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Abstract 

The Calculation of Proton Chemical Shifts in Aromatics, Carbonitriles, 

Acetylenes and Hetero-aromatics 

By Matthew Simon Reid 

A semi-empirical calculation of the partial atomic charges in orgaruc 

molecules based on molecular dipole moments (CHARGE3) has developed into a 

model capable of predicting the proton chemical shifts in a variety of organic 

molecules to a good degree of accuracy. 

The model has subsequently been modified to incorporate condensed aromatic 

hydrocarbons, substituted benzenes, carbonitriles, acetylenes and hetero-aromatics. In 

the aromatic and hetero-aromatic compounds the influence of 7t-electron densities, 

ring current effects and electronic effects (a., J3 and y-effects). The model gives the 

first comprehensive calculation of the proton chemical shifts in aromatic and hetero

aromatic compounds and the proton chemical shifts (SCS) in substituted benzenes. 

For condensed aromatics and hetero-aromatics with data sets of 55 and 215 proton 

chemical shifts respectively spanning a range of 1.9 to 9.4ppm, rms. errors of the 

observed vs. calculated shifts were ca.0.120 and 0.096ppm respectively. 

Then model has been developed to calculate the proton chemical shifts for a 

range of cyanides, calculating the linear electric field and electronic effects of the 

cyano group. For a data set of 95 proton chemical shifts spanning a range of ca.O. 70 to 

9.00ppm an rms error ofO.087ppm is calculated. 

The model has also been applied to a range of acetylene compounds, 

calculating the anisotropy, steric and electronic effects of the acetylene group. The 

proton chemical shifts of all acetylene compounds and their derivatives are composed 

of 102 data points spanning a range ofca.0.70. to 9ppm and are predicted with an rms 

error ofO.114ppm. 
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Chapter One. Proton chemical shifts in nuclear magnetic resonance spectroscopy. 

1.1. Introduction-Proton nuclear magnetic resonance spectroscopy and 

substituent chemical shift (SCS). 

In high-resolution nuclear magnetic resonance spectroscopy the proton chemical 

shift is the single most important parameter. This was illustrated by Arnold, Dharmatti and 

Packard 1 in 1951 in their analysis of ethanol. The three separate proton resonances 

illustrated clearly the massive potential of proton nuclear magnetic resonance (PNMR) in 

structural organic chemistry. Since this initial discovery PNMR has become the most 

common and vital tool of the research scientist in industry and academia and is vital in the 

characterisation and structure elucidation of chemical compounds. Although NMR and in 

particular PNMR has become as essential analytical tool there is still no semi-empirical or 

theoretical calculation capable of predicting 1 H chemical shifts of organic compounds to a 

degree of accuracy that is of practical use to the analytical chemist. As a result many 

attempts into the calculation of IH chemical shifts have been conducted over many years, 

with attempts generally focusing on particular families of chemicals rather than a whole 

range of chemical compounds. 

As most chemists are familiar, 1 H chemical shifts are usually measured on the 0 

scale or in ppm and measured from an internal reference, usually TMS (SiMe4). In organic 

PNMR the range of IH chemical shifts is usually 0-IOppm and with today's modem 

spectrometers with operating fields of up to 900MHz shifts can be measured to great 

accuracy (O.Olppm or better). However, due to other interactions the absolute accuracy of 

the IH chemical shift is accurate to O.OOlppm. Solvent effects in PNMR are often very 

significane, the IH chemical shift variation of acetone3
, 4 in various solvents being an 

example. In order to minimise these etfe~ts all1H chemical shifts given in this work are 

recorded in dilute solutions in CDCh. Other conditional variations such as changes in 

concentration and temperature can have marked effects on the chemical shift. 

The influence of any substituent X, on the chemical shift of any proton is termed 

the substituent chemical shift (SCS) and is defined as: 

SCS = o(RX) - o(RH) 
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In order to simplify the SCS we may break it down into three separate parts. There 

is a one-bond or a-effect (H-X), a two-bond or ~-effect (H-C-X), a three-bond or y

effects (H-C-C-X) and long-range effects (more than three bonds). The one bond effect is 

of little practical value as in organic compounds the IH chemical shifts are of protons 

attached to carbon atoms and hence it is of only theoretical interest. The chemical shifts of 

protons attached directly to other atoms such as OH, NH, SH, etc., undergo large shift 

changes due to concentration and solvent effects and are hence of little use to the 

structural chemist. 

Many researchers have not offered comprehensive investigations into the analysis 

of chemical shifts over a whole molecule and have concentrated on two-bond (~) effects 

or been limited because of poor instrumentation or lack of suitable compounds for 

analysis. This chapter will give a brief account of the work undertaken by various 

researchers into the analysis of IH chemical shifts and the methodologies used and will 

focus on those studies that are more relevant to this work. 
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1.2. Analysis of proton chemical shifts. 

aJ Semi-empirical calculations. 

Daily and Shoolerr and subsequently Allred and Rochow6 investigated the two

bond effect of substituents on IH chemical shifts. By examining the chemical shifts of 

methyl derivatives (CH3-X) they discovered a linear relationship between the chemical 

shifts and the electronegativity ofthe substituent, X. This is illustrated in table 1.1. 

Table 1.1. IH chemical shifts (0) ofCH3-X compounds vs. electronegativity ofXa. 

X On Ex 

SiMe3 0.0 1.90 

H 0.22 2.20 

Me 0.86 2.60 

Et 0.90 2.60 

CCh 2.75 2.60 

CN 1.98 2.60 

CO.Me 2.l7 2.60 

SMe 2.08 2.60 

I 2.16 2.65 

NH2 2.46 3.05 

Br 2.68 2.95 

CI 3.05 3.15 

OH 3.38 3.50 

F 4.26 3.90 

apauling electro negativity, see Ref. 

When we examine table 1.1 we observe that for multivalent atoms the chemical 

shift of the methyl protons are influenced by the 'Y substituent. If we examine X=Me vs. 

CCh, CN and CO.Me we observe that effects other than electro negativity must be 

influencing the IH chemical shift. Dailey and SchooletY also observed that the effects ofa 

substituent in a position 'Y to the proton in question were different to the (3-effects. From 

table 1.1 it can be seen that the (3-effect of the methyl group is O.64ppm (ethane vs. 
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methane) and the y-effect of the methyl group is 0.04ppm (propane vs. ethane). It can also 

be observed that the y-effect is more than a function of electronegativity for the 

substituent. This is again illustrated by the methyl group in ethyl chloride having a larger 

value than that of ethanol, 1.49 vs. 1.248. This is despite the fact that the 

electronegativities of the chlorine and hydroxyl group are in reverse order. These 

observations led researchers to conclude that other factors must be influencing the 

chemical shifts of protons with a y-substituent, such as electric field and magnetic 

anisotropy effects. 

The relationship between electronegativity and chemical shifts determined by 

Shoolery is given using Shoolery's rule8
, enabling the prediction of the chemical shift of 

any CH2XY and CHXYZ protons by use of the eqtn.l.l. 

~ = b + LO'efT (Eqtn.l.1) 

Where: 

b is a base value and LO'efT is the sum of the contributions of the substituents. 

This linear relationship was only applied to substituents a. to the proton under 

investigation. Another limitation was the fact that for more heavily substituted systems, 

the additivities gave inaccurate answers. 

In a subsequent investigation Bell et al9 further studied the use of additive 

parameters for the prediction of IH chemical shifts using a larger data set with a more 

varied range of substituents. They studied the chemical shifts of methine protons using 

multiple linear regression analysis and Simplex function minimization in order to 

determine under what limiting circumstances the additivity of shift parameters can apply. 

They examined a range of compounds comprising 441 chemical shifts and involving 31 

different substituents and determined a value of b of 2.50. A standard error for the 

calculated shifts ofO.2ppm was obtained for a proton range of3.00 - 7.75ppm. 

In the studies by Bell et al the effects of ~ substituents were also included. An 

example of this is in the predicted chemical shift ofCHCh. The base value (2.50) plus the 

contributions for three chlorine substituents (3 x 1.56) produces a calculated chemical 
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shift of7.18 ppm. This is in good agreement with the observed value of7.25 ppm. This is 

an enhancement on the value detennined by Shoolery of7.67 ppm. 

b) The influence offunctional groups on distant protons. 

Zurcher12 conducted an interesting and thorough investigation of the effects of 

substituent groups on distant protons in various saturated compounds. All subsequent 

investigations into long-range effects have been based on Zurcher's analysis. Zurcher's 

model proposed that the influence of a distant group on the chemical shift of a proton 

under investigation may be broken down into separate contributions, which can be seen 

below. 

i) Steric or Van der Waals effects due to the proximity of the proton and 

the substituent (o~ster) 

ii) The difference between the electric dipole moments of the C-X bond and of the C

Hx (Hx-proton replaced by the substituent X) bond in the unsubstituted molecule 

(O~el). 

iii) Magnetic anisotropy of the substituents (o~anis) 

By unifying present theories on the above long range effects Zurcher was able to 

investigate the influence of a number of substituents on proton chemical shifts and hence 

detennine the substituent SCS, given in eqtn.l.2. 

(Eqtn.1.2) 

Please note 1H chemical shifts of solutes in dilute solutions in CDCh are 

considered here and we assume that solvent effect contributions are negligible under these 

conditions. 

Zurcher incorporated McConnell and Pople's model of magnetic anisotropy, 

based on the anisotropy of the magnetic susceptibility of the substituentl3
• 14 in his 

calculations. Buckingham15 amongst others, based his model on the electric dipole 

moment of the substituent, and Bothner-By based his on the London-Van der Waals 
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interaction between the substituent and the hydrogen atoml6
• These were also 

incorporated into Zurcher's calculations. 

In his investigation Zurcher used conformationally fixed systems to analyse 

substituents such as Cl OH, CN and CO. Unfortunately because of limitations in 

instrumentation at the time only methyl protons at various ring positions could be 

examined. The SCS for CI, OH and CN were satisfactorily explained in tenns of the 

electric field term only, with the need to include electric field and anisotropic tenns for the 

carbonyl group. 

Zurcher also attempted to calculate the IH chemical shift of protons in (l positions 

relative to the substituent in substituted methanes, ethanes, n-propanes and iso-propanes. 

The poor correlation between calculated and observed chemical shifts for Cl OH and CN 

substituents illustrated that effects other than the linear electric field effect must be 

operating at such short distances. Some of these resuhs can be seen in table 1.2. 

Table 1.2. Observed vs. calculated chemical shifts (Aoobs and Aoca1c) of protons in a-

positions. 

Substituent Methane Ethane n-Propane Iso-Propane Aocalc 

Aoobs Aoobs Aoobs Aoobs 

CI 2.83 2.62 2.57 2.80 2.83 

OH 3.17 2.73 2.58 2.60 1.61 

CN 1.75 1.48 1.38 1.33 1.19 

-Note Ao = Os - Ous where Os and Ous are the observed chemical shifts of the proton under 

examination in the molecule with and without the substituent. 

Zurcher's investigation into long range IH chemical shifts still did not provide a 

definitive model for the calculation of 'H chemical shifts as no molecules containing 

protons that were ~ or 'Y to the substituent were considered. 
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c) The use ofl Hand J3e databases in NMR prediction. 

The database approach to the prediction of lH chemical shifts has not been widely 

used in the past but is a fast growing method with a range of companies developing 

packages that contain a vast range of organic compounds. In the past, only limited 

examples of the database approach can be found in the literature which have been 

employed in particular systems such as steroidsl7 or adamantanesl8
, among others. 

The database approach is still an unreliable tool for the prediction of 1 H chemical 

shifts and has some very significant problems. However some success has been achieved 

in the prediction of carbon chemical shifts. For lH chemical shift prediction to work 

effectively the database package must include a vast range of organic molecules with 

every conceivable combination of substituents. One such 1 H database package in existence 

is ACD-Labsl9 and this has been presented as the ultimate data base approach. The 

package is used to elucidate the structure of unknown compounds under investigation by 

inputting analytical data (lD/2D- lHJ13C ~ IR, MS) into a sub structure database. 

Structure fragment "hits" are produced which correspond to the experimental analytical 

data, which go on further to give a possible complete chemical structure. The program 

then displays a series of compounds, which may be the one under examination. 

The package can also be used to predict the lH chemical shifts of known 

compounds. This can be useful but three-dimensional (stereo-specific) effects exist in 

NMR so compounds can display chemical shifts that are not expected. To illustrate this 

deficiency we may examine the case of the tri-bridged cyclophane seen in fig.l.l, where a ' 

proton lies directly above an aromatic ring. 

Figure 1.1. Tri-bridged cyclophane. 

The observed chemical shift for this proton is ca.-4ppm. The ACD package in this 

case predicted a shift of ca. 2ppm, which is a poor correlation The way ACD overcame 

this problem was to simply add the observed shifts of this compound to their database, so 
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when the shifts for this compound are calculated again it gives a perfect match. This gives 

a clear example of how a database package is not enough when trying to predict IH NMR, 

unless the researcher has a huge database of the chemical shifts of related structures and is 

constantly adding to the database. 

Another problem is that many IH NMR database packages rely on experimental 

data from the literature. Many researchers will confirm that the literature can be far from 

reliable and in many cases one compound can have three references for its I H NMR in the 

same solvent but each reference states different chemical shifts! 

d) The quantum mechanical approach to chemical shift prediction. 

Quantum mechanical molecular orbital theory plays a major role in the study of 

inorganic and organic chemicals. Molecular orbital theory has played a major role and is 

used for the calculations of magnetic shielding constants and chemical shifts to the 

calculation of minimum energy molecular geometries, electron densities, dipole moments 

and the relationships between electronic structure and reactivity. With the technology 

available today packages such as Gaussian98W20 can be utilised to calculate the chemical 

shifts of nuclei such as l3C, ISN, 170, 19F, 31p and heavier nuclei such as transition metals 

with a good accuracy. 

Ellis et al21 used gauge-invariant atomic orbitals (GIAO) to develop the SCF 

molecular orbital theory of nuclear magnetic shielding constants. The resulting equations 

were applied to the INDO calculation of l3C shielding for a set of hydrocarbons. A 

resulting set of INDO parameters along with the London overlap approximation lead to a 

good correlation of calculated l3C chemical shift with the experimental values. Hehre et 

al22 attempted to correlate l3C chemical shift with 1t electron densities using the STO-3G 

basis set. They illustrated that the 13C SCS could be interpreted on the basis of calculated 

electron densities. However this was not the case for the I H SCS and this will be 

discussed later (Chapter six). 

We should in theory therefore, be able to utilise quantum mechanics to 

successfully calculate I H chemical shifts. However this has been done with very limited 

success and only the calculations of the chemical shifts of heavier nuclei has proved 

fruitful. As we have seen, the gauge independent GIAO calculations have been 

successfully applied to calculate chemical shifts of heavier nuclei23
• 
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e) Partial atomic charges and the development of the CHARGE model. 

The semi-empirical calculations of partial atomic charges in molecules have given 

good correlations with IH chemical shifts and this has been the area of most success in 

approaches to the prediction of IH chemical shifts in organic molecules. Gasteiger and 

Marsili24
-
27 illustrated that the partial atomic charges calculated by their electro negativity 

equalisation approach gave a good correlation of IH chemical shifts for a variety of 

substituted simple alkanes. Partial atomic charges were calculated through iterative partial 

equalisation of orbital electronegativiti4
• The orbital electronegativity was considered to 

be dependent on total charge, Q, irrespective of whether the charge lies in the orbital 

under consideration or in others. 

In subsequent work Gasteiger and Marsili27 determined a relationship between the 

chemical shift and the corresponding charge of a proton under investigation. This 

relationship is given by eqtn.l.2 below. 

(Eqtn.1.2) 

Where qH is the charge on the proton in question. 

They found that the charges they defined by the iterative procedure above gave 

good correlation between the chemical shift and the charge on the proton under 

examination. However, they made the conclusion that since there was no correlation 

between charges on carbon and hydrogen atoms, no correlation could be drawn between 

IH chemical shifts and charge density on carbon atoms. Some results may be seen in table 

1.3. 
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Table 1.3. Atomic charges, qH(me) and observed vs. calculated chemical shifts (Oobs 

and Oeale) for various protons in hydrocarbons and substituted hydrocarbons27
• 

Compound qB (me) Oobs. Oeak. 

ClL 19.0 0.23 0.67 

CH3CH2CH*3 23.0 0.91 1.10 

(CH*3)3CH 23.2 0.89 1.12 

CH2=CH2 52.9 5.28 4.26 

CH3F 49.8 4.27 3.95 

CH*3CH2F 24.9 1.24 1.30 

CH3 

CH*2F 
53.1 4.36 4.30 

CH3CI 41.1 3.06 3.03 

CH3Br 38.6 2.69 2.76 

CH3I 33.7 2.16 2.24 

CH30H 42.2 3.39 3.14 

CH3OCH3 42.4 3.24 3.16 

HCHO 98.8 9.60 9.50 

CH*3NH2 38.6 2.47 2.76 

* Note denotes the proton under examination. 

Abraham et al28
-
31 modified a computer program capable of predicting dipole 

moments (CHARGE) into a model capable of predicting the IH chemical shifts of organic 

compounds based on the calculation of partial atomic charges. This model has 

subsequently been developed into a model capable of predicting the I H chemical shifts and 

dipole moments in a wide range of organic compounds_ Throughout the years of its 

development the CHARGE scheme has been modified to incorporate the influence of 

functional groups on I H chemical shifts and as a result effectively predicts the I H chemical 

shifts for compounds containing a number of substituents. Details of the development of 

CHARGE can be seen in a revie~2. 

The objective of this research was to add to the development of the CHARGE 

scheme in order to be able to calculate the IH chemical shifts in aromatics and hetero

aromatics and to investigate the influence of cyanide and acetylene substituents on the IH 
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chemical shifts of compounds containing these functional groups. The CHARGE model 

was to be parameterised in order to calculate the chemical shifts for the above 

functionalilies. 
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Chapter Two. The theory behind the CHARGE model. 

2.1. Introduction. 

As we have seen previously (chapter one) the CHARGE programme was initially 

developed for use in molecular mechanics calculations for the prediction of partial atomic 

charges in organic molecules. It has subsequently been developed into a model capable of 

predicting proton chemical shifts in a wide range of molecules. The model uses the partial 

atomic charges for short-range effects and the principles applied by Zurcher' for the long

range effects (more than three bonds). The model has been successfully applied to a range 

of saturated and unsaturated hydrocarbons, haloalkanes, ethers, ketones and aromatic 

compounds. 

A brief account of the theory for the latest version (CHARGE7) will be givell here 

as it has been given extensively in previous accounts2
, 3. The theory distinguishes between 

substituent effects over one, two and three bonds, which are attributed to the electronic 

effects of the substituents and longer-range effects due to the electric fields, steric effects 

and anisotropy of the substituents. 

2.2. The theory of the CHARGE model 

The CHARGE model calculates the effects of atoms on the partial atomic charge of 

the atom under consideration, based upon classical concepts of inductive and resonance 

contnbutions. Ifwe consider an atom I in a four atom fragment I-J-K-L the partial atomic 

charge on I is due to three effects. There is a a effect from atom J given by the difference 

in the electronegativity of atoms I and J. This is given by eqtn 2.1. 

Where: 

qi( a.) is the partial atomic charge on the atom I due to the a. effect. 

ErEI is the electronegativity difference between atoms J and I. 

(Eqtn.2.1) 

~I.J) is a proportionality constant that is a function of the exchange and overlap 

integrals for the bond I-J. 
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A p-effect from atom K proportional to both the electronegativity of atom K and 

the polarisability of atom I is given in eqtn 2.2. 

Where: 

qi(P) is the Partial atomic charge on atom I due to the p-effect. 

c is a constant. 

(Eqtn.2.2) 

To account for the variation of polarisability with charge, calculation of the p

effect is performed by iteration. This is done according to eqtn.2.3. 

Where: 

Pi is the polarisability of atom I with charge qi. 

pOi and qOi are the corresponding initial values. 

(Eqtn.2.3) 

A y-effect (GSEF) from atom L also exists and is given by the product of the atomic 

polarisabilities of atoms I and L for 1= Hand L = F, C~ Br, I, S. This is given in eqtn.2.4. 

(Eqtn.2.4) 

Where: 

qi(y) is the partial atomic charge on the atom I due to the y-effect. 

PI is the polarisability of atom I and P\ is a literature value for the polarisability of 

atomL. 
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However for the second row atoms (C, 0, etc.) the 'Y-effect (i.e. C.C.C.H) is 

parameterised separately. This is given by eqtn.2.5. 

Where: 

GSEF = A+B)cose 

= A+B2cose 

00 
$; e $; 900 

900 
$; e $; 1800 

e is the C.C.C.H dihedral angle and A and B empirical parameters. 

(Eqtn.2.5) 

Routines for the methyl 'Y-effect and for the decrease in the 'Y-effect of the 

electronegative oxygen and fluorine atoms for CX2 and CX3 groups also exist. The total 

charge is given by summing these effects and the partial atomic charges (q) converted to 

shift values using eqtn.2.6. 

Ocharge = 160.84q - 6.68 (Eqtn.2.6) 

The effects of more distant atoms on the proton chemical shifts are due to sterle, 

anisotropic and electric field contrIbutions. These follow the principles of Zurchers workl. As 

we have seen previously (chapter one) we neglect solvent effects. 

H .. H sterlc interactions in alkanes were found to be shielding and X .. H (X = C, 0, F, 

CL Br, J) interactions deshielding, according to a simple r-6 dependence (eqtn.2. 7). 

(Eqtn.2.7) 

Furthermore any X .. H steric contribution on a methylene or methyl proton 

resulted in a push-pull effect (shielding) on the other proton(s) on the attached carbon. 
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The effects of the electric field of the C-X bonds (X= H,F,Cl,Br,I,O) were 

calculated from eqtn.2.8. 

(Eqtn.2.8) 

Where: 

Az was determined as 3.67xlO-12 esu (63 ppm au) and Ez is the component of the 

electric field along the C-H bond. 

The electric field for a univalent atom (e.g. fluorine) is calculated as being due to 

the charge on the fluorine atom and an equal and opposite charge on the attached carbon 

atom The vector sum gives the total electric field at the proton concerned (figure 2.1) and the 

component of the electric field along the C-H bond considered is Ez in eqtn.2.8. This 

procedure is both simpler and more accurate than the alternative calculation using bond 

dipoles. 

Figure 2.1. Model used to calculate electric field effects. 

F 

c 

19 



The magnetic anisotropy effect depends on the symmetry ofthe substituent in question 

The magnetic anisotropy of a bond with cylindrical symmetry such as C=C was obtained using 

the McConnell equation4 (eqtn.2.9). 

(Eqtn.2.9) 

Where: 

R is the distance from the perturbing group to the nucleus of interest in A. 

<p is the angle between the vector R and the symmetry axis. 

1:1{=C the molar anisotropy of the C=C bond. (1:1x.c-~ = x.C=C pari - x.C-~ perp. where 

x.c-~ pari and x.C=C perp are the susceptibilities parallel and perpendicular to the 

symmetry axis respectively). This is illustrated in figure 2.2. 

Figure 2.2. Representation of the anisotropic shielding (1:18) m an axially 

symmetric molecule such as acetylene. 

For non-symmetrical groups such as the carbonyl group, eqtn.2.9 is replaced by 

the full McConnell equation (Eqtn.2.10). 

(Eqtn.2.10) 

The C=O group has different magnetic susceptibilities (xl, 1.2 and X,3) along the 

axes (XI, X2 and X3) and thus two anisotropy terms are required. 
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Aromatic Compounds. 

For aromatic compounds it is necessary to include the shifts due to the aromatic 

ring current and the 7t-electron densities in the aromatic ring. The aromatic ring current 

density is calculated in CHARGE from the Pauling theory and the equivalent dipole 

approximation is then used to calculate the ring current shifts2. This treatment reproduces 

the proton chemical shifts of a wide range of aromatic hydrocarbons and is incorporated 

unchanged here. 

The 1t-electron densities are calculated from Huckel theotY' 6. The standard 

coulomb and resonance integrals for the Huckel routine are given by eqtD.2.H. 

(EqtD.2.H) 

Where: 

no and 130 are the coulomb and resonance integrals for a carbon 2pz atomic orbital. 

hr and krs the factors modifYing these integrals for orbitals other than sp2 carbon. 

For altemant aromatic hydrocarbons this gives 1t-electron densities at every carbon 

equal 1.0 as in benzene and this agrees with the results of more sophisticated calculations7
• 

For substituted aromatics the appropriate values of the coefficients hr and krs in 

eqtn.2.11 for the orbitals involving heteroatoms have to be found. These are now 

obtained in CHARGE so that the 7t-electron densities calculated from the Huckel routine 

reproduce the 7t-electron densities given from ab initio calculations. 

The effect of the excess 1t-electron density at a given carbon atom on the proton 

chemical shifts of the neighbouring protons is given in CHARGE by eqtD.2.12. ~qa and 

~q~ are the excess 7t-electron density at the a and 13 carbon atoms and the values of the 

coefficients al and a2 were found to be 10.0 and 2.0 ppmlelectron2. 

(EqtD.2.12) 
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The above contnbutions are added to the shifts of eqtn.2.6 to give the calculated shift 

of eqtn.2.13. 

Olotal = Ocharge + Osteric + Oanisolropy + Del + On (Eqtn.2.13) 
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Chapter Three. Condensed aromatic hydrocarbons and substituted benzenes. 

3.1. Introduction t • 

The influence of the 7t-electron densities and ring currents of aromatic compounds 

on their proton chemical shifts have been investigated since the beginning of proton NMR 

spectroscopy). Thus it is all the more surprising that despite this wealth of investigation 

there is still no authoritative calculation (even a semi-empirical one) of the proton 

chemical shifts of aromatic compounds and the structural chemist still has to rely on 

proton data banks for the identification of aromatic compounds by NMR. 

Pauling2 introduced the concept of an aromatic ring current to explain the 

diamagnetic anisotropy of crystalline benzene. Using quantum-mechanical perturbation 

theory he calculated the diamagnetic susceptibility of benzene and applied this theory in 

condensed aromatic molecules. Pople3 extended this theory to explain the difference in the 

chemical shifts of benzene and ethylene and illustrated that the equivalent dipole model of 

this ring current accounted well for this difference. 

More sophisticated ring current models for benzene were then developed. The 

classical double-Ioop4 and double dipole models5 mimic the 7t-electron circulation by 

placing the current loops (and equivalent dipoles) above and below the benzene ring 

plane. A value of ±O.64 A between the loops was found to be most appropriate. The 

equations of Haigh and Mallion6 give the shielding ratios directly from quantum 

mechanical theory. Schneider et af have recently presented a detailed experimental 

examination of the double-loop and Haigh and Mallion ring current models, though not 

the simple equivalent dipole model. The calculations gave good agreement with the 

experimental data, thus the effect of the benzene ring current on the chemical shifts of 

neighbouring protons is reasonably well understood. 

However, the proton chemical shifts in condensed aromatic compounds and 

substituted benzenes have not yet been well calculated and this is the subject of this 

investigation. Bernstein et al8 in their initial calculations of the proton chemical shifts of 

condensed aromatic compounds assumed the same ring current for each benzenoid ring 

but this was subsequently considered to be an oversimplification. Thus it is first necessary 

+ Part ofthis introduction reproduced from Ref.47 with permission. 
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to calculate the 7t-electron current density for each benzenoid ring and then to calculate 

the effects of these currents on the chemical shifts of the ring protons. The quantum 

mechanical method for calculating the n-electron current intensities was first given by 

Pople9 and McWeenylO subsequently extended the London-Pople theory. McWeeny's 

work gives not only the circulating current density but also the effect of this circulating 

current at the proton in question. It should be noted that all these theories were based on 

simple HUckel theory. 

Early experimental investigations to test these theories were not helped by the 

complex proton spectra of many condensed aromatic hydrocarbons at the low applied 

magnetic fields then in use and also by the quite large concentration effects on the proton 

chemical shifts due to the propensity of these large planar rings to stack in solution. 

However three systematic investigations attempted to overcome these difficulties. 

Jonathan et alii analysed the proton spectra of several condensed aromatics at infinite 

dilution in CCl. or CS2• They then used the London-Pople theory to calculate the current 

intensity in the benzenoid rings and the Johnson-Bovey tables4 to obtain the ring current 

shifts. They noted that other interactions were affecting the proton shifts and in particular 

noted a high frequency shift for close protons, which was suggested to be due to Vander 

Waals contact but did not attempt to quantifY this. 

Subsequently Cobb and Memoryl2 and Haigh and Mallion6 performed two similar 

but more extensive investigations. The proton spectra of several condensed aromatic 

compounds in dilute solution were analysed and the McWeeny equation used to obtain the 

ring current densities and shielding ratios. They both ignored a bond anisotropies in this 

calculation. Both investigations obtained reasonable correlations for ''non overcrowded 

protons" between the observed proton shifts and the ratio of the 7t-electron shielding for a 

given proton compared to benzene (H' IH\ in the nomenclature of ref.6). The more 

comprehensive data of ref.6 when converted to the 0 scale may be written as oobs=1.56 

(H' IH\) + 5.66 with an rms error of 0.06 ppm over a range of ca. 1.6 ppm. However the 

differences between the calculated and observed data for the "crowded" protons were ca. 

0.5-0.7 ppm with one of 1.2 ppm, all to high frequency of the calculated value. Again they 

attributed these shifts to steric effects but did not quantifY or define these effects. 

More recently Westermayer et alJ3 used a double dipole model to test the observed 

shifts. They correlated the resulting geometric factors with the observed shifts to obtain a 
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value for the benzene diamagnetic susceptibilty anisotropy. They stated that superior 

results for the sterically crowded protons were obtained but it is not clear why should be 

the case as no steric term was introduced. 

Although it is obvious which protons are crowded it is not obvious whether this 

interaction is also present in the other "less crowded" protons. Thus the simple question 

of whether the difference between the a and the p proton chemical shifts in naphthalene is 

due to ring currents, 1t-electron densities or steric effects has still not been satisfactorily 

answered. Although Pople in his original studies9 calculated the ring current intensities in 

the five- and seven-membered rings of azulene, to our knowledge there has not been any 

calculation of the proton chemical shifts in non-altemant hydrocarbons. 

The influence of the substituents on the proton chemical shifts in the benzene ring 

has also been investigated for many years and again there is still no-quantitative 

calculation of these effects. Following the classic work of Castellano et al14 and Hayamizu 

and Yamamoto 15, who completely analysed the complex proton spectra of a wide range of 

monosubstituted benzenes in dilute solution in CC4, the proton substituent chemical shifts 

(SCS) are known accurately, and tables of these SCS are an integral part of any text on 

NMR spectroscopyI6-18. The theoretical interpretations of these effects have concentrated 

on the correlation between the SCS and the calculated 1t (and also cr) electron densities on 

the adjacent carbon atoms following the excellent correlation found between the J3C SCS 

and the 1t-electron densities at the para carbon atom in monosubstituted benzenesl9
• 

Correlations with 1t-electron densities calculated by various methods have been 

reported, the most recent being the ab initio calculations of Hehre et al20
, which will be 

considered in depth in chapter six. They used the STO-3G basis set and showed that the 

13C SCS could be well interpreted on the basis of calculated electron densities but this was 

not the case for the proton SCS. The para proton SCS could be correlated with the total 

charge density at the para carbon atom but the meta proton SCS did not correlate well 

with the calculated meta carbon charge densities but with the sum of the charges at the 

hydrogen an attached carbon atoms. They stated that ''this lack of consistency indicates 

either that the calculations are unrealistic or that the 1 H SCS depend to a very significant 

extent on factors other than electron densities at the H and attached C atoms". They 

omitted the ortho proton SCS presumably on the grounds that these other effects are even 

more important at these protons. They also noted that strongly electronegative 
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substituents caused polarisation of the 1t system without charge transfer, leading to 

changes in the 1t-electron densities around the ring and this is termed the 1t-inductive 

effect. They also found various correlations between the calculated charge densities and 

the Taft UI and UR values. This reflects the results of other investigations, which have 

attempted to correlate substituent parameters with the proton SCSI5
• 21 & 22. Despite all 

these endeavours there is still no calculation of proton SCS in substituted benzenes 

reliable enough to be of use to the structural chemist. 

We give here the proton chemical shifts of a selection of condensed aromatic 

compounds in CDCh and show that these differ by a small but significant amount from the 

earlier data in CC4 solution. These provide sufficient data for an analysis of the proton 

chemical shifts based on the CHARGE model for calculating proton chemical shifts. 

CHARGE has been applied successfully to a variety of saturated hydrocarbons23
, 

haloalkanes2
\ ethers25 and ketones26

• We shall show that this model can be extended to 

provide a quantitative calculation of the proton shifts in condensed aromatic compounds, 

including two non-alternant hydrocarbons and the SCS of monosubstituted benzenes. 

We give two alternative calculations of the ring current intensity in the benzenoid 

rings together with a dipole model of the benzene ring current. In model A the ring 

current intensity in the individual benzenoid rings is a function of the number of adjoining 

rings whereas in the model B the molecular ring current is given by the classical Pauling 

treatment as proportional to the molecular area divided by the molecular perimeter. All the 

protons in the condensed aromatic compounds are considered and the "crowded" proton 

chemical shifts reproduced by a simple sterlc effect. The effects of substituents in 

monosubstituted benzenes are well reproduced for the ortho, meta and para protons on 

the basis of calculated 1t-electron densities plus the stene, anisotropic and electric field 

effects of the substituents. We show also that the model reproduces the high field shifts of 

protons situated over the benzene ring thus providing a general calculation of proton 

chemical shifts of condensed aromatic compounds. 
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3.2. Application of the theory to aromatic compounds. 

A detailed account of the CHARGE27 theory can be seen previously (chapter two). 

a) Identifying aromatic systems. 

A new subroutine was added to CHARGE model in order to take into account the 

whole range of aromatic compounds. Only a few monosubstituted benzenes were in the 

model at that moment. Therefore it was necessary to include five-membered rings, 

condensed aromatic hydrocarbons and to increase the range of substituted aromatic 

compounds. 

In a first attempt we considered that the single bond length between two double 

bonds could identify an aromatic ring. The geometries for benzene and e-butadiene were 

then calculated using GAUSSIAN94 programme32 at the MP2/6-31 G* level. The 

calculated bond length for benzene was 1.397 A and 1.458 A for e-butadiene. Thus we 

assumed that bond lengths greater than 1.40 A did not belong to an aromatic bond. 

However some of the aromatic molecules were not identified as aromatics in this 

subroutine. A closer look at these molecules showed that not all the aromatic bond lengths 

are less than 1.40 A. Allinger et aP8 investigated the structures of hydrocarbons 

containing delocalised electronic systems by molecular mechanics. They found aromatic 

bond lengths greater than 1.40 A (e.g. 1.471 A for one of the bond lengths in perylene). 

Thus a new subroutine was used to identifY the aromatic compounds. The 

subroutine is divided into two different sections to distinguish between five- and six

membered rings (see the coding of the subroutine in appendix one). Each ring is identified 

individually. Thus the subroutine identifies each ring at a time for condensed aromatic 

compounds. 

Within five-membered rings, the heteroatom (oxygen, sulphur or nitrogen sp2 

I 
(/N,,» or a carbon sp2, such as in indole (see Figure 3.1), is the first detected atom. After 

its detection, the model begins to :find the connectivities (a atoms), starting from the 

heteroatom. Therefore it must :find four more atoms attached to each other, and the last 

atom must be attached to either the hetero-atom or the carbon sp2. 
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Figure 3.1. Indole. 

On the other hand, within six-membered rings, the first detected atom is either an 

Sp2 carbon or nitrogen sp2 (/N~). Subsequently the model finds the other five atoms, 

having in consideration that the last atom must be attached to the first one. 

b) Ring Currents. 

In order to calculate the aromatic ring currents a number of modifications were 

made to the CHARGE model. The aromatic ring current at any proton was then 

calculated from the equivalent dipole moment (Eqtn.3.1). 

~= je jl (3cos2 8-1) / R3 

Where: 

4c is the chemical shift due to the aromatic ring current. 

R is the distance of the proton from the benzene ring centre. 

8 the angle of the R vector from the benzene ring symmetry axis. 

jl is the equivalent dipole of the benzene ring. 

(Eqtn.3.1) 

Ic is the x-electron current intensity for the benzenoid ring, being equal to 1.0 for 

benzene. 

In order to calculate the value of Ie for the compound under investigation two 

alternative methods were implemented. The first method (model A) was based on 

inspection of the calculated ring current intensities ofrefs.6 and 11. Haig and Mallion6 did 

not publish the calculated ring current intensities for the common aromatic compounds, 

but a selection of their calculated values for some less common condensed aromatic 

compounds is given in Table 3.1. 

Closer examination of this data shows that the changes in the ring current are due 

to the number and orientation of the rings attached to the benzenoid ring. In model A we 
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assume that the ring current intensity is only a function of the number and orientation of 

the rings attached to the benzenoid ring in question. This may be quantified by the number 

and the orientation of the substituent Sp2 carbon atoms attached to the ring in question 

(Ra). Thus we must define: 

i) The number of attached Sp2 carbons on each carbon of the ring. 

ii) The relative position of these attached atoms in the benzene ring. 

Thus for benzene each carbon atom has two Sp2 carbon atoms attached to it which 

means Ra=12. For either ring in naphthalene two of the carbon atoms have three carbon 

neighbours and hence Ra=14. The middle rings of anthracene and phenanthrene both have 

R,=16 but the relative positions of the substituent carbons differ in the two cases. These 

are defined as Ra=16a and 16b. This analysis gives seven different systems (table 3.1) of 

which six are present in the molecules indicated in Figure 3.2. 

Closer examination of table 3.1 shows that with few exceptions the separation of 

the ring current densities into the different ring types gives a reasonably constant value for 

each ring type. The only serious exception is the calculated values for ring type 18 of 

ref. I I which are very different for perylene and coronene. It would be possible to average 

the calculated values of ref.6 for each ring current and use these averages in our 

calculation. In view of the approximations inherent in these calculations it was decided to 

parameterise the current intensity for each ring type separately to obtain the best 

agreement with the observed shifts. 
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Table 3.1. Calculated ring current intensities in condensed aromatic hydrocarbons. 

Molecule Ring (R..) Ring Current Intensity (fc) 

type· b c Model A 

Benzene (1) 12 1.00 1.00 1.00 

Naphthalene 
14 1.093 1.048", 1.094f

, 1.121g 0.95 
(2) 

Anthracene Ring A 14 1.085 1.119\ 1.197', 1.1 04) 

(3) RingB 16a 1.280 1.291 t
, 1.311f, 1.299g

, 1.298\ 0.818 

1.17oi 

Phenanthrene Ring A 14 1.133 

(4) RingB 16b 0.975 0.8778, 0.876" 0.745 

Triphenylene Ring A 14 1.111 

(5) RingB 18 0.747 

Pyrene Ring A 15 1.329 1.337', 1.292k 0.786 

(6) RingB 16b 0.964 

Perylene Ring A 15 0.979 

(7) RingB 18 0.247 0.603f
, 0.6061 0.173 

Coronene Ring A 16b 1.460 1.061 

(8) Ring B 18 1.038 0.745m
, 0.684~ 

17 - 1.297', 1.2261
, 1.310' 

• b c d •• f, • See text. Ref. 1 I. Ref.6. thIs work. Dlbenzo[a,c]naphthacene. SOlbenzo[a,}]naphthacene. 

hDibenzo[ a,l]naphthacene. iDibenzo[ de/. mno ]chrysene. iBenzno[ h ]pentaphene. 

kBenzo[ghi]perylene. INaphtho[ 1 ,2,3 ,4-dej]crysene. mDibenzo[ h, dej]crysene. 
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Figure 3.2. Molecules studied and their nomenclature. 
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An alternative method of calculating the aromatic ring current is to use the Pauling 

modef (model B) in which the carbon skeleton is considered as a conducting electrical 

network in which for any current loop the emf is proportional to the area2
• In other words, 

if the condensed aromatics are considered to be made up of a number of regular hexagons 

the ring current for any molecule is simply proportional to the number of hexagons in the 

molecule divided by the number of bonds in the perimeter of the molecule. For example, 

the ring current ratio for benzene is 116, for naphthalene is 211 0 and for anthracene is 

3114. The Pauling model gives too large a value for the diamagnetic anisotropy of 

condensed aromaticssa so that as in method A the Pauling model was used to separate the 

various molecular types and the ring current for each molecular type was parametrised 

against the experimental data Although the same experimental data are used in both 

models the different selectivities give different answers. As an example, in model B 

anthracene and phenanthrene have identical ring currents, which is not the case in model 

A. 

c) 1!-electron densities. 

The 1t-electron densities are calculated in the CHARGE model from Huckel 

theori9
• The standard coulomb and resonance integrals for the Huckel routine are given 

byeqtn.2.11. 

U r = U O + hr ~o 

~1S = klS ~o 

(Eqtn.2.11 ) 

Where U
O and ~o are the coulomb and the resonance integrals for a carbon 2pz 

atomic orbital and hr and kr.; the factors modifying these integrals for orbitals other than 

Sp2 carbon. The Huckel technique was modified by the ro technique to model the very 

polar 1t systems of the nucleic acid bases30
• The rotechnique involves varying the coulomb 

integral for each atom according to the charge on that atom This is shown in eqtn.3.2 

where U r is the coulomb integral, u ro the initial coulomb integral, qr the excess 1t charge on 

atom r and ro a constant. 

Ur = aro - qrW (Eqtn.3.2) 
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Eqtn.3.2 "cuts in" at a given value of the excess 1t charge on atom r. For the 

nucleic acid bases the value of ro was 1.40 and the cut-in threshold 0.2 electrons. 

For alternant aromatic hydrocarbons this calculations gives 1t-electron densities at 

every carbon equal to 1.0 as in benzene. Thus the excess 1t density is zero. This is in 

agreement with the results of more sophisticated calculations. For example, the excess 1t

electron densities at the a and p carbons of naphthalene are calculated as -0.8 and -4.1 

me (millielectrons) from ab initio calculations with the 6-31 G* basis set. 

For the non-alternant hydrocarbons fulvene and acenaphthylene the Huckel routine 

gives large excess 1t-electron densities at certain carbon atoms, which are much larger 

than those calculated by ab initio methods in which iteration procedures restrict the 

tendency in the Huckel routine to separate the 1t charges. Therefore the ro tecnique was 

modified to correct this by decreasing the "cut in" point of eqtn.3.2 from 0.2 to 0.01 

electrons and increasing the value of ro to 6.0. This modification gave acceptable results 

for these two compounds, though the dipole moments are higher than the observed 

values. As these hydrocarbons have quite different 1t-electron densities and geometries, 

both ring currents of the five-membered and the ring current intensity of the attached six

membered ring were parameterised separately. 

For the substituted benzenes the appropriate values of the coefficients h.- and krs in 

eqtn.2.11 for the orbitals involving heteroatoms have to be found. In ref.29 two 

procedures were considered. One was to obtain those values that gave the best agreement 

with the experimental dipole moments of the compounds studied. The other procedure 

was to consider the values that gave the best agreement with the 1t-electron densities 

obtained by ab initio calculations. We began by using the first procedure as the simplest 

method of obtaining dipole moments of unsaturated compounds. However later 

developments showed that the 1t-electron densities calculated from ab initio calculations 

were a more flexible method. We now use the latter set so that the 1t densities calculated 

from the Huckel routine reproduce those given from ab initio calculations. 

The other modification to the Huckel routine concerns the effect of saturated 

substituents (e.g. CH3) on the 1t-electron densities in the benzene ring, which is usually 

termed hyperconjugation. In this case an equation corresponding to eqtn.3.2 was used to 

vary the coulomb integral of the aromatic carbon connected to an sp3 carbon. In this way 
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changes to the 7t-electron density of the benzene ring due to both electron-donating 

substituents such as CH3 and electron withdrawing substituents such as CF 3 can be 

handled by the same procedure. 

Having obtained the 7t-electron density in the benzene ring it is then necessary to 

determined the effect of the 7t-electron density at a given carbon atom on the proton 

chemical shifts. Gunther et al31 measured the proton chemical shifts of a variety of cyclic 

charged molecules (tropylium cation, cyclopentadienyl anion, etc) and compared them 

with benzene. From this data they obtained a value of the coefficient al (Eqtn.2.12) of 

10.0 between the proton shift A5 and the excess 1t charge Aqa on the attached carbon 

atom. 

(Eqtn.2.12) 

It has also been recognised that there is an influence of the excess 7t charge on the 

carbon atom 13 to the proton considered. Considering this, in aromatic compounds in 

which the CH bond is orthogonal to the 1t orbital, e is 90° and the value of a2 in eqtn.2.12 

is negative and ca. 1I5th of a), i.e. -2.0. 

These modifications were the only ones needed to apply the CHARGE model to 

aromatic compounds. However, it is still necessary to calculate the charge densities at the 

aromatic protons in CHARGE and thus to quantify the appropriate a., 13 and 'Y-effects. 

Also the long-range interactions present in the aliphatic molecules must also be included 

and where necessary evaluated. These will be considered subsequently. 

d) Long-range effects. 

As discussed earlier the long-range effects of the aromatic ring are due to sterlc 

plus magnetic anisotropy (i.e. ring current) effects. There is also a small electric field 

effect due to the C-H dipoles and this is calculated directly by CHARGE from the partial 

atomic charges as the coefficient Az in eqtn.2.8 has been previously detennined. 

The sterlc effect of all non-hydrogen atoms for substituted alkanes investigated in 

previous versions of CHARGE was deshielding on the near protons, with a shielding 

effect observed for proton-proton interactions. This is in contrast to the results of 

previous investigations6
• 12 and the data presented here shows that proton-proton 
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interactions in the aromatic systems considered give rise to deshielding effects on the 

proton chemical shifts. 

To confirm that steric effects on proton chemical shifts in aromatic and saturated 

systems are different we can examine the proton chemical shift of the unique CH proton in 

the cyclophane (15). This proton occupies a position along the symmetry axis of the 

benzene ring and occurs at -4.030. It is a good test of any ring current theory because of 

its proximity to the benzene ring plane and was used by Schneider et al' in a separate 

investigation of different ring current models. This proton is in close proximity to the 

benzene ring carbon atoms, the average C-H distance is ca. 2.20 A. Any de shielding effect 

from the aromatic carbon atoms comparable to that found for saturated carbon atoms 

would have a pronounced deshielding effect on this proton. For example using the sterlc 

coefficient found for saturated carbon atoms would give a value for the CH proton 

chemical shift of +6.0 o. Clearly there is no significant deshielding steric effect from the 

aromatic carbon atoms at this proton. Schneider et al' termed this a "soft" sterlc effect in 

contrast to the "hard" sterlc effect of proton-proton interactions. This result was adopted 

in the CHARGE routine so that there is no sterlc effect on the proton chemical shifts from 

any aromatic carbon atom. 
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3.3. Experimental. 

Ethylene, benzene, toluene, d8 -toluene, tert-butylbenzene, naphthalene, 

anthracene, phenanthrene, pyrene, triphenylene, 1,2-benzanthracene, 1,2:3,4-

dibenzanthracene, 1,2:5,6-dibenzanthracene, acenaphthylene, fulvene and the CDCh 

solvent were obtained commercially (Aldrich Chern. Co.). The solvent was stored over 

molecular sieves and used without further purification. 

IH and I3C NMR spectra were obtained on a Bruker AMX400 spectrometer 

operating at 400.14 MHz for proton and 100.63 MHz for carbon. Spectra were recorded 

in 10 mg cm-3 solutions CH) and ca. 50mg cm-3 (13C) with a probe temperature of ca. 

25°C in CDCh and referenced to TMS unless otherwise stated. Typical I H conditions 

were 128 transients, spectral width 3300 Hz, 32 k data points, giving an acquisition time 

of5s and zero-filled to 128k to give a digital resolution of 0.025 Hz. 

The geometries of the compounds were obtained by optimisations using the 

GAUSSIAN9432 programme at the RHF/6-31 G* level. For molecules too large to be 

handled by GAUSSIAN at the 6-31G* level, e.g. perylene, smaller basis set were used, 

e.g. 3-21G. For the largest molecules, e.g. coronene, the molecular mechanics 

PCMODEL programme was used33
• The geometry and CHARGE computations were 

performed on a PC. 

