car-culations aïe given in Table 14.

TABLE 18

Calcu1ated and observed 1.r15tq,n) in armnonia and meth lamine

Compor:nd 1.r(15m,u) catc. t, (tt*,") oo". Reference

NH^

q;o
.tgF,
*rffi,

-42.64

-73.52

-34.78

-7s.38

-6I.2
-73.2
-6:.0
-75.6

66

29

)9,

29

*
Standard geometries

inates of amnonia. The

The geomeÈries used for
Ín Table 9.

(8, 37) were used to calculate the aËomÍc coord.-
N-H bond length was taken as 1.03 I fo, arunonia.
methylanine and proËonated methylamine are given
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on protonation, the calculations predict an increase in 2r(t'*rr)
i'n pyridí'e' a decrease irr 3.r(15NrH) in anilÍne and pyridine, an increase
in 4.r(tt*r") in pyridine, and a decreas. in 5J(l5ltrti) in aníline. such
an alternatíng effect due to protonaËion has been observed by crépaux,
Lehn and Dean (33).
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CONCTUSIONS

A comparíson of theoretical with Ëhe available experimental

trso-bond and three-bond nítrogen-proton spín-spin coupling constants

encourages theír coubined use in conformatÍonal and strucËural rotk.7

7 After completion of this work, a paper (69) appeared giving Ëhe

results of cNDo/2 and rNDo cal-culations on NrH; crH; and HrH coupring

constants in several of the molecules discussed above. There are

some large discrepancies in the two sets of NrH couplings. The cal_

culations presented in this thesis are in exact agreemenË with previous

dara for 1r(14*,")

(zo¡ r'd 1¡ (13c,tl)

ln

l-n

¡mment¿ (7, 8), 1r(15*,13c) in merhyl eyaníde

methyleninine (71).



722

REFERENCES FOR PART ITI

1" (a) A"A. Bothner-By. Àdvan. Magn. Resonance, r, 195 (1965).

(b) T. Yoneza¡vâ, r. Moroshímar K. Fukuta, and y. ohmori. J. Mor.

Spectrosc. 31, 341 (1969).

2. G.E. Maciel, J.I,I. Mclver, Jr., N.S. Ostlund, and J.A. pople. J.

An. Ghem. Soc. 92, 4151 (1970).

3" G.E. Maciel, J.tr^I. Mclver, Jr., N.S" Ostlund, and J.A. pop1e. J.

.Am. Chen. Soc. 92, 4497 (1970).

4- G.E. Maciel, J.tr{- Mcrver" Jr., N.S. ostlund, and J.A. pople. J.

An. Chem. Soc. 92, 4506 (1970)

5" t"M. Jaclman and S" Sternhell. Applicatíons of nuclear magnetic

resonance spectroscopy in organíc chemisËry. perg=mon press,

Oxford, L969.

6. J.A. Pop1e, J.tr{. Mclver, Jr., and N.S. Osth:nd. them. phvs.

Letter, Ln 465 (1967).

7. J.A. Pop1e, J.W. Mclver, Jr., and N.S. OsËlund. J. Chem. phvs.

49, 2960, 2965 (1968).

8. J.A. Pople and D.L. Beveridge. Àpproximate molecular orbital

theory. McGrar.¡-ilíl1 Book Company, New york, N.y., Ig7O.

9" J"A. Pople, D.L. Beveridge, and p.A. Dobosh. J. Ctrem. phys. 47,

2026 (1967)

10" E"I.I" Randall and Ð.G. GillÍes. rn progress in nuclear magnetíc

resonance specÈroscopy. Edited ÞJ. J.I,I. F.mslsy, J. Feeney, and

L.E. Sutcliffe. Vol. 6, p. 119" pergamon press. Oxford, 197L.



L23

11. R"L" Líchter. rn Ðetermination of organic sËructures by

physical methods. Edited Þ¿ F.c. Nachod. and J.J. zuckerman.

Voi-" 4, p. 195. Academis pr.rs, New york, N.y., Lg7I.

12. Program 135. QuanÈum chernistry program exehange. rndiana univ-

ersity, Bloominton, Indiana.

13. Progran 141. Quantum chemÍstry progrâm exchange. rndíana Univ-

ersity, Bloomington, Indiana.

14. B. sunners, L.H. pietÈe, and trI.G. schneider. can. J. chem. 3g,

681 (1960).

15" A"J.R. Bourn and E.tr{. Randall. Mol. phys. g, 569 (Lg64).

L6. R-J. chuck, D.G. GíIlíes, and E.t{. Randall. Mol. phys. 16, rzl (1969).

17" M.T" Rogers and L.À. Laplanche. J. phys. chem. 69, 3648 (1965).

18. À-K. Bose and r. Kugajevsky. Terrahedron, 23, 14gg (1967).

19" M. ohËsuru, K. Tori, J.M. Lehn, and R. seher. J. An. chem. soc.

91, LL87 (L969).

20. E. Rahkamaa. Mol. Phys. 19, 727 (1970).

21" B.I{. Roberts, J.B. Lanbert, and J.D. Roberts. J. Arn. chem. soc.

87, 5439 (1965)

22. D.s. Matteson and R.A. Bailey. J. An. Ghem. soc. 90, 3761 (196g).

23. À.J.R. Bourn and E.w. Randall. J. Mor. specrrosc. 13, 29 (Lg64).

24. W. McFarl-ane. J. Chem. Soc. A, f 660 (1967).

25. J.P. Maher. J. Chem. Soe. A, 1855 C1966).

26" G" Binsch and J.D. Roberrs. J. phys. chem. 72, 43ro (196g) 
"

27" G.A" Olah and T.E. Kiovsky. J. A¡n. Chem. Soc. 90, 4666 (Lg6B).

28. L. Paolill-o and E.D. Becker. J. Mag. Res. 3, 2OO (1970).

29" G" Bínsch, J.B. Lambert, B.w. Roberts, and J.D. RoberËs. J. an.

Chem. Soc" 86, 5564 CL964).



]-24

30" D.M. Jerina, D.R. Boyd, L. Paolillo, and E.D. Becker. Tetrahedron

LetËers" 18, 1483 (1970) 
"

31. E.D. Becker. PrívaËe c.6nrmuni¿stion.

32" M" ohËsuru and K. Tori. Tetrahedron Lerrers. 47, 4043 (i970).

33. D. Crépaux, J.M. Lehn, and R.R. Dean. Mo1. Phys. L6,225 (1969).

34. R.T," Lichter and J.D. RoberËs. J. Aa. Chem. Soc. 93, 5218 (Lg7L).

35. J"P" Kintzinger and J.M" Lehn" Chem. Co¡mun. 660 (L967).

36. E.D. Becker, R.B. Bradley, and T. Axenrod. J. Mag. Res. 4, 136

(1e71).

37. J.A. Pople and M. Gordon. J. An. Chem. Soc. 89, 4254 (L967).

38. J.A. Pople and A.A. Bothner-By. J. Chem. phys. 42, 1339 (f965).

39. T. Nishikawa, T. Itoh, and K" Shimoda. J. Cheu. phys. 23, L735

(195s) .

40" F.B. lliddell and J.M. Lehn. J. Chem. Soc. B, LZZ4 (1968).

41. R.G. Lett and üI.H. Flygare. J. Chem. phys. 47, 473 (L967) 
"

42. J"M. Lehn and B. Munsch. Theor. Chin. AcËa, IZ, gl (i968).

43. J.M. Lehn, B. Munsch, and p. Mil-liá. Theor. Chím. Acta, 16, 351

(le70).

44. J.M. Leha¡ B. M,rnsch, P. Milliá, and A. Veil-l-ard. Theor. Chin.

AcËan 13, 313 (1969)

45. F.A.L. Anet, J.C. Jochims, and C.H. Bradley. J. Aa. Chem. Soc.

92, 2557 (1970).

46" J.P" Àlbrand, D. Gagoaire, and J"B. Robert. Chem. Cor¡rmun. 1469

(1e68).

47" J.P. Albrand, D. Gagnai-re, J. Martin, and J.B. Robert. Bull-.

Soc" Chin" France. 40 (L969)



l-25

48. H. Goldwhíte and D.G. Rowsell. Chem. Comnun" 1665 (i968).

49, P.J" Chivers and T.A. Crabb. Tetrahedron. 26, 3389 (1970).

50. R. Cahill and T.A. Crabb. 0rg. Magn. Resonance. 4, 259

(Le7 2)

51. D.G. Lister and J.K. Tyler. Chen. Commun. L52 (1966).

52. A.A" Bothner-By and R.11. Cox. J. Phys. Chen. 73" 1830 (1969).

53. I,I"J. Jorgensen and L.c. ALlen. J. am. chem. soc. 93, 567 (1971,).

54. T. Axenrod, P.S. Pregosin, and G.I{.A. Mí1ne. Chem. Conmun. 702

(1e68).

55. T. Axenrod, M.J. trIieder, and G.hl.A' Mil-ne. Tetrahedron LeËters.

6, 401 (L969)

56. T" Axenrod, M.J. I^Iieder, and G.Tí.A. ìfilne. Tetrahedron Letters.

. 18, t397 (1969).

57. T. Axenrod. Spectroscopy LeÈËers. 3, 263 (1970).

58. A.H. Cowl-ey, M"J.S. Dewar, W.R. Jackson, and I{.8. Jenníngs. J.

An. Chem. Soc. 92, 1085 (1970).

59. A.H. Cowley, M.J.S. Dewar, W.R. Jackson, and lnI.B. Jennings. J.

A!0. Chern. Soc. 92, 5206 (1970).

60. J. Nelson, R. Spratt, and B.J. trIal-ker. Chern. Cor"mun. 1509 (1970).

6L" R.S. Rogowski and R.H. Schwendeman. J. Che¡n. Phys. 50,397 (1969).

62. K"L. Williamson, Y.L. Ifsu, F.H. Hall, S. Swager, and M.S. Coult,er.

J. An. Chem. Soc. 90, 6717 (1968).

63" M"S" Gopínathan and P.T. Narasirnham. Mol. Phys. 2L, 1141 (1971)"

64" D.Vü. WhÍte and J.G. Verkade. J. Mah. Res. 3, 111 (f970).

65" T. Àxenrod, M.J. l.rli-eder, G. Berti, and P.L. Baríl-i. J. An. Chem.

Ctrem. Soc. 92, 6066 (1970).



L2b

66" R"A. Bernheim a¡rd H. Batiz-Hernandez. J. chem" phys. 40, 3446

(1e64).

67" w.A. Anderson and R. Freeman. J. Ghem. phys. 39, 1518 (i963).

68. J"E. LancasÈer. Spectrochim. AcËa, 234, I44g (1967).

69" M.S. Gopínathan and p.T. Narasimh¡m. Mol. phys . 22, 473 (1971).

70. G.E. Maciel, J.hï. Mclver, Jr., N.S. OstLr:nd, and J.A. pople. J.

An. Chen. Soe. 92, 11 (1970).

7L" G.E. Maciel, J.I,I. Mclver, Jr., N.S. Osth:nd, and J.A. pople. J.

Am. Chem. Soc. 92, 1 (1970).



PART IV

rNDo Molecular orbital calculations on the confornaËional

Dependence of Long-Range Spin-Spin Coupling of Methyl.

Protons in ToLuene, p-Fluorotoluene and the Xvlenes
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INTRODUCTTON

The I'methyl group replacement" Ëechníque (1, 2) is often used

(2-7) in estÍmating Èhe n electron contribution to spin-spin coupring

constants between proËons and protons oï oËher nucleÍ in conJugated

systems. rt is based on the idea (2), derived from arguments about

proton-elecËTon hyperfine coupling in organic radícal-s, tha¡ a replace-

ment of a hydrogen atom in a C-H bond by a nethyl group (under cond.itions

where approximately free roËatÍon of the methyl group oceurs) yields

a new coupling constant of the same magnitude as, but of different
sign to, the original couplíng of the replaced proton. This r¿í11 be

roughly true if a n electron mechanísm operaËes to the exclusion of a

o electron mechanism of eoupling. For exampl_e, ín toluene the coupling

over six bonds between Ëhe methyl proËons and the para ring proton,
6, HTCILj _._ ^ ¿,o ' J ís -0,62 * 0.02 I{z (B) while iÈ is 0.62 t 0.03 IIz in a deriv_
ative of p-xylene (6).