The lH NMR spectra for 1,2-benzanthracene, 1,2:3,4-dibenzanthracene, 1,2:5,6-

dibenzanthracene can be seen in figures 3.3, 3.4 and 3.5. The proton spectrum for 

ethylene, benzene, tert-butylbenzene, toluene and d8 -toluene were also measured and 

simply assigned:. 

: The remaining compounds were measured in the same way by M. Canton. 
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Figure 3.3. IH NMR spectrum of 1,2-benzanthracene. 
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Figure 3.4. IH NMR spectrum of 1,2:3,4-dibenzanthracene. 

l' 4' 8 

Figure 3.5. IH NMR spectrum of 1,2:5,6-dibenzanthracene. 
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Figure 3.5. IH NMR spectrum of I,2:5,6-dibenzanthracene. 
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3.4. Results. 

The proton spectra of the compounds all consisted of well separated peaks at 

400MHz (except for toluene) thus the proton chemical shifts could be obtained 

immediately and the assignments of the compounds followed previous investigations. For 

toluene the proton spectrum of toluene-ds was first obtained. The dilute IH spins only 

couple to the 2D nuclei and the spectrum consists of three broad singlets at 7.165, 7.170 

and 7.2545. This gave sufficient information to identify the coupling patterns in the I H 

spectrum of toluene and hence the slightly more accurate proton chemical shifts given in 

table 3.2. 

The data obtained in CDCh solution are given and compared with that of previous 

investigations in CCk solution in table 3.2. In ret: 11 the authors only reported the shift 

differences from benzene and we have added 7.27ppm (the benzene value in CC4) to them. 

40 



Table 3.2. Observed and calculated proton chemical shifts (8) for aromatic 

compounds. 

Compound Proton Observed Calculated 
CDCha CCI.b,c Model A Model B 

Ethylene 5.405 5.352d - 5.407 
Benzene (1) 7.341 7.27b 7.27c 7.331 7.342 

Naphthalene (2) 
I 7.844 7.73 7.81 7.931 7.829 
2 7.477 7.38 7.46 7.524 7.493 
1 8.009 7.93 8.01 7.948 8.009 

Anthracene (3) 2 7.467 7.39 7.39 7.524 7.577 
9,10 8.431 8.36 8.31 8.495 8.485 

1 7.901 7.80 Un 7.930 7.968 
2 7.606 7.51 Un 7.509 7.544 

Phenanthrene (4) 3 7.666 7.57 Un 7.566 7.600 
4,5 8.702 8.62 8.51 8.455 8.433 
9,10 7.751 7.65 7.71 7.839 8.085 

Triphenylene (5) 
I 8.669 8.61 8.56 8.587 8.707 
2 7.669 7.58 7.61 7.613 7.654 
1 8.084 8.00 8.06 7.976 8.253 

Pyrene (6) 3 8.190 8.10 8.16 7.930 8.156 
4 8.010 7.93 7.99 7.546 7.785 
1 8.196 8.11 8.09 8.361 8.250 

Perylene (7) 2 7.466 7.38 7.41 7.515 7.404 
3 7.656 7.57 7.60 7.845 7.630 

Coronene (8) 1 8.90e 8.82 8.84 8.900 
1 ' 8.840 8.77 8.698 8.553 
2' 7.685 7.59 7.708 7.627 
3' 7.651 7.525 7.638 7.557 
4' 7.849 7.755 8.102 8.004 
3 7.616 7.55 7.987 8.117 

1,2-benzanthracene (9) 
4 7.800 7.72 8.027 8.200 
5 8.048 8.03 8.101 7.977 
6 7.540 7.465 7.637 7.544 
7 7.564 7.47 7.647 7.553 
8 8.133 8.03 8.169 8.038 
9 9.174 9.08 9.125 9.052 
10 8.370 8.28 8.561 8.572 
I' 8.00' 8.082 7.947 

2,3-benzanthracene (10) 2' 7.39 7.619 7.522 
4 8.67 8.581 8.546 
I' 8.791 8.675 8.685 8.758 
2' 7.670 7.54 7.649 7.634 

3' 7.651 7.53 7.636 7.618 
1,2:3,4-dibenzanthracene 

4' 8.592 8.475 8.637 8.674 
(11) 

7 7.568 7.455 7.641 7.521 

8 8.097 7.965 8.134 8.008 

9 9.097 9.075 9.103 9.238 

1,2:5,6-dibenzanthracene 1 ' 8.874 8.805 8.708 8.502 
(12) 2' 7.719 7.625 7.721 7.583 

3' 7.646 7.55 7.649 7.511 
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4' 7.914 7.82 
3 7.760 7.67 
4 7.963 7.88 
10 9.155 9.075 
1 7.812 
2 7.548 

Acenaphthylene (13) 
3 7.692 

5,6 7.083 
1,4 6.2288 

Fulvene (14) 2,3 6.531 
6 5.892 

ortho 7.180 7.061 h 

Toluene 
meta 7.260 7.140 
para 7.165 7.042 
Me 2.343 2.337' 

ortho 7.390 7.281h 

tert-Butylbenzene 
meta 7.297 7.180 
para 7.165 7.052 
Me 1.325 1.319' 

aThis work, bRef.6, cRef.11, dRef.34, "Ref.35, fRef.36, 8Ref.37, bRef.l5 
iRef.1, vo1.2, Appendix B. un=unresolved. 

8.113 7.944 
8.016 8.077 
8.121 8.230 
9.170 9.107 
7.829 7.826 
7.474 7.519 
7.708 7.701 
7.070 7.024 
6.384 6.317 
6.421 6.404 
6.015 5.960 

7.080 
7.284 
7.172 
2.343 
7.279 
7.358 
7.218 
1.332 

The shift values in table 3.2 are of interest. There is generally good agreement between 

the data sets but it is noteworthy that there is a small but ahnost constant difference in the 

proton chemical shifts in CDCh solution compared to CC4. Averaging over all the aromatic 

compounds in table 3.2 gives a value of 0.086ppm (± 0.01) to low field in CDCl3 solution 

This is also the case for ethylene but here the difference is slightly less. The aliphatic protons of 

the methyl groups in toluene and tert-butylbenzene do not show this effect but have the same 

shifts in the two solvents. The constant value of this difference means that data in CC4 solution 

can be converted directly to CDCh solution by merely relating the shifts to benzene. 

Furthermore this suggests that the accurate SCS values reported earlier for the 

monosubstituted benzenes in CC4 solution may be used with confidence to investigate the 

application of the CHARGE model to these compounds and this data is reproduced in table 

3.3. Also given in table 3.3 are the SCS values obtained in our laboratory for selected 

compounds in dilute CDCh solution The excellent agreement between the sets of SCS values 

confirms this asswnption 

The data collected in tables 3.2 and 3.3 provide a rigorous test of the application 

of both the CHARGE model and also of present ring current theories to these compounds. 

The compounds listed in the tables are all of fixed conformation. The GAUSSIAN94 (6-

310*/3-21G) and the PCMODEL calculations gave molecular geometries for the 
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aromatic hydrocarbons in excellent agreement with the experimental geometries, where 

known. E.g. benzene C.C 1.397 A, C.H 1.087 A (MP2/6-31 G*), vs. 1.39SA and 1.087 A 

(PCMODEL) and 1.396A and 1.083A (experimentali8
, etc. 

In the CHARGE model the a, f3 and y-effects of the substituents are considered to be 

due to electronic effects and therefore they are modelled on a simple empirical basis. The a

effect of an sp2 carbon is given from the difference in the electronegativities of the carbon and 

hydrogen atoms divided by the appropriate exchange integral. The value of this integral was 

chosen to reproduce the observed chemical shift of ethylene (table 3.2). This gives a partial 

atomic charge for the ethylene protons of +O.07Se, which corresponds to a C-H bond dipole of 

OAD. This is in reasonable agreement with the usual quoted range (ca 0.6 - o.7Dl9
• 

The f3-effect is calculated directly from the carbon electronegativity and proton 

polarisabiliti7 thus the only other electronic effect to be considered is the y-effect (H.c.C.C) of 

the unsaturated carbon atoms in the aromatic compounds. For the analysis of the y-eifect of 

any nucleus, a simple angular function (A+Bcos6) may be utilised. The coefficients A and B 

are obtained from the observed data. This approach was implemented in all our investigations. 
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Table 3.3. Observed8 vs. calculated Qroton SCS (60ti) of substituted benzenes. 

Proton substituent chemical shifts (6001 

Substituent ortho meta para 

Obs Calc Obs Calc Obs Calc 

H 0.00 0.00 0.00 0.00 0.00 0.00 

CH3 -0.20 -0.27 -0.12 -0.06 -0.22 -0.17 

-0.16 -0.08 -0.18b 

t-Bu 0.02 -0.06 -0.08 0.02 -0.21 -0.12 

0.05 -0.04 -0.19b 

F -0.29 -0.23 -0.02 0.02 -0.23 -0.21 

CI 0.03 -0.04 -0.02 0.07 -0.09 -0.08 

Br 0.18 0.07 -0.08 0.09 -0.04 -0.02 

I 0.39 0.18 -0.21 0.08 0.00 0.01 

OH -0.56 -0.53 -0.12 -0.13 -0.45 -0.42 

OCH3 -0.48 -0.44 -0.09 -0.12 -0.44 -0.41 

NH2 -0.75 -0.62 -0.25 -0.24 -0.65 -0.65 

CF3 0.32 0.28 0.14 0.18 0.20 0.20 

0.29 0.14 0.21c 

CHO 0.56 0.54d 0.22 0.20d 0.29 0.26 

CO.CH3 0.62 0.61d 0.14 0.21d 0.21 0.28 

CO.OCH3 0.71 0.91d 0.11 0.21d 0.21 0.26 

CN 0.36 0.35 0.18 0.21 0.28 0.24 

0.32 0.14 0.27c 

N02 0.95 0.81 0.26 0.23 0.38 0.25 

a) ref.15 unless stated otherwise, b) this work (CDCh soln.), c) ref40, d) averaged e) ref 41. 

The only parameters to be determined from the observed resuhs in table 3.2 are 

the coefficients A and B for the carbon 'Y-effect, the appropriate H.H sterle coefficient 

(eqtn.2.7), the ring current equivalent dipole J.1 (eqtn.3.1) and the factors fc (eqtn.3.1) for 

the condensed rings, a total of 10 parameters. The values of the unknown parameters 

were achieved using a non-linear least mean squares programme (CHAP8t2 to give the 
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best fit with the observed data. These iterations were performed using model A and model 

B. The data set used comprises all the condensed aromatics of table 3.2, a total of 57 

proton shifts thus the iteration is over-determined. The initial iteration for model A clearly 

showed that coronene was an exception and this was removed from the subsequent 

iteration. With this amendment the programme iterated satisfactorily with reasonable rms. 

error and definition. For model B coronene was parameterised separately and the 

iteration performed satisfactorily. The iteration gave A = -0.107, B = 0.143, the H .. H 

steric ceo efficient as = +24.55ppm A6
, J.l = 26.2ppm A3 and the Ie values in table 3.1. In 

fulvene and acenaphthylene both the ring current of the five-membered ring (jJp) and also 

the factors ifc) for the benzenoid rings in acenaphthylene were parameterised separately. This 

gave j.lp = 11.6ppm A3 and Ie = 0.81. These iterations are for two unknowns and seven 

observed shifts. 

The determination of these unknown parameters also allows the calculation of the 

proton SCS of the monosubstituted benzenes in table 3.3 as the electric field and 

anisotropic effects of the substituents have already been determined previously. The 

appropriate values of the coefficients in eqtn.3.2 needed to model the effect of the alkyl 

substituents on the 1t densities were a r
o = a r + 0.15, ro = -0.50. The only additional 

requirement is the steric effects of the side-chain protons, which in some cases affect the 

ortho protons. The steric effect of alkane protons on olefinic protons was determined 

from a general investigation involving a variety of olefinic molecules40 and found to be 

deshielding and this result was used here. The steric effect of the OR and NH protons in 

alcohols and arnines has been shown to be zero 43 and again this result was incorporated 

into the present calculations. The influence of the substituents on the 1t-electron densities 

within these molecules has also been determined (see chapter four for cyanobenzene) as 

have the electronic effects or y-effects. This allowed the determination of the proton SCS 

of all the monosubstituted benzenes of table 3.3 and these resuhs are given with the 

observed data in the table. 

It was also of interest to determine whether the equivalent dipole ring current 

calculation given here could be used to determine the benzene ring current effect for 

protons at the side and over the benzene ring. This data was used by Schneider' in 

determining the accuracy of the various ring current models. We consider here two 

illustrative examples; the unique CR proton in the tnbridged cyclophane (15)7 and the 
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protons in [10]-para cyclophane (16t4
• The proton chemical shifts for both compounds 

have been recorded in dilute CDCh solution. The geometries of both compounds were 

modelled by PCMODEL and GAUSSIAN94. (15) is a rigid strained molecule but in (16) 

the methylene chain exists in two equivalent rapidly interconverting staggered 

conformations. The two protons on each methylene group in the alkyl chain have the same 

observed shift and the calculated shifts have to be averaged over each methylene group. 

The calculations were performed routinely using eqtn.3.1 to determine the ring current 

shifts with the value of the equivalent dipole found from the results of table 3.2. The CH 

proton of (15) is observed at -4.038 (calc. -4.038) and the corresponding data for (16) is 

given in table 3.4. 

Table 3.4. Observed vs. calculated proton chemical shifts (8) in [10]-paracyclophane 

16). 

Proton Observed Calculated (average) 

a 2.62 2.453 2.606 

2.759 

1.54 1.806 1.699 

1.592 

'Y 1.08 1.631 1.270 

0.909 

0.73 1.133 0.894 

0.655 

E 0.51 0.626 0.525 

0.424 

Aromatic 7.04 7.102 7.088 

7.074 
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3.S. Discussion 

The general agreement of the observed vs. calculated shifts in tables 3.2 and 3.4 

and the observed vs. calculated SCS of table 3.3 is very good. Although the calculated 

values for models A and models B for the individual protons vary appreciably (table 3.2), 

the overall agreement for both models is similar. For the 57 data points of table 3.2 the 

rms. error (obs vs. calc shifts) is 0.13ppm (model A) and 0.12ppm (model B) over a 

range of 3.3ppm. The analogous calculation using only the benzene ring current (i.e. all fc 

values =1.0) gives much poorer agreement (rms = 0.28ppm) showing that it is necessary 

to take account of the variation in the ring current intensity for a proper description of the 

proton chemical shifts. Although for convenience the SCS are given in table 3.3, as the 

proton chemical shift of benzene is calculated accurately (table 3.2) obviously the actual 

chemical shifts of all the substituted benzenes are calculated to the same accuracy as the 

SCS values in table 3.3. It can be seen that the great majority of the observed shifts are 

reproduced to < 0.1 ppm, although there are some exceptions. 

The calculation provides an insight into the interpretation of these proton chemical 

shifts as the different interactions responsible for the calculated values are separately 

identified and quantified in the CHARGE programme. The ring current calculations 

provide further evidence for the accuracy of the simple equivalent dipole model of the 

benzene ring current. The value ofll (eqtn.3.1) is given from the iteration as 26.2ppm A3
• 

This is very similar to that obtained from the classical circulating current model (27.6) 16,45. 

The calculations also confirm previous studies45 in demonstrating that the ring current 

effect is not the only factor responsible for the difference between the ethylene and 

benzene proton shifts. The experimental difference of 1.93ppm (table 3.2) is made up of 

1.77ppm from the ring current and 0.17ppm from the electronic effects of the 13 and 'Y 

carbon atoms of benzene. This was allowed for in some previous ring current calculations 

by using cyclohexadiene rather than ethylene as the appropriate olefinic model45 and the 

above calculations support this approach. It is of great interest to note the excellent 

agreement obtained with the simple equivalent dipole model. On this basis the use of the 

more complex double dipole and double loop models does not appear to be justified. 

Interestingly Mallion46 carne to exactly the same conclusion many years ago. 

The values of the separate ring current factors (fc of eqtn.3.1) are given in table 

3.1 for comparison with the values obtained previousll' II. In general the trends are 
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similar supporting the original compartmentalisation of these factors though the values 

obtained here are mostly much nearer to the benzene value (fc=l) than the previous 

calculations. This is exactly to be expected as Huckel theory usually over estimates any 

electron separation. The only exception is the value for coronene. In model A the outer 

rings are of type 16~ (i.e. analogous to the middle ring of phenanthrene) but this value of 

the ring current intensity (0.745, table 3.1) gives a much too low value for the proton 

chemical shift. A value offc of 1.06 reproduces the experimental proton chemical shift. In 

model B this problem does not arise as coronene is a separate case, and the iteration gives 

a value offc = 1.008 very close to the benzene value and the Huckel calculated value. 

It is encouraging that the calculated shifts for the non-altemant hydrocarbons of 

fulvene and acenaphthylene are in very good agreement with the observed shifts (table 

3.2) as this suggests that the approach adopted here can be extended to these systems. 

The ring current of the five-membered ring was parametrised separately to give a value of 

!l of 11.6ppm A3. The equivalent dipole !l = iA where A is the area of the current loop. 

After allowing for the area of the five-membered ring compared to benzene this gives a 

current intensity of 0.63iJ" much less than benzene. More data on similar systems would be 

necessary to confirm this result. 

3.6. Conclusions. 

The agreement of the observed vs. calculated proton chemical shifts in tables 3.2, 

and 3.4 and the observed vs. calculated SCS of table 3.3 are very good. The addition of a 

new subroutine in CHARGE allows us to calculate successfully the proton chemical shifts 

of a range of aromatic compounds with a good degree of accuracy. The ring current 

calculations provide further evidence for the accuracy of the simple equivalent dipole 

model of the benzene ring current. The calculations also demonstrate that the ring current 

effect is not the only factor responsible for the difference between the ethylene and 

benzene proton shifts. 

It is encouraging that the calculated shifts for a non-altemant hydrocarbons of 

fulvene and acenaphthylene are in very good agreement with the observed shifts (table 

3.2) as this suggests that the approach adopted here can be extended to these systems. 

This quantitative calculation can be applied with confidence to the prediction of the 

proton chemical shifts of virtually any substituted benzenoid compound. 
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Chapter Four. Proton chemical shifts in carbonitriles and the electric field. 

electronic and 1t-electron effects of the carbonitrile group. 

4.1. Introduction. 

In organic chemistry, nitriles are of great importance as they are both versatile 

synthetic intermediates and important compounds per se (see ref I). As a consequence the 

proton nuclear magnetic resonance spectra of nitriles has been studied since the beginning 

ofNMR spectroscopy. There is however significant argument over the causes of the SCS 

of the cyano (CN) group. The CN group is strongly polar and anisotropic and as a result 

these factors have been proposed to account for the carbo nitrile SCS. 

Many investigations into the influence of the CN group on proton chemical shifts 

have been undertaken over many years. The description of the magnetic anisotropy of the 

carbonyl and acetylene groups has been well documented2 and the magnetic anisotropy of 

the CN group is considered in the same way as the acetylene group. There have been 

numerous investigations into the prediction of 1 H chemical shifts in various cyano 

compounds. However, these have often been limited to predicting the chemical shifts of 

methyl protons and protons in an alpha position. Studies have been undertaken into the 

long range shielding effects of the CN group but these have often been limited to 2-

cyanonorbomenes. Therefore, there has been no definitive investigation into the influence 

of the CN group on a wide range of compounds where all the protons in the system were 

considered. 

Much of the early work on the CN group concentrated on the long range 

shielding effects of the CN group. ApSimon, Beierbeck and Todd3 concluded that methyl 

proton chemical shifts in various steroids were entirely due to the electric field effects of 

the CN and felt that little was to be gained by including the magnetic anisotropy of the CN 

in their calculations. The CN anisotropy was calculated by modification of the McConnell 

equation4
• 

Cross and Harrisons used a value of CN anisotropy calculated by Reddy and 

Goldstein6 to calculate the shifts of the C-19 methyl groups in some 5a and 5 p-cyano 

steroids. The predicted shifts were in the wrong direction and were rationalised in terms of 

conformational changes. In contrast to other research, Reddy and Goldstein concluded 

that the long range shielding effect of the CN was due to its magnetic anisotropy. They 
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conducted work on aliphatic nitriles, where the magnetic anisotropy of the CN group was 

determined by its analogy to the acetylene group. The anisotropy of the acetylene group 

was calculated by use of a relationship between proton chemical shifts and 13C_H coupling 

constants and agreed well with the theoretical estimate of Pople2
• These calculated values 

of the eN anisotropy were included in their calculations of the proton chemical shifts. It 

was assumed that the geometrical centre of the CN was in the centre of the triple bond, 

although the 1t-electron system may be more or less displaced towards the more 

electronegative atom. Nevertheless, the results obtained indicated that this did not need to 

be taken into consideration. 

Zurcher7 gave a more detailed analysis of CN-SCS. An investigation into the 

methyl proton chemical shifts in various steroids and also into the chemical shifts of a

protons was conducted in a limited number of straight and branched chained substituted 

alkanes, along with an investigation into the ~-protons in cyanonorbornanes, norbomenes 

and adamantanes. Zurcher generally found a good correlation for the methyl proton 

resonances in the cyano-steroids. Zurcher concluded that the chemical shifts were mainly a 

result of the electric field effects and the magnetic anisotropy of the CN group was small 

and had a minimal contribution to the proton chemical shifts. Zurcher used the McConnell 

equation to calculate the magnetic anisotropy of the CN and the CN dipole to calculate 

the electric field effect. Zurcher did not find it necessary to incorporate any steric effects 

of the CN group in his calculations. 

When extending his work to predict the chemical shifts of a-protons in various 

ethyl derivatives, Zurcher found a great variation between calculated and observed proton 

chemical shifts. These calculations were performed using the electric field only for the CN. 

It was concluded that there must be other factors beside the linear electric field affecting 

the proton chemical shifts. 

In this work a complete analysis ofCN-SCS is presented using a large data set of 

conformationally rigid molecules with fully assigned IH NMR spectra Presented here is 

the complete assignment of the IH NMR spectra of a range of aliphatic and aromatic 

nitriles of fixed conformation. The aliphatic nitriles investigated are cis and trans-4-t

butylcyclohexanecarbonitrile (l-cis/l-trs), axial and equatorial-cyclohexanecarbonitrile (2-

axl2-eq) and axial-axial and equatorial-equatorial-l, 4-dicyanocyclohexane (3-ax- axl3-

eq-eq). Also included are the IH NMR spectra of 2-exo and 2-endo-
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norbornanecarbonitrile (4-eX/4-en) and l-adamantanecarbonitrile (5) which have been 

recorded previously8 and acetonitrile (6), propionitrile (7), isobutyronitrile (8) and 

trimethylacetonitrile (9), the IH chemical shifts of which were obtained from the Aldrich 

catalogue9
• The aromatic nitriles included in this investigation are benzonitrlle (10), Q, m 

and g-dicyanobenzene (11, 12, 13), 1 and 2-cyanonaphthalene (14, 15) and 9-

cyanoanthracene (16). Acrylonitrile (17) was also analysed and assigned. Compounds 1-

17 can be seen in figure 4.1. 

Figure 4.1. Molecules studied and their nomenclature. 
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The chemical shift data above provides a sufficient amount of data for a 

quantitative analysis of CN-SCS using the CHARGE model. Here the model is be used to 

perfonn a quantitative analysis of CN-SCS and we show that they are due primarily to 

electric field effects (>3 bonds away) and electronic effects (3 bonds or less away). The 

anisotropic and steric effects of the CN group are shown to be negligible as far as the 

proton substituent chemical shifts are concerned. 

4.2. Application of the theory to carbonitrile compounds. 

A detailed account of the CHARGE theory can be seen previously (chapter two). 

The CN group has in principle steric, electric field and anisotropic effects on protons 

more than three bonds away plus for aromatics a large effect on the 1t-electron densities. All 

these have to be incorporated into the model The electric field of the CN group is calculated in 

an identical manner to any other C-X bond. The electric field is calculated as being due to the 

charge on the nitrogen atom of the CN and an equal and opposite charge on the carbon atom 

of the CN bond. The charge on the nitrogen atom is already calculated in the CHARGE model 

and the coefficient in eqtn.2.8 (chapter two) is known so the electric field is given without any 

further parameterisation 

This of course assumes that the charges used in eqtn.2.8 (chapter two) provide a 

reasonable measure of the electric field of the CN group. The partial atomic charges 

obtained in the CHARGE programme have been derived from the observed molecular 

dipole moments and the extent of the agreement provides one check on the electric field 

calculation. The calculated vs. observed (in parenthesis) dipole momentslO (in debye) of 

acetonitrile, propionitrile, iso-butyronitrile, t-butylcarbonitrile, I-cis, I-trs, acrylonitrile 

and benzonitrile are 3.94 (3.97), 3.95 (4.02), 4.00 (3.76),4.06 (3.95), 3.89 (3.82), 4.13 

(3.76), 4.38 (3.89) and 4.38 (4.14) and the good agreement provides strong support for 

the electric field calculation. Note that all the dipole moments are gas phase microwave 

measurements except for I-cis/trs which are measured in benzene solution. 

The CN group has cylindrical symmetry and eqtn.2.9 (chapter two) may be used to 

calculate the contnbution of the anisotropy to the proton chemical shifts. The steric effects of 

the CN group are calculated by use of eqtn.2. 7 (chapter two). The unknowns to be obtained 

are therefore the molar anisotropy of the CN bond, IlXCN and the sterle coefficient as CN. 
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For protons of three bonds or less from the CN group it is necessary to detennine the 

orientational dependence of the y proton chemical shift with respect to the carbonitrile carbon. 

This is simulated by a y substituent effect (GSEF) from the carbonitrile carbon following 

eqtn.2.5 in which the coefficients A and B may differ for the CN group in aromatic vs. 

saturated compounds. There is also a possible effect from the nitrogen atom, which affects the 

~ protons, and since this has no orientation dependence it may be considered as dependent only 

on the polarisability of the nitrogen atom 

For the aromatic cyanides it is first necessary to obtain the appropriate values of 

the factors he and krs, which give the Huckel integrals for the CN group (eqtn.2.11, 

chapter two). An iterative least mean square programme, CHAP8 11 was used to obtain the 

best-fit values of these parameters from 7t-electron densities obtained from 

GAUSSIAN9412 calculations. The 7t-electron densities and dipole moments from these ab 

initio calculations are very dependent on the basis set used. As the 3-21G basis set gave 

the best agreement with the observed dipole moment, the 7t-electron densities from this 

basis set were used to parameterise the Huckel calculations. Values ofb, of 0.12 and 0.30 

for C(sp) and N(sp) and of krs of 1.05 for (CSp2-Csp) and 1.20 for (Csp-Nsp) gave 7t

electron densities for the aromatic nitriles in reasonable agreement with those from the ab 

initio calculations. The electron densities (total and 7t) and dipole moments calculated for 

benzonitrile and acetonitrile by the CHARGE model and GAUSSIAN94 can be seen in 

table 4.1. 

58 



Table 4.1. Total and 1t (in parenthesis) charges (me), and dipole moments for 

benzonitrile. 

Atom 
Method 

"----- ---------------------- --------- ------~-------------

STO-3G 3-21G 6-31G CHARGE Obs 

N (sp) -200 (-49) -504 (-87) -273 (-63) -525 (-60) 

C (sp) 73 (26) 338(31) 21 (52) 428 (30) 

C) 2 (-56) -58 (-77) 10 (-76) 19 (-3) 

Co -42 (24) -194 (37) -148 (37) -48 (12) 

Cm -58 (2) -232 (0) -212 (1) -72 (-0.3) 

Cp -49 (28) -227 (36) -180 (34) -66 (10) 

J.l (D) 3.65 4.55 4.82 4.38 4.14 

Table 4.2. Total and 1t (in parenthesis) charges (me), and dipole moments for 

acetonitrile. 

Method 
Atom 

STO-3G 3-21G 6-31G CHARGE Obs 

N(sp) -195 (-52) -511 (-54) -333 (-80) -535 (-64) 

C(sp) 76 (37) 312 (37) 135 (61) 433 (64) 

C) -184 (-54) -611 (-169) -470 (-143) -61 (0) 

Jl (D) 3.07 3.92 4.16 3.93 3.97 
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4.3. ExperimentaL 

Cis/trans-4-t-butylcyclohexanecarbonitrile (1-cis/1-trs) was synthesised by 

dehydration of the amide by reaction with phosphorus oxychloride I 3. 

General procedure: Synthesis of cisltrans-4-t-butylcyclohexanecarbonitrile (1). 

6.7g (0.036mol) of 4-t-butylcyclohexanecarboxylicacid (99%cis/trans) was added 

to 3ml (0.042mol) of thionylchloride and stirred overnight. The excess thionyl chloride 

was removed by rotary evaporation to yield the acylchloride. 

The acylchloride was allowed to cool and 60ml of 30% ammoniumhydroxide 

added rapidly to give a white slurry. This mixture was heated slowly and the solid residue 

filtered off. The solid material was then dissolved in hot methanol and filtered hot. Water 

was then added drop-wise to clouding point and the mixture cooled. The resulting 

carboxamide was subsequently recrysta11ised from ethanol to give cisltrans-4-t

butylcyclohexanecarboxamide as pure white crystals (3.25g148.8%): mp 152-154°C; IR 

(nujol) 3400-3200(m, NH), 2900(s, CH), 1680(s, C=O); MS mlz (rel.int.) 184(M+, 2), 

126(100), 72(41), 57(45); NMR (750MHz, IH, CDCh) 02.54(1H), 02. 13(2H), 

02.08(1 H), 02.00(2H), 01.86(2H), 01.65(2H), 01.53(2H), 01.42(2H), 01.21 (2H), 

o 1.10( 4H), 00.85(9H), 00.83(9H). 

2.0g (O.Ollmol) of 4-t-butylcyclohexanecarboxamide were added to 5.7ml of 

phosphorus oxychloride and the mixture refluxed for I.Shrs. 10mI of dichloromethane and 

50mI of water were then added and the mixture extracted. Another portion of 

dichloromethane was used to extract the aqueous phase and the organic extracts 

combined. The organic extracts were then washed with water and the dichlormethane 

removed by rotary evaporation. After cooling the mixture was neutralised with dilute 

sodium hydroxide and the organic phase separated and dried to yield the 4-t

butylcyclohexanecarbonitrile as a clear oily liquid (1.05g158.2%): IR (nujol) 2200-

2250(w, C=N), 2800-2900(s, CH). 

Cyclohexanecarbonitrile (2), 1, 4-dicyanocyclohexane (3), 2-

norbornanecarbonitrile (4), l-adamantanecarbonitrile (5), acetonitrile (6), benzonitrile 

(10), Q, m and R-dicyanobenzene (11, 12, 13), 1 and 2-naphthalenecarbonitrile (14, 15),9-

anthracenecarbonitrile (16) and acrylonitrile (17) were obtained commerciallyl4, 15. 

IH and l3e NMR were obtained on a Bruker AMX400 spectrometer operating at 

400MHz for proton and 100.63MHz for carbon. The spectra for I-cis and I-trs were 
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recorded on a Varian 750MHz spectrometer at GlaxoWellcomel6
• Here HMQC, HMBC 

and NOE experiments were conducted. 

The spectra were generally recorded in lOmg cm-3 solutions eH) and ca50mg cm-

3 (I3C) with a probe temperature of ca25°C in CDCh and referenced to TMS unless 

indicated otherwise. Typical running conditions of the spectrometers were 128 transients, 

spectral width 3300Hz and 32k data points. This gave an acquisition time of 5s and zero

filled to 128K to give a digital resolution ofO.025Hz. 

The 2D experiments were conducted using the Bruker AMX400 and Varian 

750MHz machines using the standard Bruker COSY-DQF and HXCO-BI and the 

standard Varian HMQC and GHMQC-DA pulse sequences 1 7, 18. The geometry of the 

compounds investigated was obtained by use of the program PC MODEL Version 7.019• 

Geometry's were also optimised using the GAUSSIAN 94W programme at the RHF/6-

3IG* and MP2/6-3IG* levels 12. The GAUSSIAN 94Wand CHARGE calculations were 

carried out using a Pc. 
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4.4. Spectral Analysis. 

The full IH NMR assignments of compounds 1-9 can be seen in tables 4.4-4.7, 

along with the calculated lH chemical shifts from the CHARGE model. 

The full lH NMR assignments of compounds 10-17 can be seen in tables 4.11-

4.13, along with the calculated lH chemical shifts from the CHARGE model. The full 

analysis and assignment ofbenzonitrile (10) and ortho (11) and meta (12) dicyanobenzene 

have been given previously3 and our analyses follow these assignments. The lH chemical 

shifts for propionitrile (7), iso-butyronitrile (8), trimethylacetonitrile (9) and acrylonitrile 

(17) were measured directly from the Aldrich IH NMR catalogue9
• 

Acetonitrile (6) 

The I H NMR spectrum of acetonitrile can be seen as a singlet occurring at 

2.03ppm. 

Cis and trans-isomers of 4-t-butylcyclohexanecarbonitrile (l-cis/l-trs) 

The lH (fig.4.2), BC, 2-D and NOE spectra for these isomers were recorded at 

both 400 and 750MHz. The spectra for both the cis and trans isomers were recorded as a 

mixture because they were not separated. However, this does not present any problem as 

all the resonances are well resolved and may be distinguished from each other. 

(I-cis). The IH NMR spectrum of this compound consists of six proton resonances 

including the methyl resonances. Protons Ie, 2e and 2a are readily assigned. H-Ie is 

readily identified as a quintet at ca. 3.05ppm. H-2e and H-2a were then easily identified 

from a IHCOSY spectrum by examining the couplings to H-Ie. 2-D and NOE 

experiments were utilised to assign protons 3e, 3a and 4a The strong couplings to H-2e 

and H-2a identified H-3e and H-3a H-4a is readily assigned by its strong coupling to H-

3a in the IH COSY plot. This assignment was further confirmed by examination of a 

lH/I3C 2D HETCOR and the known l3C spectral assignmeneO, and also by examination of 

NOE spectra. 

(I-trs). The IH spectrum of this isomer again consisted of six proton resonances and was 

readily assigned in the same way as I-cis, using H-Ia, which existed as a triplet of triplets 

as a starting point. By examination of a IH COSY plot H-2e and H-2a were readily 

identified by their strong coupling to H-Ia. H-3e and H-3a were assigned in the same way 
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by their strong couplings to H-2e and H-2a. Again, this assignment was further confirmed 

by examination of a iHPC 2D HETCOR and the known J3C spectral assignmeneO and 

also by examination ofNOE spectra. H-Ia was found to have a strong NOE to H-3a. 

Axial and equatorial-cyclobexanecarbonitrile (2-ax, 2-eq) 

The spectra of the separate conformers were obtained by recording the spectra at -

60°C. The integrals (n) taken for protons Ie and la in the axial and equatorial conformers 

are 0.59 and 1.13 respectively. By use of eqtn.4.1 we are able to determine that the 

equatorial conformer is the more favoured, with AG (eq-ax) = 0.28 Kcal mOrl. This value 

is in agreement with the literature value21 of 0.20 kcal mOrl. 

Equatorial Axial 

~N ... 

n(eq)/n(ax) = e-(AGIRT) (Eqtn.4.1) 

Where: 

n(ax) and n(eq) are the integral values ofH-axial and H-equatorial. 

A IHCOSY spectrum was recorded at -60°C to fully assign the two 

conformations. However, because of the number of different protons within these 

conformers, the exact chemical shifts can only be approximated, as there is great deal of 

overlapping of resonances. 

(2-ax). The IH NMR spectrum of this conformer consists of seven different proton 

resonances. H-Ie is readily identified as an unresolved quintet and from the IHCOSY H-

2e and H-2a were easily identified from their couplings to H-Ie. From the IHCOSY plot, 

H-3e and H-3a were assigned from their couplings to H-2e and H-2a. However, because 

of the large overlapping of resonances in the IH NMR of the two conformers it is only 

possible to estimate the exact chemical shifts ofH-4e and H-4a. 

(2-eq). This conformer was assigned in the same way as 2-ax, this time using a IHCOSY 

to identify all the protons, starting with H-l~ which exists as a triplet of triplets. 
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Ax-ax and eq-eq trans-I, 4-dicyanocyclohexane (3-ax-axl 3-eq-eq) 

The 1,4-dicyanocyclohexane was found to exist in the trans form, with the CN 

groups occupying either 1,4-di-equatorial positions or 1,4-di-axial positions. This was 

confinned by determining the melting point of the compound, which was found to be 140-

141°C. Literature data22 stated that the melting point of the trans compound was 139-

140°C. This could be further confinned by the fact that the trans conformer has three 

distinct signals at room temperature and each conformer has three distinct signals at low 

temperature. The cis conformer has three separate signals at room temperature but the 

single low energy conformer has six signals at low temperature. Therefore we are able to 

distinguish between the cis and trans conformers at low temperature. 

The lH spectrum (fig.4.3) for both the (axial-axiaVequatorial-equatorial) trans

dicyano conformers was recorded at ca. -60°C. The -60°C spectrum was assigned by 

recording spectra every 20°C and following the coalescence of the peaks and finally the 

emergence of the individual conformers at -60°C. By examining the ratio of the integrals 

between H-le of the ax-ax and H-la of the eq-eq conformers (ratio of 1.5/1.0) it was 

possible to determine the free energy difference between the two conformers. A value of 

AE = 0.17 Kcal morl was calculated with the di-equatorial conformer the most stable. 

H-le and H-la were readily identified as an unresolved quintet and triplet of 

triplets respectively. Examining their integrals readily identifies H-2e and H-2a for both 

conformers. It was found that H-2e and H-2a for the di-axial conformer gave an AB 

pattern. 

We must note that for compounds 2 and 3 we recorded the spectra at -60°C. It 

was therefore of interest to determine whether the chemical shifts displayed an intrinsic 

temperature dependence. By measuring the spectra of compound I at various 

temperatures we could examine if there was any temperature dependence of the chemical 

shift. The results can be observed in table 4.3. As we can see the only protons undergoing 

any significant change in chemical shift with varying temperature are H-le (A8 of 

O.098ppm) and H-la (A80fO.074ppm) in compounds I-cis and I-tn. Because of this 

phenomenon the difference between the chemical shifts of these protons in the I-cis and 

I-tn conformations of this compound at -60°C and room temperature was used as a 

correctional factor for the a protons in compounds 2 and 3. 
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Table 4.3. lH chemical shifts (S) for cis and trans-4-t-butyl-cyclohexanecarbonitrile (I-cis, 

I-trs) as a function of temperature. 

In Cis Trans 
Number R.T -20°C -60°C R.T _20°C -60°C 

Ie 2.921 2.973 3.019 ----------- ----------- -----------
la ----------- ----------- ----------- 2.314 2.347 2.388 
2e 2.037 2.059 2.077 2.161 2.179 2.192 
2a 1.516 1.520 1.528 1.529 1.535 1.550 
3e 1.771 1.782 1.794 1.855 1.856 1.862 
3a 1.367 1.341 1.324 0.981 0.985 0.990 
4a 0.986 0.986 0.987 1.023 1.026 1.030 
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Figure 4.2. IH NMR spectrum of cis and trans-4-t-butylcyc1ohexanecarbonitril 

cis/l-trs . 
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Figure 4.3. IH NMR spectrum at -60°C of Ax-ax and 

dicyanocyclohexane (3-ax-axl 3-eq-eq) 

8Z'ZZ9 ~ 
VL' S~9 
50'~E9 ~ 
60' H9- ~ 

C"l 

T8Jv9 y 
T6'vS9 

LS'SSL ~ 
9E'L9L ~ ~ 
6~'T8L __ 
8S'SSL -- ~ 

ZS' £OS -;r t'~ 

s£'ns 

9L'6L8 __ 0 

~~' L88 ---- I'~ 

':l 
59'nO'[- ...... 

67 
OL'SSZ'[-

q-eq trans-, 4-

~ r 
.~ 

r 
L r 
L r 

.... 
o 

.., 
o 

o 
.... 

N ... 

... ... 

"" .... 

.., 

.... 

0 

.... 

.... .... 

... 

.... 

"" .... 

.., 

.... 



l-adamantanecarbonitrile (5) 

The IH spectrum for this compound consists of two different proton resonances 

occurring at ca.2.0 and 1.7ppm. Since there is reliable literature8
, which documents alllH 

chemical shifts, the resonances were readily assigned. 

Benzonitrile (10) 

The IH spectrum for benzonitrile consists of three different proton resonances. H-

4 is easily identified as a single proton occuring at ca. 7.61ppm. H-2, 6 and H-3, 5 were 

assigned by simply referring to previous analysis23
• Accurate chemical shifts for all the 

protons were acquired by use of the LAOCOON programme24
• From this analysis it was 

found that H-2, 6 and H-3, 5 occur at ca.7.67 and 7.49ppm respectively. 

~-dicyanobenzene (11) 

The IH spectrum (fig.4.4) consists of an AA'BB' pattern occurring between 

ca.7.85 and 7.78ppm. Accurate chemical shifts were obtained for these protons by use of 

the LAOCOON programme. H-3, 6 were assumed to occur at lower field than H-4, 5. 

Figure 4.4. IH NMR spectrum of ortho-dicyanobenzene (11). 

AA'BB' p.tterD 

Jl U ~ 
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m-dicyanobenzene (12) 

The I H spectrum for m-dicyanobenzene consists of three different proton 

resonances. H-4/6 exists as a doublet of doublets at ca.7.9ppm. We observe H-5 occuring 

at ca.7.7ppm as a triplet of doublets. We can confirm this assignment by the fact that H-5 

has a large coupling of ca9.7Hz with H-4, 6, which H-2 does not display. Therefore we 

know that H-2 is the triplet of doublets occurring at ca.7.97ppm. This assignment can be 

confirmed by analysis of previously recorded IH NMR data found in the literature23
• 

J!-dicyanobenzene (13) 

The I H spectrum for p-dicyano benzene consists of one proton resonance occurring 

at ca. 7.87ppm. 

I-Naphthalenecarbonitrile (14) 

The IH spectrum for l-naphthalenecarbonitrile (fig.4.5) consists of seven different 

proton resonances. An IHl13C 2D HETCOR spectrum, along with the full 13C literature 

assignmeneO gave a comprehensive assignment of this molecule. The assignment was 

further confirmed by recording a IHCOSY spectrum. From this plot we observe a 

coupling ofH-2, occurring at ca.7.9ppm, with the resonances at ca.7.5ppm and 8.08ppm, 

thus assigning H-3 and H-4. H-8, occurring at ca8.2ppm, has a large coupling to the 

resonance at ca7.7ppm thus assigning H-7. This in turn has a large coupling to the 

resonance at ca.7.56ppm and a much smaller coupling to the resonance at ca 7.9Oppm, 

assigning H-6 and H-5 respectively. 
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Figure 4.5. IH NMR spectrum of I-naphthalenecarbonitrile (14) 
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2-naptbalenecarbonitrile (15) 

The IH spectrum for 2-naphthalenecarbonitrile consists of seven overlapping 

proton resonances. From the IH spectrum we observe a singlet at ca.8.25ppm clearly 

assigned to H-l. However, the remaining resonances cannot be assigned by examination 

of the IH spectrum and a IHCOSY plot yields no useful information so we rely on a 

1H/I3C 2D HETCOR spectrum, along with the full BC literature assignment20 to obtain a 

comprehensive assignment for this molecule. 
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9-anthracenecarbonitrile (16) 

The IH spectrum for 9-anthracenecarbonitrile consists of five proton resonances. 

H-I0 is immediately identified as a singlet with an integral half the size of all the other 

resonances, occurring at ca.8.7ppm. H-l and H-4 can each be seen as a doublet of 

quartets occurring at ca. 8.45 and 8.05ppm respectively. H-2 and H-3 can each be seen as 

a doublet of doublets, occurring at ca.7.75 and 7.6ppm respectively. Although the 

IHCOSY yielded little information as to which resonances could be assigned to H-l and 

H-4, H-2 and H-3, it was not necessary to record a IHPC 2D HETCOR spectrum as 

there was reliable literature25
, which documented all IH and \3C chemical shifts in this 

molecule to which comparison could be made with our data and thus assign the proton 

and carbon chemical shifts. 

Acrylonitrile (17) 

The IH spectrum of acrylonitrile consists of three proton resonances. Htrs and Hcis 

can be easily identified as the resonances occurring at ca. 6.24and 6.1Oppm respectively, 

both having a geminal coupling to each other of ca.O.8Hz. The resonance at 6.24ppm can 

be identified identified as Hcis by its large trans coupling to Hgem of 18Hz. Htrs displays a 

much smaller coupling to Hgem of 10Hz. 
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4.5. Results. 

The data for the aromatic nitriles obtained here in dilute CDCh solution is in 

excellent agreement with the earlier data obtained in CCl. solution23b
• For example the 

ortho, meta and para proton shifts in benzonitrile in CDCh and in CC4 solution (in 

parentheses) are 7.660 (7.631), 7.482 (7.452) and 7.559 (7.552). As found previously for 

the aromatic hydrocarbons26 there is a small almost constant shift to higher cS values in 

CDCh compared to CC4. Thus the proton SCS for the CN group obtained by earlier 

investigations may be used unchanged for the CDCh solutions used here. 

The experimental data set obtained in this study combined with the proton 

chemical shifts of the parent compounds given previousl~6. 27 allow the IH chemical shifts 

and carbo nitrile substituent chemical shifts (CN-SCS) to be determined in these 

compounds. The IH chemical shifts and CN-SCS have also been calculated using the 

CHARGE model. Using the calculated proton chemical shifts of the parent compounds 

and subtracting these from the calculated proton chemical shifts of the cyano molecules 

gave the calculated CN-SCS. The factors influencing the proton chemical shifts were also 

determined by a conducting a serles of iterations on the experimental data. 

The short-range effects of the CN group (3 bonds or less) will be explained in 

terms of electronic effects (a., ~ and y-effects) in both aliphatic and unsaturated nitriles. 

There is also a possible y-effect from the carbonitrile nitrogen, which is considered to be a 

polarisability effect. The long-range effects of the CN are small and extend over the whole 

system. These will be explained in terms of electric field, anisotropic and sterlc effects of 

the CN group if any exist at all. We therefore have to determine the sterlc coefficient, 

asC=N, magnetic anisotropy, AXC=N and y-effects that exist for aliphatic and unsaturated 

nitriles. 

Iterations were carried out on five unknowns, the sterlc term, anisotropy term, the 

nitrogen polarisability and the y-effect coefficients A and B. These iterations were 

conducted using the anisotropy and sterlc term together, the anisotropy alone, the sterlc 

term alone and and with no anisotropic or sterlc term. The nitrogen atom was considered 

to be of a sufficient distance from the protons within the system so as to have no 

noticeable sterlc interaction with them. Iterations were carried out on a dataset made up 

of93 proton chemical shifts to determine the best-fit values ofall the unknown parameters 

using a non-linear mean squares programme (CHAP8 11
). 
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The anisotropy of the CN bond XeN was taken from the centre of the CN bond and 

the sterlc effect of the CN group from the sp carbon of the CN group. All iterations 

performed yielded no enhancement of the calculated chemical shifts than those 

calculations performed with no anisotropic or steric term. The major influence on the 

long-range proton chemical shifts was the electric field effect. The short-range y-effects 

were found to significantly enhance the calculated chemical shifts in both aliphatic and 

unsaturated nitriles (see later). 

a) Aliphatic nitriles. 

The CN-SCS of compounds l-cis!l-tn, 2-axl2-eq and 4-exl4-en can be seen in 

tables 4.8 and 4.9. The CN-SCS of the cyclohexane derivatives is of great interest. We 

may observe from the table that generally we have an excellent agreement of observed vs. 

calculated CN-SCS. We may see that all the protons in compounds l-cis!l-tn, 2-axl2-eq 

and 4-exl4-en are deshielded. 

By examination of tables 4.8 and 4.9 we note that the SCS on the ~ protons 

(H.C.CN) is more or less constant at ca. 1. 24ppm. We also observe that the y-effect of the 

CN group has little orientational dependence. For example, the 2-eq and 2-ax protons in 

I-cis and I-trs and the 3-exo and 3-endo protons in 4-ex and 4-en all give an SCS of 

ca.O.41ppm 

In trans-4-tert-butyl-cyclohexanecarbonitrile and equatorial-

cyclohexanecarbonitrile we observe that the CN-SCS decreases with increasing distance 

of the proton from the CN, with the equatorial protons generally displaying a greater CN

SCS than the axial protons. However for the cis-4-t-butyl-cyclohexanecarbonitrile and 

axial-cyclohexanecarbonitrile we see that the CN-SCS for H-3a is very large. A similar 

effect can be observed in the CN-SCS of the 7s proton in 2-exonorbornanecarbonitrile and 

the 6x proton in 2-endonorbornanecarbonitrile. In this instance the C-CN bond is parallel 

to the C-H bond of H-3a and a large de shielding effect on the proton exists, resulting in a 

larger downfield shift. 

As we have discussed, the CN-SCS may be due to the CN anisotropy or electric 

field. However, the CN-SCS is deshielding for H-3a and H-3e in I-trs and H-7s in 4-en. 

This would not be the case if the SCS were primarily due to the anisotropy of the CN 

group. 
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Table 4.4. Observed vs. calculated IH chemical shifts (0) for trans/cis 4-t-

butylcyclohexanecarbonitrile (l-cisll-trs), axiallequatorial-cyclohexanecarbonitrile (2-

axl2-eq) and ax-ax and eq-eq trans-I, 4-dicyanocyclohexane (3axlax, 3-eq/eq). 

'H I-cis I-trs 2-ax· 2-eq· 3-ax-ax· 3-ec-eQ· 
no. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 
Ie 2.921 2.926 ------ ------ 2.960 2.860 ------ ------ 3.040 3.011 ------ ------
la ------ ------ 2.314 2.447 ------ ------ 2.386 2.337 ------ ------ 2.445 2.442 

2e 2.037 2.092 2.161 2.083 2.000 2.056 2.076 2.055 2.009 2.230 2.208 2.217 

2a 1.516 1.656 1.529 1.655 1.538 1.591 1.521 1.589 1.918 2.016 1.582 1.701 

3e 1.771 1.852 1.855 1.833 1.700 1.815 1.760 1.801 ------ ------ ------ ------
3a 1.367 1.305 0.981 0.983 1.500 1.588 1.220 1.282 ------ ------ ------ ------
4e ------ ------ ------ ------ 1.700 1.788 1.700 1.752 ------ ------ ------ ------
4a 0.986 1.077 1.023 1.094 1.200 1.252 1.220 1.274 ------ ------ ------ ------

Table 4.5. Observed vs. calculated IH chemical shifts (8) for 2-exo/endo-

norbornanecarbonitrile (4exl4-en). 

IH Number 4-ex· 4-en· 
Observed Calculated Observed Calculated 

1 2.599 2.584 2.520 2.555 
2x ----------------- ----------------- 2.694 2.914 
2n 2.360 2.518 ----------------- -----------------
3x 1.810 1.957 1.982 1.938 
3n 1.697 1.631 1.458 1.588 
4 2.397 2.350 2.348 2.329 
5x 1.528 1.649 1.619 1.654 
5n 1.171 1.272 1.356 1.376 
6x 1.570 1.625 1.505 1.644 
6n 1.22S 1.361 1.814 1.785 
7s 1.621 1.495 1.308 1.238 
7a 1.381 1.303 1.417 1.277 
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Table 4.6. Observed vs. calculated I H chemical shifts (0) for l-adamantanecarbonitrile 

(5). 

IH Number 5· 
Observed Calculated 

2 2.042 1.963 
3 2.042 2.064 

4e 1.735 1.760 
4a 1.735 1.749 

Table 4.7. Observed vs. calculated IH chemical shifts (0) for acetonitrile (6), 

propionitrile (7), iso-butyronitrile (8) and trimethylacetonitrile (9). 

IHNo. 6 7 8 9 
Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 

1 2.030 1.995 2.470 2.433 2.780 2.849 -------- --------

2 -------- -------- 1.300 1.222 1.350 1.294 1.400 1.357 

The data collected in tables 4.4-4.7 provides a thorough examination of the 

application of the CHARGE model and the theories about the influence of the carbo nitrile 

group on proton chemical shifts. The majority of the compounds listed are of fixed 

geometry with the exception of the l,4-dicyanocyclohexane and cyclohexane carbonitrile. 

Fortunately these compounds exist as two conformers, which can be easily 'frozen out' 

and examined. All the cyclohexane derivatives exist in the chair form, with the norbornane 

occupying its own unique geometry. The minimum energy geometry's were obtained by 

conducting molecular mechanics calculations using GAUSSIAN 94W. 

By examining the data in the above tables we observe a good agreement between 

observed and calculated IH chemical shifts. There is generally a good agreement between 

the observed versus calculated shifts and the calculated shifts are generally within O.lppm 

of the observed values. There are however still large errors for some of the protons in the 

norbornane systems. Protons 2n and 2x in both 7 -ex and 7 -en compounds were larger 

than the observed values. This could possibly be due to either solvent interactions or 

inaccurate geometry's. Use of GAUSSIAN 94W at the MP2/6-31G* level geometry may 

rectifY this problem. 

In the CHARGE model the y-effects are modelled on a semi-empirical basis and 

we therefore look at the y-effect as being due to electronic effects as seen previously (see 
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chapter two). For these calculations the electronic y-effects of the carbo nitrile carbon 

displays an orientational dependence with respect to the protons in question. 

The value of the coefficients A and B were determined from the observed chemical 

shifts to give eqtn.4.2 for the carbo nitrile carbon GSEF: 

GSEF = 0.090 - 0.056cos9 (Eqtn.4.2) 

The orientational dependence of the yeN effect (H.c.e.CN) is very small. The y

effect from the nitrogen atom, found to be dependent on the nitrogen polarisability, was 

determined to be 0.47. As stated previously, the long-range effects of the eN were found 

to consist of electric field effect only. The final parameterisation of the eN group in 

aliphatics therefore included electronic effects for protons 2 or 3 bonds away from the eN 

and electric field effects operating on all protons within the molecule. 
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Table 4.8. Observed vs. calculated CN-SCS for cis/trans-4-t-

butylcyclohexanecarbonitrile (l-cis/l-trs) and axiallequatorial-cyclohexanecarbonitrile (2-

axl2-eq). 

Molecule IH Number Observed Calculated 

la 1.281 1.237 

2e 0.287 0.408 

I-cis 2a 0.326 0.422 

3e 0.021 0.170 

3a 0.457 0.413 

4a 0.046 0.073 

Ie 1.234 1.201 

2e 0.411 0.413 

I-trs 2a 0.339 0.413 

3e 0.105 0.153 

3a 0.071 0.108 

4a 0.083 0.090 

Ie 1.280 1.144 

2e 0.320 0.411 

2a 0.348 0.389 

2-ax 3e 0.020 0.164 

3a 0.310 0.377 

4e 0.020 0.139 

4a 0.010 0.056 

1a 1.196 1.144 

2e 0.396 0.410 

2a 0.331 0.393 

2-eq 3e 0.080 0.152 

3a 0.030 0.086 

4e 0.020 0.106 

4a 0.030 0.079 
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Table 4.9. Observed vs. calculated CN-SCS for 2-exo/endo-norbornanecarbonitrile 

(4exl4-en). 

Molecule IH Number Obsenred Calculated 

0.41 0.43 

2n 1.20 1.34 

3x 0.34 0.43 

3n 0.S4 0.46 

4 0.21 0.20 

4-ex Sx 0.06 0.12 

Sn 0.01 0.10 

6x 0.10 0.10 

6n 0.07 0.19 

7a 0.20 0.13 

7s 0.44 0.32 

1 0.33 0.40 

2x 1.22 1.38 

3x O.SI 0.41 

3n 0.30 0.41 

4 0.16 0.18 

4-en Sx O.IS 0.12 

Sn 0.20 0.20 

6x 0.04 0.11 

6n 0.6S 0.61 

7a 0.24 0.11 

7s 0.13 0.07 
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Table 4.10. Observed vs. calculated CN-SCS with the C-CN/C-H electric field and 

CIH-steric contributions for cis/trans-4-t -butylcyclohexanecarbonitrile (l-cis/l-trs) and 

axiallequatorial-cyclohexanecarbonitrile (2-axl2-eq). 

Compound 1H Obs. Calc. C-CN C-H C-Steric H-Steric 
Number Electric Electric 

field field 
2e 0.287 0.408 0.344 -0.001 0.000 0.000 
2a 0.326 0.422 0.262 -0.001 0.000 0.000 

I-cis 3e 0.021 0.170 0.153 0.005 0.000 0.012 
3a 0.457 0.413 0.270 0.040 0.000 0.103 
4a 0.046 0.073 0.070 -0.005 0.000 0.009 
2e 0.411 0.413 0.332 -0.001 0.000 0.000 
2a 0.339 0.413 0.336 -0.001 0.000 0.000 

I-trs 3e 0.105 0.153 0.120 0.027 0.000 0.006 
3a 0.071 0.108 0.079 0.017 0.000 0.012 
4a 0.083 0.090 0.061 0.022 0.000 0.007 
2e 0.320 0.411 0.335 0.000 0.000 -0.001 
2a 0.348 0.389 0.257 -0.003 0.002 -0.012 
3e 0.020 0.164 0.148 0.006 0.000 0.011 

2-ax 3a 0.310 0.377 0.245 0.039 0.000 0.096 
4e 0.020 0.139 0.125 0.010 0.002 0.005 
4a 0.010 0.056 0.076 -0.005 0.001 -0.010 
2e 0.396 0.410 0.330 0.000 0.000 -0.001 
2a 0.331 0.393 0.332 -0.002 0.002 -0.013 
3e 0.080 0.152 0.120 0.028 0.000 0.004 

2-eq 3a 0.003 0.086 0.079 0.016 0.002 -0.004 
4e 0.020 0.106 0.087 0.018 0.000 0.001 
4a 0.003 0.079 0.070 0.021 0.001 -0.008 

It is of great interest to consider the actual magnitudes of the contributions to the 

CN-SCS. Table 4.10 gives the observed vs. calculated CN-SCS for the cyclic 

carbonitriles along with the calculated electric field and steric contributions. 

We can see from the data presented in table 4.10 the magnitudes of the various 

contributions to the CN-SCS. The table illustrates that the C-CN electric field, C-H 

electric field and CIH-steric effects are important in determining the CN-SCS. We may 

observe that the contributions due to CIH-steric interactions are effectively zero. 

Exceptions are the H-steric effects for the H-3a protons in compounds where the CN is in 

an axial position. We have a significant contribution to the overall CN-SCS for these 

protons because they are in close proximity to the CN and there is a likely steric 

interaction between them. 

It can be noted from table 4.10 that the major contribution to the CN-SCS is the 

eN electric field effect. For protons that are 3 bonds or more away from the CN we can 
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observe that the sum of all the components contributing to the CN-SCS gives us 

approximately the total CN-SCS that has been calculated. However, for the H-2elH-2a 

protons in all the compounds investigated in we observe that the components do not add 

up to give us our calculated value of CN-SCS. This is due to the electronic effects, i.e. "(

effects, which are calculated separately and which affect protons that are 3 bonds or less 

away from the CN. 

The results for the non-cyclic molecules provide a rigorous test for the CHARGE 

model. Zurcher found he could not accurately predict the a-proton chemical shifts in 

compounds (6), (7) and (8). We may observe from table 4.7 the calculated chemical shift 

for the a protons are excellent. 

Zurcher calculated the chemical shifts of the a-protons in acetonitrile, 

propionitrile, n-butyro and iso-butyrocarbonitrile and norbomenecarbonitrile by using the 

electric field effects of the CN only in his calculations. He calculated a value of 1.19ppm 

for all the compounds and concluded that other effects besides the linear electric field 

effect must be operating to different degrees in each compound. He suggested the 

different steric environments of particular protons and their interactions with the solvent 

molecules. We must also note that Zurcher did not use calculations that were specific for 

short-range protons and long-range protons. His calculation for the effect of the electric 

field on proton chemical shifts was a general term for all protons over the whole molecule, 

and thus no a, ~ or 'Y-effects were calculated. 

In this investigation we have included a 'Y-effect from the carbo nitrile nitrogen, 

which is obviously vital in calculating the chemical shifts of a protons. This as we now 

know is dependent on the polarisability of the terminal nitrogen and it was found that if 

we optimised the polarisability of the nitrogen we arrived at excellent agreement of 

observed and calculated chemical shifts for the a protons. We do not however optimise 

the poIarisibility of the cyano carbon (Csp) because this carbon is to be used in acetylenes 

(chapter five), and its polarisibility in this functional group may be different to that of 

nitriles. 
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b) Aromatic nitriles. 

The data for the unsaturated nitriles consists of 31 data points, which can be seen 

in tables 4.11-4.13. The CN-SCS can be seen for compounds 10-17 can be seen in table 

4.14. We observe from table 4.14 that we have good agreement between the observed 

and calculated CN-SCS and we observe that all the protons in the aromatic nitriles are 

deshielded. Even though the observed and calculated shifts do not correspond completely 

accurately we observe a good correlation. 

There is no general trend to the magnitude of the CN-SCS throughout the 

molecules in the aromatics and we must therefore take into consideration the 1t-electron 

effects in the olefinic hydrogen atoms on the chemical shifts of the protons. We also 

observe a ring current in the aromatic systems, which contributes very significantly to the 

overall proton chemical shift, although it is a constant value and does not depend on 

whether the molecule has any substituents present. We also observe field and resonance 

effects due to the CN' which are delocalised over the molecule and these will be discussed 

in chapter six. 

Table 4.11. Observed vs. calculated IH chemical shifts (Q) for benzonitrile (10), Q, m 

and 12- dicyanobenzene (11,12,13). 

IH 10 11 12 13 
Number Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 

2 7.660 7.662 -------- -------- 7.971 7.995 7.806 7.866 
3 7.482 7.558 7.850 7.876 -------- -------- 7.806 7.866 
4 7.615 7.579 7.782 7.788 7.916 7.898 -------- --------

5 7.482 7.558 7.782 7.788 7.671 7.777 7.806 7.866 
6 7.660 7.662 7.850 7.876 7.916 7.898 7.806 7.866 
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Table 4.12. Observed vs. calculated IH chemical shifts (3) for 1 and 2-

naphthalenecarbonitrile (14, 15) and 9-anthracenecarbonitrile (16). 

IH 14 15 16 
Number Obs. Calc. Obs. Calc. Obs. Calc. 

1 ----------- ----------- 8.245 8.224 8.431 8.349 
2 7.900 7.866 ----------- ----------- 7.728 7.724 
3 7.512 7.716 7.611 7.745 7.596 7.638 
4 8.069 8.119 7.925 8.020 8.089 8.134 
5 7.916 7.931 7.908 7.895 ----------- -----------
6 7.612 7.552 7.663 7.553 ----------- -----------
7 7.685 7.616 7.610 7.534 ----------- -----------
8 8.226 8.161 7.907 7.937 ----------- -----------
10 ----------- ----------- ----------- ----------- 8.691 8.839 

Table 4.13. Observed vs. calculated IH chemical shifts (3) for acrylonitrile (17). 

IH 17 
Number Observed Calculated 

Htrs 6.100 6.089 
Hcis 6.240 6.052 
Hgem 5.660 5.672 
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Table 4.14. CN-SCS for aromatic nitriles (10-16) and acrylonitrile (17). 

Molecule lH NlImbt'r Experimental Calcula tt'd 
2,6 0.319 0.347 

Benzonitrile 3,5 0.141 0.213 
4 0.274 0.239 

Q-dicyanobenzene 3,6 0.509 0.525 
4,5 0.441 0.428 
2 0.630 0.663 

m-dicyanobenzene 4,6 0.575 0.553 
5 0.330 0.411 

Q-dicyanobenzene 2,3,5,6 0.465 0.512 
2 0.423 0.404 
3 0.035 0.228 

I-Naphthalene 4 0.225 0.283 
carbo nitrile 5 0.072 0.099 

6 0.135 0.071 
7 0.208 0.131 
8 0.382 0.304 
1 0.401 0.416 
3 0.134 0.286 

2-Naphthalene 4 0.081 0.183 
carbo nitrile 5 0.064 0.066 

6 0.186 0.073 
7 0.133 0.055 
8 0.063 0.106 
1 0.422 0.416 

9-Anthracene 2 0.261 0.226 
carbo nitrile 3 0.129 0.146 

4 0.080 0.235 
10 0.260 0.549 
Htrs 0.695 0.570 

Acrylonitrile Hcis 0.835 0.664 
Hgem 0.255 0.346 

The data provided in tables 4.11-4.13 provides us with a thorough examination of 

the application of the CHARGE model and about the influence of the CN group on 

aromatic protons chemical shifts. Like the aliphatic compounds, the compounds listed 

above are of fixed rigid geometry. All the minimum energy geometry's for use in 

CHARGE were obtained from GAUSSIAN 94W in the same manner as the cyclic and 

aliphatic nitriles. The geometry's were calculated at the MP2/6-31 G* level. 

The observed versus calculated proton chemical shifts are given in tables 4.11-

4.13. There is a good agreement between the observed and calculated shifts and they are 
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generally within 0.1 Oppm of each other. However, we do notice some discrepancies with 

some of the protons. H-3 m 1-naphthalenecarbonitrile and H-lO in 9-

anthracenecarbonitrile are 0.204 and 0.148ppm higher than the observed chemical shifts. 

This is an interesting anomaly and there is no general explanation for it. 

If we examine the observed CN-SCS for the meta proton in benzonitrile we see 

that it is O.l41ppm compared to 0.035ppm for 1-naphthalenecarbonitrile. We would 

expect them to be similar in magnitude and we see that in the calculated CN-SCS values 

from the CHARGE model for these protons. We may therefore conclude that the CN-SCS 

operates to different magnitudes in naphthalene and benzene. In acrylonitrile we also 

observe that the calculated chemical shift is O.188ppm lower than the observed value. 

As in aliphatic nitriles, the short-range effects of the CN group consist of 

electronic effects. A y-effect was calculated for aromatics. For these calculations the y

effect of the nitrile carbon displays an orientational dependence with respect to the 

protons in question. 

The value of the coefficients A and B can be seen below in eqtn.4.3. 

GSEF = -0.132 + 0.076cos9 (Eqtn.4.3) 

Again, the orientational dependence of the y CN effect (H.C.C.CN) is very small. 

The nitrogen polarisability is the same value as that obtained for the aliphatic nitriles. 

For the long range aromatic nitrile proton chemical shifts the electric field effects 

are the major influence. Therefore, the final parameterisation of the nitrile group in 

aromatics included electronic effects for protons 2 or 3 bonds away and electric field 

effects operating on all protons within the molecule. 

The results for the aromatic nitriles provide us with a rigorous test for the 

CHARGE model. Along with the parameterisation of the CN contnbution we also need 

the model to accurately calculate the contribution to the proton chemical shifts of the 

aromatic ring current and the 7t-electron density in the aromatic protons. This has been 

done by parameterisation of the model for these two factors on the parent aromatic 

molecules. With this done we see realistically calculated proton chemical shifts for the 

aromatic nitriles. 
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It is again of interest to consider the individual contributions to the CN-SCS. 

Table 4.15 gives the observed versus calculated CN-SCS for selected molecules, along 

with the electric field, ring current and 7t-shift contributions. 

Table 4.15. Calculated and observed CN-SCS (8) with C-CN, C-H electric field, ring 

current and 7t-shift contributions for benzonitrile (10) and 1I2-naphthalenecarbonitrile (14 

and 15). 

Compound IH Observed Calculated C-CN C-H Ring 1t-shift 
Number Electric Electric Current 

field field 
2,6 0.319 0.347 0.370 0.000 0.000 0.116 

10 3,5 0.141 0.213 0.127 0.046 0.000 0.044 
4 0.274 0.239 0.0% 0.036 0.000 0.107 
2 0.423 0.404 0.375 0.000 0.000 0.169 
3 0.035 0.228 0.126 0.046 0.000 0.059 
4 0.225 0.283 0.096 0.035 0.000 0.154 

14 5 0.072 0.099 0.058 0.014 0.000 0.028 
6 0.135 0.071 0.054 0.010 0.000 0.008 
7 0.208 0.131 0.089 0.012 0.000 0.032 
8 0.382 0.304 0.333 0.074 0.000 0.001 
1 0.401 0.416 0.376 0.000 0.000 0.180 
3 0.134 0.286 0.367 0.000 0.000 0.059 
4 0.081 0.183 0.127 0.046 0.000 0.014 

15 5 0.064 0.066 0.040 0.013 0.000 0.012 
6 0.186 0.073 0.035 0.000 0.000 0.037 
7 0.133 0.055 0.039 0.000 0.000 O.oJ5 
8 0.063 0.106 0.050 0.021 0.000 0.037 

From the data above we observe that the C-CN electric field and 7t-shift 

contributions are very important in determining the CN-SCS for all the protons in an 

aromatic system. We can see that the C-CN electric field is larger for protons in closer 

proximity to the CN. We can also observe the large deshielding effect it has on H-8 in 

compound 14, which is parallel to the C-CN bond. 

We can also observe that the ring current makes no contribution to the CN-SCS. 

For mono or disubstituted benzenes we observe that the ring current is calculated from the 

parent molecule, i.e. all protons in benzene are equivalent so the ring current is a constant 

for all protons in the benzonitrile. In the naphthalene and anthracene we have different 

ring currents for the chemically unequivalent protons. However this ring current remains 

constant regardless of any substituents, which may be added to the aromatic system. In 

contrast, if we look at the x-shift we see that the magnitude of the contnbution is 

85 



dependent on the position of the proton with respect to the CN group. The magnitude of 

this contribution is dependent on the magnitude of field and resonance effects operating in 

the molecule. 

To explain the proton chemical shift in these aromatic molecules, we have to 

consider various effects and the nature of the substituent, i.e., its effect on the electron 

distribution throughout the aromatic system. This topic will be explored in detail in 

chapter six. 

4.6. Conclusions. 

The proton chemical shifts of the carbo nitrile compounds are composed of 95 

proton chemical shifts spanning a range of ca.O.70 to 9.00ppm and are predicted with an 

rms error ofO.087ppm. We may conclude that the CN-SCS over more than three bonds is 

determined by linear electric field effects only, without the need to include any steric or 

anisotropic effects of the eN. The short-range protons «3bonds) require the inclusion of 

a y-effect from both the carbon and nitrogen of the CN substituent and these contributions 

are used to calculate the chemical shifts f3 and a protons respectively. The y-effect of the 

carbonitrile carbon atom is found to have an orientational dependence, whereas the y

effect ofthe nitrogen is found to be dependant on the polarisability of the nitrogen. 
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Chapter Five. Proton chemical shifts in acetylenes and the electronic. anisotropic. 

sterle and 1t-electron effects of the acetylene group. 

5.1. Introduction. 

Many investigations into the influence of the acetylene group on proton chemical 

shifts have been undertaken over many years. However, there have not been many 

investigations into the prediction of 'H chemical shifts in acetylene compounds, though 

many calculations to determine the anisotropy of the C=C bond have been well 

documented. 

Pople and Bothner-By' first proposed that the magnetic anisotropy of the 

acetylene group could explain the high-field shift of the acetylene proton compared to that 

of ethylene. An independent electron molecular orbital theory for the diamagnetic 

behaviour of electrons in the presence of an applied magnetic field was developed. The 

molecular orbitals are written as linear combinations of gauge invariant atomic orbitals, 

with the dependence of the coefficients on the magnetic field being studied by perturbation 

theory. Although no examination of this theory will be given here, a brief description may 

be given. By making a systematic set of approximations, a general expression was derived 

for the diamagnetic susceptibility tensor as a sum of atomic contributions. The theory 

provides a simple basis for interpretation of the Pascal constants used for empirical 

calculations of diamagnetic susceptibilities of large molecules and is able to make a 

number of predictions about diamagnetic anisotropies. A value for the magnetic 

anisotropy (~Xc=C)of-19.4 x 10-6 cm3 morl was calculated. 

Other researchers have also determined other values of ~Xc..c. Early work on 

determining the acetylene group anisotropy was undertaken by Reddy and Goldstein2. 

They determined the C=C anisotropy by use of a simple method based upon the linear 

relationship found to exist between proton shifts and the corresponding 13C_IH coupling 

constants in series of compounds where the anisotropic effects were negligible or 

reasonably constant. Anisotropic effects of other groups could then be estimated by use of 

these linear plots. The anisotropy of the C=C group was obtained by observations on a 

range of acetylenic compounds and a linear relationship between chemical shifts and BC_ 

I H coupling constants for acetylenic protons was established. 
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Work has been undertaken into examining the relationship between the magnetic 

anisotropy of a functional group on the chemical shifts in NMR. Zeil and Buchere 

examined the proton chemical shifts in a variety of ethyl- and iso-propylacetylenes, 

haloacetylenes and nitriles. They assumed that the proton chemical shifts were linearly 

dependent on the electronegativity of the substituent and had shifts arising from the 

diamagnetic anisotropy of the substituents, which were constant from one compound to 

another. By taking appropriate differences to eliminate the effect of electro negativity they 

calculated l!iX,c=c in all compounds investigated to be approximately -36xl0-6 cm3 
mOrl. 

Shoemaker and Flygare4 have also investigated the anisotropy of the acetylene 

group. The method they used involved examining the high-field Zeeman effect in the 

microwave spectra of methylacetylene and its isotopic species. By examining the second

order Zeeman effects, values of the anisotropy of the magnetic susceptibility were 

determined (see later). 

Mallory and BakerS noted the existence of regions of deshielding alongside 

carbon-carbon triple bonds. They confirmed experimentally that regions of magnetic 

deshielding exist by the observation of low-field proton NMR chemical shifts in various 

aromatic compounds. The theory is that due to the negative sign of the magnetic 

anisotropy, l!iX,c=c, the acetylenic proton of a terminal acetylene that is tumbling in an 

external magnetic field finds itself in regions of magnetic shielding. As a consequence, 

regions of magnetic deshielding are predicted to exist alongside the CsC bond. They 

found that the protons in question within the molecules they were studying were 

deshielded and that the magnitude of deshielding fell off with distance, although no 

reliable estimation of distance dependence of the deshielding effect was obtained. They did 

however conclude that the deshielding effect of the CSC bond fell off approximately as 

lIr3. Compounds investigated were 4-ethynylphenanthrene, 5-ethynyl-l, 4-

dimethylnaphthalene and 5-ethynyl-l, 4-diethylnaphthalene. 

No attempt has yet been made to calculate the proton chemical shifts of acetylenic 

compounds and in this is the subject of this chapter. Here is presented the complete IH 

NMR assignment of a range of conformationally rigid aliphatic and aromatic acetylene 

molecules. The aliphatic acetylenes investigated are acetylene (1), ethynylcylohexane (10-

eq/IO-ax) at -60°C, 1 ,4-di-(adamantyl-(1 ))-diacetylene (II), cisltrans-l-ethynyl-4-t

butylcyclohexan-l-ol (7 -cisl7 -trs), 2-ethynyl-endo-norbornan-2-o1 (8) and 1,7,7, 1',7' ,7' -
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hexamethyl-2,2'-ethynediyl-bis-norbornan-2-o1 (9). IH NMR chemical shifts ofbut-I-yne 

(2), but-2-yne (3), pent-I-yne (4), hex-3-yne (5), tert-butylacetylene (6) were obtained 

from the Aldrich catalogue6
. The aromatic acetylenes included in this investigation are 

phenylacetylene (12), Q-ethynyltoluene (13), 2-ethynylnaphthalene (16) and 9-

ethynylanthracene (17). Also included are ~-ethynyltoluene (14) and 2-

ethynylpropenepropene (1St The data for l-ethynylnaphthalene (15) was obtained from 

ref.7. Compounds 1-17 can be seen in figure 5.1. 

The data above provides a sufficient amount of data for a quantitative analysis of 

acetylene SCS using the CHARGE model. We shall use this model to perform a 

quantitative analysis of C=C-SCS and show that both short and long-range chemical shifts 

are influenced by the magnetic anisotropy and sterle of the acetylene group. 

Figure 5.1. Molecules studied and their nomenclature. 
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5.2. Application of the theory to the acetylene group. 

A detailed account of the CHARGE theory can be seen previously (chapter two). 

The acetylene group has in principle sterle, electric field and anisotropic effects on 

protons more than three bonds away plus for aromatics an effect on the n electron densities. 

All these have to be incorporated into the model. The major electric field of the acetylene 

group is due to the =C.H bond as the C=C bond is non-polar. The C=C group has cylindrical 

symmetry and eqtn.2.9 (chapter two) may be used to calculate the contnbution of the 

anisotropy to the proton chemical shifts. 1bere is also a possible sterle effect of the acetylene 

group on the neighbouring protons and a possible sterle effect of the near aliphatic protons on 

the acetylene proton. These are both given by eqtn.2.7 (chapter two) with different sterle 

coefficients as which may be of either sign. Thus the unknowns to be obtained are !J:X, the 

molar anisotropy of the e=-C bond and the sterle coefficient, as. 

For protons of three bonds or less from the C=C group it is necessary to determine the 

orientational dependence of the 'Y proton chemical shift w.r.t the a acetylene carbon This is 

simulated by a 'Y substituent effect (OSEF) from the acetylene carbon (H.C.C.C=) following 

eqtn.2.5 (chapter two), in which the coefficients A and B may differ for the e=-C group in 

aromatic vs. saturated compounds. Also in CHARGE the f3-effect is given by a simple general 

equation, which was sufficient for the calculation of charge densities but not sufficiently 

accurate to reproduce the proton chemical shifts. Thus the p-effect from the acetylene carbon 

atom (RC.C=:) needs to be obtained. As there is no orientation dependence in this case only 

one coefficient, C is required. 

There is also a poSSIble 'Y-eifect on the acetylene proton from the aliphatic and aromatic 

carbon atoms attached to the e=-C bond (C.C=.C.H, =C.C=.C.H). These display no 

orientational dependence so we have coefficients D and E to determine. 

For the aromatic acetylenes it is necessary to obtain the appropriate values of the 

factors hr and krs, which are the Huckel integrals for the C=C group (eqtn.2.20, chapter 

two). The n-electron densities and dipole moments from ab initio calculations are very 

dependent on the basis set used. The 3-210 basis set gave the best agreement with the 

observed dipole moments (table 5.1) and the n-electron densities from this basis set were 

used to parameterise the Huckel calculations. The CN group contains an sp hybridised 

carbon atom and the parameters for this group have already been derived as seen in 
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chapter fOUT. Thus the value of hr (Csp) and krs (CSp2-CSp) calculated for nitriles was 

implemented for the acetylene calculations as the Huckel integrals for Csp operates for 

both of these functional groups. The value ofhr of 0.12 for C(sp) and krs of 1.05 (Csp2_ 

Csp) used for nitriles were used for the acetylene calculations. A value ofkrs of 1.60 (Csp

Csp) gave 1t-electron densities for the aromatic acetylenes in reasonable agreement with 

those from the ab initio calculations. 

The accuracy of the 1t-electron densities calculated in the CHARGE model can be 

examined by calculating the dipole moments of various acetylene molecules. The calculated 

vs. observed (in parenthesis) dipole moments7 (in debye) of propyne, But-l-yne, tert

butylacetylene, phenylacetylene, para-ethynyholuene are 0.50(0.75), 0.50 (0.81), 0.52 

(0.66), 0.36 (0.72) and 1.26 (1.02) and the reasonably good agreement provides support 

for the 1t-electron density calculations. The electron densities (total and 1t) and dipole 

moments calculated for phenylacetylene and methylacetylene by CHARGE and 

GAUSSIAN94 are given in tables 5.1 and 5.2. 

Table 5.1. Total and 1t (in parenthesis) charges (me), and dipole moments for 

phenylacetylene (12). 

Atom 

11 (D) 

STO-3G 

-125 (-5.1) 

-40 (-0.9) 

2 (-21.0) 

-54 (8.6) 

-63 (0.3) 

-59(9.1) 

0.50 

3-21G 

-363 (-14.2) 

-60 (-0.1) 

Method 

6-31G 

-531 (-16.5) 

-155 (2.4) 

-44 (-32.6) -156 (-26.7) 

-215 (18.5) -148 (14.9) 

-230 (-1.3) -209 (0.1) 

-237 (12.6) -188 (10.8) 

0.65 0.64 

95 

CHARGE 

-83(-10.6) 

-46 (-0.7) 

-24 (-0.6) 

-57 (4.5) 

-72 (-0.3) 

-73 (3.6) 

0.36 

Observed 

0.72 



Table 5.2. Total and 1t (in parenthesis) charges (me), and dipole moments for 

methylacetylene. 

Atom Method 
-- -------------.----~------~-------. -- -_ .. ---------- -"---- ---- ----_. --- "-- --- ---- --

STO-3G 3-21G 6-31G CHARGE Observed 

C~ -136 (-21.7) -419 (-22.0) -488 (-24.7) -1 06( -22.4) 

Ca -37 (11.3) -47 (12.2) -29 (13.9) -62 (22.4) 

J.l (D) 0.50 0.69 0.68 0.50 0.75 

Values ofhr for various atoms have been detennined along with krs for X-Csp for a 

number of different substituents X, on a triple bond. The best-fit values ofhr for fluorine, 

chlorine, oxygen were obtained from 7t-electron densities and dipole moments obtained 

from GAUSSIAN94 W calculations at the 3-21 G level for a range of olefinic compoundsB
• 

These were left unchanged and the appropriate values of krs were detennined. Values of 

0.74 (Csp-F), 0.57 (Csp-CI) and 1.00 (Csp-O) gave 7t electron densities in reasonable 

agreement with those calculated from GAUSSIAN94W. The corresponding (Csp-Csp2) 

value for propynal was taken directly from phenylacetylene. 

Again, the accuracy of the 7t-electron densities calculated in the CHARGE program 

can be examined by calculating the dipole moments of various acetylene molecules. The 

calculated vs. observed (in parenthesis) dipole moments of fluoroacetylene, 

chloroacetylene, propynal and methoxyacetylene are 0.79 (0.75), 0.74 (0.44), 2.56 (2.46), 

and 1.62 (1.93). Also, the IH chemical shift of the acetylene proton in fluoroacetylene, 

chloroacetylene and propynal (no literature data for methoxyacetylene) has been 

calculated. The calculated vs. observed (in parenthesis) proton chemical shifts are 1.33 

(1.63), 1.95 (1.80) and 3.61 (3.47). The good agreement of the calculated vs. observed 

chemical shifts for these molecules is strong support for the above treatment. 
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5.3. Experimental. 

Acetylene (1), cyc10hexylacetylene (10), 1,4-di-(adamantyl-(I»-diacetylene(1l) 

and phenylacetylene(12) were obtained commercialll' 10, II, 12. Ortho-ethynyltoluene (13) 

and 2-Ethynylnaphthalene (16) were synthesised by double elimination of 1-(l,2-dibromo

ethyl)-2-methylbenzene and l-(l-naphthyl)-l ,2-dibromo-ethane13
• 9-Ethynylanthracene 

(17) was synthesised by Sonogashira couplingl4 of 9-bromoanthracene and 

trimethylsilylyacetylene. 

Cis/trans-l-ethynyl-4-t-butylcyc1ohexane-I-ol (7 -cisl7 -trs), 2-exo-

ethynylnorbornan-2-01 (8) and 1,7,7, t', 7',7' -hexamethyl-2,2' -ethynediyl-bis-norbornan-2-

01 (9) were synthesised by the addition of ethynylmagnesiumbromide to the corresponding 

ketones in THpl5. The conformations of these compounds were determined by x-ray 

crystallographyl6 and lanthanide induced shift NMR experiments. 

General procedure: Synthesis of 9-ethynylanthracene (17) 

A de-aerated solution of 0.75g (2.92mmol) of 9-bromoanthracene and 0.443g 

(4.52mmol) of ethynyltrimethylsilane in anhydrous diethylamine (40ml) was treated with 

0.041g(0.058mmol) of bis-(triphenylphospbine) palladiumdichloride and 0.003g of 

coppelll)iodide. The mixture was allowed to react for 5 days under an argon atmosphere. 

The dark orange/brown solution was filtered, the filtrate concentrated and purified by 

column chromatography (alumina; n-hexane), giving anthracen-9-ylethynyl-trimethyl

silane as fine yellow/brown crystals (0.29g, 34.7%): mp 61-62°C; IR (nujol) 3300(C=C

H), 3070(Ar-H), 2100(C=C), 1250(Si-CH3); MS mlz (rel.int.) 274 (M+, 1),202 (10), 176 

(78), 88 (79); NMR (400MHz, lH, CDCh) 80.49(9H), 87.50(2H), 87.59(2H), 88.00(2H), 

88.42(lH), 88.56(2H). 

O.20g (7.09mmol) of anthracen-9-ylethynyl-trimethyl-silane was directly converted 

into 9-ethynylanthracene by treatment with 0.04g of anhydrous K2C03 in methanol (20ml) 

at room temperature for 5 hrs. The methanol was removed and the mixture worked up by 

extraction with dichloromethane (3x30ml), followed by washing with aqueous 

sodiumbicarbonate (2x20ml). The pure compound was obtained as yellow crystals 

(O.122g, 85.2%): mp 58-60°C; IR (nujol) 3300(C-=C-H), 3070(Ar-H), 2100(C=C); MS 

mlz (rel.int.) 202(M+, 0.8), 176(56),88(90). 
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General procedure: Synthesis of cisltrans-1-ethynyl-4-t-butylcycloh exan 1-01 (7) 

1.5g (0.097mol) of 4-t-butylcyclohexanone was dissolved in 20ml of THF and placed in a 

two necked round bottomed flask equipped with a reflux condenser. 3.78g (0.029mol) of 

ethynylmagnesiumbromide were then added slowly and the resulting orangelbrown 

mixture refluxed with stirring for 4 hrs. Normal acidic work-up yielded the desired 

alcohols. The product was recrystallised from n-pentane in to give a pale yellow solid 

(1.07g, 61%): mp 96-98°C; IR (nujol) 3500(w, OH), 3210(w, C=C-H), 2060(w, C=C) 

cm'l; MS m/z (rel.int.) 180(M+, 7), 137(9),91(61),57(100). 

2-exo-ethynylnorbornan-2-o1 (8): white solid (0.79g, 64%); recrystallised form n

pentane; mp 42-44°C; IR (nujol) 3400(s, OH), 3320(s, C=C-H), 2120(w, C=C) em'l; MS 

m/z (rel.int.) 136(M+, 0.9), 107(44),93(32),67(100). 

1,7,7,1 " i, i-hexamethyl-2,i-ethynediyl-bis-norbornan-2-01 (9): white solid (0.76g, 

35%); recrystallised from n-pentane; mp 196-198°C; IR (nujol) 3330(m, OH), 2180(w, 

C=C) cm'l; MS m/z (rel.int.) 330(M+,0.1), 203(9), 159(7), 109(36),95(100). 

IH and I3C NMR spectra were recorded on a Broker AMX400 spectrometer 

operating at 400MHz for proton and 100.63MHz for carbon. The spectra for 7-trsl7-cis, 

8 and 9 were recorded on a Varian 750MHz spectrometer at Glaxo Wellcome I 6. Here 

HMQC, HMBC and NOE experiments were conducted. 

The spectra were generally recorded in lOmg cm,3 solutions CH) and ca.50mg em' 

3 (I3C) with a probe temperature of ca.25°C in CDCh and referenced to TMS unless 

indicated otherwise. Typical running conditions of the spectrometers were 128 transients, 

spectral width 3300Hz and 32k data points. This gave an acquisition time of 5s and zero

filled to 128k to give a digital resolution ofO.025Hz. 

The 2D experiments were conducted using the Bruker AMX400 and Varian 

750MHz machines using the standard Broker COSY-DQF and HXCO and the standard 

Varian HMQC and GHMQC-DA pulse sequences I 7. 18. The geometry's of the compounds 

investigated were obtained using GAUSSIAN 94Wat the RHF/6-31G* and MP2/6-31G* 

levelsl9a and later using GAUSSIAN98WI9b at the DFTIB3L YP/6-31 G** level. All 

calculations were carried out using a PC. 
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5.4. Spectral analysis. 

The IH NMR assignments of all the compounds investigated are given in tables 

5.3,5.4,5.6,5.7,5.9,5.10 and 5.12 together with the calculated proton chemical shifts. 

The IH NMR data for but-l-yne (2), but-2-yne (3), pent-l-yne (4), hex-3-yne (5), 

t-butylacetylene (6), para-ethynyltoluene (14), and 2-ethynylpropene (18) were taken from 

ref.6 and from ref. 13. for l-ethynylnaphthalene (15). 

Equatorial and axial ethynylcyclohexane (10-eq, 10-ax) 

The IH and \3C spectra of the separate conformers were obtained by recording the 

spectra at -60°C (figs.5.2 and 5.3). The integrals (n) taken for protons Ie and la were 1 

and 6.2 respectively. By using eqtn.5.1 we are able to determine that the equatorial 

conformer is the more favoured, with AG (eq-ax) = 0.77 KCal mOrl. 

Equatorial Axial 

" ,.. 

n(eq)/n(ax) = e-(AGIRT) (Eqtn.5.1) 

Where: 

n(ax) and n(eq) are the integral values ofH-axial and H-equatorial 

This value is in reasonable agreement with previous measurements of AG (eq-ax). 

Eliel20 quotes 0.41-0.52 kcal mOrl. Schneider and Hoppen21 determined a value of AG for 

ethynylcyclohexane by dynamic\3C NMR spectroscopy. They calculated a lower AG value 

of 0.52 Kcal morl using 20% in CFCh with 5%Me4Si. Jensen and Bushweller22 also 

calculated a AG value of 0.41 Kcal mOrl. This was calculated by examining the integrals 

of protons in the low temperature IH NMR using 20% in CS2 at 190-200K. 

(10-eq). 2D IH COSY and IHl13C HETCOR spectra were recorded at -60°C to 

fully assign the equatorial conformer. For 10-eq, proton la is readily identified as a 

quintet. From correlations to H-la, H-2e and 2a are readily assigned by examination of 
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the IH COSY by way of their couplings to H-Ia Further examination of the IHCOSY and 

IHPC 2D HETCOR plots plus the integrals of the IH spectrum gave the assignments of 

the remaining protons. 

(lO-ax). For to-ax only protons Ie, 2e and 2a were assigned by examination of the 

IHCOSY, with H-Ie occurring as a triplet of triplets. The remaining protons were hidden 

underneath the resonances of the protons in to-eq and could only be assigned by use ofa 

IHPC 2D HETCOR plot. 
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Figure 5.2. 
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Figure 5.3. J3e NMR spectra for l-ethynylcyclohexane (lO-eq/JO-ax) at -60°C. 

C-31C-.f 

C-2 

C-I C-4 

1,4-Di-(adamantyl-(1 »-diacetylene (11) 

The I H spectrum of 11 consists 4 different proton resonances and was readily 

assigned. By examining the integrals H-S was easily identified at ca.1.94pprn. H-y was 

identified as a doublet with a coupling of ca.4.5Hz to H-S, occurring at ca.l.86ppm. H-e 

and H-a were seen as a single resonance at ca.l.67ppm. 

Cis and trans-l-ethynyl-4-t-butylcyclohexan-l-ol (7-cis, 7-trs) 

The IH, l3e and 2-D spectra for these isomers were recorded at 750MHz. The 

spectra for the pure trans isomer were recorded, but the spectra for the cis isomer were 

recorded from a mixture of the cis and trans conformers. This was not a problem as the 

resonances were easily separated. 

(7-cis). The IH NMR spectrum consists of five separate resonances including the methyl 

resonances. These were assigned by use of a IH COSY. H2e and H3e were easily 

distinguished as only H3e displayed a coupling to H4a. H3a and H2a were identified by 

examination of the splitting pattern of the resonances. This assignment was further 
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confirmed by examination of a IH/13C 2D HETCOR plot and the known 13C spectral 

assignmene3
• 

(7-trs). The IH spectrum of this isomer again consists of five resonances and was readily 

assigned in the same way as 7 -cis. 

A lanthanide induced shift experiment using Yb(fod)3l was conducted on the 

sample of the pure trans isomer to confirm that the configuration in figure 5.1 was 

correct. Yb(fod)3 is known to bind to the OH group and therefore downfield shifts in the 

1 H spectrum would be expected to be observed on H2e and H2a, as they are in close 

proximity to the Yb(fod)3. This was indeed observed and confirmed the characterisation of 

this isomer. 

2-Ethynyl-endo-norboman-2-ol (8) 

The IH, 13C, 2-D and NOE spectra for this compound were recorded at 750MHz. 

An x-ray crystal structurel6 of this compound (fig.5.4) was recorded to confirm its 

configuration at C-2, thus enabling an unambiguous assignment of the IH NMR 

The IH spectrum for this compound (fig.5.5) consists oflO proton resonances. H

I and H-4 were readily identifiable by examination of their splitting patterns, H-I 

appearing as a doublet, H-4 as a triplet. The other proton groups were elucidated by 

examination of a IH/13C 2D HETCOR plot plus known 13C spectra24
• By examination of 

the IHCOSY H-5x and H-6x were identified by their strong coupling to H-4 and H-I 

respectively. H-3x was identified by its strong coupling to H-4 and H-5x. H-7s was 

identified by IHCOSY, HMBC and NOE experiments. H-7s displays a W-coupllng to H-

6n and H-5n and a strong 3-bond HMBC coupling is also observed to C-6 and C-5, which 

is much less intense in H-7-a. An NOE performed on H-3x (fig.5.6) also helped to 

elucidate H-7s. 

With these assignments at our disposal it was possible to assign the geminal 

partners of H-3x, 5x, 6x and 7s by examination of a 1H/13C 2D HETCOR spectrum. The 

assignments of these protons were confirmed by IHCOSY, NOE and HMBC experiments. 

: The IUPAC name for fod is 6, 6, 7, 7, 8, 8, 8-heptafluoro-2, 2-dimethyl-3, 5-octanedionato. 
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Fig.5.4. X-ray structure of2-ethynyl-endo-nobornan-2-o1 (8). 
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Figure 5.5. IH NMR spectrum of2-Ethynyl-endo-norboman-2-o1 (8) 
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1,7,7,1', i, i -hexamethyl-2.2' -ethynediyl-bis-norboman-2-ol (9) 

The lH, i3C, 2-D and NOE spectra for this compound were recorded at 750MHz. 

An x-ray crystal structurel6 of this compound was recorded (fig.5.7) to confirm its 

configuration at C-2. The compound was found to exist as a dimer, as seen in the x-ray 

structure. 

The lH spectrum of this compound (fig.5.S) consists of seven resonances including 

three methyl resonances. H-3x and H-3n were readily identified by examination of their 

splitting patterns, H-3x is a doublet of triplets and H-3n a doublet with a large coupling to 

H-3x. H-4 was easily identifiable by examination of the lHCOSY. Large couplings to H-

3x and H-5x were observed giving the expected triplet. H-5x was identified from the 

lHCOSYas large couplings are seen to H-3x and H-4. H-5n was assigned by examination 

of a lHPC 2D HETCOR (fig.5.9) plot plus the known assignment of the l3C spectra24 

and this was confirmed by NOE experiments conducted on H-5x and H-3n. 

H-6x was assigned from the lHCOSY. with a large coupling observed to H-5x. 

HMBC spectra also reveal a large 3-bond coupling from H-6x to the I-methyl carbon 

atom. H-6n was then assigned from the lHl13C 2D HETCOR plot and confirmed by an 

NOE experiment on H-6x. 

The methyl's in the 7a and 7s positions are easily assigned by NOE experiments. 

The 7a methyl gave NOE's to H-5x, H-6x and H-4 and the 7s methyl gave NOE's to H-

3x, H-3n and H-4. The C-I methyl is then immediately assigned. 
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Fig.5.7. 1,7,7,1', i,i -hexamethyl-2,i -ethynediyl-bis-norbornan-2-o1 (9). 
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1 • • • • 
Figure 5.8. H NMR spectrum of 1,7,7,1,7,7 -hexamethyl-2,2 -ethynediyl-bis-

norbornan-2-ol(9) 
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Figure 5.8. 
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Figure 5.11. IH NMR spectrum ofphenylacetylene (12) with H-2 decoupled. 

AB. pllltem rot' H-314 

H-4 decoupled 

7.5! 7Sl 7.40 7.315 7.3D 7211 7.15 

Ortho-ethynyltoluene (13) 

The IH spectrum for ortho-ethynyltoluene consists of 4 proton resonances. H-3 

and H-6 can be seen as two doublets of doublets with H-6 split further by its coupling to 

the methyl protons. H-4 and H-5 are triplets easily identified by their roofing patterns. 