such a result is encouraging buË extensíon Ëo Èhe coupling

between methyl and ríng protons over four and five bonds is problem-

atical- Ín that a o electron contribution is nor.¡ urore difficulË co

exclude on theoretical grounds (9-ll). Another view (B) holds that

the ring-rnethyl proËon coupling consËants are Ëïansrnitted by a mech-

anísm índependent of that cperating to couple the ríng protons thero-

selves ¿ Thís view is based on the fact Èhat coupling between ring
protons is rnarkedly substítuent dependent while this is noË Ërue of

the ring-neËhyl proton couplings. rt is Ëhen held that the methyl-

rÍng couplÍngs are propagated by a n elecEron mechanism.
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Ttre general success of Ëh-e EIDO molecular orbital cal-culaËions

of nuclear spín-spín couplÍng constants (12-15), parËicu1ar1y in repro-

ttucÍng the observed sub-sËituent dependence of ring proton couplíngs

in monosubst.iËuted benzenes C15), encourages Ëheir extension Ëo ring-

nethyl proton couplings j.n toluene and to the fluorine-meËhyl proton

couplíng in p-fluorotoluene for whích accurate experimental data (7, B)

are available. Experimental meÈhyl-nethyl proËon couplings are also

known for derivatives of the xy1-enes (6). In this study such couplings

are computed as a function of the roËational angle of the methyl group

with the intention of elucidating to sone extent the mechanism of

coupling and in the hope of theír use in future conformaEional s¡udies

by n.m.r.

The discussion Ëakes the vier¿ that computed nunbers shal1 be

related as closely as possible to Ëhe cormron concepts of the e>çeri-

mentalist,, such as Ëhe separability of o and T electron systems, con-

jugatÍon, hyperconJugaËion and the like; whích are used, for example,

in Ëhe interpretatíon of chemical shifËs, intensities of infrared

spectra of benzene derívatives and of nuclear quadrupole frequencies

(t0¡. The INDO formulaËion, of course, treaËs all valence elecËrons

on an equal footing but Ëhis is not to say that the semiquantitative

concepts are no longer necessary or at leasÈ useful.
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COMPUTATIONAT PRO CEÐIIRE

1. Toluene and p-FluoroËoluene

standard geomeÈries (17, trB) are used to calculate atomic

coordinaËes. The finiËe perrurbaËion rnethod (12, 1g) at the rNDo

leveL of approximation (18, 19) is euployed with the convergence

requíreuent that for all i

ro-s < coÏrtu -o ii*l ¡ o ilo (i)

where pii rr" diagonal elements of the spin densiÈy naËrix.

I.lt¡en convergence is noË reaehed in 90 scF cycJ_es, 100 cycles

are carried out and. Ëhe coupling constants are usually not changing

by more than t0-3 Hz per cycle aË that stage. ït is felt that the

presenÈ convergence criterion is more sLringent (but also more cosËly)

thaa one using all- elements of the spin density maËrices.

All coupling constants are couputed in Hz f.or the conformations

L, 2, a¡rd 3 of the methyl group (the dashed lines represenËing the

45"

1 2

The method

1

3

checked by cornpuÈingplane of the aromatic ring). can be
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all coupling consËânts Ëo one of the ring proËons situated ortho Èo

the methyl group. SatisfacËory agreement r¡7ith líterat.ure values is

found (15).

rn Tabl-e 19 the coupling consËants are given as a funct,ion of

the angLe 0, defined as the Htc4csco dihedral angle in 4a and 4b.

**a,o

\cít'
Hm

4e (0=60¡ 4b (0=1960¡

TABLE 19

Computed long-range coupling constants in Hz of the meËhv1

protons in toluene, A, and in p-fluorotoluene, B

çl''

o, otl't", 5rllr cH3
m

6rH, GII3
p

6JF,ClI3
p

degreesABAB

\.1"

0
15
30
45
60
75
90

10s
L20
13s
150
165
180

-0.345
-0.4L4
-0.606
-0. 87s

-1 .154
-1. 370
-L.467
-t.424
-L.264
-1.036
-o. 806
-0.637
-o.575

-0. 343
-0 .4L6
-0.6L7
-0. 89 B

-1. 189

-L.4r2
-1 . 511
-L.464
-1.294
-1 .052
-0. 80 7

-0.627
-0.562

0 .234 0.242
o.266 0.276
0.3s8 0.373
0.493 0.515
0.646 0.673
o.786 0.816
0.889 0.9 18
0.943 0.964
0.946 0.956
0.917 0.9L2
0.876 0.8s7
0.843 0.814
0.831 0.798

-0.075
-0.151
-0.357
-0.642
-0.929
-1. 141
-L.2I9

-0 .008
0.117
0.463
0.935
r.406
L.750
L.872
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2" The Xylenes

Again, st,andard geomeËries are enployed but the conveïgence

pêr¡ms¿s¡ in EquaLion I is changed from 1o-5 to 1o-4. Because of com-

puËÍonal cosËs Ëhe coupling constants are calculated for a liroiËed

number of conforuaËions, given in Tables ZO to 23.

TABLE 20

methyl protons in p-xvlene

65 7

constants

4rH1'H
o

5, II1,II
m

7rH1rH4

t.f t''"t
7rE1,116

-L.484
-t.484
0.920
0.92L

2. 881

0. 834

0. 836

-1.483
-1 .483

0.931
0.931

2.9L4

0. 815

0. 814

-r.49L
-L.476
0.924
o.927

0. 141

2.2L8

2.t87

*
The couplings to the ring protons over four and five bonds can be

coupared, to those in Table 19 for 0=900. The p1-ane of the aromaËic

ring lies perpendicular Ëo the plane of the paper and is indicated

by dashed lines in 5, 6, and 7"
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TABLE 21

Cornputeè long-range coupling constants in Hz of the

meËhyl protons in m-xylene

,r...8] ,,

H7

Cf H6

-..H¿*

H5
I 2*

Coupling

4rH1>H7
o

4rH1,H1g
o

5rH1,H9
m

6r.Ef ,Ha
p

6rE1,H4

6rE1,II5

6rE1,H6

-r.501

-L.484

0.897

-L.246

-r.936

-0. s82

-0.584

-t.502

-1.483

0.899

-L.243

-L.927

-0.596

-0.580

*
rn both 8 and 9, c-IIl and c-H4 líe in a prane perpendicular to the

plane of the ring. rn 8, c-II4 lies above the plane and lies below the

plane in 9. The couplÍngs to the ring pïotons can be cornpared with

those for o=90o in Table 19.
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TABTE 22