2-Ethynylnaphthalene (16) 

The IH spectrum for 2-ethynylnaphthalene consists of 7 proton resonances. The 

singlet at ca S.02ppm is identified immediately as H-l. H-3 and H-4 are easily identified 

at ca. 7. 77 and 7.53ppm as a doublet of doublets and a doublet respectively. H-6 and H-7 

can be seen as an AB system at ca 7.5Oppm, H-5 and H-S can be seen as a multiplet at 

ca.7.S2ppm. A HMQC plot confirmed this assignment in conjunction with the known l3C 

assignment of this compound from the literature25
• 
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9-Ethynylanthracene (17) 

The lH spectrum for this compound (fig.5.l2) consists of 5 proton resonances. H

lOis readily identified as the singlet occurring at ca.8.43ppm. Since the J3C assignment for 

this compound is not known a J3C/1H-undecoupled spectrum was recorded to assign C-I 

and C-4, hence the J3C spectrum (fig.5.13). C-4 has a lJCH coupling to H-4 (ca.160Hz) 

and two 3JCH to H-2 and H-IO (ca. 6Hz) to give a doublet of triplets. This can be seen in 

the spectra as two large triplets occurring at ca.129.4 and 127.8ppm. C-I has one IJCH 

coupling to H-I (ca. 160Hz) and one 3JCH coupling to H-3 (ca. 6Hz) to give two doublets 

of triplets occurring at ca.128.4 and 125.2ppm. The assignment ofC-1 and C-4 allows the 

assignment ofH-1 and H-4 in the proton spectra from a 2D 13ClH HETCOR plot. 

A IHCOSY identifies H-2 and H-3 from their couplings to H-I and H-4 

respectively and the assignment of C-2 and C-3 followed from a IHPC HETCOR plot. 

The IH and J3C assignments for compounds 16 and 17 can be seen in table's 5.10 and 

5.11. 

Figure 5.12. IH NMR spectrum of9-ethynylanthracene (17). 
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Figure 5.13. \3e NMR spectrum of 9-ethynylanthracene (17). 

C·3 

C-2 

C-4 

C-l 

C-10 

1112.S 1112.0 131.5 131.0 130.5 130.0 1211.11 1211.0 1211.5 12e.D 127.5 121.0 1211.1 1211.0 12U 12S11 124.$ 12411 lZ1.6 lZ10 12:1.!; 12:1.0 
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5.5. Results. 

The data for the acetylenes obtained here in dilute CDCh solution are in excellent 

agreement with the earlier data obtained in various solvents. The value for acetylene 

(1.9120) compares with previous literature values of 1.80 (CClt)26 and 1.91 (CD2Ch)27. 

The proton chemical shift of benzene in CDCh is 7.341 and this gives the ortho, meta and 

para proton SCS in phenylacetylene in CDCh from the above data as 0.151, -0.030 and 

0.000 ppm. These agree exactly with the comparable values in CClt solution of 0.15, -0.02 

and -0.Of6. As found previously for other aromatic compounds28 there is a small almost 

constant shift to higher 0 values in CDCh compared to CClt but the proton SCS for 

substituted benzenes obtained by earlier investigations may be used unchanged for the 

CDCh solutions. 

The data obtained here for the acetylenes may be combined with the proton 

chemical shifts of the parent compounds given previousl~8. 29 to allow the lH chemical 

shifts and acetylene substituent chemical shift (C=:C-SCS) to be obtained in these 

compounds. The lH chemical shifts and C=:C-SCS have also been calculated using the 

CHARGE model. Using the calculated proton chemical shifts of the parent compounds 

and subtracting these from the calculated proton chemical shifts of the acetylene 

molecules gave the calculated C=C-SCS. 

The short-range effects of the C=C (3 bonds or less) are explained in tenns of 

anisotropic, steric and electronic effects ([3/y-effects) in both aliphatic and aromatic 

acetylenes. The long-range effects of the C=C are small and extend over the whole 

system These are explained in terms of anisotropic and sterlc effects of the acetylene 

group. The unknowns to determine are therefore the steric coefficient asC-C, the magnetic 

anisotropy AXe=(; and y-effects that exist for aliphatic and aromatic acetylenes. A second 

coefficient to detennine the steric effect of neighbouring spi8p2 carbon atoms on the 

acetylene proton may also exist. 

The position of the acetylene magnetic anisotropy on the C=C bond must also be 

determined. Iterations were carried out on a large diverse data set incorporating both 

aromatic and aliphatic acetylenes. The iterations were carried out on the observed 

chemical shift data of all protons by use of the non-linear mean squares programme 

(CHAP830
). Iterations were carried out on all protons except the acetylenic protons in 

aliphatic and aromatic compounds. 
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These calculations were carried out when the magnetic anisotropy of the acetylene 

group was: 

a) at the centre of the C=C bond and 

b) operating from each carbon of the C=C bond. 

The chemical shift calculation for the acetylenic protons was treated separately to 

all the rest of the protons in the acetylene molecules. The acetylenic chemical shifts could 

be reproduced in the CHARGE model by finding the appropriate values of the integral for 

the H.C: bond. The near effects of anisotropic bonds have been calculated in this manner 

previously. This is because it is not feasible to calculate anisotropic effects by means of 

simple geometric functions at such short distances. If we do attempt this method of 

calculation the charge on the acetylene proton would be approximately equal to that in 

ethane which is certainly not the case in reality as the acetylene proton is more acidic and 

the CH bond more polar. 

The procedure that was adopted was that the values of t::,."l=C and the steric 

coefficient together with the coefficients for the J3/y-effects were obtained from iterations 

on all but the acetylene protons. Calculations to determine the appropriate parameters for 

the acetylene protons were then subsequently conducted. 

The iterations performed yielded enhanced results when the anisotropy was 

operating from each carbon of the C=C bond. The sterlc effect of the sp carbon atoms was 

taken as usual from the atom considered. It was concluded that anisotropy and steric 

effects of the acetylene group were the major factors influencing both the short and long

range proton chemical shifts in the acetylene compounds. 'Y and ~- effects were also found 

to exist in both aliphatic and aromatic acetylenes (see later). It was also found that the 

values of the anisotropy, steric coefficient and the coefficients A and B (eqtn.S.2) for the 

'Y-effects were identical when the iterations were performed with either the aliphatic 

compounds alone or the aromatic compounds, thus the final iteration was performed 

including all the compounds. 
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a) Aliphatic acetylenes. 

The experimental data seen above combined with the proton chemical shifts of the 

aliphatic parent compounds given previously allow the IH chemical shifts and C=C-SCS 

to be obtained in these compounds. The IH chemical shifts and C=C-SCS have also been 

calculated using the CHARGE model. The C=C-SCS of compounds lO-eq/lO-ax, 11, 7-

cis17-trs, and 8, 9 can be seen in table's 5.5-5.7. The C=C-SCS of the cyclohexane 

derivatives are of great interest. Unfortunately. 1-ethynyl-4-t-butylcyclohexane is not 

commercially available and the I H chemical shifts for this compound are not in the 

literature. Therefore, because of the general difficulty in its synthesis, derivatives 7-cis and 

7-trs were synthesised. The parameterisation of alcohols in the CHARGE model is 

ongoing and therefore, examining their C=C-SCS only parameterised the ethynyl-alcohol 

compounds. The C=C-SCS was calculated for the ethynyl-alcohols by simply subtracting 

the IH chemical shift of the parent molecules (in this case 4-t-butylcyclohexanol, endo

norborneol and isoborneoe l
) from the IH chemical shifts ofthe ethynyl-alcohols. This data 

can be seen in table's 5.6alb and 5.7. 

From the tables we see that we generally have an excellent agreement of 

experimental vs. calculated C=C-SCS. The SCS are both shielding and deshielding. The "(

effect from the a. carbon of the acetylene group is also deshielding and for the saturated 

acetylenes displays a significant orientational dependence. This dependence shows no 

particular pattern. However, the "( SCS of the norbornane and bornane derivatives 8 and 9 

is greater for the 1200 orientation than for the eclipsed orientation for both the exo and 

endo compound. This is a very interesting observation and has been noted for all 

norbornane substituents so far studied32
• 33. 

For protons that are in a parallel position to the e=--C, i.e., H-3a in compound 7-

cis, we observe a large di-axial interaction resulting in a large downfield shift. This 

relationship of the acetylene group to protons in parallel positions can also be observed in 

H-7s in compound 8, H-Snl6n in compound 9 and H-3a in IO-ax. Since there is no electric 

field effect this observation is due to the anisotropy or steric effect of the C=C group or 

both. Another interesting observation is that for protons in a position along the C=C bond 

(H-3a and H-3e in IO-eq, H-7s in 9) the SCS is always deshielding. If the C=C-SCS were 

solely due to the C=C anisotropy this would not be the case. 
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In table 5.6a we observe that the experimental vs. calculated C=C-SCS is 

generally in very good agreement. We do note however that for H-2e in compound 7-cis 

and lO-ax the observed values of 0.033ppm and 0.095ppm compared to the calculated 

values of 0.264ppm and O.239ppm respectively. It was thought that because H-2e in 

compound 7-cis is in an environment with a hydroxyl group, the OH group and the C=C 

group may have some significant interaction that affects the influence of the acetylene 

group on proton in close proximity. However by examination of the C=C-SCS for H-2e in 

compound lO-ax it seems this is not a legitimate conclusion to make. 

Table 5.3. Observed vs. calculated IH chemical shifts (0) for equatorial/axial-

ethynylcyclohexane (lO-eq/lO-ax) and l-ethynyladamantane (11). 

In lO-eq lO-ax 11 
Number Obs. Calc. Obs. Calc. Obs. Calc. 

Ie ------------- -------------- 2.871 2.667 -------------- --------------
la 2.246 2.094 .------------- -------------- -------------- --------------
2e 1.977 1.877 1.775 1.863 -------------- --------------
2a 1.335 1.408 1.481 1.519 -------------- --------------
3e 1.734 1.617 1.660 1.630 -------------- --------------
3a 1.200 1.084 1.511 1.630 -------------- --------------
4e 1.666 1.600 1.715 1.641 -------------- --------------
4a 1.170 1.138 1.176 1.111 -------------- --------------
y ------------ -------------- .---_ .. _------- -------------.. 1.861 1.810 

0 ------------ -------------- .------------- -------------- 1.941 1.943 
e ------------ -------------- -------------- -------------- 1.681 1.646 
a ------------ -------------- .------------- -------------- 1.681 1.639 

C=C-H 2.182 2.100 2.278 2.137 -------------- --------------

Table 5.4. Observed vs. calculated IH chemical shifts (0) for acetylene (1), but-l-yne 

(2), but-2-yne (3), pent-l-yne (4), hex-3-yne (5) and tert-butylacetylene (6). 

IH 2 3 4 5 6 

Number Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 

1 2.25 2.18 1.75 1.82 2.18 2.02 2.15 2.22 1.24 1.24 

2 1.18 1.10 ------ ------ 1.57 1.55 1.11 1.13 ------ ------
3 ------ ------ ------ ------ 1.00 0.77 ------ ------ ------ ------

C=C-H 1.97 2.04 ------ ------ 1.95 2.05 ------ ------ 2.07 2.10 

Note. The experimental and calculated value for acetylene itself is 1.912 and 1.913 

respectively. 
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Table 5.5. Observed vs. calculated C=C-SCS for equatorial and axial-

ethynylcyc10hexane (IO-eq, IO-ax) and 1-ethyny1adamantane (II). 

Mole(:ule IB Number Experimental Cal(:ula ted 

la 1.056 0.906 

2e 0.297 0.253 

2a 0.145 0.220 

lO-eq 3e 0.054 -0.007 

3a 0.011 -0.104 

4e -0.014 -0.024 

4a -0.020 -0.050 

Ie 1.231 1.043 

2e 0.095 0.239 

2a 0.291 0.331 

IO-ax 3e -0.020 0.006 

3a 0.352 0.442 

4e 0.035 0.017 

4a 0.017 -0.077 

Y 0.111 0.l31 

0 0.071 -0.019 

11 e 0.069 -0.032 

a 0.069 -0.039 
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Tables 5.6a1b and 5.7. Observed vs. calculated C=C-SCS for cisltrans-l-ethynyl-4-

t-butylcyc1ohexan-I-ol (7-cis, 7-trs) calculated from trans/cis 4-t-butylcyclohexan-I-ol 

(22a,22b). 

Table 5.6a. 8H (chemical shift) for cis-l-ethynyl-4-t-butylcyclohexan-l-01 (7-cis) and 

trans-4-t-butylcyclohexan-I-ol (22a) and observed vs. calculated C=C-SCS for 7-cis. 

IH Number 8D for 7- 8D for C=c-SCS for 7-cis 

cis 22a 

Obs. Obs. Obs. Calc. 

2e 2.040 2.007 0.033 0.264 

2a 1.514 1 .217 0.297 0.344 

3e 1.762 1.782 -0.020 0.050 

3a 1.367 1.046 0.321 0.542 

4a 1.000 0.965 0.035 0.0 

Table 5.6b. 8H (chemical shift) for trans-l-ethynyl-4-t-butylcyclohexan-l-01 (7-trs) 

and cis-4-t-butylcyclohexan-l-01 (22b) and observed vs. calculated C=C-SCS for 7-trs. 

IH Number 8D for 7- 8D for C=C-SCS for 7-trs 

trs 22b 

Obs. Obs. Obs. Calc. 

2e 2.037 1.833 0.204 0.230 

2a 1.705 1.489 0.216 0.264 

3e 1.596 1.548 0.048 0.054 

3a 1.379 1.359 0.020 -0.057 

4a 1.010 0.993 0.017 0.026 
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Table 5.7. SH (chemical shift) and observed vs. calculated C=C-SCS for 2-ethynyl-

endo-norbornan-2-01 (8) and 2-ethynyl-exo-bornan-2-01 (9). 

Compound 1H Number Observed chemical shift C=C-SCS 

(SB) Obs. Calc. 

1 2.407 0.155 0.229 

3x 2.140 0.269 0.255 

3n 1.360 0.334 0.406 

4 2.250 0.079 0.022 

5x 1.561 -0.009 -0.018 

8 5n 1.318 -0.017 -0.082 

6x 1.380 -0.002 0.019 

6n 1.979 0.109 -0.143 

7s 1.802 0.462 0.484 

7a 1.389 0.099 -0.058 

3x 2.228 0.489 0.356 

3n 1.822 0.083 0.236 

4 1.750 0.029 -0.018 

5x 1.695 0.020 0.007 

5n 1.180 0.222 0.164 

9 6x 1.468 -0.037 0.080 

6n 1.835 0.827 1.152 

Me (1) 0.940 0.034 0.110 

Me (7s) 1.057 0.039 -0.057 

Me (7a) 0.870 0.042 -0.016 

The data collected in table's 5.3-5.7 provides a thorough examination of the 

application of the CHARGE model and the theories about the influence of the acetylene 

group on proton chemical shifts. The majority of the compounds listed are of fixed 

geometry with the exception of the ethynylcyclohexane. Fortunately this compound exists 

as two conformers, which can be easily 'frozen out' and examined. All the cyclohexane 

derivatives exist in the chair form, with the norbomane and bornane compounds 
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occupying their own unique geometry's. The minimum energy geometry's were obtained 

by conducting molecular mechanics calculations using GAUSSIAN 98W. 

The ab initio geometries calculated are of some interest. GAUSSIAN94 at the 

MP2/6-31 G* level gave H.C:: and C=C bond lengths of 1.06 and 1.203 A in acetylene. 

This is in agreement with experimental values of 1.061 and 1.203A34
• However, for 

phenylacetylene and para-ethynyltoluene we get contrasting values of 1.057, 1.188 A and 

1.067, 1.223 A respectively. The large change on the introduction of a para methyl 

seemed a strange anomaly and poor results were obtained in the charge model, in 

particular the chemical shift of the acetylene proton in this molecule. By using the 

DFTIB3L ypl9c routine with the 6-31G** basis set in GAUSSIAN98 we calculate bond 

lengths of 1.065 and 1.210 A. These values were then used as standard for all the 

aromatic molecules. 

We can see from the above data that we have a good agreement between the 

observed and calculated proton chemical shifts. However we do observe a few 

discrepancies in our calculated values of chemical shifts. H-1e in compound to-ax and H

la in lO-eq are 0.204ppm and 0.152ppm lower than the observed values respectively. It is 

interesting to note that these are methane protons further investigation into methane 

proton chemical shifts would be of interest. The observed vs. calculated C=C-SCS for H-

2e in both 10-ax and 7 -cis are also much higher than the calculated value. 

By examining the data in table's 5.6alb and 5.7 we can see that there is a 

reasonable agreement between the observed and calculated C=C-SCS. The large 

discrepancies between the observed and calculated e=-C-SCS for the H-3x13n protons in 

compound 9 and H-6n in compounds 8 and 9 can be accounted for by the fact that the 

parent alcohol parameterisation is ongoing in the CHARGE model and as mentioned 

earlier, there may be a possible interaction between the OH and C=C which affects the 

protons in a different way than that expected if these compounds had an acetylene group 

only. We may also note that in these hydroxyl compounds the acetylene group is sterically 

hindered and this may be of some significance. For the remaining protons we generally see 

a good agreement of experimental and observed C=C-SCS. 

For the protons in a parallel position to the C=C bond we observe a large 

downfield shift. This is observed in H-3a in 7-cis, H-7s in 8 and H-6n15n in 9. This large 
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downfield shift clearly demonstrates that there is a large steric effect due to acetylene 

triple bond and also a significant positive anisotropy contribution. 

As we have seen in the theory the y-effects are modelled on a semi-empirical basis 

and the y-effects of the a acetylene carbon (H.C.C.C=) display an orientational 

dependence with respect to the protons in question. An A + Bcose term was incorporated 

into the CHARGE model to calculate the y-effect of this carbon. A J3 effect :from the a 

acetylene carbon with no orientational dependence atom was also incorporated into the 

CHARGE model. It was found that both these effects gave a significantly enhanced 

correlation of the protons in a y position to the a sp-carbon and those protons in a J3 

position to the a sp-carbon with the experimental chemical shifts. 

The value of the coefficients A and B were determined :from the observed chemical 

shifts by an iterative mean squares calculation to give eqtn.S.2 for the a acetylene carbon 

GSEF: 

GSEF = 0.423 - 0.177cose (Eqtn.5.2) 

The non-orientational J3-effect (C) from the a acetylene carbon (H.C.C=) was also 

incorporated into the CHARGE model and can be seen in eqtn.5.3. 

BSEF = 1.37 (Eqtn.5.3) 

A y-effect from the CSP3 carbon attached directly to the acetylene (H.C=C.C) 

group influencing the IH chemical shift of the acetylene protons was also determined. The 

coefficient D can be seen in eqtn.5.4. 

GSEF = 0.223/160.84 (Eqtn.5.4) 

For the acetylenic protons in the aliphatic acetylenes, a value of the sterlc 

coefficient (H.CsPJ.C=.H) of 46.5 was also determined. In addition to this a value of 42.8 

for the Csp.H exchange integral for all acetylenic protons was determined. 

As stated previously, the steric coefficient, as CSC, and magnetic anisotropy, I!J:Xc=c, 

were determined by performing iterations on the chemical shift of all non-acetylenic 
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protons of both aromatic and aliphatic molecules. For the aliphatic molecules all iterations 

performed yielded a greater improvement of the calculated chemical shifts when the steric 

and anisotropy terms were included and operated from each sp-carbon atom. The 

anisotropy coefficient and steric coefficient calculated can be seen below. 

It was therefore concluded that the steric and anisotropy terms of the acetylene 

group are the only major factor influencing the long-range proton chemical shifts. The 

final parameterisation of the acetylene group in aliphatics therefore included electronic 

effects for protons 2 or 3 bonds away from the C=C and steric and anisotropy effects 

operating on all protons within the molecules. 

It is of great interest to consider the actual magnitudes of the contributions to the 

C=C-SCS. Table 5.8 gives the observed vs. calculated C=C-SCS for the cyclic acetylenes 

along with the calculated C=C-anisotropy, C=C-steric, electric field and H/C-steric 

contributions. 
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Table 5.8. Observed vs. calculated C=C-SCS with the C-H electric field, CIH-steric, 

C=C-anisotropy and C=C-steric contributions for equatorial/axial-ethynylcyc1ohexane 

(lO-eq/lO-ax) and l-ethynyladamantane (11). 

Cpd. Proton Obs. Calc. C-H c=c- C=C- C- H- 1t- Shift 
No. Electri Anis. steric Steric Steric 

c field 
la 1.056 0.906 -0.053 -0.590 0.0 0.016 -0.046 
2e 0.297 0.245 -0.019 -0.074 0.027 0.0 0.0 
2a 0.145 0.225 -0.025 -0.072 0.028 0.005 -0.023 
3e 0.054 -0.024 0.028 -0.059 0.007 0.0 0.004 

lO-eq 3a 0.011 -0.110 0.011 -0.011 0.014 0.004 -0.019 
4e -0.014 -0.041 0.016 -0.056 0.002 -0.001 0.002 
4a -0.020 -0.057 0.016 -0.062 0.009 0.001 -0.010 

C=C-H ------ ------ -0.027 -5.556 0.0 0.050 0.031 -0.169 
Ie 1.231 1.043 -0.045 -0.560 0.0 0.001 0.0 
2e 0.095 0.239 -0.019 -0.072 0.028 -0.001 -0.001 
2a 0.291 0.332 -0.033 -0.174 0.007 0.008 -0.034 
3e -0.020 0.006 -0.016 -0.008 0.018 0.0 0.012 

10-ax 3a 0.352 0.442 0.040 0.125 0.185 0.002 0.098 
4e 0.035 0.017 -0.008 0.008 0.011 -0.001 0.006 
4a 0.017 -0.077 -0.014 -0.054 0.011 -0.001 -0.011 

C=C-H ------ ------ -0.064 -5.550 0.0 0.098 0.052 -0.170 

Y 0.111 0.137 -0.024 -0.071 0.028 0.001 -0.005 
11 0 0.071 -0.012 0.028 -0.059 0.008 -0.001 0.006 

e 0.069 -0.036 0.017 -0.062 0.009 -0.002 0.006 
a 0.069 -0.042 0.015 -0.056 0.002 -0.001 0.002 

The data presented in table 5.8 illustrates the magnitudes of the VarIOUS 

contributions to the C=C-SCS. The contributions due to C-H electric field and CIH-sterlc 

interactions are very small but of some significance. The major contribution to the 

chemical shifts in the alkyl acetylenes is the anisotropy, with the sterlc effect of the 

acetylene group to a slightly lesser extent. However we may note the large deshielding 

sterlc effect of the C=C group on protons in a parallel position. This is seen in the H-3a in 

lO-ax and H-3a in 7-cis. For protons in this parallel position the major contribution to the 

SCS is the steric effect of the acetylene group as seen in table 5.8. 

The chemical shifts of the acetylenic protons are also of interest. In lO-eq a partial 

atomic charge on the acetylene proton is calculated at 0.090 electrons. By use of eqtn.l.6 

we calculate a shift of 7.76ppm. From table 5.8 we observe that the difference between 

the calculated shift of 2.1 Oppm is almost solely due to the anisotropy contribution of the 

acetylene group (-5.56ppm). We may also observe the significant 7t-electron contrIbution 

to the chemical shift of the acetylene protons. 
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For protons that are 3 bonds or more away from the C=C we can observe that the 

sum of all the components contributing to the C=C-SCS gives us approximately the total 

C=C-SCS that has been calculated. However, for the H-2elH-2a protons in all the 

compounds investigated in table 5.3 we observe that the components do not add up to 

give us our calculated value of C=C-SCS. This is due to the electronic effects, i.e. y

effects, which are calculated separately and which affect protons that are 3 bonds or less 

away from the C=C. 

b) Aromatic acetylenes. 

The C=C-SCS of compounds 12-18 can be seen in table 5.9. From this table we 

can observe the good agreement of observed vs. calculated C=C-SCS. Even though the 

observed and calculated shifts are not completely accurate we see a general trend between 

the two. We observe that all the y protons in the aromatics are deshielded. 

There is no general trend to the magnitude of the C=C-SCS throughout the 

molecules in the aromatics and we must now take into consideration the 1t-electron excess 

in the olefinic hydrogen atoms on the chemical shifts of the protons. We also observe a 

ring current in the aromatic systems that contributes very significantly to the overall 

proton chemical shift, although it is a constant value and does not depend on whether the 

molecule has any substituent present. We also observe possible field and resonance effects 

due to the C=C, which are delocalised over the molecule and these will be discussed in a 

chapter six. 

Table 5.9. Observed vs. calculated IH chemical shifts (B) for pheny1acetylene (12), Q-

ethynyltoluene and J2-ethynyltoluene (13,14). 

IH 12 13 14 
Number Obs. Calc. Obs. Calc. Obs. Calc. 

2 7.492 7.544 --------- --------- 7.l00 7.016 

3 7.311 7.337 7.460 7.484 7.400 7.496 

4 7.341 7.343 7.138 7.l55 -------- --------
5 7.311 7.337 7.245 7.289 7.400 7.496 
6 7.492 7.545 7.202 7.005 7.l00 7.016 

Me -------- -------- 2.454 2.494 2.340 2.251 

C=C-H 3.069 3.191 3.271 3.l56 3.020 3.124 
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Table 5.10. Observed vs. calculated IH chemical shifts (8) for 1 and 2-

ethynylnaphthalene (15, 16) and 9-ethynylanthracene (17). 

18 (15) (16) (17) 
Number Observed Calc. Observed Calc. Observed Calc. 

1 ----------- ----------- 8.028 8.067 8.522 8.478 
2 7.700 7.692 ----------- ----------. 7.602 7.598 
3 7.340 7.478 7.524 7.652 7.504 7.546 
4 7.760 7.856 7.788 7.810 8.001 8.003 
5 7.760 7.814 7.810 7.803 ----------- .----------
6 7.440 7.478 7.500 7.467 ----------- .----------
7 7.530 7.515 7.500 7.462 ----------- .----------
8 8.350 8.340 7.810 7.832 ----------- .----------
10 ----------- ----------- ----------- ----------- 8.447 8.410 

C=C-H 3.430 3.298 3.142 3.225 3.990 3.594 

Table 5.11. Observed J3C chemical shifts (8) for 2-ethynylnaphthalene (16) and 9-

ethynylanthracene (17). 

13C Number 16 17 

1 132.30 127.65 

2 119.30 127.18 
3 128.55 125.63 

4 128.01 128.59 
5 127.78 --------------------------------
6 126.89 ---------------------.----------
7 126.60 --------------------------------
8 127.76 --------------------------------
9 132.70 115.97 

10 132.90 127.08 

12 -------------------------------- 130.64 (132.21) 

13 -------------------------------- 132.21 (130.64) 

Cp 84.00 80.36 

Ca 77.50 88.17 
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Table 5.12. Observed vs. calculated 'H chemical shifts (0) for 2-ethynylpropene (18). 

IH Number 
(18) 

Observed Calculated 
Hjnms 5.300 5.233 

Hcis 5.390 5.479 

Methyl 1.900 1.788 

C=C-H 2.870 3.164 
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Table 5.13. Observed vs. calculated C=C-SCS for aromatic acetylenes (12-18). 

In :"J umher Obs{'r,,{'(f C:::-C- C!1kula!£'d (c:C-
Molecule SCS SCS 

2,6 0.151 0.207 
Phenylacetylene 3,5 -0.030 0.000 

4 0.000 0.006 
3 0.200 0.178 
4 -0.027 -0.041 

Q-ethynyltoluene 5 -0.015 -0.017 
6 0.022 -0.022 

Me 0.111 0.252 
2,6 -0.080 -0.011 

n-ethynyltoluene 3,5 0.140 0.190 
Me -0.003 -0.033 
2 0.223 0.216 
3 -0.137 0.002 

l-Ethynyl 4 -0.084 0.031 
naphthalene 5 -0.084 -0.011 

6 -0.037 0.002 
7 0.053 0.039 
8 0.506 0.515 
1 0.184 0.242 
3 0.047 0.176 

2-Ethynyl 4 -0.056 -0.015 
naphthalene 5 -0.034 -0.022 

6 0.023 -0.009 
7 0.023 -0.014 
8 -0.034 0.007 
1 0.513 0.475 
2 0.135 0.043 

9- 3 0.037 -0.009 
Ethynylanthracene 4 -0.008 0.0 

10 0.016 -0.022 
Htrans 0.359 0.337 

2-Ethynylpropene Hcis 0.359 0.553 
Methyl 0.175 0.149 

The data provided in tables 5.9-5.12 again provides us with a thorough 

examination of the application of the CHARGE model and about the influence of the 

acetylene group on aromatic protons chemical shifts. The compounds listed above are of 

fixed rigid geometry. All the minimum energy geometry's for use in CHARGE were 

obtained from GAUSSIAN98W. The geometry's were calculated at the B3L YPf6-31 G** 

level. 
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The observed versus calculated proton chemical shifts are given in tables 5.9, 5.10 

and 5.12. There is good agreement between the chemical shifts and they are generally 

within O.lppm of each other. We do however notice discrepancies with some of the 

protons. From table 5.13 we see that the observed C=C-SCS for H-3 in 1-

ethynylnaphthalene is -0.137. The difference between the observed and calculated value 

for H-3 is O.139ppm There is no general explanation for this and it is an interesting 

anomaly. The observed value for the meta proton in phenylacetylene is much larger at -

0.030ppm. We would however expect them to be similar in magnitude and that is what we 

see in the calculated C=C-SCS values for these protons from the CHARGE model. We 

may therefore conclude that the C=C-SCS operates to different magnitudes in naphthalene 

and benzene. 

Large discrepancies exist in the calculated chemical shift of the acetylene protons. 

In most of the aromatics we observe good agreement but we observe an average 

difference of ca. 0.36ppm in 9-ethynylanthracene and 2-ethynlpropene. 

Again, it is of interest to examine the large deshielding due to the sterlc and 

anisotropic effects of the group. H-8 in l-ethynylnaphthalene and H-l in 9-

ethynylanthracene occupy a parallel position to the C=C and downfield shifts ca. 8.3 and 

8.5ppm respectively are observed. The C=C-SCS for these protons from table 5.13 also 

illustrates this large deshielding effect. 

As discussed previously, the y-effect calculated from the a acetylene carbon for 

the aromatics is identical to that in the aliphatics. A 'Y-effect from the Sp2 carbon atom of 

an unsaturated system attached directly to the acetylene (H.C=C.CSJ)2) group influencing 

the IH chemical shift of the acetylene proton was determined. This non-orlentational 'Y

effect was incorporated into the CHARGE model: 

GSEF = 1.20/160.84 (Eqtn.5.5) 

For the long-range protons the sterle and anisotropy terms of the acetylene group 

are the major influence. For the aromatic molecules all iterations performed yielded a 

greater improvement of the calculated chemical shifts when the sterle and anisotropy 

terms were included and operated from each sp-carbon atom and also when the y-effect 

was included. 
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The final parameterisation of the acetylene group in aromatics included electronic 

effects for protons 2 or 3 bonds away from the C=C and steric and anisotropy effects 

operating on all protons within the molecules. 

The aromatic acetylenes have other mechanisms that may affect the proton 

chemical shifts, in particular, the ring current and 7t-electron effects. The CHARGE model 

assumes that the introduction of the acetylene group has no effect on the parent aromatic 

ring current and the good correlation between calculated and observed chemical shifts 

justifies this assumption. In contrast the introduction of the C=C group has a very 

significant effect on aromatic 7t-electron densities, hence a significant effect on the C=C

SCS. 

To explain the proton chemical shift in these aromatic molecules, we have to 

consider various effects and the nature of the substituent, i.e., its effect on the electron 

distribution throughout the aromatic system. This will be discussed in chapter six. 

It is again of interest to consider the magnitude of the factors, which contribute to 

the C=C-SCS. Table 5.14 gives the observed versus calculated C=C-SCS for selected 

molecules, along with the electric field, ring current and x-electron contributions. 
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Table 5.14. Calculated and observed C=C-SCS, with C=C steric, C=C anisotropy, C-H 

electric field, ring current and 1t-electron contributions for pheny1acetylene (12) and 112-

ethynylnaphthalene (15 and 16). 

IH Number Obs. Calc. C=C- C=C- C-H Ring 1t-shift 

Compound C=C- C=C- Steric Anis. Electric Current 

SCS SCS Field 

2,6 0.151 0.207 0.029 -0.072 -0.020 0.004 0.043 

12 3,5 -0.030 0.0 0.008 -0.068 0.045 0.005 0.013 

4 0.0 0.006 0.002 -0.063 0.033 -0.001 0.035 

C=C-H ------ ------ 0.0 -5.582 -0.004 0.196 -0.108 

2 0.223 0.216 0.029 -0.080 -0.020 0.0 0.065 

3 -0.137 0.002 0.008 -0.070 0.046 0.0 0.023 

4 -0.084 0.031 0.002 -0.062 0.034 0.0 0.058 

15 5 -0.084 -0.011 0.0 -0.036 0.014 0.0 0.010 

6 -0.037 0.002 0.0 -0.010 0.010 0.0 0.003 

7 0.053 0.039 0.007 0.023 0.0 0.0 0.012 

8 0.506 0.515 0.326 0.210 0.084 0.0 0.0 

C=C-H ------ -----.. 0.0 -5.581 0.009 0.318 -0.136 

1 0.184 0.242 0.032 -0.061 -0.021 0.0 0.068 

3 0.047 0.176 0.027 -0.078 -0.020 0.0 0.024 

4 -0.056 -0.015 0.007 -0.069 0.045 0.0 0.006 

5 -0.034 -0.022 0.0 -0.038 0.012 0.0 0.004 

16 6 0.023 -0.009 0.0 -0.022 -0.001 0.0 0.013 

7 0.023 -0.014 0.0 -0.019 -0.001 0.0 0.006 

8 -0.034 0.007 0.005 -0.029 0.018 0.0 0.014 

C=C-H ------ ------ 0.0 -5.581 -0.004 0.246 -0.123 

From the data above we observe that the C=C steric and anisotropy are very 

important in determining the C=C-SCS for all the protons in an aromatic system. We can 

see that the C=C shielding is larger for protons in closer proximity to the C=C. As stated 

earlier the shielding contribution is proportional to lIr6. We may observe the large 

deshielding effect on H-8 in compound 15, which is parallel to the C=C bond. It is again 

of interest to note that this SCS is due in large to the steric effect of the C=C group. 

For the aromatic acetylenes the ring current is calculated from the parent 

molecules, i.e. only two protons in naphthalene are different so the ring current is the 
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same for these protons in the ethynylnaphthalenes. If we examme the 1t-electron 

contributions we see that the magnitude of the contribution is dependent on the position 

of the proton with respect to the C=C group. The magnitude of this contribution is 

dependent on the magnitude offield and resonance effects operating in the molecule. 

5.6. Discussion. 

The results for the non-cyclic molecules provide a rigorous test for the CHARGE 

model. Unfortunately, few studies have been undertaken into calculating proton chemical 

shifts in acetylene compounds. As stated previously, various authors have undertaken 

calculations of the diamagnetic anisotropy of the acetylene group and these will be 

discussed. 

Reddy and Goldstein calculated a value for the acetylene anisotropy of -16.5xlO·6 

cm3 mOrl. J3C-H coupling constants were used as a measure of s-character. This therefore 

gave a measure of hybridisation and local shielding in a C-H bond. Vertical lines were 

obtained when .plots of observed chemical shifts vs. J3C_H coupling constants were made 

for compounds of similar structure. In order to obtain the effect ofC=C anisotropy on the 

acetylenic proton, the anisotropy shift of the CH3 in methylacetylene (the chemical shift of 

methyl protons in methane was subtracted from that of methyl acetylene) was determined 

from one of the plots and the value of A'l~ determined from the McConnell equation. 

The value of anisotropy calculated by Reddy and Goldstein is higher than the value 

calculated in this work. Our value of -11.56xlO·6 cm3 mor1 is a little smaller than that 

calculated by Reddy and Goldstein. Unfortunately, the value calculated by these authors 

was calculated by considering the acetylene protons only. Therefore it cannot be 

concluded that this value is acceptable for use in calculating the chemical shift of protons 

in molecules of different structure (i.e., ring systems and aromatics) or for protons more 

than three bonds away. 

Shoemaker and Flygare also calculated a value for the magnetic anisotropy of the 

acetylene group by use of the method discussed in the introduction. Although the authors 

considered no influence of the acetylene group in NMR, it is interesting to note the value 

of anisotropy calculated. The theory behind Shoemaker and Flygare's calculations will not 

be discussed here, but the value of -7. 70xl 0-6 cm3 mor1 was calculated. This value is a lot 

lower than that calculated by Pople (-19.4xlO-6 cm3 mor\ Reddy and Goldstein (-
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16.Sxl0-6 cm3 mor l
), and Zeil and Buchert (-36xlO-6 cm3 mor l

). This stark contrast is 

interesting because even though the value calculated by Shoemaker and Flygare is by a 

method unrelated to NMR, it is very comparable to the value calculated by the CHARGE 

model. 

Many authors have investigated the magnetic anisotropy of the acetylene group 

but very few have examined the possibility of deshielding regions alongside the C=C bond. 

Mallory and Baker confirmed that regions of de shielding existed alongside the C=C bond 

by examining the proton NMR of 4-ethynylphenanthrene (19), 5-ethynyl-l, 4-

dimethylnaphthalene (20) and S-ethynyl-l, 4-diethylnaphthalene (21). 

11
13 

a. 

8 10 

(19) (20) 

By examining the proton NMR of protons that exist in a parallel position to the 

C=C group, i.e., H-S in 19, the methyl protons in 20 and the methylene protons in 21, they 

observed unusually large downfield shifts, which results from the deshielding effect of the 

C=C group. 

A large deshielding of H-S in 19 (l.63ppm downfield from H-5 in parent 

molecule) was observed. In 20 the shielding of the protons in the C-4 methyl group 

(0.49ppm) were considerable but less than that of H-5 in 19 because of rotational 

averaging. The methylene protons in the C-4 ethyl group of 21 are slightly closer to the 

triple bond than the methyl protons in 20 and were found to be deshielded by O.S5ppm. 

Mallory and Baker made an assumption on the distance dependence of this de shielding 

sterlc effect of the acetylene group because the distances they used from the protons in 

question to the centre of the acetylene bond are from Dreiding models and only provide a 

hint to any distance dependence. The IH chemical shifts calculated by the CHARGE 

model for the proton on C-4 in 19 and for the methyl and ethyl protons in 20 and 21 can 

be seen in table 5.15. 
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Table 5.15. Observed vs. calculated IH chemical shifts (0) for selected protons m 

molecules 19, 20 and 21. 

Compound tH Number tH chemical sh ift 

Obs. Calc. 

19 5 10.340 9.409 

20 Methyl 3.010 2.946 

21 CH2 3.620 3.419 

Ifwe examine table 5.15 we observe a good correlation between the observed and 

calculated shifts for the methyl and CH2 in compounds 20 and 21. However, when we 

look at H-5 in 19 we observe a very large of ca.0.96ppm difference between the observed 

and calculated value. This is not a cause for concern however as H-S occupies a very 

unique geometry and is in very close proximity to the triple bond. The accuracy of the 

minimum geometry calculated by GAUSSIAN98W at the B3L YP/6-31 G** level may not 

be absolutely correct and since very small changes in bond lengths and angles have a very 

significant influence on the calculated proton chemical shifts it would be best to try and 

obtain an absolute geometry from x-ray crystal data and input this into charge. 

The distance between the centre of the triple bond and H-5 in 19 calculated from 

G98 is 2.208A. This compares with the value of 1.5SA measured from Dreiding models 

and also 2.408 calculated by PC Model3s
• If we calculate the chemical shift ofH-5 in 19 

by having the anisotropy in the middle of the double bond we observe no improvement in 

the calculated chemical shift. 

Mallory and Baker predicted a distance dependence on the magnitude of the 

acetylene shielding as proportional to IIr3 and that the shielding was from the centre of the 

triple bond. In the CHARGE model the shielding falls off at IIr6 and is calculated at each 

carbon atom in the acetylene bond. However, a IIr3 fall off point was incorporated into 

the CHARGE model, the rms. error of the calculated proton chemical shifts in the 

molecules investigated increases. 
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5.7. Conclusions. 

The proton chemical shifts of all the acetylene only compounds are composed of 

72 data points spanning a range of ca.O. 70 to 9.0Oppm and are predicted with an nns error 

of 0.074ppm. The C=C-SCS of all acetylene compounds and their derivatives are 

composed of 102 data points spanning a range of caO. 70. to 9ppm and are predicted with 

an rms error of 0.1 14ppm. 

We may conclude that the C=C-SCS long-range protons determined by magnetic 

anisotropy and sterlc effects only for both aliphatic and aromatic compounds, with the 

steric effect having a greater influence on chemical shifts. The short-range protons 

«3bonds) also require the inclusion of magnetic anisotropy and steric effects for aliphatic 

and aromatic compounds. The inclusion of a y-effect from the a acetylene carbon in both 

aliphatic and aromatic acetylenes is needed to calculate the chemical shifts of protons 3 

bonds away from the a sp-carbon. This y-effect of the acetylene carbon atom is found to 

have an orlentational dependence and operates for both aliphatic and aromatic acetylenes. 

A non-orientation dependent ~-effect from the acetylene a carbon in aliphatic acetylenes 

has also been incorporated into the CHARGE mode~ as has a y-effect from sp3 and sp2 

carbons on the acetylene proton chemical shift. 
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Chapter Six. Field and resonance effects in substituted aromatic compounds. 

6.1. Introduction. 

The influence of a substituent on the protons in the benzene ring has been a source 

of investigation for a number of years. However. there is still no quantitative calculation of 

these effects. Work by Castellano et all and Hayamizu and Yamamot02 involved the 

analysis of the proton spectra of a wide range mono substituted benzenes in dilute solution 

in CClt. The thorough analysis carried out allowed the accurate determination of the 

proton substituent chemical shift (SCS) and tables of the SCS are now an important part 

of NMR texe· 4 & 5. Many researchers have attempted to theoretically interpret this data. 

concentrating mainly on the correlation of the substituent ses and the calculated 1t (and 

0') electron densities on the carbon atoms adjacent to the proton under investigation. 

These investigations were motivated by the very good correlations between Be 
substituent SCS and the 1t-electron densities at the para carbon atom in mono-substituted 

benzenes6
• 

Hehre7 et al conducted research into the correlation of substituent chemical shift 

with 1t-electron densities. using ab initio calculations. Using the STO-3G basis set they 

illustrated that the 13e SCS could be interpreted on the basis of calculated electron 

densities. However. this was not the case for the proton SCS. Later investigations2
• 8 &; 9 

have attempted to correlate the I H ses with substituent parameters. 

In this chapter we will examine the attempts of authors to account for the 

substituent chemical shift of the carbo nitrile and acetylene group in mono and di

substituted benzenes and larger aromatic systems. 
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6.2. Correlation of 7t (and 0) electron densities with substituent chemical shift. 

To explain proton chemical shifts in substituted aromatic molecules, we have to 

consider various effects and the nature of the substituent, i.e., its effect on the electron 

distribution throughout the aromatic system. As stated above, work by Hehre et al 

examined how the substituent may disturb the electron distribution within a molecule and 

thus affect proton chemical shifts. Hehre et al conducted work on a range of substituted 

benzenes and considered the effect of the substituent on the meta and para carbons and 

protons, since these are the most perturbed atoms in these molecules. They omitted the 

ortho proton SCS presumably on the grounds that these "other" effects are even more 

important at these protons. They also noted that strongly electronegative substituents 

caused polarisation of the 7t system without charge transfer, leading to changes in the 7t 

densities around the ring and this is termed the 7t-inductive effect. 

Hehre et al published 7t-electron distributions for all the ring carbons for a series of 

monosubstituted carbons and found that they reflected the many of the ideas of classical 

organic chemistry. Therefore groups such as CN, N~, CO2, etc., that are capable of 

conjugation with the 2p orbitals on the aromatic ring carbons lead to 7t-electron 

disturbance at ortho and para positions and 7t charge transfer between the substituent and 

the ring. Various ab initio calculations at the 8TO-30 level were carried out to determine 

the change in the electron populations of the 1t and a orbitals relative to benzene for meta 

and para carbon atoms and for the attached hydrogens. 

An attempt was made to establish a link between the electron densities at the 

proton and at the carbon to which it is attached and the chemical shift of this proton. It 

was concluded that in terms of calculated charge densities, the chemical shift of the meta 

proton could be approximated with the combination of the a-charges at the hydrogen 

atom and at the attached carbon The proton chemical shift of the para proton could be 

correlated with the total charge at the carbon atom but displayed very minimal dependence 

on the charges at the hydrogen These correlations can be seen in figUres 6.1 and 6.2. 
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It was therefore permissible to say that the proton chemical shifts depend on 

factors other than electron densities at the hydrogen atom and adjoining carbon atom. As 

calculated in this work, these other factors include ring current effects, which are 

proportional to the substituent resonance interaction and inductive effects. 

Hehre et al concluded that the chemical shifts of protons in meta and para 

positions were much more dependent on the resonance contribution than the calculated 

charge densities at their respective hydrogen atoms. It was found that an approximate 

correlation of chemical shifts for meta and para protons can be achieved by a combination 

of change in the electron populations at the hydrogen and the total x-charge transfer to or 

from the substituent and the benzene ring. This x-charge transfer was assumed to account 

for the ring current effects. This combination was deemed acceptable as long as a 

correction term for the x-electron ring current effects was included. The can be seen in 

eqtn.6.1. 

(Eqtn.6.1) 

Where: 

AqH is the change in the electron density at the hydrogen. 

~Aqlt is the total x-charge transfer to or from the substituent and the benzene ring. 

When this term was plotted against the SCS for the meta and para protons for a 

range of substituents a good correlation was obtained. However, this term seems to be of 

no use at all. By using this plot alone we cannot deduce why the para proton in the 

molecule of interest in this work, benzonitrile, is shifted 0.1 ppm more downfield than the 

meta proton, because Hehre et al determined that AqH and ~Aqll C are effectively the same 

for meta and para carbons and protons. What we do notice is that for the para carbon in 

benzonitrile we have a decrease in electron density at the x orbital (AqllC) and a slight 

increase in electron density at the (J orbital (Aqa c) with respect to benzene. This 

relationship is not displayed in the meta position where the electron density at the 7t orbital 

remains effectively the same as in benzene but the (J electron density at the carbon 

increases. Therefore what we may conclude is that Hehre et at could establish no direct 
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link between the electron densities at the specific atoms and the proton chemical shifts 

related to them. 

6.3. Field (F) and resonance (R) effects on substituent chemical shifts in 

substituted aromatics. 

aJ The carbonitrile group (C=N), 

Although no direct work was undertaken with respect to IH chemical shifts. Swain 

and LuptonlO calculated the field and resonance components (F and R) of substituent 

effects in the hope that they may provide more accurately defined and more physically 

significant independent variables for predicting substituent effects on physical properties 

(we note that pure field [through space] and inductive effects [through bond polarisation] 

are joined together to under the name field effect). They concluded that the CN group had 

F and R effects operating to different degrees for different positions in an aromatic ring 

(benzonitrile). The eN group was found to be a very good electron acceptor by resonance 

but it was determined that the CN group had a much larger positive field effects than 

resonance effects. In terms of position of atoms with respect to the CN. it was found that 

the sensitivity to resonance effects is much greater for para subsituents (in this case carbon 

and hydrogen). However. even though conjugation is not as complete for a meta 

substituent it cannot be neglected. 

Field effects for the CN group are more of an unknown in aromatics and we do 

not know whether they or resonance effects are more important for meta substituents. 

although we know resonance effects are not as complete for meta substituents. However. 

we can estimate the significance of field and resonance effects on the substituent chemical 

shift. This can be done by implementing eqtn.6.1l. used by Swain and Lupton to 

determine the substituent constant. 0': 

O'=fF + rR (Eqtn.6.11) 

Where: 

(1 is the substituent constant and / and r are weighting filctors or empirical 

sensitivities. 
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To establish how the substituent chemical shift depends on or is influenced by F 

and R effects we can simply replace cr with the SCS for different substituents on benzene 

for protons in the meta and para positions of the benzene ring. Therefore we may write 

equations 6.3 and 6.4. 

/1m-X = fF + rR (Eqtn.6.3) 

and 

/1p-X = fF + rR (Eqtn.6.4) 

Where: 

/1m-X / /1p-x is the SCS for protons in para and meta positions of substituted 

benzene. 

With the SCS for protons in the meta and para positions at our disposal we may 

use a non-linear mean squares calculation to determine the coefficients / and r. The values 

of F and R have been determined for a range of substituents by Hansc~ Leo and Taft' \ 

which are very similar to values determined by Swain and Lupton but covering a wider 

range of substituent groups. These values of F and R can be seen in table 6.1. 
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Table 6.1. Substituent field (F) and resonance (R) effects and the SCS for meta and 

para protons in mono-substituted benzene. 

Substituent Component Substituent chemical shift/ppm 

Field effect (F) Resonance Meta-proton Para-proton 

effect (R) 

NH2 0.08 -0.74 -0.25 -0.65 

OH 0.33 -0.70 -0.12 -0.45 

F 0.45 -0.39 -0.02 -0.23 

CH3 0.01 -0.18 -0.12 -0.22 

H 0.00 0.00 0.00 0.00 

C=N 0.51 0.15 0.18 0.28 

N02 0.65 0.13 0.26 0.38 

-CO.CH3 0.33 0.17 0.14 0.21 

-OCO.CH3 0.42 -0.11 0.03 -0.13 

CI 0.42 -0.19 -0.02 -0.09 

Br 0.45 -0.22 -0.08 -0.04 

I 0.42 -0.24 -0.21 0.00 

-OCH3 0.29 -0.56 -0.09 -0.44 

C=C 0.22 0.01 0.025 0.00 

Note that -ve values ofSCS indicate upfield shifts from benzene 

The calculated values off and r can be seen below for the m and n protons: 

i) Meta proton 

Il.m-X = 0.184F+ 0.363R (Eqtn.6.S) 

The values of I and r were determined with an rms error of 0.072 and average 

error of 0.050. We can see from this equation that the resonance effect seems to playa 

greater part in influencing the chemical shift of the meta proton of substituted benzenes. 

However the value of the coefficients do not differ by a huge amount and we cannot say 
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that the dependence of proton chemical shifts upon the resonance effects of the substituent 

group is greater than the dependence on field effects. 

ii) Para proton 

tlP-X = 0.286F + 0.881R (Eqtn.6.6) 

The values for f and r were determined with an rms. error of 0.064 and average 

error of 0.050. We can clearly see that the dependence of the SCS on resonance effects is 

far greater than the dependence on field effects. This is to be expected since resonance is 

greater for para substituents. Plots of m and 12-SCS vs. F and R components can be seen in 

figures 6.3 and 6.4. 

Figure 6.3. Meta proton SCS vs. field and resonance components for vanous 

functional groups in mono-substituted benzene. 
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Figure 6.4. Para proton SCS vs. field and resonance components for various functional 

groups in mono-substituted benzene. 
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From figures 6.3 and 6.4 we can clearly observe the greater correlation of SCS 

with F and R components for the para proton in mono-substituted benzene. 

The field and resonance contributions to the proton SCS ifF and rR) in 

benzonitrile are thus given from eqtn's. 6.5 and 6.6 as 0.094 and 0.055 for the meta 

protons and 0.146 and 0.132 for the para protons. It is of some interest to compare these 

values with the calculated contributions to the proton SCS in benzonitrile in table 10 of 

chapter five. For benzonitrile the meta proton SCS has electric field and 11 charge 

contributions of 0.121 and 0.044 res. and for the para proton SCS the calculated 

contributions are 0.092 and 0.107 res. These values are in good agreement with the values 

obtained by the Swain and Lupton treatment although they are based on a totally different 

conceptual treatment and this gives strong support for the model used in these 

calculations. 

The IH chemical shifts and CN-SCS for the dicyanobenzenes has been calculated 

to a good degree of accuracy (table 4.11 [chapter four]). Again we observe contributions 
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to the 1 H chemical shift from electric field effects and ring current effects. However 

contributions that arise from resonance and field effects cannot be easily quantified 

because of di-substitution. For example. in ortho-dicyanobenzene protons 4 and 5 are in 

meta and para positions to the two cyanides and protons 3 and 6 are in ortho and meta 

positions to the cyanides. Thus, it is difficult to say to what degree field and resonance 

contributions operate on the protons. The same can be said for all the dicyanobenzenes. 

The IH chemical shifts of the 1/2-naphthonitriles and 9-anthracenecarbonitrile are 

also calculated to a good degree of accuracy but there are a few large discrepancies. From 

table 4.12 (chapter four), we observe that the calculated chemical shift of H-3 in 1-

naphthalenecarbonitrile is a large ca.O.203ppm from the observed value. We would expect 

this proton meta to the CN group to exlubit similar behaviour to that of the meta proton in 

the benzonitrile and dicyanobenzenes and display a similar CN-SCS or significant CN

SCS. However, we actually observe a negligible CN-SCS (table 4.14 [chapter four]). This 

behaviour must indicate that the presence of two aromatic rings must significantly alter the 

behaviour of all the protons in the system. 

We also see a large discrepancy in 9-anthracenecarbonitrile. From table 4.12 

(chapter four) the calculated chemical shift of H-IO is ca.O.26ppm downfield from the 

observed value. The ring system must possess complex electronic properties and hence 

field and resonance effects must operate all over the system. 

b) The acetylene group (C=C). 

Unlike the carbonitrile group, correlation of 1t (and a) electron densities with the 

substituent chemical shift of the acetylene group was not included by Hehre et al in their 

investigation. In this work, GAUSSIAN98W and CHARGE calculations have shown that 

the 1t-electron density at the para carbon is less than that at the meta carbon indicating that 

resonance effects withdraw the 1t-electron density to a greater extent in the para carbon. 

The a-electron density remains roughly the same for the meta and para carbons so it is 

possible to say that this smaller 1t-electron density at the para carbon plays a significant 

role influencing the chemical shift of the para proton. However, the e=-C-SCS for this 

proton is only slightly more upfield than the meta proton. Therefore for the acetylene 

group, equating the e=-C-SCS of a particular proton and 1t-electron density at the 

connecting carbon atom can really lead to no significant conclusions. 
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Following on from the "Swain and Lupton" treatment into the influence of field 

and resonance effects on carbo nitrile SCS in substituted aromatics, the same procedure 

was performed for the acetylene group. We have already calculated the values off and r 

for substituted benzenes from eqtns.6.3 and 6.4. Therefore all we need to calculate is the 

field and resonance contributions to the proton SCS (jF and rR) in phenylacetylene using 

eqtns.6.5 and 6.6. Thus, values of 0.005 and 0.009 for the meta protons and 0.0 for the 

para protons are calculated. It is again of interest to compare these values with the 

calculated contributions to the proton SCS in phenylacetylene in table 5.9 (chapter five). 

For phenylacetylene, the meta proton SCS has electric field and 7t charge contributions of 

0.0 and 0.013 res. and for the para proton SCS the calculated contributions are 0.0 and 

0.035 res. Again, these values are in reasonable agreement with the values obtained by the 

Swain and Lupton treatment. 

The lH chemical shifts of the 1I2-ethynylnaphthalenes and 9-ethynylanthracene are 

calculated to a good degree of accuracy but there are a few large discrepancies. From 

table 5.13 (chapter five) we observe that the experimental C=C-SCS ofH-3 (meta) in 1-

ethynylnaphthalene is -0.137ppm. We would expect this proton to exhibit similar 

behaviour to that of the meta proton in the phenylacetylene, or the meta protons in ortho 

and para-ethynyltoluene and display a similar C=C-SCS. However, we actually observe 

C=C-SCS of ca.O.Oppm for the phenylacetylene and ortho and para-ethynyholuenes. This 

behaviour may indicate that the presence of two aromatic rings must significantly alter the 

behaviour of all the protons in the syste~ as we have seen above in the carbonitriles. 

An interesting observation in the aromatic acetylenes is the very similar calculated 

and observed C=C-SCS for the para protons in phenylacetylene, l-ethynyJnaphthalene and 

9-ethynylanthracene. From the studies on the aromatic carbonitriles above it was noted 

that the para proton CN-SCS in benzonitrile and l-cyanonaphthalene varied greatly to that 

in 9-cyanoanthracene. It was concluded that the 9-cyanoanthracene must have complex 

electronic properties and so field and resonance effects must operate all over the system. 

However, it is quite clear from table 5.13 (chapter five) that in 9-ethynyJanthracene the 

field and resonance effect must be operating to a much lesser extent over the three ring 

syste~ or even the two ring system of l-ethynlnaphthalene as all the C=C-SCS values for 

the para protons are approximately zero. This suggests that the carbonitrile group has 

lSI 



significantly different field and resonance effects in aromatic systems than the acetylene 

group when we have different numbers of aromatic rings in the molecules. 

6.4. Conclusions. 

We have seen from the work by Hehre et al that equating the substituent chemical 

shift of meta and para protons in substituted benzenes with electron densities, provides no 

direct link between electron densities at the specific atoms and the proton chemical shifts. 

They concluded that the proton SCS depends on factors other than the electron densities 

at the hydrogen atom and adjoining carbon atom. It is unfortunate that these investigations 

did not attempt to correlate the proton SCS with the 1t-electron charge density at both the 

attached and neighbouring carbon atoms (eqtn.2.12 [chapter two]) as this approach has 

been successful for both the cyano derivatives studied in chapter four and a range of 

monosubstituted benzenes ( chapter three). 

The analysis using the "Swain and Lupton" treatment indicates how field and 

resonance effects operate to different degrees in monosubstituted benzenes. Equations 6.S 

and 6.6 illustrate that the dependence of proton chemical shifts on F and R effects operate 

to approximately the same degree for meta protons and that resonance effects operate to a 

greater degree for para protons. 

The main problem of using correlations such as those in eqtn.6.3 and 6.4 is that 

they do not take into account the large differences in the SCS components of the various 

groups, which need to be considered individually. Earlier work12 has shown for example, 

that the OH group has no anisotropic or steric effect and both the meta and para SCS are 

dominated by the 1t-electron shift. This is much greater in the para position but the meta 

SCS is still dominated by the 1t-effect. In contrast, in benzaldehyde the electric field and 

anisotropy contnbutions equal the 1t-shift for the meta proton and are a significant but 

minor contnbution for the para proton. In addition, the nitro and cyano groups differ from 

both these in that they have no anisotropic effect but the electric field effect is 

predominant at the meta proton and equal to the 1t shift at the para proton. This shows 

that each substituent group must be considered separately in order to calculate the 

separate steric, electric and anisotropic contributions at the various protons. 
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Chapter Seven. 

Proton chemical shifts, ring currents and 7t

electron effects in hetero-aromatics. 
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Chapter Seven. Proton chemical shifts, ring currents and 7t-electron effects in 

hetero-aromatics. 

7.1. Introduction 

Investigations into the chemical shifts of hetero-aromatics are of considerable 

interest and importance in organic chemistry, since hetero-aromatic are a vital component 

in a range of chemical compounds l
. We have examined the condensed aromatic 

hydrocarbons in great details in chapter three and now we need to apply the same theories 

to hetero-aromatic compounds. As stated previously (chapter three), the influence of 7t

electron densities and ring currents on aromatic proton chemical shifts has been the 

subject of limited investigations over the years. There is still no authoritative calculation 

(even a semi-empirical one) of the proton chemical shifts of aromatic compounds and the 

structural chemist still has to rely on proton data banks for the identification of aromatic 

compounds by NMR. This also applies for hetero-aromatic compounds and hence a 

comprehensive investigation into the proton chemical shifts of hetero-aromatics has been 

conducted here. 

A very limited amount of research into proton chemical shifts in heteroaromatic 

compounds has been carried over the years. Abraham and Thomas2 calculated the ring 

currents in a range of five membered hetero-aromatic compounds under investigation. The 

method used to calculate the effect of the ring current on the chemical shifts of ring 

protons or methyl groups was to compare the shifts in aromatic molecules with those for 

similarly bonded molecules where no ring current was possible. For example, benzene 

should be compared with cyclohexa-l, 3-diene. The contnbutions to the chemical shift 

other than the ring current contributions should be cancelled out by use of this method. 

By use of this method it was possible to estimate the ring current shift in ~ 

thiophene, thiazole and imidazole and determine the ratio of ring currents in these 

molecules with respect to benzene. This was performed by comparing the proton chemical 

shifts of the aromatic compounds with those of similarly constituted protons in the 4,5-

dihydro-compounds. It was thought that the only effect influencing the chemical shift of 

H-2 in the aromatic ring would be the introduction of a second double bond. Hence, the 

difference between the shifts is due to the ring current. The ring current was modified in 

order to obtain a calculated value of ASH-2, the difference in chemical shift between H-2 
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in the aromatic and 4, 5-dihydro compounds, matching the observed value. 2-Methyl 

substituted aromatics were also used, with comparison being made to the methyl shift in 

the dihydro compound. 

The chemical shift of proton and methyl groups on C-2 in the compounds 

investigated were used because of mesomeric effects that occur on H-3 in the dihydro 

fonn (fig.7.1), resulting in a shielding effect on H-3 and hence high field shift. Therefore 

H-3 should not be used in studying ring current effects. This above method was used in 

this investigation to calculate the ring currents of various five membered hetero-aromatics 

compounds and will be discussed in more details later. 

Figure 7.1. Mesomeric forms in the dihydro compounds. 

1\ 1\ 
-CH=CH - x- .... --.. _oCH - CH=X+- (x=o, S orN) 

The results of the investigation by Abraham and Thomas showed good agreement 

of calculated and observed chemical shift for H-2. However, there is some controversy 

surrounding the use of dihydro compounds as a non-aromatic model. Corrections for the 

missing double bond, the heteroatom (which has a large inductive effect) and mesomeric 

effects must be considered. There are also possible conformational changes between the 

aromatic and dihydro compounds, and the effect of change in hybridisation state of the 

heteroatom, which may affect the accuracy of results. Because of these considerations, 

only methyl shifts in the C-2 position of the compounds investigated were used in 

detennining the ring current in this investigation because all of the above considerations 

are much smaller when considering the chemical shift of the methyl. However, this was 

dependent on the availability of non-aromatic model compounds containing a methyl 

group in the appropriate position. 

Because of the concerns over the use of dihydro compounds as a non-aromatic 

model, various authors have criticised their use. Elvidge3 proposed other non-aromatic 

models for comparison with furan, etc. He compared the methyl shift of a 'in chain' 

methyl group in a polyene with toluene, arguing that bond alternation is minimal in this 

system. The assumption was that the shielding effect of the double bonds in the polyene 
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was equivalent to that of two double bonds in methylcyc1ohexatriene. However. this 

method does not take into consideration the different geometry's of the two systems, the 

double bonds in the polyene being s-trans and in the ring s-cis. This seems to suggest that 

this method is less reliable for use as a model for ring current calculations. 

De Jongh and Wynberg4 used the same method as Abraham and Thomas but 

instead of ignoring H-3 shifts they averaged the shifts of H-2 and H-3 in the dihydro 

compounds. They also made a comparison of benzene to cyclohexane to have some 

consistency with their furan to dihydrofuran shifts. By doing this they assume that in the 

cases of dihydrofuran and cyclohexane the effect of a second double will be the same, 

which is known to be incorrect. 

In this investigation we shall see how the implementation of the method used by 

Abraham and Thomas enabling us to calculate the ring current in the hetero-aromatics 

investigated. This provides us with an excellent account of the influence of the ring 

current on proton chemical shifts. The use of the non-aromatic model proposed by 

Abraham et al is subject to some debate but it is still the least prone to error of aU the 

models proposed and is implemented where appropriate in these calculations. 

We give here the proton chemical shifts of a selection of condensed hetero

aromatic compounds in CDCh. These provide sufficient data for an analysis of the proton 

chemical shifts in hetero-aromatics based on the CHARGE model. In this investigation we 

shall use model B for the calculation of the ring current intensities for various hetero

aromatic compounds (see chapter two). The effects of the heteroatom are well reproduced 

for aU the protons on the basis of calculated n-electron densities. It was also necessary to 

calculate the charge densities at the aromatic protons to quantify the appropriate a, ~ and 

y-effects if any exist and this will be discussed in detail later. 

In this work a complete analysis of the I H chemical shifts in hetero-aromatic 

compounds is presented using a large data set of conformationally rigid molecules with 

fully assigned IH NMR spectra. These include phenol (2), anisole (3), benzofuran (10), 

thionaphthene (19), indole (26) and N-methyl (27), 2-methyl (28), 3-methyl (29) and 7-

methylindoles (30), aniline (31), pyridine (32), 2-picoline (33), 3-picoline (34), quinoline 

(36), 2-methyl (37), 3-methyl (39), 4-methyl (40) and 6-methylquinolines (41) and 

isoquinoline (42). This data together with previous literature data for vinyhnethylether (1), 

furan (4), 4, 5-dihydrofuran (5), 2-methylfuran (6), 2-methyl-4, S-dihydrofuran (7), 2, 5-
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dimethylfuran (8), 3-methylfuran (9), vinylmethylsulfide (11), thiophenol (12). thiophene 

(13), 4, 5-dihydrothiophene (14), 2-methylthiophene (15), 2-methyl-4, 5-dihydrothiophene 

(16), 2,5-dimethylthiophene (17), 3-methyhhiophene (18), pyrrole (20), N-methylpyrrole 

(21), 2-methylpyrrole (22), 2, 5-dimethylpyrrole (23), 1, 2, 5-trimethylpyrrole (24), 3-

methylpyrrole (25), 4-picoline (35), 2-Methyl-3, 4-dihydroquinoline (38). 1-

methylisoquinoline (42), I-methyl-3, 4-dihydroisoquinoline (44) and 3-methylisoquinoline 

(45) allowed the calculation of the IH chemical shifts for these molecules. Molecules with 

two heteroatoms were also considered. These were the diazbenzenes as pyrimidine (46), 

pyrazine (47), pyridazine (48). Also considered was imidazole (49). 2-methylimidazole 

(50), 2-methyl-4, 5-dihydroimidazole (51), thiazole (52), 2-methylthiazole (53), 2-methyl-

4, 5-dihydroithiazole (54) and oxazole (55). Compounds 8, 12, 17, 18.20-24,35, 42 and 

45-48 were obtained from the Aldrich library of chemical shiftss. Compounds 4-7, 13-16 

and 50-54 were obtained from ref.2. Viny1methylether (1), 3-methylfuran (9), 

vinylmethylsulfide (11), 2-methylpyrrole (22), imidazole (49), 2-methyl-3, 4-

dihydroquinoline (38) and oxazole (55) were obtained from refs.6-12 respectively. The 

molecules examined and their nomenclature can be seen in figures 7.2-7 .S. 
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Figure 7.2. Oxygen containing hetero-aromatic molecules. 
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Figure 7.3. Sulphur containing hetero-aromatic molecules. 
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Figure 7.4. Pyrroles. 
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Figure 7.6. Aniline, pyridines and diazabenzenes 
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Figure 7.7. Quinolines and iso-quinolines. 
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Figure 7.S. Irnidazoles, Thiazoles and Oxazole. 
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7.2. Application of the theory to hetero-aromatic compounds. 

A detailed account of the CHARGE theory can be seen previously (chapter two). 

a) Identifying aromatic systems. 

The major contributions to the proton chemical shifts in hetero-aromatic 

compounds are ring current and 1t-electron effects, with smaller contributions due to 

charge densities, hence a., ~ and y-effects and the long-range contributions. It was 

therefore necessary to determine the 1t-electron densities at each atom and the ring 

currents in the compounds investigated. These will be discussed in depth below. As 

discussed in chapter two, subroutines were added to the CHARGE model in order to take 

into account a range of aromatic systems, with its capabilities extended to incorporate 

systems such as benzofuran, quinoline and systems containing two heteroatoms. WIth this 

done, it was necessary to parameterise the ring currents, 1t-electron effects and electronic 

effects in hetero-aromatic compounds. 

b) Ring Currents. 

As we have seen in chapter three, the CHARGE model was modified to be able to 

determine the aromatic ring current at a given proton in a number of aromatic compounds 

from the equivalent dipole model, eqtn.3.1. 

4c= Ie p (3cos2 8-1) / R3 

Where: 

4c is the chemical shift due to the aromatic ring current. 

R is the distance of the proton from the benzene ring centre. 

8 the angle of the R vector from the benzene ring symmetry axis. 

p is the equivalent dipole of the benzene ring. 

(Eqtn.3.1) 

Ie is the 1t-electron current density for the benzenoid ring, being equal to 1.0 for 

benzene. 

In this investigation it was therefore necessary to detennine the ring current 

density fe, for the different hetero-aromatic ring systems under investigation. As has been 
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stated previously, the CHARGE model calculates the molecular ring current by use of 

method B in chapter two, using the Pauling model13. The method implemented for the 

parameterisation of the ring currents was that utilised in earlier work by Abraham and 

Thomas as discussed in the introduction. For the furans, thiophenes, imdazoles and 

thiazoles the ring current was calculated by examining the proton chemical shift of methyl 

groups in the C-2 position of the ring in the aromatic and dihydro compounds. Hence, the 

ring current was modified in order to obtain a calculated value of ~OCH3, the difference in 

chemical shift between the CH3 in the aromatic and 4, 5-dihydro compound, which 

matched the experimental value of ~OCH3. This value of ~OCH3 represents the chemical 

shift change of the methyl group due to the ring current. This method was also used to 

determine the ring current in the hetero-aromatic ring of quinoline and isoquinoline, using 

the 2-methylquinoline/2-methyl-3, 4-dihydroquinoline and l-methylisoquinoline/l methyl-

3, 4-isoquinoline. 

In figure 7.9 is the experimental vs. calculated chemical shift of the methyl protons 

and the ~o values in the following aromatics. 
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!1!gure 7.9. Observed vs. calculated (in parenthesis) chemical shifts and L\o values for 

methyl protons in aromatic and dihydro derivatives. (All values in ppm). 
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In order to calculate Ie in the remaining compounds, all of the proton chemical 

shifts in the ring systems were included in the parameterisation. 4, 5-dihydropyrrole 

compounds decompose rapidly and as a result relevant chemical shift data could not be 

obtained. The same may be said for pyridine and its methyl derivatives (2, 3 and 4-

picoline) and also the diazabenzenes. No data for 2-methyloxazole could be found in the 

literature and as a result all protons in the ring must be considered in this system. 

Table 7.3. Calculated ring current intensities in various hetero-aromatic families. 

Molecule Ring current intensity (fc) 

Furans 0.67 

Pyrroles 

Thiophenes 

Pyridines 

Diazabenzenes 

Quino lines/lsoquino lines 

Imidazoles 

Thiazoles 

Oxazoles 

0.72 

0.83 

0.85 

0.72 

0.75 

0.61 

0.76 

0.67 

Inspection of table 7.3 shows the calculated values of Ie for all the ring systems 

investigated. These calculated values give the best fit with the observed chemical shift 

data. These optimised values will be considered in detail later. 

c) It-electron densities. 

The 7t systems in the range of hetero-aromatic compounds investigated are varied 

and often complex, ranging from systems such as that in furans and vinylethers to 

benzofurans and quinolines. Because of the nature of these compounds it was necessary 

for the CHARGE model to differentiate the various 7t systems encountered. For example, 

the non-aromatic 1t system of vinylmethylether may be quite different to that of furan and 

phenol as the influence of a substituent on a aromatic SP2 carbon may be different to that 

on a non-aromatic sP2 carbon and therefore it was necessary to treat these compounds 
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separately. It was also important to consider that the 7t systems in five and six membered 

hetero-aromatic rings may differ. 

To overcome this problem routines were added to the CHARGE model in order to 

calculate the 7t-electron densities in the various hetero-aromatic systems, treating 

compounds containing oxygen, sulphur and nitrogen as separate entities, and breaking 

these down to calculate the 7t-electron densities in unsaturated non-aromatic, five 

membered, six membered and the two ring systems (e.g. quinoline and indole). It was also 

necessary to differentiate the different types of nitrogen atoms present in these 

compounds. The nitrogen atom in aniline, labelled N(I), is in a different hybridisation state 

to that ofthe nitrogen atom in pyrrole N(2) and pyridine N(3). 

From the theory (chapter two) we have seen that the CHARGE model calculates 

7t-electron densities from Huckel theory using eqtn. 2.11. 

Where: 

a r = no + h,~o 

~rs= krs~o 

(Eqtn.2.11) 

no and ~o are the coulomb and resonance integrals for a carbon 2pz atomic orbital. 

As a result it was necessary to determine the values of the atomic orbital 

coefficients h, and krs which are the Huckel integrals for CSJ>2-X, where X = 0, S, N. 

These were calculated for the five membered hetero-aromatics, six membered hetero

aromatics, five attached to six membered ring heteroaromatics, quinolines and 

isoquinoline systems and the non-aromatic vinyl ethers. 

The 7t-electron densities were reproduced from those calculated using 

GAUSSIAN98WI4
• As we have seen in previous chapters the results from the ab initio 

calculations are very dependent on the basis set used and different values of dipole 

moments and 7t-electron densities may be obtained from using different basis sets. It was 

found that using the 3-21G basis set at the B3L yP level gave the best values of dipole 

moment for the compounds investigated and as a result the 7t-electron densities from this 

basis set were used to parameterise the Huckel calculations. 
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The accuracy of the n-electron densities calculated in the CHARGE scheme may 

be examined by calculating the dipole moments of some hetero-aromatic systems. The 

calculated vs. observed (in parenthesis) dipole momentslS (D) of vinylmethylether, furan, 

thiophene, pyrrole, phenol, indole and quinoline are 0.94(1.11), 0.88(0.72), 0.70(0.53), 

1.59(1.74), 1.56(1.50), 1.78(2.09) and 2.20(1.94). This general agreement demonstrates 

support for n-electron density calculations and the electron densities (n) and dipole 

moments calculated for a range of compounds by the CHARGE model and 

GAUSSIAN98Ware given in table 7.1. 

Table 7.1. n charges (milli-electrons), and dipole moments J.1 (D), for 

methylvinylether, furan, thiophene, pyrrole, pyridine and indole. 

Compound Atom Method 
STO-3G 3-2IG 6-3IG CHARGE Obsen'ed 

C1 -58 -156 -11 -76 
Vinylmethyl C2 -132 -18 -137 2 

ether 0 216 236 193 74 
Ii 1.46 1.09 1.319 0.94 1.23 
C2 -130 -107 -94 -48 
C3 -72 -75 -68 -33 

Furan 0 404 364 323 162 
Ii 0.17 0.71 0.97 0.88 0.72 
C2 -113 -130 -133 -61 
C3 -58 -35 -32 -18 

Thiophene S 342 330 331 157 
/.l 0.57 0.72 0.82 0.70 0.53 
C2 -129 -125 -92 -75 

Pyrrole C3 -88 -93 -87 -57 
N 434 436 394 264 
/.l 2.00 2.03 1.93 1.59 1.74 
C2 4 22 36 47 
C3 7 -3 -2 3 

Pyridine C4 24 39 41 30 
N -47 -78 -110 -119 
f.J 2.00 2.25 2.49 2.02 2.15 
C2 -83 -76 -66 -48 
C3 -97 -106 -102 -70 
C4 -13 -11 -13 -9 
Cs -29 -37 -36 -21 

Indole C6 -18 -22 -21 -13 
C7 -52 -57 -55 -21 
N 392 394 347 234 

J.l 2.15 2.26 2.16 1.78 2.09 
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Note that 7t-electron densities for phenol, thiophenol and aniline have been 

calculated in previous work. 

Values of krs and hr for C8p2-X gave 7t-electron densities in reasonable agreement 

with those calculated from ab initio calculations. These values can be seen in table 7.2. 

Table 7.2. Values of krs and hr for CSP2-X where X = 0, S, N in a range of hetero-

aromatic, substituted and non-aromatic compounds. 

Compound kn hr 

Phenol 1.45 0.90 

Furan 1.69 0.59 

Vinylmethylether 1.13 0.59 

Benzofuran 1.223 0.59 

Thiophenol 1.27 0.66 

Vinylmethylsulfide 0.97 0.40 

Thiophene 1.27 0.47 

Benzothiophene 0.79 0.47 

Pyrrole 1.60 1.28 

Indole 1.50 1.28 

Pyridine 0.30 1.00 

Imidazole (CsP2-N=CsP2) 0.16 1.00 

Imidazole (Csp2-NH- 1.60 1.28 

CSP2) 

d) Electronic efJects (a, fJ and r-efJects). 

As we have seen in previous chapters of this work, the a, ~, and y-effects of the 

substituents are due to electronic effects and are modelled on a semi-empirical basis. The 

a-effect has been determined previously in chapter three and hence only the ~ and y_ 

effects must be determined. The p-effect is calculated directly from the heteroatom 

electro negativity and proton polarisability. There are a significant number of y-effects 

(GSEF) to calculate and these will be discussed in more details later. 
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e) Long-range effects. 

The long-range effects in aromatic compounds have been analysed previously 

(chapter three) and as a result no further parameterisation is required. The electric field 

effects due to the C-H and C-X (where X=O, S, NSP3, N-pyrrole and N-pyridine) are 

calculated by CHARGE directly from partial atomic charges as the coefficient Az in 

eqtn.2.8. has already been determined. The steric effects for aromatic protons have also 

been previously determined in chapter three and there are no sterlc effect on any aromatic 

protons from the heteroatoms in this investigation. 

7.3. Experimental. 

Phenol (2), anisole (3), benzofuran (10), thionaphthene (19), indole (26) and N

methyl (27), 2-methyl (28), 3-methyl (29) and 7-methylindoles (30), aniline (31), pyridine 

(32). 2-picoline (33), 3-picoline (34), quinoline (36), 2-methyl (37), 3-methyl (39), 4-

methyl (40) and 6-methylquinolines (41) and isoquinoline (42) were obtained 

commerciallyJ7. 18. 

IH and BC NMR were obtained on a Bruker Avance spectrometer operating at 

400.13MHz for proton and 100.63MHz for carbon. HMQC, HMBC and NOE 

experiments were also conducted. 

The spectra were generally recorded in 10mg em·3 solutions eH) and ca.50mg em-

3 (I3C) with a probe temperature of ca.25°C in CDCh and referenced to TMS unless 

indicated otherwise. Typical running conditions of the spectrometers were 128 transients, 

spectral width 3300Hz and 32k data points. This gave an acquisition time of 5s and zero

filled to 128k to give a digital resolution ofO.025Hz. 

The 2D experiments were conducted using the standard Bruker COSY-DQF and 

HMQC pulse sequencesl9
• The geometry's of the compounds investigated were obtained 

by use of the program PC MODEL Version 7.02°. The molecular geometry's of the 

compounds investigated were optimised using the GAUSSIAN98 programme at the 

B3L YP/6-31 G** levels I 4. The GAUSSIAN98 and CHARGE calculations were carried 

out using a PC. 
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7.4. Spectral Analysis. 

The IH NMR assignments of compounds of all the compounds investigated can be 

seen in tables 7.4-7.15, along with the calculated IH chemical shifts from the CHARGE 

model. 

Phenol (2) 

The IH spectrum of2 consists of3 different proton resonances. 

Anisole (3) 

The 1 H spectrum of 3 consists of 3 resonances. By examination of the integrals H-

4 is immediately identified as a triplet of triplets half the size of the two other resonances. 

H-2 and H-3 are identified as a doublet and doublet of doublets respectively. 

Benzofuran (10) 

The IH spectrum of 10 (fig 7.10) consists of 7 resonances. H-2 is immediately 

identified as a doublet occurring at ca.7.60o. A IHCOSY identified H-3 from its strong 

coupling to H-2. A 2D IHJ13C HMQC spectrum was then recorded to assign C-2 and C-3 

from correlations to the respective protons. H-4 then was assigned by its correlation to C-

3 in a 2D IHJ13C HMBC plot (fig.7.11). The remaining protons were then assigned from 

the IHCOSY. H-5 can be seen to have a large coupling to H-4, H-6 a large coupling to H-

5 and H-7 a large coupling to H-7. This assignment was confinned from the 2D IHJ13C 

HMQC and HMBC experiments. 

173 



Fig.7.10. I H spectrum ofbenzofuran. 
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Thionaphthene (19) 

The IH spectrum of 19 consists of 7 resonances. H-2 is immediately identified as a 

large doublet occurring at ca.7.420. By examination of a IHCOSY, H-3 was readily 

assigned from its coupling to H-2. Performing an NOE experiment on the suspected H-4 

resonances and observing an NOE on H-3 identified H-4. The remaining protons were 

then assigned from the IHCOSY. H-5 can be seen to have a large coupling to H-4, H-6 a 

large coupling to H-5 and H-7 a large coupling to H-7. This assignment was confirmed by 

performing 2D IH/13C HMQC and HMBC experiments. 

Indole (26) 

The IH spectrum of 26 consists of 7 resonances. H-3 is immediately identified as 

the multiplet occurring at ca.6.550. By examination of a IHCOSY, H-2 was readily 

identified by its strong coupling to H-3. A 2D IHPC HMQC spectrum was then recorded 

to assign C-2 and C-3 from correlations to the respective protons. H-4 was then assigned 

by its correlation to C-3 in a 2D 1H/\3C HMBC plot. By performing an NOE experiment 

on H-3, H-4 was identified as the doublet of quartets occurring at ca. 7 .650. The remaining 

resonances were assigned by use of the IHCOSYplot. 

N-metbylindole (27) 

The IH spectrum of 27 consists of 6 well separated resonances including the 

methyl resonance. H-2 is immediately identified as a doublet occurring at ca. 7 .000. By 

examination of a IHCOSY plot H-3 is assigned from its coupling to H-2. An NOE 

experiment performed on H-3 allowed us to assign H-4 and the remaining protons were 

assigned by examination ofthe IHCOSY plot. 

2-Metbylindole (28) 

The IH spectrum of 28 consists of 5 well separated resonances including the 

methyl resonance. H-3 is immediately assigned as the multiplet occurring at ca.6.200. This 

can be confirmed by examination of a IHCOSY plot. H-3 can be seen to have a coupling 

with the methyl group. A 2D IW\3C HMQC spectrum was then recorded to assign C-3 

from correlation to the H-3. H-4 was then assigned by its correlation to C-3 in a 20 
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IHPC HMBC plot. The remaining protons were assigned by examination of the IHCOSY 

plot. 

3-Methylindole (29) 

The I H spectrum of 29 consists of 5 well separated resonances including the 

methyl resonance. H-2 is immediately assigned as the multiplet occurring at ca.6.950. This 

can be further confirmed by examination of a IHCOSY plot. H-2 can be seen to have a 

coupling with the methyl group. H-4 is readily assigned by performing an NOE 

experiment on the methyl group. The remaining resonances can then be assigned by 

examination of the I HCOSY plot. 

7-Methylindole (30) 

The IH spectrum of 30 consists of 5 well separated resonances including the 

methyl resonance. H-5 is immediately assigned as the quartet, with coupling to H-6 and 

H-4 (ca. 6Hz). H-6 can be seen a two complex doublets, coupling with the methyl group. 

This is further confirmed by performing an NOE experiment on the methyl group. H-4 is 

assigned from its coupling to H-5. H-3 is assigned by performing an NOE experiment on 

H-4 and H-2 is subsequently assigned form the IHCOSY plot from its coupling to H-3. 

Aniline (31) 

The IH spectrum of31 consists of3 different resonances. By examination of the integrals 

H-4 is immediately identified as a triplet of triplets half the size of the two other 

resonances. H-2 and H-3 are identified as a doublet and doublet of doublets respectively. 

Pyridine (32) 

The IH spectrum of 32 consists of 3 different resonances. By examination of the 

integrals H-4 is immediately identified as a triplet of triplets half the size of the two other 

resonances. H-2 and H-3 are identified as a doublet and doublet of doublets respectively. 

2-Picoline (33) 

The 1 H spectrum of 33 consists of 4 different resonances. H-3 is immediately 

identified as a doublet occurring at ca. 7.100. By examination of a IHCOSY plot H-4 is 
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immediately assigned from its large coupling to H-3. H-5 and H-6 are subsequently 

assigned from large couplings to H-4 and H-5 respectively. 

3-Picoline (34) 

The IH spectrum of 34 consists of 4 different resonances. H-2 is immediately 

identified as a singlet occurring at ca.8.450. H-4 is identified as a doublet which is split 

further by its coupling to the methyl group. By examination of a IHCOSY plot H-5 is 

immediately assigned from its large coupling to H-4. H-6 is assigned from large couplings 

to H-5. 

Quinoline (36) 

The IH spectrum of 36 (fig.7.12) consists of 7 well separated resonances. H-3 is 

immediately assigned as quartet, with couplings to H-2 and H-4. By examination of a 

IHCOSY plot H-2 and H-4 are identified from large couplings to H-3, with H-2 shifted 

downfield due to the close proximity of the nitrogen atom. By performing a 2D IH/\3C 

HMQC plot the l3C assignment of C-2. C-3 and C-4 were made by correlations to the 

respective protons. H-5 was then assigned on the basis of a HMBC correlation to C-4. 

With the assignment of H-5 made. H-6. H-7 and H-8 were made by examination of the 

IHCOSY plot. 
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Fig.7.12. IH spectrum of quinoline. 
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The 1 H spectrum of 37 consists of 6 well separated resonances plus the methyl 

resonance. H-3 is immediately identified as a doublet occurring at ca 7.250. By 

examination of a IHCOSY plot H-4 is assigned from its strong coupling to H-3. By 

performing a 2D IHPC HMQC plot the \3C assignment of C-3 and C-4 were made by 

correlations to the respective protons. H-5 was then assigned on the basis of a HMBC 

correlation to C-4. With the assignment of H-5 made, H-6, H-7 and H-8 were made by 

examination of the IHCOSYplot. 

3-Methylquinoline (39) 

The IH spectrum of 39 consists of 6 well separated resonances including the 

methyl resonance. H-2 and H-4 are immediately assigned as two doublets with a small 

coupling (ca.2.3Hz). H-2 occurs is shifted downfield due to the proximity of the nitrogen 

atom. The same procedure as used in the cases of quinoline and 2-methylquinoline was 

undertaken to assign H-5, H-6, H-7 and H-8. 
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4-Methylquinoline (40) 

The IH spectrum of 40 consists of 6 well separated resonances including the 

methyl resonance. H-2 and H-3 are immediately assigned as doublets, with H-2 shifted 

downfield due to the proximity of the nitrogen atom. H-5 was assigned by performing an 

NOE experiment on the methyl group. Using a IHCOSY plot, H-6, H-7 and H-8 were 

subsequently assigned from correlations starting from H-5. 

6-Methylquinoline (41) 

The IH spectrum of 41 (fig.7.13) consists of 6 different protons including the 

methyl resonance. From examination of the integrals, two resonances, each made up of 

two protons are seen to occur at ca. 8.00 and 7.500. H-5 is immediately assigned as the 

singlet occurring at ca 7.500. H-2 is seen as a doublet of doublets occurring downfield at 

ca.8.800 due to the proximity of the nitrogen atom. By examination ofa IHCOSY plot H-

3 and H-4 are subsequently assigned, with H-3 seen to have a large coupling to H-2. By 

performing a 2D IHPC HMQC plot the 13C assignment of C-5 was made by correlation 

to H-5. H-7 was then assigned on the basis of a HMBC correlation to C-5. With the 

assignment of H-7 made (occurring at 7.500), H-8 was the only remaining resonance 

unaccounted for, the doublet overlapping with the resonance from H-4 at ca.8.00o. 
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Fig.7.13. lH spectrum of6-methylquinoline. 
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The IH spectrum of 42 (fig.7.14) consists of 7 different proton resonances. H-l is 

immediately identified as the singlet occurring at ca.9.2So. Examination ofa 'HCOSY plot 

indicates two resonances (both doublets occurring at ca.S.SO and 7.6SO respectively) 

displaying only one coupling, that being a coupling to eachother. This clearly indicated 

that these resonances belong to H-3 and H-4. By performing a 2D IHI\3C HMQC plot the 

13C assignment of C-l was made by correlation to H-l. H-3 was then assigned on the 

basis of a HMBC correlation to C-l. With the assignment of H-3 made (occurring at 

S.500), H-4 was the other doublet occurring at 7.650. 

By examination of the HMQC plot the \3C assignments ofC-3 and C-4 were made 

by correlations to the respective protons. H-S was then assigned on the basis of a HMBC 

correlation to C-4. With the assignment ofH-S made, H-6, H-7 and H-S were made by 

examination of the IHCOSY plot. 
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Fig.7.14. IH spectrum ofisoquinoline. 
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7.5. Results. 

The data collected in table's 7.4-7.15 provide a rigorous test of the CHARGE 

model and also the present ring current theories that have previously been applied to 

aromatic hydrocarbons (chapter three). The compounds examined in this work are all of 

fixed conformation with the exception of the imidazoles, which exist in a tautomeric 

equilibrium. The GAUSSIAN98W (B3L YP/6-31 G**) and the PC MODEL calculations 

gave molecular geometries for the hetero-aromatics in excellent agreement with the 

experimental geometries, where known. For example, observed vs. calculated (obtained 

using G98W) bond lengths furan, thiophene, pyrrole and pyridine can be seen in figure 

7.15. 

Figure 7.15. Experimental21 and (calculated) bond length (A) for furan, thiophene, 

pyrrole and pyridine. 
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OI-C2 = 1.362 (1.364) 
C2-C) = 1.361 (1.361) 
C)-C4 = 1.431 (1.436) 
CrHI = 1.075 (1.079) 
C)-H2 = 1.077 (1.080) 

N1-C2 = 1.370 (1.375) 
C2-C) = 1.382 (1.378) 
C3-C4 = 1.417 (1.425) 
C2-H1 = 1.076 (1.080) 
C3-H2 = 1.077 (1.081) 

0(' 
H2 

H4 

SI-C2 = 1.714 (1.736) 
C2-C) = 1.370 (1.367) 
C)-C. = 1.423 (1.430) 
C2-Hl = 1.078 (1.081) 
C3-H2 = 1.081 (1.084) 

N1-C2 = 1.338 (1.339) 
C2-C) = 1.394 (1.396) 
C)-C. = 1.392 (1.394) 
C2-H2 = 1.087 (1.089) 
C)-H) = 1.088 (1.086) 
C.-H. = 1.082 (1.086) 

From the data above we may observe the excellent agreement of the G98W 

calculated bond lengths with the experimental values. 

The J3-effect is calculated directly from the carbon electronegativity and proton 

polarisability. Thus the only other electronic effect to be considered is the y-effects (H.C.X.Y) 

of the unsaturated carbon atoms and heteroatoms in the aromatic compounds. For the analysis 

of the y-effect of any nucleus, a simple angular function (A+Bcos9) may be utilised. This 

approach has been implemented in all the investigations in this work. The coefficients A and B 

are obtained from the observed data 
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aJ Oxygen containing unsaturated and hetero-aromatic compounds. 

The experimental data for the oxygen containing compounds provides us with an 

extensive data set, which allows us to calculate the chemical shifts in these compounds 

using the CHARGE model. 

Table 7.4. Observed vs. calculated IH chemical shifts (b) for compounds 1-10. 

Compound In Number Observed Calculated 
I-gem 6.530 6.616 

Vinylmethylether (1) 2-cis 4.160 4.190 
2-trans 4.000 4.024 

0 6.781 6.877 
Phenol (2) m 7.321 7.212 

~ 6.891 6.926 
0 6.897 6.861 

Anisole (3) m 7.277 7.239 

~ 6.934 6.926 
Me 3.789 3.738 

Furan (4) 2 7.420 7.415 
3 6.380 6.360 
2 6.310 6.160 

4, 5-dihydrofuran (5) 3 4.950 4.902 
4 2.580 2.384 
5 4.310 4.224 
3 5.940 5.923 

2-Methylfuran (6) 4 6.230 6.289 
5 7.270 7.189 

Me 2.280 2.278 
3 4.570 4.458 

2-Methyl-4, 5- 4 2.580 2.432 
dihydrofuran (7) 5 4.310 4.273 

Me 1.790 1.867 
2, 5-Dimethylfuran (8) 3 5.810 5.848 

Me 2.220 2.295 
2 7.160 6.917 

3-Methylfuran (9) 4 6.220 6.193 
5 7.290 7.450 

Me 2.030 2.172 
2 7.607 7.807 
3 6.758 6.671 
4 7.593 7.514 

Benzofuran (10) 5 7.225 7.239 
6 7.285 7.312 
7 7.502 7.400 
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From table 7.4, we observe a very good agreement between observed and 

calculated chemical shifts. However we do notice that there are some discrepancies in the 

calculated data. In the case of 3-methylfuran we observe that H-2 and H-S are ca.O.lSppm 

lower and larger than the observed chemical shifts respectively. It seems that in the case of 

the 2 and 3-methylfurans the position of the methyl group has a significant influence on the 

chemical shifts. 

We also observe that H-2 in benzofuran is 0.2ppm larger than the observed value. 

In benzofuran the six-membered ring may have a significant effect on the electron 

distribution and ring current within the whole system and this may account for the 

downfield shifts ofH-2 and H-3 with respect to furan. 

From the observed data in table 7.4 it is very interesting to note the influence of 

an additional double bond. We see the ring current shift of H-2 and the C-2 methyl in 

going from the dihydro to the aromatic furan of ca 1.1 0 and 0.41 ppm respectively. It is 

also interesting to note the influence of the introduction of a methyl group to protons in 

the furan ring. We observe that all the protons in 2-methyl and 3-methylfuran are shifted 

upfield with respect to unsubstituted furan, especially protons that are 'Y to the methyl 

group. The electron donating methyl groups are pushing electron density onto the ring 

protons, hence the upfield shift. 

The parameters to be determined from the results in table 7.4 are the ring current 

intensity for furan fe, and the 'Y-effects. The ~-effect of the oxygen atom has been 

previously determined and requires no further parametrisation. In this investigation we 

include the molecules methylvinylether and phenol. We must note that only the 

parameterisation ofy-effects is needed for these molecules. 

As we have discussed previously, the ring current for furan is calculated by 

examining the proton chemical shift of the methyl groups in the C-2 position of the ring in 

the aromatic and 4, S-dihydro furans, in order to obtain a calculated value of ~OCH3, the 

difference in chemical shift between the CH3 in the aromatic and 4, S-dihydro compound, 

which gave good agreement with the experimental value of .L\OCH3. A value offe of 0.67 

gave a value of .L\oCH3 of 0.41 ppm, which compares with the observed value of O.49ppm. 

The y-effects that must be parameterised are from the heteroatom atom to the y 

proton (X.C5p2.C5p2.H and X.Csp2.Csp3.H) and from an 5p2 and SP3 carbon atom through 

the heteroatom (CSPl.X.CsPl.H and C.SJ)3.X.C5p2.H). Note that the parameterisations of 
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y-effects on methyl hydrogen atoms (X.Csp2.Csp3.H) are treated separately from methine 

and methylene protons. Hence only),-effects on methyl protons and not on H-4 and H-S 

protons in any of the dihydro compounds are determined in this investigation. 

We must also note that the gamma substituents effect (GSEF) X.Csp2.CsP2.H 

must be detennined for three separate systems when appropriate, them being the non

aromatic (e.g.methylvinylether, 4, 5-dihydrofuran), phenoVaniline systems and the hetero

aromatic systems (e.g.furan, pyridine, etc). In the case of the oxygen containing 

compounds, phenol and anisole display only one GSEF (O.Cps2.Csp2.H), which needs to 

be detennined. This was found to display no orientational dependence and a value of the 

coefficient of 0.032 was calculated. The remaining unknowns were achieved by using the 

non-linear least mean squares programme (CHAP8)16 to give the best fit with the 

observed data from table 7.4, excluding the phenol and anisole data. A total of26 proton 

chemical shifts were included in the iteration spanning a range of ca 1.8 to 7.6ppm and 

were calculated with an rms. error ofO.073ppm. 

The GSEF O.CSJ)2.CSp2.H was found to display an orientational dependence with 

respect to the protons in question and an A + BcosS term was incorporated into the 

CHARGE model. It was found that only one term was needed for both the non-aromatic 

systems and the aromatic furans. Values of the coefficients A and B were determined and 

can be seen in eqtn.7.1. 

GSEF = -0.554 - 0.085cosS (Eqtn.7.1) 

The GSEF O.CSP2.Csp3.H displays no orientational dependence and the coefficient 

C, was determined. 

GSEF (O.CSp2.CSp3.H) = 0.20/160.84 (Eqtn.7.2) 
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The GSEF's (CSP2.0.CsP2.H and C.sp3.0.CsP2.H) displayed no orientational 

dependence and the coefficients D and E were determined. 

GSEF (CSP2.0.CsP2.H) = 0.428/160.84 (Eqtn.7.3) 

GSEF (C.Sp3.0.CSP2.H) = 0.563/160.84 (Eqtn.7.4) 

Therefore the final parameterisation for the oxygen containing compounds 

included 7t-electron densities, ring current and electronic effects operating on all protons 

within molecules. 