coupuËêd long-range coupling constants in Hz of the methyl protons

in oixyl-ene for two conformaËions

Ha

'.Lt-
"b

tlñ7

H8

r9 11

Goupling f,=L

4r.E*rE1g
o

5.¡Q"Ð
Itr

5JExrET
m

6r4x,Eg
p

5rÏtxrE4

5rÏk,ES

5Jqx'%

-7.479

0.913

0.910

-7.223

2.7r4

0.773

0.931

-0. 800

0.908

0.405

-o.360

0.931

o.214

-o.164

-0.626

0.3s8

0. 881

4.364

o.773

0.256

o.21,4

-7.473

0.919

0.901

-I.227

2.727

0"875

0.700

-0. 802

0.901

0.390

-0.358

0.701

0.033

-0.259

-0.629

0.361

0.899

-4.366

0.874

0.283

0.277

The conformations of the metfryl groups are as described in Table 21,
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TA3LE 23

protons 1ie ín Èhe plane of Ëhe benzene ring

13

*
Coupling

uted long-range coupling constants in Hz of the methyl protons

o-xylene for Ëhree conformaÈions ín which tro of ths_-*"thyf_

t,-, åt,,ro
tt nu

T2

H7

H5

Hi-s.t*?,, H,

L4

H7

F,,.HS
c-, 

,ñrq

a.lþ'"ro

5.t"='Ð
m

5rE*,87
m

6rH*,Hg
P

5rH*rH4

5rE*rII5

5rE*,H6

-0. 380

o.277

0. 841

-0.09 I

-0.400

0.121

0.Lzt

-I.256

0.976

0.672

-o.923

-0.297

L.740

L.529

-0.557

0. 861

0.280

-0.069

-0.691

0.040

0.040

-L.L79

o.662

o.965

-0.936

0.040

I .605

L.649

-0. 356

o.226

0. 841

-0 .086

0..060

0. 135

0. 135

-L.269

0.974

0.673

-0.936

0. 135

L.448

1.883

The C-II1 and

each of LZ, L3,

C-H4 bonds 1íe ín Ëhe plane of the aromaËic ríng in

and 14.



136

REST]LTS AI{D DISCUSSION

The computed couplings in the tables are quoted to three decimal

places in accord with Ëhe convergence criteria; experimental values

are knor¿n to a precÍsion of a few hundredths of a Hz. Note that Ëhere

are checks on the internal consisËency of the calculations; thus eon-

format,ions 5 and 6 in Table 20 should and do show almosË identical

couplings from H, to Ëhe ríng protons. Siruilar checks can be found in

the oËher tables.

Note also that a second nethyl group does not appïeciably

change the magnitude of the ring-nethyl proton coupl-ings: compare, for

exanple, Tables 19 and 20. This resul-t nay be in part due to the use

of standard geometries but is also consistent with the observed insen-

sítiwiËy (3, 6, 8, 20, zI) of the ring-meËhyl proton coupling consËants

to subsËituent effect,s

1. Ring-l6ethy1 Proton Couplíngs in terms of a rElectron Mechanism

By analogy to the Mcconnell-Heller equation (22) for the hyper-

fíne interacÈion of rnethyl proËons rvÍÈh Ëhe unpaired spin density in

Ëhe n orbital- of the contiguous carbon atom in the conjugated sysËem,

a n eLectron mechanism for the ri-ng-rnethyl- proton coupling suggests

Ëhat the coupling may be written as

)J=JO*Jrsin-o (2)

The angle 0 is defined ín 4 and Jo is presumably small compared to Jr.

Therefore J has its largesü magniÈude r¿hen Ëhe C-II bond of the methyl

group contaíning the coupled proton lies in a p1-ane perpendicular to

Ëhe aromatic ring. For free roËation of the neËhyl gïoup one has
,<sin- 0>= ll2, a good assuuptlon for Ëoluene (and by inpl-ication for
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meta and para xylene) in which the barrier to roËaËion of the rnethyl
group is 0.0L4 kcal/mol in the gas phase (23). Jl is knor,m frou the
cornrputed value of J at 0=900 (Jo snall) .

a) Toluene ancl p-Xylene

consÍdering noï,ü 
utT'o, 

one has from Tabre r.9 rhat Í.ts average

value is -1 -22/z = -e.6L Hz, in excellent agreemenÈ with the knovrn

vaLue of -0 -62 Hz (g)- AlrernaÈively,. 6.l1,c'3t 
= {-t.ztg - (-o .07Ð}/2-p

0.075 = -0.65 Hz if one assumes that -0 .075 Hz(e=Oo) corresponds Ëo a
JO tern in Equation 2, present at al1 angles e. Note also that the
computed, values ^ç 

6rHrffii *- .; of "Jn'""3 in Table 19 quite closely obey a sirr2O

dependence.

It folLows that in ¡r-xylene (Table 20) the coupling betÌ^reen

Ëhe proÊons in the two dÍfferenË methyl groups should b. .7Jffi3rm3,
= 0.25 (2.881 + 2.9L4)/z = 0.72 Hz where rhe mean Ís raken of rhe
conputed values at o=90o for conformaËions 5 and 6. or, in terms of
a Jo rerm, .7JG3,ffi3, = 0.25 (2.g9g - 0.141) + 0.140 = 0.g3 Hz (nore

that 0.r4L - 210.0751). The experimenral value in p-xyrene irself is
unknown but in a p-xylene derivative Ít is 0. 62 ! 0.03 Hz (6).

b)

From the values or 4.rl'ffi3 
and 5JH,CI{3 for toluene in Tabl_e 19o _¡¡

it is likely that the computati.ons are not in agreement qrÍth a sore fi

mechanism for these couplings. Each should. then have equar nagnitudes
at 0=9oo a¡rd l80o - they d.o not - and they should have a maximr-u mas-
nitude at 0=9Ooi but 

"l'o, 
has a maximum near l2Oo.

Nevertheless, applícaÈion of the same argument as foï p_xylene
yfeLds .s.tT'ffi3t = o.Bilg/z = o.45IIz (Table 19) 

"rrd 
.6Jffi3,ffi3>=- m \LevLç LJ ) 

u
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-1.93L/4 = -0.48 nz for m-xylene (Tab1e 2L). sinilarly, .43H,CII3> *

-L.467/2 = -Q.73 Hz (Table 19) *rr¿ .5.r$3,ffi3t = 2.720/4 = 0.68 Hzo

for o-xylene (Table 22). These numbers compare with 4JHrcH3 
= -0.75 Hzo

"rra 
5;T'ffi3 

= 0.36 Hz observed in roluene (g) 
"r,a 

5;!H:,cH3 - 0.40 Hzm \v/ 
o

"oa 
6-rffis'G3 - -0.19 Hz found in;ylene derivatives (6).m

one may conclude that on Èhe basís of the "meËhyl group replace-

ment" model and taking only Ëhose conformations where o=90o, the com-

putations impry a n electron mechanism for the ring-methil proton

coupLings ínsofarl 
"" -.4JH'G3t - .5Jffi3rffi3t 5-H,CHr .6rffi3rcH3,-o o and -'Jt J> - '-J; '---b t

remenbering that these averages are obtained by taking.sirr2O, = !/2.
The experímenËal data, on Ëhe oËher hand, ínply that only a fractíon
^. 4-HrCHg __, 5-H'CH2or Jo- " and Jm' r are accounted for by a n mechanism.