It is of interest to examine the individual contributions to the chemical shift in the 

furans. Table 7.5 gives the observed versus calculated chemical shifts for selected 

molecules, along with the electric field, ring current and 7t-shift contributions. 

Table 7.5. Calculated and observed chemical shift (0) with C-H electric field, ring 

current and 7t-shift contributions for furan (4), 2-methyl (6)/3-methylfuran (9) and 

benzofuran (10). 

Compound IH Obsen'ed Calculated C-H Ring 7t-shift 
Number Electric current 

field 
4 2 7.420 7.415 -0.110 1.600 -0.549 

3 6.380 6.360 -0.057 1.507 -0.487 
3 5.940 5.923 -0.126 1.514 -0.733 

6 4 6.230 6.289 -0.024 1.503 -0.585 
5 7.270 7.189 -0.077 1.595 -0.799 

Me 2.280 2.278 -0.054 0.500 0.000 
2 7.160 6.917 -0.180 1.596 -0.855 

9 4 6.220 6.193 -0.121 1.513 -0.464 
5 7.290 7.450 -0.082 1.607 -0.534 

Me 2.030 2.172 -0.077 0.466 0.000 
2 7.607 7.807 -0.030 1.905 -0.536 
3 6.758 6.671 -0.079 1.958 -0.664 
4 7.593 7.514 -0.151 1.967 -0.175 

10 5 7.225 7.239 -0.060 1.771 -0.250 
6 7.285 7.312 -0.046 1.762 -0.184 
7 7.502 7.400 -0.121 1.985 -0.246 
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From the above data we observe the very significant ring current and 1t-shift 

contributions to the proton chemical shift. We can see clearly the influence the 

introduction of a methyl group has on the 1t-electron density in the furan ring and thus the 

chemical shifts. We also observe significant 1t-shifts in benzofuran. Here we observe a 

Small but significant difference in H-2 and H-3 compared to that in furan, indicating the 

difference between the two types of ring system. We may also observe the larger ring 

current contribution to the shifts of H-2 and H-3 in benzofuran compared to furan, 

indicating how the presence of an adjoining six membered ring on the furan ring has a 

significant effect on the ring current contribution to the shift of H-2 and H-3 in 

benzofuran. We also note that the C-H electric field. ring current and pi-shift contributions 

do not add up to the calculated value in the table. The remaining contributions are the 

charge effects (a, p and y-effects). 
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b) Sulphur containing unsaturated and hetero-aromatic compounds. 

The experimental data for the sulphur containing compounds provides us with an 

extensive data set, which allows us to calculate the chemical shifts in these compounds 

using the CHARGE model. 

Table 7.6. Observed vs. calculated IH chemical shifts (0) for compounds 11-19. 

Compound IB Number Obsenred Calculated 
gem 6.460 6.549 

Vinylmethylsulfide CIS 5.200 5.189 
(11) trans 4.970 4.833 

0 7.230 7.316 
Thiophenol (12) m 7.190 7.276 

12 7.110 7.081 
Thiophene (13) 2 7.310 7.263 

3 7.090 7.044 
2 6.170 6.076 

4,5- 3 5.630 5.717 
dihydrothiophene 4 2.740 2.592 

(14) 5 3.220 3.169 
3 6.720 6.598 

2-Methylthiophene 4 6.870 6.970 
(15) 5 7.040 7.017 

Me 2.480 2.470 
3 5.250 5.248 

2-Methyl-4,5- 4 2.790 2.657 
dihydrothiophene 5 3.260 3.195 

(16) Me 1.940 2.009 
2,5- 3 6.560 6.520 

Dimethylthiophene Me 2.400 2.481 
(17) 

2 6.870 6.766 
3-Methylthiophene 4 6.870 6.866 

(18) 5 7.190 7.305. 
Me 2.280 2.214 
2 7.422 7.523 
3 7.325 7.347 

Thionaphthene (19) 4 7.780 7.642 
5 7.330 7.302 
6 7.310 7.340 
7 7.860 7.996 
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From table 7.6, we observe a very good agreement between observed and 

calculated chemical shifts. Like in the furan family we do notice that there are some 

discrepancies in the calculated data. Like in the case of 3-methylfuran, H-2 and H-5 in 3-

methylthiophene are ca.0.12ppm lower and larger than the observed chemical shifts 

respectively. In the case of 2-methylthiophene we observe that H-3 is ca.0.12ppm lower 

than the observe value. As seen in the furans, the position of the methyl group in the 2 and 

3-methylthiophenes has a significant influence on the chemical shifts. 

We observe an excellent agreement between the observed and calculated chemical 

shift in thionapthene, with the observed chemical shifts of H-2 and H-3 significantly larger 

than in thiophene itself. Again, the six-membered ring may have a significant effect on the 

electron distribrution and ring current of the thiophene ring and this may account for the 

downfield shift ofH-2 and H-3 with respect to thiophene. 

It is again interesting to note the influence of an additional double bond. We 

observe the ring current shift of H-2 and the C-2 methyl in going from the dihydro to the 

aromatic thiophene ofca.l.14 and 0.54ppm respectively. We again make the observation 

that on the introduction of a methyl group to the thiophene ring the protons are shifted 

upfield with respect to thiophene, especially protons that are y to the methyl group. 

The parameters to be determined from table 7.6 are exactly the same as those in 

the oxygen containing compounds and are determined in the same way. The ring current 

intensity for thiophene fe, and the y-effects must be determined. The J3-effect of the 

sulphur atom has been previously determined and requires no further parametrisation. 

The ring current for thiophene was calculated in the same way as furan and a value 

of fe of 0.83 was determined and gave a value of ~OCH3 of 0.46ppm, which compares 

with the observed value ofO.54ppm. 

The y-effects to parameterise are the same as in the oxygen compounds and the 

following unknowns were determined. For thiophenol only one GSEF (S.Cps2.Csp2.H) 

needed to be determined and the values of the coeffiecients A and B were determined as 

0.064 and -0.249. The remaining unknowns were achieved by using the CHAP8 

programme to give the best fit with the observed data from table 7.6, excluding 

thiophenol. A total of 25 proton chemical shifts were included in the iteration spanning a 

range of ca. 1.9 to 7.9ppm and were calculated with an nDS. error ofO.059ppm. 
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The GSEF S.CSP2.CsP2.H displayed an orientational dependence with respect to 

the protons in question and an A + BcosS term was incorporated into the CHARGE 

model. It was found that separate terms were needed for the non-aromatic systems and 

the aromatic thiophenes. Values of the coefficients A and B were determined for non

aromatic and aromatic systems and can be seen in eqtn. 7.5 and 7.6. 

GSEF = 0.092 - 0.434cos9 (Eqtn.7.S) 

GSEF = -0.141 - 0.180cos9 (Eqtn.7.6) 

The GSEF S.CS})2.Csp3.H displays no orientational dependence and the coefficient 

C, was determined. 

GSEF (S.CS})2.Csp3.H) = 0.36/160.84 (Eqtn.7.7) 

The GSEF's (CSp2.S.CSp2.H and C.sp3.S.Cs})2.H) displayed no orientational 

dependence and coefficients D and E were determined. 

GSEF (CS})2.S.CSP2.H) = -0.159/160.84 (Eqtn.7.8) 

GSEF (C.SP3.S.CsP2.H) = 0.157/160.84 (Eqtn.7.9) 

The final parameterisation for the sulphur containing compounds therefore 

included 7t-electron densities, ring current and electronic effects operating on all protons 

within molecules. 

It is again of interest to examine the individual contributions to the chemical shift 

in the thiophenes. Table 7.7 gives the observed versus calculated chemical shifts for 

selected molecules, along with the electric field, ring current and 7t-shift contributions. 
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Table 7.7. Calculated and observed chemical shift (0) with C-H electric field, ring 

current and 7t-shift contributions for thiophene (13), 2-methyl (15), 3-methylthiophene 

(18) and benzothiophene (19). 

Compound IH Obsen'ed Calculated C-H Ring 7t-shift 
Number Electric current 

field 
13 2 7.310 7.263 -0.095 1.679 -0.641 

3 7.090 7.044 -0.052 1.764 -0.333 
3 6.720 6.598 -0.130 1.775 -0.588 

15 4 6.870 6.970 -0.023 l.761 -0.430 
5 7.040 7.017 -0.068 1.667 -0.898 

Me 2.480 2.470 -0.045 0.542 0.000 
2 6.870 6.886 -0.171 1.692 -0.620 

18 4 6.870 6.866 -0.122 1.773 -0.303 
5 7.190 7.305. -0.065 1.676 -0.620 

Me 2.280 2.214 -0.072 0.564 0.000 
2 7.422 7.523 -0.026 1.934 -0.702 
3 7.325 7.347 -0.089 2.235 -0.545 
4 7.780 7.642 -0.162 2.095 -0.122 

19 5 7.330 7.302 -0.061 1.786 -0.172 
6 7.310 7.340 -0.046 1.778 -0.140 
7 7.860 7.996 -0.115 2.058 -0.175 

From the above data we observe the very significant ring current and 7t-shift 

contributions to the proton chemical shifts and we observe the same trends as in the furan 

family. We again observe the influence the introduction of a methyl group has on the 7t

electron density in the thiophene ring and thus the chemical shifts. We also observe a 

significant 7t-shift in thionaphthene. Like in the furans we observe a small but significant 

difference in H-2 and H-3 compared to that in thiophene, indicating the difference 

between the two types of ring system. We also observe the larger ring current contnbution 

to the shifts ofH-2 and H-3 in thionaphthene compared to thiophene. It will be interesting 

to compare the magnitude of these contributions in different 5-membered hetero

aromatics families and this will be discussed later. 
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c) Aniline. pyrroles and indoles. 

The experimental data for aniline, pyrroles and indole compounds provides us with 

an extensive data set, which allows us to calculate the chemical shifts in these compounds 

using the CHARGE model. 

Table 7.S. Observed vs. calculated IH chemical shifts (0) for compounds 31 and 20-

25. 

Compound In Number Observed Calculated 
0 6.650 6.609 

Aniline (31) m 7.136 7.132 

~ 6.740 6.676 
Pyrrole (20) 2 6.710 6.708 

3 6.230 6.187 
2 6.670 6.590 

~-nnethylpyrrole 3 6.110 6.155 
(21) ~-Me 3.600 3.513 

3 5.890 5.784 
2-Methylpyrrole 4 6.1lO 6.112 

(22) 5 6.640 6.508 
Me 2.270 2.285 

2,5- 3 5.720 5.704 
Dimethylpyrrole Me 2.200 2.300 

(23) 
1,2, 5- 3 5.750 5.677 

Trimethylpyrrole Me 2.190 2.254 
(24) ~-Me 3.330 3.586 

2 6.530 6.264 
3-Methylpyrrole 4 6.020 5.988 

(25) 5 6.650 6.722 
Me 2.090 2.153 
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Table 7.9. Observed vs. calculated IH chemical shifts (8) for compounds 26-10. 

Compound 18 Number Obsenred Calculated 
2 7.207 7.321 
3 6.558 6.643 

Indole (26) 4 7.647 7.489 
5 7.115 7.212 
6 7.185 7.263 
7 7.396 7.358 
2 7.001 7.204 
3 6.466 6.611 
4 7.615 7.488 

N-methylindole 5 7.092 7.211 
(27) 6 7.204 7.258 

7 7.292 7.330 
N-Me 3.742 3.813 

3 6.216 6.189 
4 7.508 7.443 

2-Methylindo Ie 5 7.059 7.186 
(28) 6 7.104 7.202 

7 7.282 7.347 
Me 2.445 2.469 
2 6.964 6.832 
4 7.584 7.496 

3-Methylindole 5 7.121 7.212 
(29) 6 7.189 7.264 

7 7.301 7.370 
Me 2.335 2.427 
2 7.207 7.326 
3 6.563 6.654 

7-Methylindole 4 7.498 7.276 
(30) 5 7.031 7.143 

6 6.994 6.893 
Me 2.502 2.620 

From table's 7.8 and 7.9, we observe a very good agreement between observed 

and calculated chemical shifts. Like in the previous hetero-aromatic families we notice that 

there are some discrepancies in the calculated data. For H-2 in 3-methylpyrrole the 

calculated chemical shift is ca.0.27ppm lower than the observed value. We also note that 

the calculated chemical shifts for H-4 in the indole's is consistently lower than the 

observed shifts by a substantial amount. We also observe an error in the case of H-2 and 

H-5 in 2-methylpyrrole, which are ca.0.l1ppm lower than the observed chemical shifts. 
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From the tables we observe an excellent agreement between the observed and 

calculated chemical shift in indole, with the observed chemical shifts of H-2 and H-3 

significantly larger than in pyrrole itself. For all N-, 2- and 3-methyl substituted indoles the 

chemical shifts ofH-2 and H-3 are at higher field than those in indole itself, confirming the 

influence of the methyl group on the chemical shifts. 

The parameters to be determined from table's 7.8 and 7.9 are again the same as 

those in the previous studies. However, because of the chemical instability of non

aromatic pyrrole models we cannot determine the ring current intensity fe in the same way 

as has been seen for furan and thiophene. Therefore all the unknowns are determined by 

performing iterations on all the observed chemical shifts. The y-effects in these 

compounds must be determined, with the ~-effect of the nitrogen atom having been 

determined in a previous investigation. 

As stated previously the nitrogen atoms in aniline, pyrroleslindoles and 

pyridineslquinolines are treated as different and as a result y-effects from or through these 

nitrogen atoms must be parameterised separately. For aniline the y-effect has been 

determined in a previous investigation and no further parameterisation is required. The 

unknowns including the ring current intensity fe, were achieved by using the CHAP8 

program to give the best fit with the observed data from table's 7.8 and 7.9. A total of 49 

proton chemical shifts were included in the iteration spanning a range of ca.2.0 to 7.7ppm 

and were calculated with an rms. error ofO.l07ppm. 

A value of the ring current intensity of 0.72 for the pyrroles and indoles was 

determined along with the various GSEF's. The GSEF N(2).C8p2.CsJ)2.H displayed an 

orientational dependence with respect to the protons in question and an A + Bcose term 

was incorporated into the CHARGE mode1. Values of the coefficients A and B can be 

seen in eqtn.7.10 and 7.11. 

GSEF = 0.300 - 0.293cos9 (Eqtn.7.10) 

The GSEF N(2).CsJ)2.Csp).H displays no orientational dependence and the 

coefficient C, was determined. 

GSEF (N(2).C8p2.C8p3.H) = 0.191160.84 (Eqtn.7.11) 
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The GSEF's (CSPl.N(2).CSPl.H and C.sp3.N(2).CSPl.H) displayed no orientational 

dependence and coefficients D and E were detennined. 

GSEF (CSPl.N(2).CsP2.H) = 0.188/160.84 (Eqtn.7.12) 

GSEF (C.8pJ.N(2).CSPl.H) = -0.070/160.84 (Eqtn.7.13) 

The final parameterisation for aniline, pyrroles and indoles therefore included 7t

electron densities, ring current and electronic effects operating on all protons within 

molecules. 

It is again of interest to examine the individual contributions to the chemical shift 

in the thiophenes. Table 7.10 gives the observed versus calculated chemical shifts for 

selected molecules, along with the electric field, ring current and 1t-shift contnbutions. 

Table 7.10. Calculated and observed chemical shift (0) with C-H electric field, ring 

current and 1t-shift contnbutions for pyrrole (20), 2-methyl (22)/3-methylpyrrole (25) and 

indole (26). 

Compound IH Obsen-ed Calculated C-H Ring 7t-shift 
Number Electric current 

field 
20 2 6.710 6.708 -0.105 1.645 -0.865 

3 6.230 6.187 -0.054 1.633 -0.830 

3 5.890 5.784 -0.125 1.641 -1.043 

22 4 6.110 6.112 -0.023 1.628 -0.928 

5 6.640 6.508 -0.075 1.640 -1.088 

Me 2.270 2.285 -0.051 0.510 0.000 
2 6.530 6.264 -0.176 1.652 -1.117 

25 4 6.020 5.988 -0.120 1.639 -0.839 
5 6.650 6.722 -0.077 1.641 -0.872 

Me 2.090 2.153 -0.073 0.503 0.000 

26 2 7.207 7.321 -0.029 1.938 -0.618 
3 6.558 6.643 -0.081 2.083 -0.866 
4 7.647 7.489 -0.153 2.016 -0.196 
5 7.115 7.212 -0.060 1.775 -0.254 
6 7.185 7.263 -0.046 1.767 -0.212 
7 7.396 7.358 -0.118 2.002 -0.272 
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From the above data we observe the trends identified in the furan and thiophene 

families. Again we observe very significant ring current and 7t-shift contributions to the 

proton chemical shifts. The introduction of a methyl group again has a significant effect on 

the 7t-electron densities in the pyrrole ring. The chemical shifts of H-2 and H-3 in indole 

are more downfield than the corresponding protons in pyrrole, indicating the difference 

between the two types of ring system. 

d) Pyridines, diazabenzenes, quinolines and isoquinolines. 

The experimental data for the pyrid~ diazabenzenes, quinolines and 

isoquino1ines provides us with a comprehensive and extensive data set, which allows us to 

calculate the chemical shifts in these compounds using the CHARGE model. 

Table 7.11. Observed vs. calculated 1H chemical shifts (5) for pyridine (32), 2-picoline 

(33), 3-picoline (34) and 4-picoline (35). 

10 32 33 34 3S 
Number Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 

2 8.609 8.577 -------- ------ 8.440 8.331 8.440 8.584 

3 7.266 7.279 7.014 7.027 -------- ------- 7.080 7.027 

4 7.657 7.574 7.571 7.574 7.465 7.319 .------- .-------
5 7.266 7.279 7.195 7.213 7.159 7.268 7.080 7.027 

6 8.609 8.577 8.599 8.597 8.407 8.500 8.440 8.584 

Me -------- ------- 2.547 2.608 2.320 2.319 2.320 2.310 

Table 7.12. Observed vs. calculated 1H chemical shifts (5) for quinoline (36), 2-

methylquinoline (37), 2-methyl-3, 4-dihydroquinoline (38), 3-methylquinoline (39) and 4-

methylquinoline (40) and 6-methylquinoline (41). 

In J6 37 38 39 40 41 

N ... ber Obs. Cak. Oba. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 

2 8.91~ 8.8M - - - - 8.760 8.662 8.770 8.865 8.825 8.836 

3 7.377 7.429 7.295 7.215 - - - - 7.212 7.147 7.303 7.419 

4 8.139 8.122 8.055 8.141 - - 7.876 7.822 - - 8.005 8.109 

5 7.803 7.141 7.778 7.144 - - 7.714 7.827 7.985 7.822 7.522 7.546 

6 7.533 7.509 7.485 7.482 - - 7.489 7.S00 7.552 7.499 - -
7 7.709 7.571 7.561 7.627 - - 7.627 7.542 7.697 7.569 7.512 7.367 

8 8.114 8.060 8.024 I.OSO - - 8.066 8.062 8.104 8'(l67 7.995 8.071 

Me - - 2.757 2.716 2.100 2.083 2.482 2.416 2.692 2.531 2.501 2.416 
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Table 7.13. Observed vs. calculated IH chemical shifts (~) for isoquinoline (42) and 1-

methylisoquinolinc (43). l-methyl-3, 4-dibydroisoquinoline (44) and 3-methylisoquinoline 

(45). 

18 42 43 44 45 
N •• ber ObI. Obs. ObI. Calc. ObI. Cale. Obs. Calc. 

1 9.251 9.177 ----- ------ ------ ------ 9.150 9.207 
3 8.522 8.539 8.370 8.556 3.670 ------ -----. ------
4 7.635 7.621 7.440 7.538 2.710 ------ 7.410 7.329 
5 7.808 7.800 7.730 7.817 7.180 7.210 7.680 7.793 
6 7.680 7.596 7.600 7.595 7.360 7.553 7.590 7.588 
7 7.594 7.533 7.510 7.526 7.300 7.360 7.480 7.507 
8 7.955 7.915 8.040 7.897 7.480 7.394 7.880 7.918 

Me ----.- ------ 2.910 2.851 2.400 2.428 2.690 2.707 

Table 7.14. Observed vs. calculated IH chemical shifts (~) pyrimidine (46), pyrazine 

(47) and pyridazine (48). 

10 N .... ber 46 47 48 
ObI. Calc. ObI. Calc. Obs. Calc. 

2 9.250 9.248 ------- --------- 8.600 8.476 
3 -------- -------- 9.220 9.316 8.600 8.476 
4 8.770 8.856 7.560 7.646 ---------- ----------
5 7.270 7.245 7.560 7.646 8.600 8.476 
6 8.770 8.856 9.220 9.316 8.600 8.476 

From table9
• 7.11-7.14, we observe a good agreement between observed and 

calculated chemical shifts. in particular the correlation in quinoline and isoquinoline. 

Again, there are a number of discrepancies in the calculated data but overall an excellent 

agreement can be seen. H-2 in 4-picoline is ca.1.4ppm larger than the observed chemical 

shift and H-5/H-7 in 4-methylquinoline are some ca.1.4ppm smaller than the observed 

shifts. We again also note that the introduction of a methyl group to an aromatic system 

bas a significant effect on the proton chemical shifts. 

We notice from the table's the significant difference in the chemical shifts ofH-2, 

H-3 and H-4 in pyridine and quinoline, again indicating that the adjoining six-memebered 

ring bas a significant effect on the electron distribrution and ring current in the quinolines 

and isoquino lines. 

We again note the influence of an additional double bond. In the case of 2-

methylquino1ine and l-methylisoquinoline we observe the ring current shift of the 2 and 1-
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methyl groups in going from the dihydro to the aromatic compounds of caO.65 and 

0.51 ppm respectively. 

The parameters to be detennined from the tables are the ring current intensity for 

pyridines, diazabenzenes and the quinolineslisoquinolines. The ~-effects of the N(3) atom 

have been previously detennined and require no further parametrisation, with the 

exception of the beta effect on H-2 in pyrimidine, which has two ~ nitrogen atoms. A non

orientationaJ dependent BSEF was added to the CHARGE model and a value of 

coefficient of 0.83 was determined for this one proton. 

Aside from this one BSEF only the y-effects need to be determined. The ring 

current intensities for the pyridines and diazabenzenes must be determined by performing 

iterations on all the data since no non-aromatic model exists for these compounds. In the 

case of the quinolineslisoquinolines we implement the method used for the ring current 

calcuJations offuran and thiophene. A value offc of 0.75 was calculated for quinoline and 

isoquinoline. This gave calculated values of ~OCH3 of 0.63 and 0.42ppm, which compare 

with the observed values of 0.55 and 0.51 ppm. 

Values of the ring current intensities of 0.85 and 0.72 for the pyridines and 

diazabenzencs were determined along with the various GSEF's by performing iterations 

on the observed data using the CHAP8 program. A total of 84 proton chemical shifts 

were included in the iteration spanning a range of ca2.0 to 9.4ppm and were calculated 

with an rms. error ofO.088ppm. 

The GSEF C5p2.Nm.C5p2 H has been determined in a previous investigation and 

does DOt require parameterisation. The GSEF N(3).C5p2.C5p2.H displayed an orientational 

dependence with respect to the protons in question and an A + Bcose term was 

incorporated into the CHARGE model Values of the coefficients A and B were 

detenJlined for non-aromatic and aromatic systems and can be seen in eqtn.7.14. 

GSEF = 0.093 - 0.326cose (Eqtn.7.14) 
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'The GSEF N(3)-CsP2.C5p3.H displays no orientational dependence and the 

coefficient C. was detennined. 

GSEF (N(3).CSJ)2.C5p3.H) = 0.50/160.84 (Eqtn.7.15) 

'The final parameterisation for the pyridines, diazbenzenes and 

quinolines/isoquinloines therefore included x-electron densities, ring current intensities 

and electronic effects operating on all protons within molecules. 

e) lmidazoles. thiazoles and oxazoles. 

'The experimental data for the imidazoles, thiazoles and oxazole is not extensive 

but gives us enough data to calculate the chemical shifts using the CHARGE model and 

thus quantify the ring current intensities, x-electron effects and electronic effects in these 

compounds. 

Table 7.15 Observed vs. calculated lH chemical shifts (0) imidazole (49), 2-

methylimidazole (50), 2-methyl-3, 4-dihydroimidazole (51), thiazole (52), 2-

methyhhiazole (53), 2-methyl-3. 4-dihydrothiazole (54) and oxazole (55). 

18 4' so 51 52 53 54 55 

No. 
ObI Cak ObI Cak ObI Calc Obs Calc Obs Cale Obs Calc: Obs Calc: 

2 7.74 7.78 - - - - 8.88 8.84 - - - - 7.90 7.92 

4 7.13 6.87 6.97 6.77 3.60 - 7.98 8.08 7.64 8.10 3.32 - 7.68 7.59 

S 7.13 6.87 6.97 6.77 3.60 - 7.41 7.16 7.17 6.93 4.22 - 7.15 7.44 

Me - - 2.44 2.49 1.9S 2.03 - - 2.74 2.83 2.20 2.29 - -

From table 7.15, we observe a good agreement between observed and calculated 

chemical shifts but we do notice some substantial differences between the calculated and 

observed data. From the table we see the large discrepancies in the calculated shifts ofH-

4/5 in imidazole and 2-methylimidazole, H-5 in thiazole and oxazole and H-4 in 2-

methyhhiazole. 
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We again note the influence of an additional double bond. In the case of 2-

methylimidazole and 2-methyhhiazole we observe the ring current shift of the 2-methyl 

groups in going from the dihydro to the aromatic compounds of ca.0.49 and O.S4ppm 

respectively . 

The parameters to be determined from the tables are the ring current intensities 

and a number of Jl-effects for the imidazole, thiazole and oxazole. The ~-effects to 

parameterise are on H-2 and both adjacent heteroatoms influence the chemical shift, hence 

three separate effects need to be parameterised. The ring current intensities for irndazole 

and thiazole are determined in the same way as in furan, with the value ofJe for oxazole 

detennined from the three available proton shifts. 

Values ofJe of 0.61 and 0.76 were calculated for imidazole and thiazole. This gave 

calculated values of aOCH3 of 0.49 and 0.54ppm, which compare with the observed 

values of 0.54 and 0.S4ppm. 

A value of Ie of 0.67 was determined for oxazole along with the various BSEF's 

by performing iterations on the observed data using the CHAP8 program. A total of 11 

proton chemical shifts were included in the iteration spanning a range of ca.2.0 to 9.4ppm 

and were calculated with an rms. error ofO.132ppm. 

The values of the coefficients for the BSEF on H-2 in imdazole, thiazole and 

oxazole were calculated as 0.60, 1.12 and 0.34 respectively. 

'The final parameterisation for the imidazoles, thiazoles and oxazole therefore 

included 7t-electron densities, ring current intensities and electronic effects operating on all 

protons within molecules. 

201 



7.6. DiscussioD. 

The observed vs. calculated chemical shifts in the tables is in good agreement. For 

the 215 data points of the above tables the rms. error (obs. vs. calc. shifts) is O.096ppm 

over a range of 1.9 to 9.4ppm. The calculation provides an insight into the interpretation 

of these proton chemical shifts as the different interactions responsible for the calculated 

values are separately identified and quantified in the CHARGE model. We have seen that 

it is necessary to take into account the variation of ring current intensity in these hetero

aromatics to give an adequate account for the proton chemical shifts. 

The ring current calculations again provide evidence for the accuracy of the 

simple equivalent dipole model of the benzene ring current, which has been determined 

in chapter three. The calculations performed also confirm that the ring current is not the 

only factor in accounting for the difference between the H-2 and H-3 protons in aromatic 

heterocycles (furan. thiophene. etc) and their non-aromatic derivatives. The difference in 

the experimental chemical shift of H-2 in furan and 4, 5-dihydrofuran is 1.11 ppm. This is ' 

made up of 1.6Oppm from the ring current with the remainder made up from 7t-electron 

and electronic effects. As seen in chapter three this has been allowed for in previous 

studies22 and the above calculations again support this approach. 

It is of great interest to compare the shifts of the protons in the 5-membered 

hetero-aromatic compounds. By examination of table's 7.4, 7.6 and 7.8 we can see the 

difference in chemical shift of the protons as the heteroatom in the ring varies from 

oxygen, sulphur and nitrogen. The shifts of H-2 and H-3 in the aromatic 5-membered 

systems vary significantly. The ring current contributions to the shifts of H-2 and H-3 

remain fairly constant throughout each hetero-aromatic family but we observe very 

different 7t-shift contributions, illustrating the effect the different heteroatoms must have 

on the 7t-electron density in each hetem-aromatic family. We also note the variation in the 

y-effects in the furan, thiophene and pyrrole. These y-effects vary quite considerably and 

illustrate the different electronic effects operating in these systems. 

In the benzofuran, thionaphthene and indole we again observe the same pattern as 

in furan. thiophene and pyrrole. The adjoining benzenoid ring in these molecules has a 

significant effect on the 7t-electron densities on the proton chemical shifts ofH-2 and H-

3. We do note that we have fairly consistent ring current contributions to the chemical 

shifts. The same can be said for the pyridine and quinloinelisoquinolines. We observe the 
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larger downfield shifts of protons 2/3 and 4 in quinoline compared to those in pyridine. 

The ring current and 1t-shift contributions remain relatively constant apart from H-4, 

which lies in a position para to the nitrogen atom. Here the ring current contribution is 

significantly larger in the case of quinoline. 

The chemical shifts of imidazole, thiazole and oxazole are of great interest to 

consider. We observe a down field shift of ca.l.Oppm for H-2 in thiazole (8.8ppm) 

compared to that in imidazole and oxazole. When we examine the contributions we 

observe that the ring current effect on H-2 is similar throughout these three systems and 

there is a very small pi-shift contribution to the shift of H-2 in thiazole and oxazole. The 

main contribution to the large downfield shift of H-2 in the case of thiazole seems to be 

due to electronic effects and a large ~-effect is observed. 

The ring current in the hetero-aromatic rings may be given by eqtn.7.16. 

Where: 

J.l is the aromatic ring current. 

A is the molecular area. 

i is the equivalent dipole. 

J.l=iA (Eqtn.7.16) 

Therefore, since the observed chemical shift difference is produced by the magnetic 

field of the dipole, the ratio of the ring currents of a molecule in question and benzene for 

example can be given by the simple equation below 

iliB = J.1IJ.1B • AB/A (EqtD.7.17) 

By this method we may detennine the relative ring currents as a ratio of the ring 

current in benzene. The ring current ratios for a range of hetem-aromatics with benzene 

and naphthalene can be seen below in figure 7.16. 
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Figure 7.16. Ratio of ring currents for various hetero-aromatics with benzene and 

naphthalene. 

0 
H 

0 0 0 
Ring current (iliB) 1.00 1.04 1.03 1.08 
(i/iB = IlIIlB * ABI A) 

Equivalent dipole, Il 26.2 17.6 19.0 21.8 

0 () 0 "I 0 
Ring current (iliB) 0.85 0.74 0.74 0.74 
(iliB = IlIIlB * AB/A) 

Equivalent dipole, Il 22.2 19.2 19.2 19.2 

Ring current (iliN) 1.00 0.81 
(iliN = IlIIlN * ANI A) 

Equivalent dipole, Il 24.4 19.7 

Ring current (i/iN) 0.88 0.79 0.87 
(iliN = IlIIlN * ANI A) 

Equivalent dipole, Il 21.8 17.6 19.0 
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H 

() () () 
Ring current (iliB) 1.00 0.89 0.95 
(iliB=J.1/J.1B * AB/A) 

Equivalent dipole, J.1 17.6 16.0 20.0 

Where: 

~ A & J.l are the ring current, molecu1ar area and equivalent dipole of the compound in 

question. 

islN, AaIN, & J.lBIN are the ring current, molecu1ar area and equivalent dipole of benzene and 

naphthalene respectively. 

The areas for benzene, furan and thiophene were taken from ref.2. The program 

PC Model was used to calculate the areas of the remaining compounds. The results from 

figure 7.16 are very interesting to consider. We see from the data that the ring currents in 

benzene, furan, pyrrole and thiophene are effectively the same as in benzene. The same 

can be said for imidazole, thiazole and oxazole. It is interesting to note that pyridine and 

the diazabenzenes have a smaller ring current than benzene and the benzofuran, 

benzothiophene, indole and pyridine have s smaller ring current than naphthalene. 

In the work performed by Elvidge, the end chain of a long polyene was used and 

the contribution of the heteroatoms deducted. Compounds with pure a bonds were used 

to determine the paramagnetic contributions in his work. Low field shifts were determined 

by subtracting the shift of the substituted ether (CH3.X.CH3, X = 0, S and N) from that of 

ethane. Shift differences were thus calculated as 7.59, 8.73 and 8.78ppm for 0, S and N 

respectively. By subtracting these values from the chemical shift of an end chain methyl 

group in his polyene gives the H-2 chemical shifts for furan, thiophene and pyrrole. Shifts 

of 0.15, 0.50 and 1.23 were determined and these are the aromaticity shifts for 0, S and 

N. By examination of our results we see that these are very poor. It seems that the 
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paramagnetic contribution of an oxygen atom next to a double bond as detennined by 

Elvidge is less than that of one in a saturated system! We have seen earlier the method 

used by De Jongh and Wynberg and the results obtained in this investigation justifies the 

methods used. 

7.7. Conclusions. 

The agreement of the observed vs. calculated proton chemical shifts in the tables 

are very good. As stated previously, the ring current calculations provide further evidence 

for the accuracy of the simple equivalent dipole model of the benzene ring current and 

also demonstrates that the ring current effect is not the only factor responsible for the 

difference between the chemical shifts in the aromatic and non-aromatic heteroaromatic 

compounds. 

Although the non-aromatic model is rather approximate, the use of the dihydro 

compounds as a non-aromatic model has been seen to be effective and less prone to error 

than other methods. 
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C 

Appendix One 

SUBROUTINE ARINGS 

PARAMETER (NAT=70) 
COMMON /GEOMI ANU(NAT),AN(NAT),BL(NAT),ALPHA(NAT),BET A(NAT). 
* Z(NAT,4),CHARGE(NAT),SHIFT(NAT),C(NAT,3),DIST(NAT,NAT),NUMBAR. 

*CRING(30,2),ALFS(NAT,5),BETS(NAT,13),GAMS(NAT,37),CONVRT,NUMHET. 
*PI,NATOMS,NRINGS,NOSUB(NAT),MRING( 1 0,6),MARING( 1 0,6),RINGC(NA T). 

* IEQ( 1 0,2),NEQUIV,JEMC(NAT),JEMN(NAT),JEMO(NAT),JEMCN(NAT), 

C 

C 

* JEMCO(NAT),JEMCCO(NAT) 
INTEGER Z,ANU,AN,CRING,ALFS,BETS,GAMS 

COMMON/CHARI HUCK(NAT,NAT),AK(80,80),FACTOR(80,80),IAROM(80), 
* PIEXS(NAT),PIELEC(NAT),AH(80),P(80),E(80),NEX(30),EXS(30), 
* MEUX,MEUY,MEUZ,DIPMO,CONS,V ALUE,NCHRG,NELEC,NPYR 
REAL MEUX,MEUY,MEUZ 

C Recognises aromatic rings. 
C For 5-membered ring,finds alpha connections ISUB-NAI-NBI-NCI-NDI 
C and closes ring ISUB-ND1,for six-membered same routine with 
C ISUB-NAI-NBI-NCI-ND1-NEI and closes ISUB-NEt. 
C NUMBAR = number of six-membered aromatic rings 
C NUMHET = number of five-membered aromatic rings 
C Identity of aromatic atoms stored in arrays MARINGS (5-membered) 
C and MRINGS (6-membered) 
C 

C 

c 

c 

NUMBAR=O 
NUMHET=O 

DO 600 ISUB=l,NATOMS 

IF(AN(lSUB).EQ.8.0RAN(lSUB).EQ.16.0RAN(ISUB).EQ.55. 
* OR.AN(ISUB).EQ.57) THEN 

DO 430 J=I,NUMHET 
DO 430 K=1,6 
IF (ISUB.EQ.MARING(J,K) GOTO 510 

430 CONTINUE 

DO 500 JO=2,5 
NA1=0 
IALFS=ALFS(ISUB,JO) 
IF (IALFS.EQ.O) GOTO 500 
IF(AN(lALFS).EQ.55.0RAN(lALFS).EQ.58) NAI =IALFS 
IF(NAI.EQ.O) GOTO 500 
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C 

C 

C 

C 

C 

C 

C 

C 

DO 501 11 =2,5 
NB1=0 
IALFS=ALFS(NAl,11 ) 
IF (IALFS.EQ.O.ORIALFS.EQ.lSUB) GOTO 500 
IF(AN(IALFS).EQ.55.0RAN(lALFS).EQ.58) NB 1 =IALFS 
IF(NBl.EQ.O) OOTO 501 

DO 502 J2=2,5 
NCl=O 
IALFS=ALFS(NB 1 ,J2) 
IF (IALFS.EQ.O.OR.lALFS.EQ.NAl) OOTO 502 
IF(AN(IALFS).EQ.55.0RAN(IALFS).EQ.58) NCt =IALFS 
IF(NCl.EQ.O) OOTO 502 

DO 503 13=2,5 
NDI=O 
IALFS=ALFS(NC 1 ,J3) 
IF(IALFS.EQ.O.OR.lALFS.EQ.NB 1) GOTO 503 
IF(AN(IALFS).EQ.55.0RAN(IALFS).EQ.58) NDI =IALFS 
IF(NDI.EQ.O) GOTO 503 

DO 504 J4=2,5 
NEI=O 
IALFS=ALFS(NDI,J4) 
IF(IALFS.EQ.O.ORIALFS.EQ.NCI) GOTO 504 
IF(AN(lALFS).EQ.8.0RAN(lALFS).EQ.t6.0RAN(IALFS).EQ.55. 

* ORAN(lALFS).EQ.57) NE 1 =IALFS 
IF(NEl.EQ.O) GOTO 504 

IF (NE 1.NE.ISUB) GOTO 504 

NUMHET=NUMHET+I 

IF (NUMHET.OT.I) THEN 
IF(lSUB.EQ.MARING«(NUMHET-I),l)) THEN 
NUMHET=NUMHET-I 
OOTO 510 
ENDIF 

ENDIF 

C WRITE(6,588) ISUB,NAI,NBI,NCI,NDt,NUMHET 
C 588 FORMAT(615) 
C 

MARING(NUMHET,1 )=ISUB 
MARING(NUMHET,2)=NAI 
MARING(NUMHET,3)=NBI 
MARING(NUMHET,4)=NCI 
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MARING(NUMHET,5)=ND1 
C 
504 CONTINUE 
503 CONTINUE 
502 CONTINUE 
501 CONTINUE 
500 CONTINUE 
510 CONTINUE 

ENDIF 
600 CONTINUE 
C 

C 

DO 900 ISUB=l,NATOMS 
IF(AN(ISUB).EQ.55.0RAN(ISUB).EQ.58) THEN 

C WRITE(6,*) 'NUMBAR=',NUMBAR 
C 

DO 30 J=l,NUMBAR 
DO 30 K=1,6 
IF (ISUB.EQ.MRING(J,K)) GOTO 101 

30 CONTINUE 
C 

C 

C 

C 

DO 700 10=2,5 
NA1=0 
IALFS=ALFS(lSUB,JO) 
IF (IALFS.EQ.O) GOTO 700 
IF(AN(IALFS).EQ.55.0RAN(IALFS).EQ.58) NA1 =IALFS 
IF(NA1.EQ.0) GOTO 700 

DO 701 J1 =2,5 
NB1=0 
IALFS=ALFS(NA1,J1 ) 
IF (IALFS.EQ.O.OR.IALFS.EQ.ISUB) GOTO 700 
IF(AN(IALFS).EQ.55.0RAN(IALFS).EQ.58) NB1 =IALFS 
IF(NBl.EQ.O) GOTO 701 

DO 702 J2=2,5 
NC1=O 
IALFS=ALFS(NB 1 ,J2) 
IF (IALFS.EQ.0.OR.IALFS.EQ.NA1) GOTO 702 
IF(AN(IALFS).EQ.55.0RAN(IALFS).EQ.58) NCt =IALFS 
IF(NC1.EQ.0) GOTO 702 

DO 703 J3=2,5 
ND1=O 
IALFS=ALFS(NCt ,J3) 
IF(IALFS.EQ.O.ORIALFS.EQ.NBl) GOTO 703 
IF(AN(IALFS).EQ.55.0RAN(IALFS).EQ.58) NDt=IALFS 
IF(NDl.EQ.O) GOTO 703 
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c 

c 

c 

c 

c 

C 

DO 704 J4=2,5 
NE1=0 
IALFS=ALFS(ND 1 ,J4) 
IF(lALFS.EQ.0.ORIALFS.EQ.NC1) GOTO 704 
IF(AN(lALFS).EQ.55.0RAN(lALFS).EQ.58) NE 1 =IALFS 
IF(NEl.EQ.O) GOTO 704 

DO 710 J5=2,5 
NG1=0 
IALFS=ALFS(NE1,J5) 
IF(lALFS.EQ.0.OR.IALFS.EQ.ND1) GOTO 710 
IF(AN(IALFS).EQ.55.0RAN(IALFS).EQ.58) NG 1 =IALFS 
IF(NGl.EQ.O) GOTO 710 
IF (NGl.NE.lSUB) GOTO 710 

NUMBAR=NUMBAR+l 

IF (NUMBAR.GT.1) THEN 
IF(ISUB.EQ.MRING«(NUMBAR-1),1» THEN 
NUMBAR=NUMBAR-1 
GOTO 101 
ENDIF 
ENDIF 

MRING(NUMBAR, 1 )=1 SUB 
MRING(NUMBAR,2)=NA1 
MRING(NUMBAR,3)=NB1 
MRING(NUMBAR,4)=NC1 
MRING(NUMBAR,5)=ND1 
MRING(NUMBAR,6)=NE 1 

C WRITE(6,986) ISUB,NAl,NBl,NCI,NDI,NEI,NUMBAR 
C 986 FORMA T(7I5) 
C 
710 CONTINUE 
704 CONTINUE 
703 CONTINUE 
702 CONTINUE 
701 CONTINUE 
700 CONTINUE 
101 CONTINUE 

ENDIF 
C 
C WRITE( 6,988) ISUB,NUMBAR,RINGSH,RINGC(I) 
C 988 FORMAT(2I5,2FI0.3) 
C 

900 CONTINUE 
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C 
C Defines aromatic carbons from MRING and MARING 
C 14/3/01 defines all aromatic atoms from MRING and MARING 

C 

C 

82 
C 
90 

C 

DO 90 I=l,NATOMS 
IF(AN(I).EQ.55) THEN 

DO 82 J =1,10 
DO 82 K=1,6 
IF(I.EQ.MRING(J,K) IAROM(I) = 6 
IF(I.EQ.MARING(J,K» IAROM(I) =5 
CONTINUE 
ENDIF 

CONTINUE 

C DO 9991=1 ,NUMBAR 
C WRITE (6,988) (MRING(I,J),J=1,6) 
C 988 FORMAT(6I5) 
C 999 CONTINUE 

C 
C 

C 

RETURN 
END 

SUBROUTINE RINCUR 

PARAMETER (NAT=70) 
COMMON IGEOMI ANU(NAT),AN(NAT),BL(NAT),ALPHA(NAT),BET A(NAT), 
* Z(NAT,4),CHARGE(NAT),SlllFT(NAT),C(NAT,3),DIST(NAT,NAT),NUMBAR, 

*CRING(30,2),ALFS(NAT,5),BETS(NAT,13),GAMS(NAT,37),CONVRT,NUMHET, 

*PI,NATOMS,NRINGS,NOSUB(NAT),MRING(l 0,6),MARING( 1 O,6),RINGC(NAT), 
* IEQ(l 0,2),NEQUIV,JEMC(NAT),JEMN(NAT),JEMO(NAT),JEMCN(NAT), 

C 

C 

C 

* JEMCO(NAT),JEMCCO(NAT) 

INTEGER Z,ANU,AN,CRING,ALFS,BETS,GAMS 

COMMON/CHARI HUCK(NAT ,NAT),AK(80,80),FACTOR(80,80),IAROM(80), 
* PIEXS(NAT),PIELEC(NAT),AH(80),P(80),E(80),NEX(30),EXS(30), 
* MEUX,MEUY,MEUZ,DIPMO,CONS,V ALUE,NCHRG,NELEC,NPYR 
REAL MEUX,MEUY,MEUZ 

DIMENSION CENTER(3),R(3),RA(3),S(3), 
* UR(3), URA(3),US(3),UT(3) 

C Calculates ring current shifts using MARING (S-memb) 
C and MRING (6-memb) from ARING. 
C NUMBAR = number of six-membered aromatic rings 
C NUMHET = number of five-membered aromatic rings 
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C 
C Searches MRING and MARING for common atoms 
C 

KOMONA=O 
KOMONH=O 

DO 6 I=I,NUMBAR 
DO 6 J=I,NUMBAR 

IF(I.EQ.J) GOTO 6 
DO 5 KA=I,6 
DO 5 KB=I,6 
IF(MRING(I,KA).EQ.MRING(J,KB)) KOMONA=KOMONA+ 1 

5 CONTINUE 
6 CONTINUE 
C 

DO 10 I=I,NUMBAR 
DO 10 J=I,NUMHET 
DO 10KA=I,6 
DO 10 KB=I,6 
IF(MRING(I,KA).EQ.MARING(J,KB)) KOMONH=KOMONH+ 1 

10 CONTINUE 
C 
C NCARB = the number of quaternary carbon atoms in the molecule 
C i.e. with only aromatic carbons as beta atoms 
C 

NCARB =0 
DO 40 I=I,NATOMS 
IF(AN(I).EQ.55.AND.IAROM(I).GT.0) THEN 
NBA=BETS(I, 1) 
IF(NBA.EQ.O) GOTO 30 
NUMBET=O 
DO 20 J=2,NBA+l 
IBET=BETS(I,J) 
IF(AN(IBET).EQ.55.AND.lAROM(IBET).GT.0) 

* NUMBET = NUMBET + 1 
20 CONTINUE 

IF(NUMBET.EQ.6) NCARB=NCARB+ 1 
30 CONTINUE 

ENDIF 
40 CONTINUE 
C 

C 
FACT = 1.0 

IF (NUMBAR.EQ.2) FACT = 0.93 
IF (NUMBAR.EQ.3) FACT = 0.94 
IF (NUMBAR.EQ.4.AND.NCARB.EQ.0) FACT = 0.88 
IF (NUMBAR.EQ.4.AND.NCARB.EQ.2) FACT = 0.88 
IF (NUMBAR.EQ.5.AND.NCARB.EQ.0) FACT = 0.85 
IF (NUMBAR.EQ.5.AND.NCARB.EQ.2) FACT = 0.68 
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C 

IF (NUMBAR.EQ.7.AND.NCARB.EQ.6) FACT = 1.01 
IF (NUMBAREQ.2.AND.NUMHET.EQ.1.AND.NCARB.EQ.l) FACT = 0.83 
IF(NUMBAR.EQ.1.AND.NUMHET.EQ.1.AND.KOMONH.EQ.2) FACT = 0.90 
IF(KOMONA.EQ.O.AND.NUMHET.EQ.O) FACT = 1.0 

C WRITE(6,*)'FACT =',FACT 
C 

C 

IF (NUMHET.EQ.O) GOTO 590 
DO 580 NUM=I,NUMHET 
ISUB= MARING(NUM,I) 
NAI = MARING(NUM,2) 
NBI =MARING(NUM,3) 
NC 1 = MARING(NUM,4) 
NDI =MARING(NUM,5) 

C Calculate co-ords of center of ring,find axis normal 
C to the ring plane and calculate ring current shift 
C 

DO 506 J=I,3 
CENTER( 1) = (C(ISUB,J)+C(NAI ,J)+C(NB 1 ,J) 

* +C(N C 1 ,J)+C(ND 1,1) )/5.0 
506 CONTINUE 

C 

C 

DO 570 I=I,NATOMS 
IF(AN(I).NE.l) GOTO 570 
RINGSH=O.O 

DO 507 J=I,3 
R(J) = CENTER(1)-C(ISUB,1) 
RA( 1) = CENTER(J)-C(NB 1,1) 
S(J) = CENTER(J)-C(I,J) 

507 CONTINUE 
C 

CALL UNIVEC(~R) 
CALL UNIVEC(URA,RA) 
CALL UNIVEC(US,S) 
CALL VECPRD(UT,UR,URA) 
CALL SCLPRD(UT,US,CAL) 
DISTAN=O.O 
DO 508 J=I,3 
DISTAN=DISTAN+(C(I,J)-CENTER(J))**2 

508 CONTINUE 
C 

GEOM = (1.0-3.0*CAL**2)1(DISTAN"1.5) 
C 
C Counts number of C=O and N= atoms in ring 
C 

NCO=O 
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NPYR=O 
DO 510 J=1,5 
IF(JEMCO(MARING(NUM,J).EQ.1) NCO=NCO+ 1 
IF(AN(MARING(NUM,J).EQ.58) NPYR=NPYR+ 1 

510 CONTINUE 
C 

C 

C 

IF(AN(ISUB).EQ.8) THEN 
IF(NPYR.EQ.O) EQDIP=17.6 
IF(NPYR.EQ.l) EQDIP=17.6 

ENDIF 
IF(AN(ISUB).EQ.16) THEN 
IF(NPYR.EQ.O) EQDIP=21.8 
IF(NPYREQ.1) EQDIP=20.0 

ENDIF 
IF(AN(ISUB).EQ.57) THEN 
IF(NPYR.EQ.O) EQDIP=19.0 
IF(NPYREQ.1) EQDIP=16.0 

ENDIF 
IF(AN(ISUB).EQ.55) THEN 
IF(NCO.EQ.O) EQDIP=11.57 
IF(NCO.EQ.l) EQDIP= 0.0 

ENDIF 

RINGSH=EQDIP*GEOM 
RINGC(I) = RINGC(I) + RINGSH 

570 CONTINUE 
580 CONTINUE 
590 CONTINUE 
C 

C 

IF (NUMBAR.EQ.O) GOTO 790 
DO 780 NUM=1 ,NUMBAR 
ISUB= MRING(NUM,1) 
NA1 = MRING(NUM,2) 
NBI = MRING(NUM,3) 
NCl = MRING(NUM,4) 
ND1 = MRING(NUM,5) 
NE1 = MRING(NUM,6) 

C Counts number of CO and pyridine atoms in the aromatic rings 
C NPYR = the no.of pyridine N atoms. 
C NCO = no. of CO atoms 
C 

NCO=O 
NPYR=O 
DO 610 J=1,6 

IF(JEMCO(MRING(NUM,J).EQ.1) NCO=NCO+l 
IF(AN(MRING(NUM,J).EQ.58) NPYR=NPYR+ 1 
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610 CONTINUE 
C 
C Calculate co-ords of center of benzene ring, find axis normal 
C to the ring plane and calculate ring current shift 
C 

DO 706 J=I,3 
CENTER(J) = (C(lSUB,J)+C(NA1,J)+C(NBl,J) 

* +C(NC 1 ,J)+C(ND 1 ,J)+C(NE 1 ,J)/6.0 
706 CONTINUE 

C 

C 

DO 770 I=I,NATOMS 
IF(AN(I).NE.l) GOTO 770 
RINGSH=O.O 

DO 707 J =1,3 
R(J) = CENTER(J)-C(ISUB,J) 
RA(J) = CENTER(J)-C(NB1,J) 
S(J) = CENTER(J)-C(I,J) 

707 CONTINUE 
C 

CALL UNIVEC(UR,R) 
CALL UNIVEC(URA,RA) 
CALL UNIVEC(US,S) 
CALL VECPRD(UT,UR,URA) 
CALL SCLPRD(UT,US,CAL) 
DISTAN=O.O 
DO 708 J=I,3 
DIST AN=DIST AN+(C(I,J)-CENTER(J)**2 

708 CONTINUE 
C 

C 
GEOM = (1.0-3.0*CAL **2)/(DIST AN**1.5) 

EQDIP = 26.23*FACT 
IF (NPYREQ.l) EQDIP = 22.22 
IF (NPYR.EQ.l.AND.NUMBAREQ.2) EQDIP = 19.70 
IF (NPYR.EQ.2) EQDIP = 18.83 

C 
C WRITE(6,*)'FACT =',FACT 
C 

RINGSH=EQDIP*GEOM 
RlNGC(I) = RINGC(I) + RINGSH 

770 CONTINUE 
780 CONTINUE 
790 CONTINUE 

RETURN 
END 
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ring currents and 1t electron effects in condensed aromatic 
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The proton resonance spectra of a variety of condensed aromatic compounds including benzene, naphthalene, 
anthracene, phenanthrene, pyrene, acenaphthylene and triphenylene were obtained in dilute COCl] solution. 
Comparison of the proton chemical shifts obtained with previous literature data for CCI4 solution shows small 
but significant differences. A previous model (CHARGE6) for calculating the proton chemical shifts of aliphatic 
compounds was extended to aromatic compounds. This was achieved by including an automatic identification of 
both five- and six-membered aromatic rings based on atomic connectivities plus a dipole calculation of the aromatic 
ring current. The ring current intensity in the molecules was calculated by two alternative methods. a) The ring 
current intensity in the individual benzenoid rings was a function of the number of adjoining rings and b) the 
molecular ring current was proportional to the molecular area divided by the molecular perimeter. This, plus 
the inclusion of deshielding steric effects for the crowded protons in these molecules, gave a good account of the 
observed chemical shifts. The model was also applied successfully to the non-altern ant hydrocarbons of fulvene and 
acenaphthylene and to the aliphatic protons near to and above the benzene ring in tricyclophane and [IO]cyclophane. 

The Huckel calculation of the It electron densities in CHARGE6 was used to calculate the It electron densities in 
substituted benzenes. The It-inductive effect was used to simulate the effect ofCX3 groups (X = H, Me, F) on the 
benzene ring. These together with the long range effects of the substituent groups identified previously allowed a 
precise calculation of the SCS of a variety of substituents on all the benzene ring protons. 

The model gives the first accurate calculation of the proton chemical shifts of condensed aromatic compounds and 
of the proton SCS in the benzene ring. For the data set of 55 proton chemical shifts spanning 3 ppm the rms error of 
the observed vs. calculated shifts was ca. 0.1 ppm. The model also allows the interpretation of the shifts in terms of 
the separate interactions calculated in the programme, i.e. It electron densities and steric, anisotropic and electric field 
effect~. Pre.vious correlati?ns of the proton SCS with It electron densities and substituent parameters are shown to be 
over sl.mphfied. The relative proportions of these different interactions are very different for each substituent and for 
each nng proton. 

Introduction 

The influence of the It electron densities and ring currents of 
aromatic compounds on their proton chemical shifts have been 
investigated since the beginning of proton NMR spectroscopy.2 
Thus it is all the more surprising that despite this wealth of 
investigation there is still no authoritative calculation (even a 
semi-empirical one) of the proton chemical shifts of aromatic 
compounds and the structural chemist still has to rely on 
proton data banks for the identification of aromatic com
pounds by NMR. 

models, though not the simple equivalent dipole model (see 
later). The calculations gave good agreement with the experi
mental data, thus the effect of the benzene ring current on the 
chemical shifts of neighbouring protons is reasonably well 
understood. 

Pauling] introduced the concept of an aromatic ring current 
to explain the diamagnetic anisotropy of crystalline benzene. 
Pople 4 later extended this to explain the difference in the proton 
chemical shifts of benzene and ethylene and he further showed 
that the equivalent dipole model of this ring current gave 
a surprisingly good account of this difference. More sophist
icated ring current models for benzene were then developed. 
The classical double-loop5 and double dipole models 6 mimic 
the It electron circulation by placing the current loops (and 
equivalent dipoles) above and below the benzene ring plane. 
A value of ±O.64 A was found to be most appropriate. The 
equations of Haigh and Mallion 7 give the shielding ratios 
directly from quantum mechanical theory. Schneider et a/.8 

have recently presented a detailed experimental examination 
of the double-loop and Haigh and Mallion ring current 

However, the proton chemical shifts in condensed aromatic 
compounds and substituted benzenes have not yet been well 
calculated and this is the subject of this investigation. Bernstein 
et al.' in their initial calculations of the proton chemical shifts 
of condensed aromatic compounds assumed the same ring 
curr~nt for each benzenoid ring but this was subsequently 
conSidered to be an over simplification. Thus it is first necessary 
to calculate the It electron current density for each benzenoid 
ring and then to calculate the effects of these currents on the 
chemical shifts of the ring protons. The quantum mechanical 
method for calculating the It electron current densities was first 
given by Pople 10 and McWeeny 1\ subsequently extended the 
London-Pople theory. McWeeny's work gives not only the 
circulating current density but also the effect of this circulating 
current at the proton in question. It should be noted that all 
these theories were based on simple Huckel theory. 

Early experimental investigations to test these theories were 
not helped by the complex proton spectra of many condensed 
aromatic hydrocarbons at the low applied magnetic fields 
then in use and also by the quite large concentration effects 
on the proton chemical shifts due to the propensity of these 
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large planar rings to stack in solution. However three system
atic investigations attempted to overcome these difficulties. 
Jonathan et al.'2 analysed the proton spectra of several con
densed aromatics at infinite dilution in CCI4 or CS2 . They then 
used the Pople-London theory to calculate the current inten
sity in the benzenoid rings and the Johnson-Bovey tables 5 to 
obtain the ring current shifts. They also estimated C-C and 
C- H anisotropic effects and found that these could be ignored. 
They obtained "only fair agreement'" with the observed shifts. 
Varying the separation of the n-electron loops gave a poorer fit 
with the observed shifts. They noted that other interactions 
were affecting the proton shifts and in particular noted a high 
frequency shift for close protons which was suggested to be due 
to van der Waals contact but did not attempt to quantify this. 

Subsequently Cobb and Memory I3 and Haigh and Mallion 7 
performed two similar but more extensive investigations. The 
proton spectra of several condensed aromatic compounds in 
dilute solution were analysed and the McWeeny equation 
used to obtain the ring current densities and shielding ratios. 
They both ignored 0" bond anisotropies in this calculation. Both 
investigations obtained reasonable correlations for "non over
crowded protons" between the observed proton shifts and the 
ratio of the n electron shielding for a given proton compared 
to benzene (H' IH' b in the nomenclature of ref. 7). The more 
comprehensive data of ref. 7 when converted to the 15 scale may 
be written as (jobs = 1.56 (H'/H\) + 5.66 with an rms error of 
0.06 ppm over a range of ca. 1.6 ppm. However the differences 
between the calculated and observed data for the "crowded" 
protons were ca. 0.5--0.7 ppm with one of 1.2 ppm, all to high 
frequency of the calculated value. Again they attributed these 
shifb to steric effects but did not quantify or define these effects. 

More recently Westermayer et al. 14 used a double dipole 
model to test the observed shifts. They correlated the resulting 
geometric factors with the observed shifts to obtain a value for 
the benzene diamagnetic susceptibility anisotropy. They stated 
that superior results for the sterically crowded protons were 
obtained but it is not clear why this should be the case as no 
steric term was introduced. 

Although it is obvious which protons are crowded (e.g. H4,5 
in phenanthrene) it is not obvious whether this interaction 
is also present in the other "less crowded" protons. Thus the 
simple question of whether the difference between the a and 
[3 proton chemical shifts in naphthalene is due to ring currents, 
n-electron densities or steric effects has still not been satisfac
torily answered. Although Pople in his original studies 10 cal
culated the ring current intensities in the five- and seven
membered rings of azulene, to our knowledge there has not 
been any calculation of the proton chemical shifts in non
alteman! hvdrocarbons. 

The infl~ence of the substituents on the proton chemical 
shifts in the benzene ring has also been investigated for many 
years and again there is still no quantitative calculation of these 
effects. Following the classic work of Castellano et al.l~ and 
Hayamizu and Yamamoto '6 who completely analysed the 
complex proton spectra of a wide range of monosubstituted 
benzenes in dilute solution in CCl4 the proton substituent 
chemical shifts (SCS) are known accurately and tables of these 
SCS are an integral part of any text on NMR spectroscopy.17-t9 
The theoretical interpretations of these effects have concen
trated on the correlation between the SCS and the calculated 1t 
(and also 0") electron densities on the adjacent carbon atoms 
following the excellent correlation found between the HC SCS 
and the n electron densities at the para carbon atom in mono
substituted benzenes.2o Correlations with n electron densities 
t:alculated by various methods have been reported, the most 
recent being the ah initio calculations of Hehre et aUI They 
used the STO-3G basis set and showed that the HC SCS 
could be well interpreted on the basis of calculated electron 
densities but this was not the case for the proton SCS. The para 
proton SCS could be correlated with the total charge density at 
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the para carbon atom but the meta proton SCS did not correlate 
well with the calculated meta carbon charge densities but with 
the sum of the charges at the hydrogen and attached carbon 
atoms. They stated that "this lack of consistency indicates 
either that the calculations are unrealistic or that the tH SCS 
depend to a very significant extent on factors other than elec
tron densities at the H and attached C atoms". They omitted 
the ortho proton SCS presumably on the grounds that these 
other effects are even more important at these protons. They 
also noted that strongly electronegative substituents caused 
polarisation of the n system without charge transfer, leading to 
changes in the n densities around the ring and this is termed 
the 1t-inductive effect. They also found various correlations 
between the calculated charge densities and the Taft 0"1 and 0" 

values. This reflects the results of other investigators who hav~ 
attempted to correlate substituent parameters with the proton 
SCS. 'h,22,2l Despite all these endeavours there is still no calcu
lation of proton SCS in substituted benzenes reliable enough 
to be of use to the structural chemist. 

We give here the proton chemical shifts of a selection of 
condensed aromatic compounds in CDCll and show that these 
differ by a small but significant amount from the earlier data in 
CCl4 solution. These provide sufficient data for an analysis of 
the proton chemical shifts based on the CHARGE model for 
calculating proton chemical shifts.' In previous parts of this 
series this model has been applied successfully to a variety of 
saturated hydrocarbons,24 haloalkanes,25 ethers 26 and ketones. t 
We shall show that this model can be extended to provide 
a quantitative calculation of the proton shifts in condensed 
aromatic compounds, including two non-alternant hydro
carbons an~ the SCS of monosub~tituted benzenes. We give 
two alternative calculatIOns of the rIng current intensity in the 
benzenoid rings together with a dipole model of the benzene 
ring current. In model A the ring current intensity in the indi
v.idual benzen~id rings is a function of th~ number of adjOining 
rIngs whereas m model B the molecular rIng current is given by 
the classical Pauling treatment as proportional to the molecular 
area divided by the molecular perimeter. All the protons in 
the condensed aromatic compounds are considered and the 
"crowded" proton chemical shifts reproduced by a simple steric 
effect. The effects of substituents in monosubstituted benzenes 
are well reproduced for the ortho, meta and para protons on 
the basis of calculated n electron densities plus the steric, aniso
tropic and electric field effects of the substituents. We show also 
that the model reproduces the high field shifts of protons situ
ated over the benzene ring thus providing a general calculation 
of proton chemical shifts of condensed aromatic compounds. 
A preliminary account of this work has been presented.27 

Theory 

As the theory has been detailed previously only a brief sum
mary of the latest version (CHARGE6)28 is given here. The 
theory distinguishes between substituent effects over one, two 
and three bonds which are attributed to the electronic effects 
of the substituents and longer range effects due to the electric 
fields, steric effects and anisotropy of the substituents. The 
CHARGE scheme calculates the effects of atoms on the partial 
ato~ic charge of th~ ato~ under consideration, based upon 
claSSical concepts of mductlve and resonance contributions. 

If we consider an atom I in a four atom fragment I-J-K-L 
the partial atomic charge on I is due to three effects. There is an 
a effect from atom J given by the difference in the electroneg_ 
ativity of atoms I and J and a ~ effect from atom K proportional 
to both the electronegativity of atom K and the polarisability 
of atom I. There is also a general 'Y effect from atom L given by 
the product of the atomic polarisabilities of atoms I and L. For 
the second row atoms (C, 0, etc.) the y effect (i.e. C-C-C-H) is 
parameterised separately and is given by eqn. (I) where () is the 
C-C-C-H dihedral angle and A and B empirical parameters. 



GSEF = A + Blcos() 

= A + B2cos() 

0° ~ () ~ 90° 

90° ~ () ~ 180° 
(1) 

There are also routines for the methyl y effect and for the 
decrease in the y effect of the electronegative oxygen and 
fluorine atoms for CX2 and CX3 groups. 

The total charge is given by summing these effects and the 
partial atomic charges (q) converted to shift values using 
eqn. (2). 

J = 160.84q - 6.68 (2) 

The effects of more distant atoms on the proton chemical 
shifts are due to steric, anisotropic and electric field contrib
utions. H··· H steric interactions in alkanes were found 
to be shielding and X··· H (X = C, F, CI, Br, I) interactions 
deshielding according to a simple r- 6 dependence [eqn. (3)]. 

(3) 

Furthermore any X ... H steric contributions on a methylene 
or methyl proton resulted in a push-pull effect (shielding) on the 
other proton(s) on the attached carbon. 

The effects of the electric field of the C-X bonds (X = H, 
F. CI, Br. I. 0) were calculated from eqn. (4) where Az was 

(4) 

determined as 3.67 ~ 10-12 esu (63 ppm au) and Ez is the com
ponent of the electnc field along the C-H bond. The electric 
field for a univalent atom (e.g. fluorine) is calculated as due to 
the charge on the fluorine atom and an equal and opposite 
charge on the attached carbon atom. The vector sum gives the 
total electric.field at the proton concerned and the component 
of the electnc field along the C-H bond considered is E in 
eqn. (4). This procedure is both simpler and more accu~ate 
than the altern~tive ~alculation using bond dipoles. 

The magnetic amsotropy of a bond with cylindrical sym
metry (e.g. CN) was obtained using the McConnell equation 
[eqn. (5)], where R is the distance from the perturbing group to 

(5) 

the nucleus of interest in A. rp is the angle between th R 
• CN e vector 

and the symmetry aXIs and!lX the molar anisotropy f th 
d ( A eN eN eN 0 e 

CN bon . aX. . ~ !- parI - X perp) where XeN 
pari and XeN perp 

are the susceptibilities parallel and perpendicular to the sym
metry axis respectively. 

For a non-cylindrically symmetric group such as a carbonyl 
group eqn. (5) is replaced by the full McConnell eqn. (6). The 

Jan = [&XI(3coS201 - I) + &X2(3coS202 - 1)]/3R3 (6) 

C=O group has different magnetic susceptibilities (xl. Xl and 
Xl) along the principal axes (XI' Xl and X3) and thus two 
anisotropy terms are required. 

In eqn. (6) ()I and (}2 are the angles between the radius vector 
R and XI and X3 respectively and &XI (xl - X2) and !lX2 (x3 - X2) 
are the two anisotropies for the e--o bond which may be termed 
the parallel and perpendicular anisotropy respectively. 

These contributions were added to the shifts of eqn. (2) to 
give the calculated shift of eqn. (7). 

Application to aromatic compounds 

Ring current shifts. There are a number of modifications to be 
made to CHARGE6 to calculate the proton shifts of aromatic 
compounds. It was necessary to include the effect of the aro-

matltc rmg current an(i lor t 1: s to :>e aC:1 evec t 1e programme 
has to automatically recognise an aromatic ring. A routine was 
written based on the atomic connectivities in the rings and 
the programme now recognises both five- and six-membered 
aromatic rings including the heterocyclic rings of pyrrole, furan 
and thiophene. The aromatic ring current at any proton was 
then calculated from the equivalent dipole model [eqn. (8»). 

(8) 

In eqn. (8) R is the distance of the proton from the benzene 
ring centre, () the angle of the R vector from the benzene ring 
symmetry axis, fl is the equivalent dipole of the benzene ring and 
fe the 1t electron current density for the benzenoid ring. (For 
benzene fe = I.) 

It was next necessary to calculate the value ofje for any given 
compound and two alternative methods are presented. The first 
method (model A) was based on inspection of the calculated 
ring current intensities of refs. 7 and 12. Haigh and Mallion 7 

did not publish the calculated ring current intensities for 
the common aromatic compounds, but a selection of their 
calculated values for some less common condensed aromatic 
compounds is given in Table I. 

Inspection of this data shows that the changes in the ring 
current intensity are a function of the number and orientation 
of the rings attached to the benzenoid ring. In model A the ring 
curre'nt intensity in any given benzenoid ring is assumed to be 
only a function of the number and orientation of the rings 
attached to the benzenoid ring considered. This may be quanti
fied by the number and orientation of the substituent Spl 
carbon atoms attached to the ring in question (Ro). Thus we 
define a) the number of attached Sp2 carbons on each ring 
carbon atom and b) the relative position of these attached 
atoms in the benzene ring. Thus for benzene each carbon atom 
has two carbon neighbours thus Ro = 12. For either ring 
in napthalene two of the carbon atoms have three carbon 
neighbours thus Ro = 14. The middle rings of anthracene and 
phenanthrene both have Ro = 16 but the relative _positions of 
the substituent carbons differ in the two cases. These are 
defined as Ro equals 16a and 16b. This analysis gives seven 
different ring systems (Table I) of which six are present in the 
molecules indicated in Fig. I. Only the molecules with the rings 
itemised A, B in Fig. I are included in Table I as these are the 
only molecules for which the ring current intensities were given 
in ref. 7. However all the molecules measured were included in 
the iteration (see later). 

Inspection of Table I shows that with few exceptions the 
separation of the ring current densities into the different ring 
types gives a reasonably constant value for each ring type. The 
only serious exception is the calculated values for ring type 18 
(i.e. all substituted carbons) of ref. 12 which are very different 
for perylene and coronene. The values from ref. 7 for the similar 
molecules benzo[ghllperylene and naphthol I ,2,3.4-def]chrysene 
are much more consistent. 

It would be possible to average the calculated values of ref. 7 
f~r each ring type and use these averages in our calculation. In 
vle~ of. the approximations inherent in these calculations it was 
deCided to param.etrise the current density for each ring type 
separately. to. obtam the best agreement with the observed shifts. 
These o,Ptnrused values are given in Table 1 (column 5) and will 
be conSidered later. 

An altemati~e method of calculating the molecular ring cur
rent (mo~el B) IS.to use the Pauling model] in which the carbon 
ske.leton IS conSidered as a conducting electrical network in 
which for any current loop the emf is Proportional to the area 
enclosed and the resistance proportional to the number of 
bonds., On this basis if the condensed aromatics are considered 
to be made up of a number of regular hexagons the ring current 
for any molecule is simply proportional to the number of 
heJf.agons in the molecule divided by the number of bonds in the 

I Chern Soc .• Perkin Trans. 2.2000.803-812 805 



Table 1 Calculated ring current intensities in condensed aromatic hydrocarbons 

Ring current intensity (fc) 

Molecule 

Benzene (I) 
Naphthalene (2) 
Anthracene (3) 

Phenanthrene (4) 

Triphenylene (5) 

Pyrene (6) 

Perylene (7) 

Coronene (8) 

Ring type" 

Ring A 
RingB 
Ring A 
RingB 
Ring A 
RingB 
Ring A 
RingB 
Ring A 
RingB 
Ring A 
RingB 

(Rg) 

12 1.00 
14 1.093 
14 1.085 
16a 1.280 
14 1.133 
16b 0.975 
14 1.111 
18 0.747 
15 1.329 
16b 0.964 
15 0.979 
18 0.247 
16b 1.460 
18 1.038 
17 

Model A Model Bd 

1.00 1.00 1.00 
1.048: 1.094/1.121' 0.950 0.925 
1.119,. 1.197/ 1.100j 0.943 
1.291: 1.311/1.299,'1.298/1.17Oi 0.818 

0.943 
0.877,' 0.876 h 0.745 

0.876 

1.337,k 1.292' 0.786 0.878 

0.681 
0.603/0.606" 0.173 

1.06" 1.008 
0.745," 0.684' 
1.297,k 1.226," 1.310' 

"See text. • Ref. 12. c Ref. 7. dThis work .• Hexacene. 'Dibenzo[a,c)naphthacene. r Dibenzo[a,J1naphthacene. h Dibenzo[a,l)naphthacene.; Dibenzo
[def,mno)chrysene. j Benzo[h)pentaphene. k Dibenzo[def,mno)chrysene. 'BenzO(ghI1perylene ... Naphtho[I,2,3,4-de/lchrysene. " Dibenzo[b,def)
chrysene. 
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Fig. 1 . Molecules studied and their nomenclature. 

perimeter of the molecule. Thus for benzene, naphthalene and 
anthracene the ring current ratio is I: 615: 917. The Pauling 
model gives too large a value for the diamagnetic anisotropy of 
condensed aromatics 611 so that as in method A the Pauling 
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model was used to separate the various molecular types and the 
ring current for each molecular type was parametrised against 
the experimental data. Although the same experimental data 
are used in both models the different selectivities give different 
answers. For example in model B anthracene and phenanthrene 
have identical ring currents which is not the case in model A. 

Conversely in model A the fully substituted benzenoid rings 
in perylene (7) and coronene (8) have identical ring currents 
whereas in model B they differ as the molecular area/perimeter 
ratio differs for the two compounds. 

1t Electron densities. The 1t electron densities are calculated in 
the CHARGE programme from Huckel theory.19 The standard 
coulomb and resonance integrals for the Huckel routine are 
given by eqn. (9), where 110 and Po are the coulomb and 

l4 = 110 + hrPo 

P .. = k .. Po 
(9) 

resonance integrals for a carbon 2pz atomic orbital and hr 
and k .. the factors modifying these integrals for orbitals other 
than Spl carbon. The Huckel routine was modified by the w 
technique to model the very polar 1t systems of the nucleic acid 
bases. 30 The w technique involves varying the coulomb integral 
for each atom according to the charge on that atom. This is 
shown in eqn. (10) where l4 is the coulomb integral, l40 the 

ar = a/ - qrw (10) 

initial coulomb integral, qr the excess 1t charge on atom rand w 
a constant. Eqn. (10) "cuts in" at a given value of the excess 1t 

charge on atom r. For the nucleic acid bases the appropriate 
value of w was lAO and and the cut-in threshold 0.2 electrons. 30 

For altemant aromatic hydrocarbons this calculation gives 1t 

electron densities at every carbon equal to 1.0 as in benzene. 
Thus the excess It electron density is zero. This is in agreement 
with the results of more sophisticated calculations. E.g. the 
excess 1t electron densities at the a and P carbons of naphthalene 
are calculated as -0.8 and -4.1 me (milJielectrons) fromah initio 
calculations with the 6-31 G* basis set. 

For the non-altemant hydrocarbons fulvene and acenaphth
ylene the Huckel routine gives large excess 1t densities at certain 
carbon atoms which are much larger than those calculated 
by ab initio methods in which iteration procedures restrict the 
tendency in the Huckel routine to separate the 1t charges. The w 
technique was modified to correct this by decreasing the "cut 
in" point of eqn. (10) from 0.2 electrons to 0.01 electrons and 



increasing the value of 1') to 6.0. This simple modification gave 
reasonable results for these two compounds, though the dipole 
moments are still on the high side (e.g fulvene 0.92 D (calc.) vs. 
0.44 D (obs.)]1 and acenaphthylene 0.93 D (calc.) 1'05. 0.3 D 
(obs.)]I). As these hydrocarbons have quite different 1t densities 
and geometries from the alternant hydrocarbons both the 
ring current of the five-membered ring and the ring current 
density or the attached six-membered ring were parametrised 
separately. 

For the substituted benzenes the appropriate values of the 
coefficients II, and krs in eqn. (9) for the orbitals involving hetero 
atoms have to be found. In ref 29 two procedures were con
sidered. One was to obtain those values which gave the best 
agreement with the experimental dipole moments of the 
compounds investigated. the alternative was to find values 
which best reproduced the 1t densities obtained by ab initio 
calculations. Both sets of coefficients were given, but the first set 
was adopted in the CHARGE programme as the simplest 
method of obtaining reasonable dipole moments of unsatur
ated compounds. However later developments of the CHARG E 
method. in which a more flexible method of reproducing 
observed dipole moments was adopted. meant that the dipole 
moments of unsaturated compounds could be reproduced with 
either set of Huckel parameters. We now use the later set so that 
the 1t densities calculated from the Huckel routine reproduce 
the 1t densities given from ab initio calculations. 

The only other modification necessary to the Hucke! routine 
concerns the elfect of saturated substituents (e.g CX]) on the 1t 
electron densities in the benzene ring which is usually termed 
hyperconjugation. It is simple to reproduce this effect in 
a Huckel calculation if it is regarded as an example of the 
1t-inductive effect mentioned earlier. In this case an equation 
corresponding to egn. (10) was used to vary the Coulomb 
integral of the aromatic carbon atom connected to an sp] 
carbon. In this way changes to the 1t electron density of the 
benzene ring due to both electron donating substituents such as 
CH] and electron withdrawing substituents such as CF3 can be 
handled by the same procedure. 

Having obtained the 1t electron density in the benzene ring 
it is then necessary to determine the effect of the 1t electron 
density at a given carbon atom on the proton chemical shifts. 
An experimental determination of this factor is due to Gunther 
et al.32 They measured the proton chemical shifts of a variety of 
cyclic charged molecules (tropylium cation, cyclopentadienyl 
anion, etc.) and compared them with benzene. From this data 
they obtained a value of the coefficient (/I [eqn. (II)] of 10.0 

M = {/1!:J.q" + {/2!:J.qll (II) 

between the proton shift M and the excess 1t charge !:J.qu on the 
attached carbon atom. 

It has also been recognised that there is an influence of the 
excess 1t charge on the carbon atom p to the proton considered 
and a related effect gives rise to the phenomenon of negative 
spin density in EPR spectroscopy.33 The hyperfine couplings 
to the a and p protons in alkyl radicals, in which the radical 
carbon atom is planar and Sp2 hybridised, are quoted as 
{/H" = - 22 G and {/Hll = 4 + 50cos2(} where () is the dihedral 
angle between the free radical 2p-orbital and the proton 
considered. 33 These considerations suggest that in aromatic 
compounds in which the CH bond is orthogonal to the 1t 
orbital, () is 90° and the value of (/2 in eqn. (II) is negative and 
ca. 1I5th of aI' i.e. -2.0. 

These modifications were the only ones needed to apply the 
CHARGE routine to aromatic compounds. However it is still 
necessary to calculate the charge densities at the aromatic 
protons in CHARGE and thus to quantify the appropriate cr, p 
and y effects. Also the long range interactions present in the 
aliphatic molecules (i.e. steric, electric and anisotropic) must 
also be included and where necessary evaluated. These will be 
considered subsequently. 

The steric effects of both the aromatic carbon and hydrogen 
atoms are not known and must be determined. We shall show 
(see later for a full discussion) that an aromatic carbon atom 
has no steric effect on a close aromatic proton but that an 
aromatic proton has a deshielding effect on a close aromatic 
proton. We assume that this can be represented by a simple ,-6 
term [eqn. (3)] thus only the appropriate value of as in egn. (3) 
for the aromatic proton to proton steric shift needs to be 
obtained. The electric field and anisotropies of the polar and 
anisotropic groups involved are calculated in an identical 
manner to that for any aliphatic C-H bond and thus no further 
parameterisation is necessary. 

Experimental 
Ethylene, benzene. toluene, tert-butylbenzene, naphthalene, 
anthracene, phenanthrene, pyrene, triphenylene, benz[a]anthra
cene, benzo[b]triphenylene and dibenzo[ah]anthracene and the 
CDCI] solvent were obtained commercially (Aldrich Chem. 
Co.). The solvent was stored over molecular sieves and used 
without further purification. 

IH NMR spectra were obtained on a Bruker AMX400 
spectrometer operating at 400.14 MHz. Spectra were recorded 
in 10 mg cm] solutions eH) with a probe temperature of ca. 
25°C in CDCl3 and referenced to TMS. Typical IH conditions 
were 128 transients, spectral width 3300 Hz. 32K data points. 
giving an acquisition time of 5 s and zero-filled to 128K to give 
a digital resolution of 0.025 Hz. 

The geometries of the compounds were obtained by optimis
ations using the GAUSSIAN94 programme at the RHFI 
6-31 G* level. 34 For molecules too large to be handled con
veniently by GAUSSIAN at the 6-31 G* level, e.g perylene, 
smaller basis sets were used, e.g 3-21 G. For the largest 
molecules, e.g coronene and the two cyclophanes (15) and (16), 
the molecular mechanics PCMODEl programme was used. 35 

The geometry and CHARGE computations were performed 
on a Pc. 

Results 

The proton spectra of the compounds all consisted of well 
separated peaks at 400 MHz (except for toluene) thus the 
proton chemical shifts could be obtained immediately and 
the assignments of the compounds followed previous investig
ations. For toluene the proton spectrum of toluene-ds was first 
obtained. The dilute IH spins only couple to the 2D nuclei and 
the spectrum consists of three broad singlets at 7.165, 7.170 and 
7.2546. This gave sufficient information to identify the coupling 
patterns in the IH spectrum of toluene and hence the slightly 
more accurate proton chemical shifts given in Table 2. 

The data obtained in CDCl3 solution are given and compared 
with that of previous investigations in CCl. solution in Table 2. 
In ref. 12 the authors only reported the shift differences from 
benzene and we have added 7.27 ppm (the benzene value in 
CCl4) to them. The shift values in Table 2 are of interest. There 
is generally good agreement between the data sets but it is 
noteworthy that there is a small but almost constant difference 
in the proton chemical shifts in CDCI] solution compared to 
CCI4• Averaging over all the aromatic compounds in Table 2 
gives a value of 0.086 ppm (±0.01) to low field in CDCI] solu
tion. This is also the case for ethylene but here the difference 
is slightly less. The aliphatic protons of the methyl groups in 
toluene and tert-butylbenzene do not show this effect but have 
the same shifts in the two solvents. The constant value of this 
difference means that data in CCI. solution can be converted 
directly to CDCl3 solution by merely relating the shifts to 
benzene. Furthermore this suggests that the accurate SCS 
values reported earlier for the monosubstituted benzenes in 
CCI. solution may be used with confidence to investigate the 
application of the CHARGE model to these compounds and 
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Table 2 Observed and calculated proton chemical shifts (0) for aromatic compounds 

Observed Calculated 

Compound Proton CDCI,' CCl. b" Model A Model B 

Ethylene 5.405 5.352d 5.407 
Benzene (I) 7.341 7.27b (7.27)' 7.331 7.342 
Naphthalene (2) I 7.844 7.73 7.81 7.931 7.829 

2 7.477 7.38 7.46 7.524 7.493 
Anthracene (3) 1 8.009 7.93 8.01 7.948 8.009 

2 7.467 7.39 7.39 7.524 7.577 
9,10 8.431 8.36 8.31 8.495 8.485 

Phenanthrene (4) 1 7.901 7.80 un 7.930 7.968 
2 7.606 7.51 un 7.509 7.544 
3 7.666 7.57 un 7.566 7.600 
4,5 8.702 8.62 8.51 8.455 8.433 
9,10 7.751 7.65 7.71 7.839 8.085 

Triphenylene (5) 1 8.669 8.61 8.56 8.587 8.707 
2 7.669 7.58 7.61 7.613 7.654 

Pyrene (6) 1 8.084 8.00 8.06 7.976 8.253 
3 8.190 8.10 8.16 7.930 8.156 
4 8.010 7.93 7.99 7.546 7.785 

Perylene (7) 1 8.196 8.11 8.09 8.361 8.250 
2 7.466 7.38 7.41 7.515 7.404 
3 7.656 7.57 7.60 7.845 7.630 

Coronene (8) 1 8.90' 8.82 8.84 8.900 
Benz[a]anthracene (9) l' 8.840 8.77 8.698 8.553 

2' 7.685 7.59 7.708 7.627 
3' 7.651 7.525 7.638 7.557 
4' 7.849 7.755 8.102 8.004 
3 7.616 7.55 7.987 8.117 
4 7.800 7.72 8.027 8.200 
5 8.048 8.03 8.101 7.977 
6 7.540 7.465 7.637 7.544 
7 7.564 7.47 7.647 7.553 
8 8.133 8.03 8.169 8.038 
9 9.174 9.08 9.125 9.052 
10 8.370 8.275 8.561 8.572 

Benz[bJanthracene (10) l' 8.W 8.082 7.947 
2' 7.39 7.619 7.522 
4 8.67 8.581 8.546 

Benzo[bJtriphenylene (II) l' 8.791 8.675 8.685 8.758 
2' 7.670 7.54 7.649 7.634 
3' 7.651 7.53 7.636 7.618 
4' 8.592 8.475 8.637 8.674 
7 7.568 7.455 7.641 7.521 
8 8.097 7.965 8.134 8.008 
9 9.097 9.075 9.103 9.238 

Dibenzo[ahJanthracene (12) l' 8.874 8.805 8.708 8.502 
2' 7.719 7.625 7.721 7.583 
3' 7.646 7.55 7.649 7.511 
4' 7.914 7.82 8.113 7.944 
3 7.760 7.67 8.016 8.077 
4 7.963 7.88 8.121 8.230 
10 9.155 9.075 9.170 9.107 

Acenaphthylene (13) 1 7.812 7.829 7.826 
2 7.548 7.474 7.519 
3 7.692 7.708 7.701 
5,6 7.083 7.070 7.024 

Fulvene (14) 1,4 6.228· 6.384 6.317 
2,3 6.531 6.421 6.404 
6 5.892 6.015 5.960 

Toluene orrho 7.180 7.061' 7.080 
meta 7.260 7.140 7.284 
para 7.165 7.042 7.172 
Me 2.343 2.337 1 2.343 

rert-Butylbenzene orrho 7.390 7.281' 7.279 
meta 7.297 7.180 7.358 
para 7.165 7.052 7.218 
Me 1.325 1.319 1 1.332 

• This work except where stated. b Ref. 7. 'Ref. 12. d Ref. 36 .• Ref. 37.'Ref. 38.· Ref. 39. • Ref. 16. 1 Ref. 2, vol. 2, Appendix B. un = unresolved. 

these data are reproduced in Table 3. Also given in Table 3 are 
the SCS values obtained in our laboratory for selected com
pounds in dilute CDCI3 solution. The excellent agreement 
between the sets of SCS values confirms this assumption. 

The data collected in Tables 2 and 3 provide a rigorous test 
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of the application of both the CHARGE model and also 
of present ring current theories to these compounds. The 
compounds listed in the tables are all of fixed conformation. 
The GAUSSIAN94 (6-3 I G*'3-2 I G) and the PCMODEL 
calculations gave molecular geometries for the aromatic 



Proton substituent chemical shifts (~5H) 

ortfw meta para 

Substituent Obs Calc Obs Calc Obs Calc 

H 0.00 0.00 0.00 0.00 0.00 0.00 
CH) -0.20 -0.27 -0.12 -0.06 -0.22 -0.17 

-0.16 -O.OS -O.ISb 
t-Bu 0.02 -0.06 -0.08 0.02 -0.21 -'0.12 

0.05 -0.()4 -O.19 b 

F -0.29 -0.23 -0.02 0.02 -0.23 -0.21 
CI 0.03 -0.04 -002 0.07 -0.09 -O.OS 
Br 0.18 0,07 -O.OS 0.09 -0.04 -0.02 
I 0.39 O.IS -0.21 (l.OS 0.00 0.01 
OH -0.56 -0.53 -0.12 -0.13 -0.45 -0.42 
OCH) -0.4S -0.44 -0.09 -0.12 -0.44 -0.41 
NH2 -0.75 -0.62 -0.25 -0.24 -0.65 -0.65 
CF1 0.32 0.28 0.14 O.IS 0.20 O.lO 

0.29 0.14 0.21 ' 
CHO 0.56 0.54 d 0.22 0.20 d 0.29 0.26 
qO)CH) 0.62 0.61 d 014 0.21 d 0.21 0.2S 
qO)OCH) 0.71 0.91 d 0.11 0.21 d 0.21 0.26 
CN 0.36 0.35 0.18 0.21 0.2S 0.24 

0.32 0.14 0.27' 
N02 0.95 0.81 0.26 0.23 0.38 0.25 

• Ref. 16 unless stated otherwise. b This work (CDCI) soln.}. ' Ret: 42. d Averaged, see Table 5 and text. ' Ref. 43. 

hydrocarbons in excellent agreement with the experimental 
geometries, where known (e.g. benzene C-C 1.397, C-H 1.087 A 
(MP2/6-3IG*), VS. 1.395 and 1.087 A (PCMODEL) and 1.396 
and 1.083 A (experimental)40). 

In the CHARGE model the a, ~ and y effects of the substi
tuents are considered to be due to electronic effects and 
therefore they are modelled on a simple empirical basis. The 
a effect of an Sp2 carbon is given from the difference in the 
electronegativities of the carbon and hydrogen atoms divided 
by the appropriate exchange integral. The value of this integral 
was chosen to re'pr~duce the ~bserved chemical shift of ethyl
ene (Table 2). This gives a partial atomic charge for the ethylene 
protons of -t:'0:0?5 e which corresponds to a C-H bond dipole 
ofOA D. ThIs IS In reasonable agreement with the usual quoted 
range (ca. 0.6-0.7 0).41 !~e P effect is calculated directly from 
the carbon electronegatlvlty and proton polarisability,28 thus 
the only other electronic effect to be considered is the y effect 
(H-C-C-C) of the unsaturated carbon atoms in the aromatic 
compounds. For the condensed aromatic compounds con
sidered here the only values of the CCCH dihedral angle (J are 
00 and 1800 (Table 2) and thus eqn. (I) may be simplified to 
A + Bcos8 with the coefficients A and B to be obtained from 
the observed data. 

Long-range effects 

The interactions considered to be responsible for the long range 
effects of the aromatic ring have been documented earlier as 
steric plus magnetic anisotropy (i.e. ring current) effects. (There 
is also a small electric field effect due to the C-H dipoles. This is 
calculated by CHARGE directly from the partial atomic charges 
as the coefficient Az in eqn. (4) has already been determined). 
Thus we are now in a position to test the theoretical treatment 
given earlier against the observed data presented in the tables. 

In previous investigations in this series which were concerned 
with substituted alkanes the steric effect of all non-hydrogen 
atoms was deshielding on the near protons, but proton-proton 
interactions gave a shielding effect. This was confirmed both 
experimentally and theoretically. In contrast it is immediately 
obvious from both the results of previous investigations 7.11 and 
the data presented here that proton-proton steric interactions 
in the aromatic systems considered here give rise to deshielding 

Table 4 Observed \ . .\'. calculated proton chemical shifts (J) in [IO)para
cyclophane (16) 

Carbon atom (CH2) Observed (CH2 ) Calculated (average) 

a 2.62 2.453 2.606 
2.759 

P 1.54 1.806 1.699 
1.59~ 

Y 1.08 1.631 1.~70 

0.909 
1) 0.73 1.133 0.894 

0.655 
E 0.51 0.626 0.525 

0.424 
Aromatic 7.04 7.1lI2 7.0SS 

7.074 

effects on the proton chemical shifts. A further unambiguous 
demonstration that steric effects on proton chemical shifts in 
aromatic systems are totally different from those in saturated 
systems came from the observation of the proton chemical shift 
of the unique CH proton in the cydophane (15). This proton 
occupies a position along the symmetry axis of the benzene ring 
and occurs at -4.03 li. Because of its proximity to the benzene 
ring plane (it is ca. 1.9 A above the ring plane) it is an excellent 
test of any ring current theory and was used by Schneider et al. 
in their investigation of the different ring current models.s It 
is also in close proximity to the benzene ring carbon atoms, 
the average C· .. H distance being ca. 2.20 A. Any deshielding 
effect from the aromatic carbon atoms comparable to that 
found for saturated carbon atoms would have a pronounced 
deshielding effect on this proton. For example using the 
steric coefficient found previously for saturated carbon atoms 
(a, in eqn. (3) = 220.0 ppm A6) would give a value lor the CH 
proton chemical shift of +6.0 o! Clearly there is no significant 
deshielding steric effect from the aromatic carbon atoms at 
this proton. Schneider et al.8 termed this a "soft" steric effect 
in contrast to the "hard" steric effect of proton-proton inter
actions. This is supported by the results for [1O]paracydophune 
(Table 4) in which there is good agreement between the 
observed and calculated shifts again with no Sp2 carbon steric 
effect. This result was adopted in the CHARGE routine so that 

J Chern. Soc., Perkin Trans. 2:2000, 803-812 809 



there is no steric effect on the proton chemical shifts from any 
aromatic carbon atom. Note that this may not be the case for 
olefinic carbon atoms and work is currently in place in our 
laboratory to further define this interesting result.42 

Thus the parameters to be determined from the observed 
results in Table 2 are the coefficients A and B for the carbon 
y effect [eqn. (I )], the appropriate H··· H steric coefficient 
[eqn. (3)]. the ring current equivalent dipole 11 [eqn. (8)] and 
the factors Ie [eqn. (8)] for the condensed rings. There are six 
factors for both model A and model B (Table I) making a 
total of 10 unknown parameters. The values of the unknown 
parameters were achieved using a non-linear least mean squares 
programme (CHAP8)4<4 to give the best fit with the observed 
data. The data set used comprises all the condensed aromatics 
of Table 2, a total of 57 proton shifts thus the iteration is over
determined. The initial iteration for model A clearly showed 
that coronene was an exception and this was removed from the 
subsequent iteration. With this amendment the programme 
iterated satisfactorily with reasonable rms error and definition. 
For model B coronene is a separate case and the iteration per
formed satisfactorily. The iteration gave A = -0.107, B = 0.143, 
the H··· H steric coefficient Us [eqn. (3)] == +24.55 ppm A6, 11 
[eqn. (8)] == 26.2 ppm A3 and thefc values in Table 1. In fulvene 
and acenaphthylene both the ring current of the five-membered 
ring (/~p) and also the factors (fc) for the benzenoid rings 
in acenaphthylene were parametrised separately. This gave 
lip == 11.6 ppm A3 and Ie == 0.81. These iterations are for two 
unknowns and seven observed shifts, thus the iterations are still 
overdetermined. 

The determination of these unknown parameters also allows 
the calculation of the proton SCS of the monosubstituted 
benzenes in Table 3 as the electric field and anisotropic effects 
of the substituents have already been determined previously. 
The appropriate values of the coefficients in eqn. (10) needed to 
model the effect of the alkyl substituents on the 1t densities were 
a,o = a, + 0.15, w == -0.50. The only other effect to consider is 
the steric effect of the side-chain protons on the ortho protons 
of the benzene ring. The steric effect of alkane protons on 
olefinic protons was determined from a general investigation 
involving a variety of olefinic molecules 42 to be deshielding and 
this rcsult was used here. The steric effect of the OH and NH 
protons in alcohols and amines has been shown to be zero4~ 
and again thi~ result was incorporated into the present calcu
lations. Thi, allowed the d.!termination of the proton SCS of all 
the mOllosubstituted benzenes of Table 3 and these results are 
given with the ohserved data in the table. There is generally 
excellent agreement between the observed and calculated shifts 
in Table 3 and this good agreement allows the SCS in the 
benzene ring to be analysed further in terms of the constituent 
interactions (see discussion). 

Finally it was felt to be of interest to determine whether the 
equivalent dipole ring current calculation given here could be 
used to determine the benzene ring current effect for protons 
at the side and over the benzene ring. This data was used by 
Schneiders in determining the accuracy of the various ring 
current models. We consider here two illustrative examples: the 
unique CH proton in the tribridged cyclophane (15)8 and the 
protons in [lO]paracyclophane (16).46 The proton chemical 
shifts for both compounds have been recorded in dilute CDCI3 

solution. The geometries of both compounds were modelled by 
PCMODEL and GAUSSIAN. 15 is a rigid strained molecule 
but in 16 the methylene chain exists in two equivalent rapidly 
interconverting staggered conformations. Thus the two protons 
on each methylene group in the alkyl chain have the same 
observed shift and the calculated shifts for the two methylene 
protons have to be averaged. The calculations used eqn. (8) 
to determine the ring current shifts with the value of the equiv
alent dipole obtained above. The CH proton of 15 is observed 
at -4.03 c5 (calc. -4.0315) and the corresponding data for 16 are 
given in Table 4. 
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Discussion 

The general agreement of the observed I'S. calculated shifts 
in Tables 2 and 4 and the observed I'S. calculated SCS of Table 3 
is very good. Although the calculated values for models A and 
models B for the individual protons vary appreciably (Table 2), 
the overall agreement for both models is similar. For the 57 data 
points of Table 2 the rms error (obs. VS'. calc. shifts) is 0.13 ppm 
(model A) and 0.12 ppm (model B) over a range of 3.3 ppm. 
The analogous calculation using only the benzene ring current 
(i.e. all fc values == 1.0) gives much poorer agreement (rms = 
0.28 ppm) showing that it is necessary to take account of the 
variation in the ring current density for a proper description of 
the proton chemical shifts. Although for convenience the SCS 
are given in Table 3, as the proton chemical shift of benzene is 
calculated accurately (Table 2) obviously the actual chemical 
shifts of all the substituted benzenes are calculated to the same 
accuracy as the SCS values in Table 3. It can be seen that the 
great majority of the observed shifts are reproduced to <0.1 
ppm, though there are some exceptions (see later). This is the 
first quantitative calculation of this data and it implies that the 
latest CHARGE programme (CHARGE7) can be applied with 
some confidence to the prediction of the proton chemical shifts 
of virtually any substituted benzenoid compound. 