one nay nor¡ find the mean values over 0 of the ríng-neËhyl

couplÍng constants in Table 19, a reasonable approxiuatíon to the Ërue

mean because nuubers are gíven at l5o ínÈervals. rn this way one

finds 6tH'cE3 
= -e.64 Hz, t{'c'3 

= 0.69 Hz, and orÏ,ot = -Q.92 Hz

Goryarison of these cl-ose approxímaËíons Ëo the true calculaÈed mean

r¡íËh those obtained from 0=900 indícates agreemenÈ of Ëhe compuËations

¡riËh a sole r electron mechanism for 6JH'CH3 br-r, d.isagreement for thep

other two couplings. rt also suggests that Ëhe computed approximate

equalitíes in the magnitudes of the ríng-rnethyl and rnethyltlethyl
proton couplings (g=90o) are fortuitous for o-r<ylene and m-xylene. The

obse:r¡ed values of Èhe methyl--methyl proton couplings also ímply as

much" The matter is díscussed further in sectíons 2 and 3.

I V"l"o"" bond studíes (Il),when calibrated on the
U{'ot ín toluene, give precisely Ëhese equalities

mechanism.

experimental value of

for a n eJ-ecËron
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c) Râtio of QcH "rd Qc*t rror 6.rf'ffi3 
"r,d 

7rcH3'cII3

The McConnell fornul-ation of n electron coupling beËween ring

and nethyl protons predicts ËhaË (24, 25)

.lr a QcgQccn (3)

where QO and QCCtt "t. isotropic hyperfíne couplíng consÈants corÍês-

ponding Èo the interaction between a r electron in carbon atomíc orbital-

and the ring and rnethyl- protons, respectívely. rf utl'o, 
"rru 

7rcl13'cH3

are domínated by n electron propagaËion of spin ínfor-"rion tt"r, orr.

may write

QcH/QccH = ,url'cs/7rf"3 ,cII3) 
0=900 = -t. 2Lg /r .449 = -0. 84

fron Ëhe computations ín Tables 19 and 20 and as

Qc"/Qa." - utl" /7¡ffi9'cH3 = -0.62/0.62 = -L.o

fron experimental- coupling. The e.s.r. data (26-29) suggest the

former raËio as more reasonable, however. INDO rnethods are markedly

successful Ín calculatíng r:npaired spin dístributions Ín free radicals

(30). Of course, the raËíos above assume the invariance of other para-

meters like mobile bond order to the insertion of a second uethyl- group

ínto tol-uene.

d) ìlethyl Proton Couplings Ín p-Fluorotoluene

An Ínappreciable subsÈituent effect oo 4r"'C"3 and ttT't"'
om

may be ínferred from the couputed vaLues ín Table L9 and these para-

meters are índeed equaL Ëo within experíuenÈal error in toluene (8)

and p-fLuoroÈoluene (7) .

The mean value of 6JF'CH3 i" o.g4 Hz in Tabre 19 whíle a
p

mechanísm (o=90o) yields L.872/2 = 0.94 IIz,hence in correspondence
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r¿iËh such a mechanism. The e:rperimental var-ue Ís I .15 t 0 .02 Hz (7) .

As the theory takes into account only Èhe contacË contribution to
spin-spin coupling, the cr-ose agreement between experímenËs and Ëheory

suggesÈs â mín6¡ eontribution from magnetic dÍpole-dipole and orbital_
dÍpol-e interactions between electron and. nucl_eus.

2. Angular Dependenc. of 5JH,CH3
m

x*H
È

I

o-
15b (0=0o)

of course, bur in 16, ttl'" Ís 0.5 to 0 .6 Hz whÍ1e

than 0. I Hz (37, 38).

Avaíl-abl-e experimental evídence (31-36) Índicates thar a

on a sideehain, for example, an amíno, hydroxy]_, or aldehydic

couples by 0.5 to 0.8 Hz over fíve bonds to a ring proton when

as in 15a buË does not couple by more than 0 .I Hz r¿hen 0=0o as

For the neËhyl- group itself no direcÈ evíd.ence is available

t-^

15a (0=180o)

less

proËon

group,

0=180o

ín 15b.

H

in 17, 5J"'H i"
m

t-. 43'

16 t7
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5JH'CH3 in Table 19 ís compuËed as 0.234 Hz r^¡hen 0=0o, suggesting
m

¿m overestimate of abouÈ 0.2 Hz. A similar siËuatíon is for:nd for benz-

aldehyde (36) r¿her" 5¡T'CH0 's calculared to be 0.20 Hz when 0=0o.
m

SubËraction of 0.234 Ì12 from Ëhe computed value aË 0=1800 yíel-ds 0.597 Hz,

ín better agreement r¡riËh r^/hat is known e>çerimenËally. Subtraction of

0.234Iîz from each of rhe val-ue" of 5.1fi'CH3 in Table 19 yields a mean

coupling of 0.46 Hz, consíderably closer Ëo the experimental value of

0.36 lfz than the mean of 0.69 Hz found without the subtraction.

These consíderat,ions aLlow a reasonabl-e if someurhat arbitrary

estimaËe of the actual angular dependenc. of 5JH'CH3 
"rrd, 

by implicatíon,

of the anal-ogous couplíng for protons on other sidechaíns. In Figure 20

the empirically adjusred ttl't", nrmbers are plotted as a function of

0(cLosed circles) and iË is clear LhaË about 702 of Lhe mean value of

the coupling is accounted for by Èhe region between 90o and 1B0o (this

ís also Ërue, of course, for the unadJusÈed nrmbers). A reasonable

check of rhe plot in Figure 20 is available from data (39) on 18,

Xw
H-.._ ! .., H\ 

c..-

18

. 5 _H. CÍI"XBrnere J ' ¿ ís almost independent of the nature of X and has a value
m

of 0.35 Hz, the same as in Ëoluene. Frorn Fíguxe 20 the predicted vaLue

of 0' 39 Hz is extracted, the average or 5'1fi'cH3 3¡ 0=JQo and 1500' to

which the e:çerímenÈal val-ue in 18 corresponds.

CICI



Figure 20. The coupling over five bonds between ring and methyl

protons in tol-uen" trl'm3, 
"" adjusted by rhe pïoce-

dure described in section 2 of. the Ëext, is pl_otted as

closed circles versus Ëhe dihedral angle 0 defined in

4a and b of the text. The open circles gíve the n

electron eonÈribution t,o 5JH,CH3 as estimated ín them

text" The crosses give Ëhe resulÈant o electron conË-

ribution Èo the couplíng.



o.
6

o.
5

o.
4

.¡
 Þ

l¡G
H

g
-m

H
e 

o.
3

o.
2

go
o

8,
 D

E
cR

E
E

S

¡2
00

15
0"



L43

The shape of the plot in Figure 20 ís cornpatible with n mech-
t

anism (sín-O curve) superÍmposed on a o mechanism. An aËËempt at

decorrposing thís p1oË into those of the two mechanisms coul-d be r:nder-

Ëaken by use of the data ín Table 21 on UJ!",'CH3 were it noË for the
m

high probability that they would yiel-d an overestímate of Ëhe r contrí-

butÍon (see section lb). ConsequenÈly we take Ëhe experímental value

of 6¡cH3'cH3 = 0.19 Hz in an m-xylene derÍvative (6) and wrÍte 5rl1'ctl3 -
ID

,
0.38 sÍn-0. This fr:nction is plorted in Figure 20 as open circles.

The o el-ectron dependence of Ëhe coupling is obtained by difference and is

the ploÈ consisting of crosses. Its period is tr,¡ice Ëhat of the

dependence and it quite closely follows " sirr2 (O/2) fr:ncËion. Such a

dependence has not been predicted for couplíng over fíve bonds in

saturated systems (10).

3. angular Dependenc. or 6.1$3'ffi3
m

The eomputed coupling over six bonds beËween nethyl- protons

in m-nylene is doni-nated by a n electron mechanism (Tabl-e 21) as can

be seen from its 0 dependence. rt,r= 6.i$3'ffi3 = -Q.585 Hz when 0=900
m

and 0r=30o fot Ëhe ttro nethyl groups. Therefore 4 x 0.585 = -/.34O Hz,

oot much larger than the -1.931 Hz f.or consistency with a n mechanísm

the latter representing 807" of. the former. Apparenti-y theory over-

estimaües the magnitude of the coupling substantially but quaLitatively

agrees with the I'methyl group replacement," model .

4. Angular Dependence of Orl'o,
o

ao 5JE'ffi3 ,h" computed magnítude of
m

0=900 and although -1.47/Z = -0.73 Hz

daËum in toluene, Ëhe substantial and

Although in contrast
4-8.CH^'Jõ'---' reaches a maxÍmum aÈ

coincides with the measured
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dífferent magniËudes at 0=0o and 1800 again indicate Ëhat a n mechanism

is rnodified by a o el-ectron contribut.ion, ai-beit Èo a lesser extent
,,--- . S_H,CHâ 4_H.CHIthan for -J--'---J. The mean value for 'J--'---¡ of -0.92 Hz in Table 19mo
can be brought ínto agreement r.¡iËh Ëhe observed val-ue of 0.75 Hz by

subËraction of -0.L7 Hz from each calculated value. Thís may well be

a reasonable procedure but there exists no unequivocal experimenËal

data with which to tesË Ëhe compuËed values at 0=0o and 1800. The

on1-y data are for 19 and 20 where 4rtt'cHc1-2 is -0 .4 Hz (40), corres-
o

pondíng to 0=1800 and consistent v¡ith a subtracËíon of -0.L7 Hz from

19 20

the couputed va1ue. IIowever, there probably exísËs an appreciable

substituenË effect frorn Ëhe chlorine atoms on the sidechain. In add-

ition Ëhere probabl-y occurs an appreciable torsional- oscil-l-aËion of

thedich1oromethy1.groupabouËtheindicaËedconformation

In any event the o electron conüríbution Ëo 4tT'Og t"
o

aPparentl-y negative at all angles 0 but its numerical anguJ-ar dependence

depends on whether one takes the n contribution as -2.72012 = -1.36 Hz

from 0=900 (o-xylene in Table 22) or as -0.40 x 2 = -0.80 Hz from 0=900

using the measured value of 5Jffi3'ffi3 io an o-xylene d,erivaËive. One
o

CI

20
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obJectíon Ëo Ëhese esËimates recognizes Ëhe possibiliËy of a signif-
lcanË o contribution to the Dethyl-nethyl proton coupling over five
bonds, as implied by four diffeïent values of the compuËed, coupling

between H, and H, or Hu ín Table 22, ranging from 0.70 ro 0.93 Hz.

These couplíngs should be nearly equal in the event of a n mechanism,

as ís found in Table 2l for Utltt,CH3. Anorher obJection ro rhem

estimates cites an appreciable barrier of 2keaL/mol to rotatíon of the

nethyl- group (4t¡ in o-xylene, ar.isíng from muÊual hindrance of Ëhe

two groups and thereby vitiating a simple averaging proced.ure based

on free rotaËion.

IË therefore appeårs unwise to attempt a numerical separatíon

i-nto o and ri mechanisms in Èhe manner r:nderËaken above fot 5JH,CH3.
Itr

one may note' however, that the computed curve irnplíes a dominanË n

mechanÍsm and, when adjusËed by subËraction of -0.17 Hz from each

va1ue, predicËs sígnifícant couplings for 0=0o and 1800. This contïasts

wittr 6.rf'ffi3 
"rrd 

implies Ëhat a n mechanism operation by spÍn polar-p'
lzation, that is, al-ong the H-c-c fragment and then into the r system

by a one-center two-elecËron exchange interactíon, ís r:nimportant for
nuclear spin-spin coupl-ing in toluene derivaËives. The hyperconjugatíve

T eLecËron mechanism, ínvol-ving ínteracËion of the c-II bond of the

neËhyl group with Èhe r system and obeyÍrrg a =írr20 relaËionship, is
therefore inplied by the INDO fomulation. In consequence the computed

val-r:es or 4.rT'ffi3lr"l,-r"s at 0=0o and 1B0o may be accepted as o sfsq¡as,.o
effects.
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5. Comparison of the CompuËed 
otT'tn' in toluene and propene

It is interesting to compare OrT't"' in Ëoluene ín Table 19

wiËh the analogous cisoid allylic coupling in propene, recenËly com-

puted in the INDO approximaËion (42). Both couplings display a maxi¡oum

magÊÍtude at 0=900 buË the asymeËIy about 0=900 in propene is the

reverse of that in toluene (table 4 and Figure 4 of. reference 42)

in that the rnagnitude at 0=0o is larger Ëhan aË 0=1800 for propene.

In additíon the allylic coupling in propene is calculated to be larger

in nagnitude at all angles than i" 4JH'CH3 in toluene, confirming the
o

valence bond results (43) v¡hich characteri.ze the arom¡Èic n electrori

sysËen as less effeclive Ëhan a linear polyene ín ÈransmitËing spin

inforrnaËion, as found experinenËally (8, 44).

6. coupling Mechanism of 5JcH3'cH3 ir, o-xylene
o

In addition to the propagaLion of coupling via sone or all of

Ëhe intervening bonds, the close proxirnity of Ëwo methyl protons in

some conceivable conformations of o-xylene can lead to "direct" inter-

actions in the sense t,haË onlv the two C-H bonds containing the coupled

protons are involved. Nornally such int,eractions are important in

coupling over ËTro or Lhree bonds (10). If the proximiËy is high enough

a ttthrough-space" mechanism, proportional to an interaction integral

between Êhe two hydrogen ls orbitals, also becomes possible (10) .

These Ëv¡o mechanisms need not be considered ín Ëhe oËher compounds of

Ëhis seetion and Ëhey inËroduce a further complication into the use

of 5JcH3'cH3 
"" 

a measure of the n electron contribution to 4JH'GH3.
-O O
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Consequently three other eonforrnaËions of o-xylene, shown in

Table 23, were examined in the hope of elucidating the mâtter. In

each of L2, L3, and 14 two of the nethyl protons (U, and HO) lie in

Ëhe plane of the aromaËic ring and the coupling is compuËed beËween

Ëwo protons on one methyl group and the three protons on the other

group. For symmetry reasons thís yields six couplings for each con-

foruation. The striking points abouË the coupuËed couplings in 10

to 14 are thaË:

(i) they have a m¡xímum ¡¡hen the C-iI bonds containing the coupled

proËons lie in planes perpendicular to the ring, for example, 2.7 Hz

in 10 and 11:

(ii) they have a minimum and are oft.en almost zero r¿hen one or boËh

of the coupled protons are situated in the ring plane, for example,

gHl'84 is 0.1 Hz in 14 buË

(iii) Ëhey may also be negative when both coupled protons lie in the

aromaÈíc plane or if they are spatially proxim¡te, for orample, ,H2'H6

is -0.2 Hz ín 10 and 4; ¡HZ'H4 ir -0.3 Hz in L23

(iv) the uost negative coupling occurs when the coupled proËons are

nearesË one anoËhet, viz., JII1'H4 is -0.7 Hz Ln 1.1 .

Now the n mechanism does riot oDeraËe if one of the couoled

proLons is coplanar r¿ith Ëhe ring. By analogy wiËh the available

valence åond forrnulation for a saturated hyd.rocarbon (10) a maximum

posíÈive o conËributíon to the coupling beh¿een H, and HO is expected

in Å1, the nagnitude evident,ly being independent of the dihedral angle

about the aromatic C-C bond (10). Yet JH1'H4 is compuËed as only
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0.O6 Hz in 14. Therefore the observed negative couplings can probably

be atËributed to the "direct" and/or Èhe "Èhrough-space" mechanisms.2

Their actual magniËude in o-xylene remaíns in doubt because unknown

and unconsidered distortion of Ëhe molecule could in fact bend the

methyl groups significantly away from a regular geonetry.

In general Ëhe comput,ed couplings in Tables 22 and 23 support

Ëhe dominance of Ëhe n mechanism in the methyl-meËhyl couplings in

o-xylene (points i and ií), but in any event overestimaËe their magni-

tude. Thus the average of 45 values knov¡n from the calculaËions is

O"75 Hz Ìárhereas the observed value is 0.40 Hz in a derivative of

o-xy1ene.

There remains Ëhe questíon wheËher such a simple averaging

procedure is justified for o-xylene. Hot bands in the ultraviolet

specËrum of o-xylene (41), heaË capaciËies in Ëhe gas phase (45) 
'

t Ar, exception may be the couplíng of -0.4 Hz between H, and HO in

As a point12 where the C-HO bond rnight inËeract r¡ith C-IIt and C-HZ.

of interest, INDO calculations in which we bring a hydrogen or methane

nolecule to withín van der l^Iaals distances of a meËhane molecule

predicË negative couplings beËween protons in differenË molecules and

inpl-y that these t\^ro mechanísms yield negaËive couplings, aË leasË

for some configurations.
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neutron scaËtering resulËs (46), far infrared spectra (47a), and carbon-

13 spin relaxaËion times (47b) agree in fíndíng a barrier of 2keaLlmoL

to rotation of Èhe methyl group. The equilibrium sËrucüure is not

knor¿n although 14 is assumed in the ultravíoleË work. According to

INDO the most stable of the fíve conformations, 10 to 14, is indeed 14,

beíng more sÈab1e than L2 by 0.9 kcal/mol and more stable than 10 and

11 by 1.1 kcal/mol, while conforrnaËíon 13 is less stabl-e than L4 by

4.8 kcal/rnol. At room temperaËure 14 is therefore weighted about 4 to

1 relatíve to 10, !!r or 12 while 13 need noË be considered, probably

because of sËrong nonbonded repulsion beÈween H, and HO. Perusal of

the daËa in Tables 22 and 23, however, dempnstrates that this weighing

procedure r,¡il1 not change Ëhe comput"d 5¡CH3'CH3 
"ppreciably from

that obtained by a simple average. Even Lf. 14 is more sËable than atl

other conformaËíons by 2 kcal/mol this conclusion stands.

7. Barrier to Methvl Group Rotatíon in Tgl-uene

The present calculations predicË that I is lower in enerBy

Ëhan 2 by 0.013 kcal/mol and that 3 is of interroediaËe stability.

The erçeriment,al- barrier is 0.0L4 kcaL/mol (23). For p-fluorotoluene

the calculations símilarly give 0.0138 kcal/mol in exact agreement

¡¡iËh Ëhe e:çerimental- barrier (48). The chenr:ical shifts of the alkyl

proEons in a series of alkylarenes are best interpreted in terms of a

preferred conformatíon in which a C-T{ bond of Ëhe sidechain eclipses

the aromatic pl-ane, in qualítative agreement with Èhe INDO predícËions(49).

8. Gem:inal Couplings between Methyl Protons, 'rI'*e

The experimental value of ;l'H in methane is -12.4 Hz (50)
e

whll-e INDO cal-culates -6.L3 Hz (18). In toluene.fl'H i" expected, tog
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depend on the conformaËion of the molecule (51). Present caleulatíons

are surrrmarized in 2L ar.d 22 r,rhere dashed lines indicate Ëhe plane of

the ring and, for exarnple, JH2H3 is -7.5 Hz in 21. Rel-aËive to meËhane

22

a positíve shift in the calcuLated J, occurs l¡hen the l-ine joinÍng the

coupled protons is paral-lel to the ríng p1-ane or when one of the coupled

protons l-ies in this plane. A negaËive shift occurs when Ëhe joining

line is perpendicular Ëo Èhe ring plarre or when one of the C-H bonds

containing the proton lies in a pi-ane perpendicular to the ring. E>çer-

imenÈal data (52) suggesË Ëhat the observed negative shift in J, in

the presence of a fi system is largest when Èhe joining line is perpen-

dicuLar to the ring pJ-ane, qualiËaËively bearing out the calculated

value of. '7 .5 Hz in 21.

In terrns of an earlier M0 theory (51) the negaËive shift in J,

aríses from hyperconJugative withdrar.ral of el-ecËrons from the rnethyl group

by the aromaËic nucleus. The INDO calculatíons predicË that the

charge in the hydrogeri orbital of the C-II bond of the nethyl group

decreases by 0.01 electron uniÈs (fron -0.024 to -0.013 r:nits) as 6

goes from 0o to 901, Ëhis change accurately fol-lowíng t 
"1rr2e

2L
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dependence and in agreement hriËh a hyperconjugaËíve effect. The

earlier theory is noË in qualitaËive agreemenÈ with the calculaËed

coupl-ing of -4.6 Hz between H, and H, in 21 because it predicts a

negative shift from Ëhe methane value r.rhen one proton is situated in
Ëhe ring plane. on the other hand, Ëhe earlíer theory agrees with Ëhe

positive shift calculated for Ëhe coupling between H, and H, Ln 22.
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ST]MMARY AND CONCLUSIONS

The calcul-ations by molecular orbiüal theory in the INDO approx-

imation are in quanÈitative agreement with e>çeriment for 6JHrCH3 i'
p

Ëoluene and are in accord Írith a r uechanism for the propagatíon of

the spin information; símilarly for UtI'tt, in p-fluorotoluene. Thep

cal-culations for trT'o, can be interpreted in terms of a predominant
m

o elecËron mechanísm which, however, apparently makes a much smaller

relatíve contribuÈion to the calculated 4JH'CH3.
o

The calcuLaËed nethyl-methyl proton couplíngs in Èhe xylenes

are domínated by a r electron mechanism but are rather larger in mag-

nítude than the observed values in xyl-ene derivaËives. The computations

inùicate the likelihood of negative values for 5-CIIr'CHe-J;--,'---Jr caused by

tttirecttt or even ttthrough spacett mechanísms, in conformations where

the coupled protons are in close proxirnity.

An earl-ier MO theory of the confoi:mational dependence of geninal

proËon coupling ín the neËhyl group of t,oluene is in rough qualitative

agreement, wíth Èhe INÐO formuLaËion.

The calculaÈed barriers Ëo rotation of the methyl group in

toluene and p-fluorotoluene are in quanËitative accord wiËh experíment.

The preferred conformaËion is one in which a c-I{ bond of the methyl

group ecLipses the plane of the aromaËic nucleus.
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APPENDIX

The Èransmission of spín inforraaËion by a n-electron system

and by Ëhe o-n exchange interaction is nicely illustrated by INDO

calculaÈions on conform:Ëion 1 of Ëoluene. Figure A1 shor¿s the result

H,

H-..... I .. H

-L

of perturbing, that ís, adding a finite unpaÍ-red elecËron spin t,o the

1s orbiÈal of the nethyl proton, Ht, whieh is perpendÍcular to the

arom¡tic ring plane. Notice thaÈ appro:rirnately I07" of the unpaired

spÍn densiEy at Hr is transferred into the n orbitals of the arom¡tic

ring system.

The effecÈ of perturbing a proton in the aromatic ring p1ane,

E', Ín 2 is ÍllusLraÈed in Figure 42. In thj-s case notice that INDO

tl1".a ,'H"

I

o
2
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predicts that less than 12 of the unpaired spin density at H" is
transferred into the n system.

Finally the results of a GNDO/2 calculation on conformaËion

1 of toluene is of interesË. The effect of perturbing Ëhe nethyl

proton Ht is shown in Figure 43. NotÍce that alËhough approxinately

L0"Á of the unpaired spin density is transferred effectively into Ëhe

arom¡Èic fi system, Ëhis informaÈion is noË Ëransferred efficiently to

the 1s orbitals of the ring hydrogen atons. This is in parË due to

the neglect of o-n exchange integrals in Ëhe CNDO formalism.

The unpaired spin densiÈies in Ëhe ls ring proton orbiËals

can be converËed to nuclear-spin-nuclear-spin coupling constants,

in units of. Hz, by the following expression,

J(Hr"rhyl, Hrir,g) = 105 .044724p/h.



FÍgure 41. The Ëransmission of spin inforrnation from the nethyl group

proton, Hlr in toluene 1. All spin densities r¿ere calcur-

aËed using INDO and are in units of p/\U, where \,=10-3
harËrees. The x-y plane corresponds Ëo the arometic rÍng
plane; the y-axis passes Ëhrough H13, Cg, C5, and Cr.

H\^-21-- 
^r-z*ttYß;t '\ Yalï )l
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Figure 42. The transmissíon of spin inforrn¡tion from the rnethyl

group proton, H", in Èoluene 2. Al1 spin densities were

calculated using INDO and are in units of p/\f,, where

la,,=10-3 hartrees. The x-y plane corresponds to the

aromatic ring plane; the y-axis passes through H13' cB'

C, and CO.
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Fígure 43. The transmissj-on of spin ínformation from the nethyl

group proton, Hi, in toluene l. All spín densíties

were calculated using CNDO/2 and are in units of O/hr,

where \,=10-3 hartrees. The x-y plane corresponds to

the aromnËic ring plane; the y-axis passes through Hrrr

Cg, C5, and CO.
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