The calculation also provides new insight into the inter
pretation of these proton chemical shifts as the different 
interactions responsible for the calculated values are separately 
identified and quantified in the CHARGE programme. The ring 
current calculations provide further evidence for the accuracy 
of the simple equivalent dipole model of the benzene ring 
current. The value of 11 of 26.2 ppm N is very similar to that 
obtained from the classical circulating current model (27.6).17,47 
The calculations also confirm previous studies 47 in demonstrat
ing that the ring current effect is not the only factor responsible 
for the difference between the ethylene and benzene proton 
shifts. The experimental difference of 1.93 ppm (Table 2) is 
made up of 1.77 ppm from the ring current and 0.17 ppm from 
the electronic effects of the ~ and y carbon atoms of benzene. 
This was allowed for in some previous ring current calculations 
by using cyclohexadiene rather than ethylene as the appropri
ate olefinic model 47 and the above calculations support this 
approach. It is also pertinent to note the excellent agreement 
obtained with the simple equivalent dipole model. On this basis 
the use of the more complex double dipole and double-loop 
models does not appear to be justified. Interestingly Mallion 48 

came to exactly the same conclusion many years ago. 
It is of interest to compare the values of the separate ring 

current factors (fc) in Table I with the values obtained 
previouslyY2 The trends are similar, supporting the original 
compartmentalisation of these factors, though the values 
obtained here are mostly much nearer to the benzene value 
(fc == I) than the previous calculations. This is exactly to be 
expected as Huckel theory usually over estimates any electron 
separation. The only exception is the value for coronene. In 
model A the outer rings are of type 16b (i. e. analogous to the 
middle ring of phenanthrene) but this value of the ring current 
density (0.745, Table I) gives a much too low value for the 
proton chemical shift. A value of fc of 1.06 reproduces the 
experimental proton chemical shift. In model B this problem 
does not arise as coronene is a separate case, and the iteration 
gives a value of fc = 1.008, very close to the benzene value and 
the Huckel calculated value. 

It is encouraging that the calculated shifts for the non
altemant hydrocarbons of fulvene and acenaphthylene are in 
very good agreement with the observed shifts (Table 2) as this 
suggests that the approach adopted here can be extended 
to these systems. The value of the ring current of the five
membered ring obtained here (\ 1.6 ppm Al) may be used to 
obtain the current density in the five-membered ring as the 
equivalent dipole 11 = iA where A is the area of the current loop. 



Calculated contribution 

Substituent y-Elfect Sterie 

CH, ortho -0.144 
meta 
para 

F ortho 0.128 
meta 
para 

OH ortho -0.128 
meta O.oJI 
para 0.005 

CHO artho H-2 0.144 
H-6 0.144 

meta H-3 
H-5 

para 

CN ortho -0.230 
meta 
para 

°N02 ortho 0.096 
meta 
para 

After allowing for the area of the five-membered ring compared 
to benzene this gives a current density of O.63ib , much less than 
benzene. More data on similar systems would be necessary to 
confirm this result. 

Proton SCS in substituted benzenes 

The good agreement between the observed and calculated SCS 
. Table 3 together with the separation of the different inter
to tions in CHARGE allows us to determine these interactions 
:,C the different substituents and Table 5 gives the contributions 
orthe proton SCS for selected substituents in Table 3. 

to r h' . b' In Table 5 lor t e amsotroplc su stltuents (e.g. e--D) the con-
tributions are given for each s~parate proton (e.g. H2 and H6) 
although these are averaged In Table 3 to compare with the 
observed (averaged) data. The large effect of the carbonyl 
anisotropy is clearly apparent in these figures. The orientation 
of the carbonyl is such that the oxygen atom is syn to H6. The 
calculations are supported by and also show very clearly the 
origin of the large artha proton deshielding in a-methoxy
benzaldehyde (H6 7.82 t5)J7 compared to a-hydroxybenzalde
hyde (H6 7.5015) where the carbonyl group is now hydrogen 
bonded to the hydroxy group. 

Table 5 also shows that the carbonyl anisotropy is the 
major factor in the meta proton SCS of benzaldehyde (cl H3 
and H5). This demonstrates the importance of these "other" 
effects, which are of course not included in any of the corre
lations of electron densities etc. with the proton SCS. Indeed it 
is important to stress the difference between the present calcu
lations and the correlations with Hammett (1,22 the Swain
Lupton F and R values 49 etc. The CHARGE calulations are 
ground state calculations whilst the other parameters are 
derived from pH and rate constants and therefore reflect 
energy differences between the anion or the transition state 
and the ground state of the molecule, a totally different 
quantity. 

Nevertheless in view of the numerous correlations of these 
quantities with the proton SCS it is useful to consider these 
correlations together with the present calculations. The corre
lation between the proton SCS and Hammett (1, and (1RO values 
was given as eqn. (12) 21 for a similar set of substituents to those 

Anisotropic Electric field 'It Shift 

-0.125 
0.767 

-0.043 
0.\07 
0.010 

-0.064 
-0.132 
-0.183 

-0.360 
0.115 -0.137 
0.088 -0.332 

-0.494 
-0.188 
-0.456 

0.360 0.195 
0.153 0.195 
0.062 0.073 
0.069 0.073 
0.049 0.181 

0.372 0.151 
0.127 0.056 
0.097 0.138 

0.606 0.105 
0.143 0.043 
0.\05 0.115 

SCS (para) = 0.27(1, + 1.25(1Ro 

SCS (meta) = 0.24<7. + 0.446aRo 
(12) 

in Table 5 and a similar analysis of the SCS in terms of the 
Swain-Lupton F and R values gives eqn. (13). 

SCS (para) = 0.142F + 0.926R 

SCS (meta) = 0.098F + O.376R 
(13) 

These equations are reasonably consistent implying in general a 
much greater resonance effect on the para proton SCS than on 
the meta proton SCS. Inspection of the data in Table 5 shows a 
much more diverse pattern. Indeed the major disadvantage of 
such correlations is that they obscure the large differences in the 
SCS components of the various groups which all need to be 
considered individually. E.g. the OH group has no anisotropic 
or steric effect and both the meta and para SCS are dominated 
by the 1t electron shift. This is much greater in the para position 
but the meta SCS is still dominated by the 7t effect. In contrast, 
in benzaldehyde the electric field and anisotropy contributions 
equal the 1t shift for the meta proton and are a significant but 
minor contribution for the para proton. The nitro and cyano 
groups differ from both of these in that they appear to have no 
anisotropic effect but the electric field effect is predominant at 
the meta proton and equal to the 1t shift at the para proton. 
Further investigations in our laboratory have confirmed this 
result for the cyano group 43 and it would be of interest to per
form similar investigations for the nitro group. Clearly each 
substituent group must be considered separately in order to 
evaluate the separate steric, electric and anisotropic contribu
tions at the various protons. 

Finally it is of interest to consider the discrepancies in the 
observed vs. calculated data of Table 3. The most interesting 
systematic deviation is that due to Dr and I. The calculated 
values for the para SCS for all the halogens are in excellent 
agreement with the observed data and the ortho and meta SCS 
for F and Cl are in reasonable agreement. However the artho 
SCS for Dr and I are more deshielding than calculated and the 
meta SCS much more shielding than calculated. The artho SCS 
are given by the 'Y effect, which is a function of the polarisability 
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of the y atom i.e. the halogen. The value of the polarisability 
was taken from data on alkyl halides 24 thus this may not be 
appropriate for substituted benzenes. In contrast the meta SCS 
are of interest as similar exceptional behaviour was observed 
for the 3-protons in equatorial halocyclohexanes.so Again there 
is a large deviation from the calculated value for the Br and 
I substituents. The equatorial proton is in a similar W orien
tation to the halogen atom as the meta proton in the substituted 
benzenes and it may be that there is an additional long range 
(four bond) mechanism for the halogen atoms in this specific 
orientation. Further studies would be necessary to confirm this. 
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Proton chemical shifts in NMR. Part 14. I Proton chemical shifts, 
ring currents and 1t electron effects in condensed aromatic 
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The proton resonance spectra of a variety of condensed aromatic compounds including benzene, naphthalene, 
anthracene, phenanthrene, pyrene, acenaphthylene and triphenylene were obtained in dilute CDCI l solution. 
Comparison of the proton chemical shifts obtained with previous literature data for CCI4 solution shows small 
but significant differences. A previous model (CHARGE6) for calculating the proton chemical shifts of aliphatic 
compounds was extended to aromatic compounds. This was achieved by including an automatic identification of 
both five- and six-membered aromatic rings based on atomic connectivities plus a dipole calculation of the aromatic 
ring current. The ring current intensity in the molecules was calculated by two alternative methods. a) The ring 
current intensity in the individual benzenoid rings was a function of the number of adjoining rings and b) the 
molecular ring current was proportional to the molecular area divided by the molecular perimeter. This, plus 
the inclusion of deshielding steric effects for the crowded protons in these molecules, gave a good account of the 
observed chemical shifts. The model was also applied successfully to the non-alternant hydrocarbons of fulvene and 
acenaphthylene and to the aliphatic protons near to and above the benzene ring in tricyclophane and [lO]cyciophane. 

The Huckel calculation of the 7t electron densities in CHARGE6 was used to calculate the 7t electron densities in 
substituted benzenes. The 7t-inductive effect was used to simulate the effect ofCXl groups (X = H, Me, F) on the 
benzene ring. These together with the long range effects of the substituent groups identified previously allowed a 
precise calculation of the SCS of a variety of substituents on all the benzene ring protons. 

The model gives the first accurate calculation of the proton chemical shifts of condensed aromatic compounds and 
of the proton SCS in the benzene ring. For the data set of 55 proton chemical shifts spanning 3 ppm the rms error of 
the observed. vs. calc~lated shifts wa.s ca. 0.] ppm. The model also allows the interpretation of the shifts in terms of 
the separate. mteractlOns. calculated In the programme, i. e. 7t electron densities and steric, anisotropic and electric field 
effectS. Pre.vlOus correlatl~ns of the ~roton SCS with 7t electron densities and substituent parameters are shown to be 
over simplified. The relatIve proportIOns of these different interactions are very different for each substituent and for 
each ring proton. 
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Introduction 

The influence of the 7t electron densities and ring currents of 
aromatic compounds on their proton chemical shifts have been 
investigated since the beginning of proton NMR spectroscopy.2 
Thus it is all the more surprising that despite this wealth of 
investigation there is still no authoritative calculation (even a 
semi-empirical one) of the proton chemical shifts of aromatic 
compounds and the structural chemist still has to rely on 
proton data banks for the identification of aromatic com
pounds by NMR. 

models, though not the simple equivalent dipole model (see 
later). The calculations gave good agreement with the experi
mental data, thus the effect of the benzene ring current on the 
chemical shifts of neighbouring protons is reasonably well 
understood. 

Pauling l introduced the concept of an aromatic ring current 
to explain the diamagnetic anisotropy of crystalline benzene. 
Pople 4 1ater extended this to explain the difference in the proton 
chemical shifts of benzene and ethylene and he further showed 
that the equivalent dipole model of this ring current gave 
a surprisingly good account of this difference. More sophist
icated ring current models for benzene were then developed. 
The classical double-loops and double dipole models6 mimic 
the 7t electron circulation by placing the current loops (and 
equivalent dipoles) above and below the benzene ring plane. 
A value of ±0.64 A was found to be most appropriate. The 
equations of Haigh and Mallion 7 give the shielding ratios 
directly from quantum mechanical theory. Schneider et al.8 

have recently presented a detailed experimental examination 
of the double-loop and Haigh and Mallion ring current 

However, the proton chemical shifts in condensed aromatic 
compounds and substituted benzenes have not yet been well 
calculated and this is the subject of this investigation. Bernstein 
et al.9 in their initial calculations of the proton chemical shifts 
of condensed aromatic compounds assumed the same ring 
current for each benzenoid ring but this was subsequently 
considered to be an over simplification. Thus it is first necessary 
to calculate the 7t electron current density for each benzenoid 
ring and then to calculate the effects of these currents on the 
chemical shifts of the ring protons. The quantum mechanical 
method for calculating the 7t electron current densities was first 
given by Pople 10 and McWeeny 11 subsequently extended the 
London-Pople theory. McWeeny's work gives not only the 
circulating current density but also the effect of this circulating 
current at the proton in question. It should be noted that all 
these theories were based on simple Huckel theory. 

Early experimental investigations to test these theories were 
not helped by the complex proton spectra of many condensed 
aromatic hydrocarbons at the low applied magnetic fields 
then in use and also by the quite large concentration effects 
on the proton chemical shifts due to the propensity of these 
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large planar rings to stack in solution. However three system
atic investigations attempted to overcome these difficulties. 
Jonathan et al. 12 analysed the proton spectra of several con
densed aromatics at infinite dilution in CCI4 or CS2. They then 
used the Pople-London theory to calculate the current inten
sity in the benzenoid rings and the Johnson-Bovey tables 5 to 
obtain the ring current shifts. They also estimated C-C and 
C-H anisotropic effects and found that these could be ignored. 
They obtained "only fair agreement" with the observed shifts. 
Varying the separation of the rr-electron loops gave a poorer fit 
with the observed shifts. They noted that other interactions 
were affecting the proton shifts and in particular noted a high 
frequency shift for close protons which was suggested to be due 
to van der Waals contact but did not attempt to quantify this. 

Subsequently Cobb and Memory 13 and Haigh and Mallion 7 
performed two similar but more extensive investigations. The 
proton spectra of several condensed aromatic compounds in 
dilute solution were analysed and the McWeeny equation 
used to obtain the ring current densities and shielding ratios. 
They both ignored (J bond anisotropies in this calculation. Both 
investigations obtained reasonable correlations for "non over
crowded protons" between the observed proton shifts and the 
ratio of the 11: electron shielding for a given proton compared 
to benzene (H' IH' b in the nomenclature of ref. 7). The more 
comprehensive data of ref. 7 when converted to the J scale may 
be written as Job. = 1.56 (H'/H'b) + 5.66 with an rms error of 
0.06 ppm over a range of ca. 1.6 ppm. However the differences 
between the calculated and observed data for the "crowded" 
protons were ca. 0.5--Q.7 ppm with one of 1.2 ppm, all to high 
frequency of the calculated value. Again they attributed these 
shifts to steric effects but did not quantify or define these effects. 

More recently Westermayer et al. 14 used a double dipole 
model to test the observed shifts. They correlated the resulting 
geometric factors with the observed shifts to obtain a value for 
the benzene diamagnetic susceptibility anisotropy. They stated 
that superior results for the sterically crowded protons were 
obtained but it is not clear why this should be the case as no 
steric term was introduced. 

Although it is obvious which protons are crowded (e.g. H4,5 
in phenanthrene) it is not obvious whether this interaction 
is also present in the other "less crowded" protons. Thus the 
simple question of whether the difference between the a and 
P proton chemical shifts in naphthalene is due to ring currents, 
rr-electron densities or steric effects has still not been satisfac
torily answered. Although Pople in his original studies 10 cal
culated the ring current intensities in the five- and seven
membered rings of azulene, to our knowledge there has not 
been any calculation of the proton chemical shifts in non
alternant hydrocarbons. 

The influence of the substituents on the proton chemical 
shifts in the benzene ring has also been investigated for many 
years and again there is still no quantitative calculation of these 
effects. Following the classic work of Castellano et al. 's and 
Hayamizu and Yamamoto 16 who completely analysed the 
complex proton spectra of a wide range of monosubstituted 
benzenes in dilute solution in CC14 the proton substituent 
chemical shifts (SCS) are known accurately and tables of these 
SCS are an integral part of any text on NMR spectroscopy.17-19 
The theoretical interpretations of these effects have concen
trated on the correlation between the SCS and the calculated rr 
(and also (J) electron densities on the adjacent carbon atoms 
following the excellent correlation found between the nC SCS 
and the rr electron densities at the para carbon atom in mono
substituted benzenes.2o Correlations with rr electron densities 
calculated by various methods have been reported, the most 
recent being the ah initio calculations of Hehre et al.21 They 
used the STO-3G basis set and showed that the 13C SCS 
could be well interpreted on the basis of calculated electron 
densities but this was not the case for the proton SCS. The para 
proton SCS could be correlated with the total charge density at 
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the para carbon atom but the meta proton SCS did not correlate 
well with the calculated meta carbon charge densities but with 
the sum of the charges at the hydrogen and attached carbon 
atoms. They stated that "this lack of consistency indicates 
either that the calculations are unrealistic or that the 'H SCS 
depend to a very significant extent on factors other than elec
tron densities at the H and attached C atoms". They omitted 
the artha proton SCS presumably on the grounds that these 
other effects are even more important at these protons. They 
also noted that strongly electronegative substituents caused 
polarisation of the rr system without charge transfer, leading to 
changes in the rr densities around the ring and this is termed 
the rr-inductive effect. They also found various correlations 
between the calculated charge densities and the Taft al and a

R 
values. This reflects the results of other investigators who have 
attempted to correlate substituent parameters with the proton 
SCS.16,22,23 Despite all these endeavours there is still no calcu
lation of proton SCS in substituted benzenes reliable enough 
to be of use to the structural chemist. 

We give here the proton chemical shifts of a selection of 
condensed aromatic compounds in CDC13 and show that these 
differ by a small but significant amount from the earlier data in 
CCJ. solution. These provide sufficient data for an analysis of 
the proton chemical shifts based on the CHARGE model for 
calculating proton chemical shifts. I In previous parts of this 
series this model has been applied successfully to a variety of 
saturated hydrocarbons,24 haloalkanes,2s ethers 26 and ketones. I 
We shall show that this model can be extended to provide 
a quantitative calculation of the proton shifts in condensed 
aromatic compounds, including two non-alternant hydro
carbons and the SCS of monosubstituted benzenes. We give 
two alternative calculations of the ring current intensity in the 
benzenoid rings together with a dipole model of the benzene 
ring current. In model A the ring current intensity in the indi
vidual benzenoid rings is a function of the number of adjoining 
rings whereas in model B the molecular ring current is given by 
the classical Pauling treatment as proportional to the molecular 
area divided by the molecular perimeter. All the protons in 
the condensed aromatic compounds are considered and the 
"crowded" proton chemical shifts reproduced by a simple steric 
effect. The effects of substituents in monosubstituted benzenes 
are well reproduced for the ortho, meta and para protons on 
the basis of calculated rr electron densities plus the steric, aniso
tropic and electric field effects of the substituents. We show also 
that the model reproduces the high field shifts of protons situ
ated over the benzene ring thus providing a general calculation 
of proton chemical shifts of condensed aromatic compounds. 
A preliminary account of this work has been presented.27 

Theory 

As the theory has been detailed previously only a brief sum
mary of the latest version (CHARGE6)28 is given here. The 
theory distinguishes between substituent effects over one, two 
and three bonds which are attributed to the electronic effects 
of the substituents and longer range effects due to the electric 
fields, steric effects and anisotropy of the substituents. The 
CHARGE scheme calculates the effects of atoms on the partial 
atomic charge of the atom under consideration, based upon 
classical concepts of inductive and resonance contributions. 

If we consider an atom I in a four atom fragment I-J-K-L 
the partial atomic charge on I is due to three effects. There is an 
a effect from atom J given by the difference in the electro neg
ativity of atoms I and J and a P effect from atom K proportional 
to both the e1ectronegativity of atom K and the polarisability 
of atom I. There is also a general y effect from atom L given by 
the product of the atomic polarisabilities of atoms I and L. For 
the second row atoms (C, 0, etc.) the y effect (i.e. C-C-C-H) is 
parameterised separately and is given by eqn. (I) where () is the 
C-C-C-H dihedral angle and A and B empirical parameters. 



" .. ) 

There are also routines for the methyl y effect and for the 
decrease in the y effect of the electronegative oxygen and 
fluorine atoms for CX2 and CX3 groups. 

The total charge is given by summing these effects and the 
partial atomic charges (q) converted to shift values using 
eqn. (2). 

b = 160.84q - 6.68 (2) 

The effects of more distant atoms on the proton chemical 
shifts are due to steric, anisotropic and electric field contrib
utions. H··· H steric interactions in alkanes were found 
to be shielding and X··· H (X = C, F, Cl, Br, I) interactions 
deshielding according to a simple r-6 dependence [eqn. (3»). 

(3) 

Furthermore any X ... H steric contributions on a methylene 
or methyl proton resulted in a push-pull effect (shielding) on the 
other proton(s) on the attached carbon. 

The effects of the electric field of the C-X bonds (X = H, 
F, Cl, Br, I, 0) were calculated from eqn. (4) where Az was 

(4) 

determined as 3.67 x 10-12 esu (63 ppm au) and Ez is the com
ponent of the electric field along the C-H bond. The electric 
field for a univalent atom (e.g. fluorine) is calculated as due to 
the charge on the fluorine atom and an equal and opposite 
charge on the attached carbon atom. The vector sum gives the 
total electric field at the proton concerned and the component 
of the electric field along the C-H bond considered is E in 
eqn. (4). This procedure is both simpler and more accu~ate 
than the alternative calculation using bond dipoles. 

The magnetic anisotro~y of a. bond with cylindrical sym
metry (e.g. CN) w~s obta~ned usmg the McConnell equation 
[eqn. (5)1, where R IS the distance from the perturbing group to 

ban = flXCN (3cos2
1p - 1)/3R3 (5) 

tbe nucleus of interest in A, Ip is the angle between the vector R 
. d CN and the symmetry aXIs an flX the molar anisotropy of the 

eN bond. (flXCN 
= XCN 

pari - XCN 
perp) where XCN 

pari and XCN 

are the susceptibilities parallel and perpendicular to the s';; 
rnetry axis respectively. 

For a non-cylindrically symmetric group such as a carbonyl 
group eqn. (5) is replaced by the full McConnell eqn. (6). The 

ban = [flXI(3cos201 - 1) + flxi3coS202 - 1)]I3R3 (6) 

C--D group has different magnetic susceptibilities (xl' '1.2 and 
X3) along the principal axes (XI' X2 and X3) and thus two 
anisotropy terms are required. 

In eqn. (6) 01 and O2 are the angles between the radius vector 
R and XI and '1.3 respectively and flXI (xl - '1.2) and flXl (x3 - X ) 
are the two anisotropies for the c..--D bond which may be termed 
the parallel and perpendicular anisotropy respectively. 

These contributions were added to the shifts of eqn. (2) to 
give the calculated shift of eqn. (7). 

£5 total = £5 charge + £5 oteri< + £5 anisotropy + £5.1 (7) 

Application to aromatic compounds 

Ring current shifts. There are a number of modifications to be 
made to CHARGE6 to calculate the proton shifts of aromatic 
compounds. It was necessary to include the effect of the aro-

las to au .omati,caHy recogn:,se an aromatic flng. A 'ouine was 
written based on the atomic connectivities in the rings and 
the programme now recognises both five- and six-membered 
aromatic rings including the heterocyclic rings ofpyrrole, furan 
and thiophene. The aromatic ring current at any proton was 
then calculated from the equivalent dipole model [eqn. (8)]. 

(8) 

In eqn. (8) R is the distance of the proton from the benzene 
ring centre, () the angle of the R vector from the benzene ring 
symmetry axis, Jl is the equivalent dipole of the benzene ring and 
Ie the 1t electron current density for the benzenoid ring. (For 
benzene Ie = 1.) 

It was next necessary to calculate the value offe for any given 
compound and two alternative methods are presented. The first 
method (model A) was based on inspection of the calculated 
ring current intensities of refs. 7 and 12. Haigh and Mallion 7 

did not publish the calculated ring current intensities for 
the common aromatic compounds, but a selection of their 
calculated values for some less common condensed aromatic 
compounds is given in Table I. 

Inspection of this data shows that the changes in the ring 
current intensity are a function of the number and orientation 
of the rings attached to the benzenoid ring. In model A the ring 
current intensity in any given benzenoid ring is assumed to be 
only a function of the number and orientation of the rings 
attached to the benzenoid ring considered. This may be quanti
fied by the number and orientation of the substituent Sp2 
carbon atoms attached to the ring in question (Ro). Thus we 
define a) the number of attached Sp2 carbons on each ring 
carbon atom and b) the relative position of these attached 
atoms in the benzene ring. Thus for benzene each carbon atom 
has two carbon neighbours thus Ro = 12. For either ring 
in napthalene two of the carbon atoms have three carbon 
neighbours thus Ro = 14. The middle rings of anthracene and 
phenanth~ene both have Ro = 16 but the relative positions of 
the substituent carbons differ in the two cases. These are 
d~fined a~ Ro equals 16a and 16b. This analysis gives seven 
different n.ng .syste~s (Table I) of which six are present in the 
~ol~cules mdl~ate~ m Fig. ~. Only the molecules with the rings 
Itemised A, B m Fig. I are mcluded in Table I as these are the 
?nly molecules for which the ring current intensities were given 
III ref. 7. However all the molecules measured were included in 
the iteration (see later). 
Ins~tion of T~ble 1 shows that with few exceptions the 

separat~on of the nng current densities into the different ring 
types gI~es a reaso~ably constant value for each ring type. The 
o.nly senous ~xceptlon is the calculated values for ring type 18 
(I.e. all substituted carbons) of ref. 12 which are very different 
for perylene and coronene. The values from ref. 7 for the similar 
molecules benzo[ghl1perylene and naphthol I ,2,3,4-deflchrysene 
are much more consistent. 

It would be possible to average the calculated values of ref. 7 
for each ring type and use these averages in our calculation. In 
view of the approximations inherent in these calculations it was 
decided to parametrise the current density for each ring type 
separately to obtain the best agreement with the observed shifts. 
These optimised values are given in Table I (column 5) and will 
be considered later. 

An alternative method of calculating the molecular ring cur
rent (model B) is to use the Pauling model! in which the carbon 
skeleton is consider"d as a conducting electrical network in 
which for any current loop the emf is proportional to the area 
enclosed and the resistance proportional to the number of 
bonds. On this basis if the condensed aromatics are considered 
to be made up of a number of regular hexagons the ring current 
for any molecule is simply proportional to the number of 
hexagons in the molecule divided by the number of bonds in the 

1 Chern. Soc" Perkin Trans. 2, 2000, 803-812 IW5 



Table I Calculated ring current intensities in condensed aromatic hydrocarbons 

Ring current intensity (fc) 

Molecule 

Benzene (I) 
Naphthalene (2) 
Anthracene (3) 

Phenanthrene (4) 

Triphenylene (5) 

Pyrene (6) 

Perylene (7) 

Coronene (8) 

Ring type" 

Ring A 
RingB 
Ring A 
RingB 
Ring A 
RingB 
Ring A 
RingB 
Ring A 
RingB 
Ring A 
RingS 

(Ro) 

12 1.00 
14 1.093 
14 1.085 
16a 1.280 
14 1.133 
16b 0.975 
14 1.111 
18 0.747 
15 1.329 
16b 0.964 
15 0.979 
18 0.247 
16b 1.460 
18 1.038 
17 

Model A ModelB 4 

1.00 1.00 1.00 
1.048: 1.094( 1.121' 0.950 0.925 
1.119,' 1.197,11.1041 0.943 
1.291: 1.311(1.299,6 1.298,~ 1.17Q1 0.818 

0.943 
0.877,' 0.876 ~ 0.745 

0.876 

1.337,k 1.292' 0.786 0.878 

0.681 
0.603(0.606m 0.173 

1.06" 1.008 
0.745," 0.684' 
1.297/ 1.226,m 1.3101 

"See text. b Ref. 12. c Ref. 7. d This work. 'Hexacene. fDibenzo[a,c)naphthacene.' Dibenzo[a,J1naphthacene. ~ Dibenzo[a,/)naphthacene. i Dibenzo
[def,mno]chrysene. j Benzo[h]pentaphene. • Dibenzo[def,mno]chrysene. ' Benzo[ghllperylene. m Naphtho[I,2,3,4-deflchrysene .• Dibenzo[b,defl
chrysene. 
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Fig. I . Molecules studied and their nomenclature. 

perimeter of the molecule. Thus for benzene, naphthalene and 
anthracene the ring current ratio is I: 6/5: 917. The Pauling 
model gives too large a value for the diamagnetic anisotropy of 
condensed aromatics 64 so that as in method A the Pauling 
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model was used to separate the various molecular types and the 
ring current for each molecular type was parametrised against 
the experimental data. Although the same experimental data 
are used in both models the different selectivities give different 
answers. For example in model B anthracene and phenanthrene 
have identical ring currents which is not the case in model A. 

Conversely in model A the fully substituted benzenoid rings 
in perylene (7) and coronene (8) have identical ring currents 
whereas in model B they differ as the molecular area/perimeter 
ratio differs for the two compounds. 

It Electron densities. The It electron densities are calculated in 
the CHARGE programme from Huckel theory.29 The standard 
coulomb and resonance integrals for the Huckel routine are 
given by eqn. (9), where Uo and Po are the coulomb and 

a r = Uo + hrPo 

Pro = kroPo (9) 

resonance integrals for a carbon 2pz atomic orbital and h 
and k .. the factors modifying these integrals for orbitals ot~ 
than Sp2 carbon. The Huckel routine was modified by the w 
technique to model the very polar It systems of the nucleic acid 
bases. 30 The w technique involves varying the coulomb integral 
for each atom according to the charge on that atom. This is 
shown in eqn. (10) where ar is the coulomb integral, 0..0 the 

ar = ar
o - qr W (10) 

initial coulomb integral, qr the excess It charge on atom r and w 
a constant. Eqn. (10) "cuts in" at a given value of the excess It 
charge on atom r. For the nucleic acid bases the appropriate 
value of w was 1.40 and and the cut-in threshold 0.2 electrons. JO 

For altemant aromatic hydrocarbons this calculation gives It 
electron densities at every carbon equal to 1.0 as in benzene. 
Thus the excess It electron density is zero. This is in agreement 
with the results of more sophisticated calculations. E.g. the 
excess It electron densities at the a and ~ carbons of naphthalene 
are calculated as -0.8 and -4.1 me (millielectrons) from ab initio 
calculations with the 6-31 G* basis set. 

For the non-altemant hydrocarbons fulvene and acenaphth
ylene the Huckel routine gives large excess It densities at certain 
carbon atoms which are much larger than those calculated 
by ab initio methods in which iteration procedures restrict the 
tendency in the Huckel routine to separate the It charges. The w 
technique was modified to correct this by decreasing the "cut 
in" point of eqn. (10) from 0.2 electrons to 0.01 electrons and 



reasona J e results for these two compoumls. t 10ug 1 the (,i lole 
moments are still on the high side (e.g. fulvene 0.92 D (calc.) vs. 
0.44 D (obs.)31 and acenaphthylene 0.93 D (calc.) vs. 0.3 D 
(obs.)ll). As these hydrocarbons have quite different 7t densities 
and geometries from the alternant hydrocarbons both the 
ring current of the five-membered ring and the ring current 
density of the attached six-membered ring were parametrised 
separately. 

For the substituted benzenes the appropriate values of the 
coefficients II, and k,s in eqn. (9) for the orbitals involving hetero 
atoms have to be found. In ref. 29 two procedures were con
sidered. One was to obtain those values which gave the best 
agreement with the experimental dipole moments of the 
compounds investigated. the alternative was to find values 
which best reproduced the 7t densities obtained by ab initio 
calculations. Both sets of coefficients were given, but the first set 
was adopted in the CHARGE programme as the simplest 
method of obtaining reasonable dipole moments of unsatur
ated compounds. However later developments of the CHARGE 
method. in which a more flexible method of reproducing 
observed dipole moments was adopted. meant that the dipole 
moments of unsaturated compounds could be reproduced with 
either set of H uckel parameters. We now use the later set so that 
the 7t densities calculated from the Huckel routine reproduce 
the 1t densities given from ah initio calculations. 

The only other modification necessary to the Huckel routine 
concerns the effect of saturated substituents (e.g. CXl) on the 7t 

electron densities in the benzene ring which is usually termed 
hyperconjugation. It is simple to reproduce this effect in 
a Huckel calculation if it is regarded as an example of the 
1t-inductive effect mentioned earlier. In this case an equation 
corresponding to eqn. (10) was used to vary the Coulomb 
integral of the aromatic carbon atom connected to an Spl 
carbon. In this way changes to the 1t electron density of the 
benzene ring due to both electron donating substituents such as 
CHl and electron withdrawing substituents such as CF l can be 
handled by the same procedure. 

Having obtained the 1t electron density in the benzene ring 
it is then nec~ssary to determine the effect of the 1t electron 
density at a gIven carbon atom on the proton chemical shifts. 
An experimental determination of this factor is due to Gunther 
ef al. J2 They measured the proton chemical shifts of a variety of 
cyclic charged molecules (tropyliu.m cation, cyclopentadienyl 
anion. etc.) and compared them WIth benzene. From this data 
they obtained a value of the coefficient a l [eqn. (II)] of 10.0 

M = a/"q" + a/1qll (II) 

between the proton shift M and the excess 1t charge I1qa on the 
attached carbon atom. 

It has also been recognised that there is an influence of the 
excess 1t charge on the carbon atom p to the proton considered 
and a related effect gives rise to the phenomenon of negative 
spin density in EPR spectroscopy.B The hyperfine couplings 
to the a and p protons in alkyl radicals, in which the radical 
carbon atom is planar and Sp2 hybridised, are quoted as 
aH" = - 22 G and aH

11 = 4 + 50cos2
(} where () is the dihedral 

angle between the free radical 2p-orbital and the proton 
considered. ll These considerations suggest that in aromatic 
compounds in which the CH bond is orthogonal to the 1t 
orbital, (J is 90° and the value of a2 in eqn. (II) is negative and 
ca. 115th of at. i.e. -2.0. 

These modifications were the only ones needed to apply the 
CHARGE routine to aromatic compounds. However it is still 
necessary to calculate the charge densities at the aromatic 
protons in CHARGE and thus to quantify the appropriate a, p 
and y effects. Also the long range interactions present in the 
aliphatic molecules (i.e. steric, electric and anisotropic) must 
also be included and where necessary evaluated. These will be 
considered SUbsequently. 

atoms are not mown an(1 must :>e determ nee. 've shill S.~IOW 
(see later for a full discussion) that an aromatic carbon atom 
has no steric effect on a close aromatic proton but that an 
aromatic proton has a d£'shielding effect on a close aromatic 
proton. We assume that this can be represented by a simple r 6 

term [eqn. (3)] thus only the appropriate value of as in eqn. (3) 
for the aromatic proton to proton steric shift needs to be 
obtained. The electric field and anisotropies of the polar and 
anisotropic groups involved are calculated in an identical 
manner to that for any aliphatic C~H bond and thus no further 
parameterisation is necessary. 

Experimental 
Ethylene, benzene. toluene, tert-butylbenzene, naphthalene. 
anthracene, phenanthrene, pyrene, triphenylene, benz[a]anthra
cene, benzo[b]triphenylene and dibenzo[ah]anthracene and the 
CDCl l solvent were obtained commercially (Aldrich Chem. 
Co.). The solvent was stored over molecular sieves and used 
without further purification. 

IH NMR spectra were obtained on a Bruker AMX400 
spectrometer operating at 400.14 MHz. Spectra were recorded 
in \0 mg cm- l solutions eH) with a probe temperature of Cll. 

25°C in CDCll and referenced to TMS. TypicallH conditions 
were 128 transients, spectral width 3300 Hz. 32K data points. 
giving an acquisition time of 5 s and zero-filled to 128K to give 
a digital resolution of 0.025 Hz. 

The geometries of the compounds were obtained by optimis
ations using the GAUSSIAN94 programme at the RHFI 
6-31 G* level. l4 For molecules too large to be handled con
veniently by GAUSSIAN at the 6-31 G* level. e.g. perylene, 
smaller basis sets were used, e.g. 3-21 G. For the largest 
molecules. e.g. coronene and the two cyclophanes (15) and (16). 
the molecular mechanics PCMODEL programme was used. l5 
The geometry and CHARGE computations were performed 
on a Pc. 

Results 
The proton spectra of the compounds all consisted of well 
separated peaks at 400 MHz (except for toluene) thus the 
proton chemical shifts could be obtained immediately and 
the assignments of the compounds followed previous investig
ations. For toluene the proton spectrum of toluene-d was first 
obtained. The dilute IH spins only couple to the lD ~uclei and 
the spectrum consists of three broad singlets at 7.165. 7.170 and 
7.254<5. ~his ga~e sufficient information to identify the coupling 
patterns III the H spectrum of toluene and hence the slightly 
more accurate proton chemical shifts given in Table 2. 

.The data obtained in CDCl l solution are given and compared 
WIth that of previous investigations in CCl. solution in Table 2. 
In re( 12 the authors only reported the shift differences from 
benzene and we have added 7.27 ppm (the benzene value in 
CCI4) to them. The shift values in Table 2 are of interest. There 
is generally good agreement between the data sets but it is 
noteworthy that there is a small but almost constant difference 
in the proton chemical shifts in CDCIl solution compared to 
CCl4· Averaging over all the aromatic compounds in Table 2 
gives a value of 0.086 ppm (±0.01) to low field in CDCIl solu
tion. This is also the case for ethylene but here the difference 
is slightly less. The aliphatic protons of the methyl groups in 
toluene and tert-butylbenzene do not show this effect but have 
the same shifts in the two solvents. The constant value of this 
difference means that data in CCl. solution can be converted 
directly to CDCI) solution by merely relating the shifts to 
benzene. Furthermore this suggests that the accurate SCS 
values reported earlier for the monosubstituted benzenes in 
CCl. solution may be used with confidence to investigate the 
application of the CHARGE model to these compounds and 
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Table 2 Observed and calculated proton chemical shifts (,,) for aromatic compounds 

Observed Calculated 

Compound Proton CDCI3 ' CCI.b.c Model A Model B 

Ethylene 5.405 5.352d 5.407 
Benzene (1) 7.341 7.27b (7.27)' 7.331 7.342 
Naphthalene (2) I 7.844 7.73 7.81 7.931 7.829 

2 7.477 7.38 7.46 7.524 7.493 
Anthracene (3) I 8.009 7.93 8.01 7.948 8.009 

2 7.467 7.39 7.39 7.524 7.577 
9,10 8.431 8.36 8.31 8.495 8.485 

Phenanthrene (4) I 7.901 7.80 un 7.930 7.968 
2 7.606 7.51 un 7.509 7.544 
3 7.666 7.57 un 7.566 7.600 
4,5 8.702 8.62 8.51 8.455 8.433 
9,10 7.751 7.65 7.71 7.839 8.085 

Triphenylene (5) I 8.669 8.61 8.56 8.587 8.707 
2 7.669 7.58 7.61 7.613 7.654 

Pyrene (6) I 8.084 8.00 8.06 7.976 8.253 
3 8.190 8.10 8.16 7.930 8.156 
4 8.010 7.93 7.99 7.546 7.785 

Perylene (7) I 8.196 8.11 8.09 8.361 8.250 
2 7.466 7.38 7.41 7.515 7.404 
3 7.656 7.57 7.60 7.845 7.630 

Coronene (8) I 8.90' 8.82 8.84 8.900 
Benz[aJanthracene (9) I' 8.840 8.77 8.698 8.553 

2' 7.685 7.59 7.708 7.627 
3' 7.651 7.525 7.638 7.557 
4' 7.849 7.755 8.102 8.004 
3 7.616 7.55 7.987 8.117 
4 7.800 7.72 8.027 8.200 
5 8.048 8.03 8.101 7.977 
6 7.540 7.465 7.637 7.544 
7 7.564 7.47 7.647 7.553 
8 8.133 8.03 8.169 8.038 
9 9.174 9.08 9.125 9.052 
10 8.370 8.275 8.561 8.572 

Benz[bJanthracene (10) I' 8.001 8.082 7.947 
2' 7.39 7.619 7.522 
4 8.67 8.581 8.546 

Benzo[bJtriphenylene (11) I' 8.791 8.675 8.685 8.758 
2' 7.670 7.54 7.649 7.634 
3' 7.651 7.53 7.636 7.618 
4' 8.592 8.475 8.637 8.674 
7 7.568 7.455 7.641 7.521 
8 8.097 7.965 8.134 8.008 
9 9.097 9.075 9.103 9.238 

Dibenzo[ahJanthracene (12) I' 8.874 8.805 8.708 8.502 
2' 7.719 7.625 7.721 7.583 
3' 7.646 7.55 7.649 7.511 
4' 7.914 7.82 8.113 7.944 
3 7.760 7.67 8.016 8.077 
4 7.963 7.88 8.121 8.230 
10 9.155 9.075 9.170 9.107 

Acenaphthylene (13) I 7.812 7.829 7.826 
2 7.548 7.474 7.519 
3 7.692 7.708 7.701 
5,6 7.083 7.070 7.024 

Fulvene (14) 1,4 6.228' 6.384 6.317 
2,3 6.531 6.421 6.404 
6 5.892 6.015 5.960 

Toluene artha 7.180 7.061 A 7.080 
meta 7.260 7.140 7.284 
para 7.165 7.042 7.172 
Me 2.343 2.337/ 2.343 

tert-Butylbenzene ortho 7.390 7.281 A 7.279 
meta 7.297 7.180 7.358 
para 7.165 7.052 7.218 
Me 1.325 1.319/ 1.332 

• This work except where stated. b Ref. 7. c Ref. 12. d Ref. 36.' Ref. 37JRef. 38.' Ref. 39. A Ref. 16. / Ref. 2, vol. 2, Appendix B. un = unresolved. 

these data are reproduced in Table 3. Also given in Table 3 are 
the SCS values obtained in our laboratory for selected com
pounds in dilute CDCl3 solution. The excellent agreement 
between the sets of SCS values confirms this assumption. 

The data collected in Tables 2 and 3 provide a rigorous test 
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of the application of both the CHARGE model and also 
of present ring current theories to these compounds. The 
compounds listed in the tables are all of fixed conformation. 
The OAUSSIAN94 (6-310·'3-210) and the PCMODEL 
calculations gave molecular geometries for the aromatic 



Proton substituent chemical shifts (.1iiH ) 

artha meta para 

Substituent Obs Calc Obs Calc Obs Calc 

H 0.00 0.00 0.00 0.00 0.00 0.00 
CH, -0.20 -0.27 -0.12 -0.06 -0.22 -0.17 

-0.16 -0.08 -0.18 b 

t-Bu 0.02 -0.06 -0.08 0.02 -0.21 -0.12 
0.05 -0.04 -0.19 b 

F -0.29 -0.23 -0.02 0.02 -0.23 -0.21 
CI 0.03 -0.04 -002 0.07 -0.09 -0.08 
Br 0.18 0.07 -0.08 0.09 -0.04 -0.02 
I 0.39 0.18 -0.21 0.08 0.00 0.01 
OH -0.56 -0.53 -0.12 -0.13 -0.45 -0.42 
OCH3 --0.48 -0.44 -0.09 -0.12 -0.44 -0.41 
NH2 -0.75 -0.62 -0.25 -0.24 -0.65 -0.65 
CF3 0.32 0.28 0.14 0.18 0.20 0.20 

0.29 0.14 0.21 c 

CHO 0.56 0.54 d 0.22 0.20 d 0.29 0.26 
C(O)CH3 0.62 0.61 d 014 0.21 d 0.21 0.28 
crO)OCH, 0.71 0.91 d 0.11 0.21 d 0.21 0.26 
CN 0.36 0.35 0.18 0.21 0.28 0.24 

0.32 0.14 0.27' 
N02 0.95 0.81 0.26 0.23 0.38 0.25 

• Ref. 16 unless stated otherwise. b This work (CDCI, soln.). C Ref. 42. d Averaged, see Table 5 and text. ' Ref. 43. 

hydrocarbons in excellent agreement with the experimental 
geometries, where known (e.g. benzene C-C 1.397, C-H 1.087 A 
(MP2/6-31G*), vs. 1.395 and 1.087 A (PCMODEL) and 1.396 
and 1.083 A (experimental)40). 

In the CHARGE model the a, ~ and y effects of the substi
tuents are considered to be due to electronic effects and 
therefore they are modelled on a simple empirical basis. The 
a effect of an Sp2 carbon is given from the difference in the 
electronegativities of the carbon and hydrogen atoms divided 
by the appropriate exchange integral. The value of this integral 
was chosen to re'pr~duce the ~bserved chemical shift of ethyl
ene (Table 2). ThIS gIves a partial atomic charge for the ethylene 
protons of ~0:0?5 e which corresponds to a C-H bond dipole 
ofOA D. ThiS IS In reasonable agreement with the usual quoted 
range (ca. 0.6-·0.7 0).41 The ~ effect is calculated directly from 
the carbon electronegativity and proton polarisability,28 thus 
the only other electronic effect to be considered is the y effect 
(H-C--C-C) of the unsaturated carbon atoms in the aromatic 
compounds. For the condensed aromatic compounds con
sidered here the only values of the CCCH dihedral angle {} are 
00 and 1800 (Table 2) and thus egn. (I) may be simplified to 
A + Bcose with the coefficients A and B to be obtained from 
the observed data. 

Long-range effects 

The interactions considered to be responsible for the long range 
effects of the aromatic ring have been documented earlier as 
steric plus magnetic anisotropy (i.e. ring current) effects. (There 
is also a small electric field effect due to the C-H dipoles. This is 
calculated by CHARGE directly from the partial atomic charges 
as the coefficient Az in egn. (4) has already been determined). 
Thus we are now in a position to test the theoretical treatment 
given earlier against the observed data presented in the tables. 

In previous investigations in this series which were concerned 
with substituted alkanes the steric effect of all non-hydrogen 
atoms was deshielding on the near protons, but proton-proton 
interactions gave a shielding effect. This was confirmed both 
experimentally and theoretically. In contrast it is immediately 
obvious from both the results of previous investigations 7.\3 and 
the data presented here that proton-proton steric interactions 
in the aromatic systems considered here give rise to deshielding 

Table 4 Observed 1'05. calculated proton chemical shifts (J) in [IO)para
cyclophane (16) 

Carbon atom (CB2) Observed (CH 2) Calculated (average) 

a 2.62 2.453 2.606 
2.759 

13 1.54 1.806 1.699 
1.592 

Y 1.08 1.631 1.270 
0.909 

1) 0.73 1.133 0.894 
0.655 

I': 0.51 0.626 0.525 
0.424 

Aromatic 7.04 7.102 7.088 
7.074 

effects on the proton chemical shifts. A further unambiguous 
demonstration that steric effects on proton chemical shifts in 
aromatic systems are totally different from those in saturated 
systems came from the observation of the proton chemical shift 
of the unique CH proton in the cycIophane (15). This proton 
occupies a position along the symmetry axis of the benzene ring 
and occurs at -4.03 6. Because of its proximity to the benzene 
ring plane (it is ca. 1.9 A above the ring plane) it is an excellent 
test of any ring current theory and was used by Schneider ef al. 
in their investigation of the different ring current models." It 
is also in close proximity to the benzene ring carbon atoms, 
the average C··· H distance being Cll. 2.20 A. Any deshielding 
effect from the aromatic carbon atoms comparable to that 
found for saturated carbon atoms would have a pronounced 
deshieJding effect on this proton. For example using the 
steric coefficient found previously for saturated carbon atoms 
(a. in egn. (3) = 220.0 ppm A6) would give a value for the CH 
proton chemical shift of +6.0 6! Clearly there is no significant 
deshielding steric effect from the aromatic carbon atoms at 
this proton. Schneider et al.s termed this a "soft" steric elfect 
in contrast to the "hard" steric effect of proton-proton inter
actions. This is supported by the results for [IO]paracyclophane 
(Table 4) in which there is good agreement between the 
observed and calculated shifts again with no Sp2 carbon steric 
effect. This result was adopted in the CHARGE routine so that 
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there is no steric effect on the proton chemical shifts from any 
aromatic carbon atom. Note that this may not be the case for 
olefinic carbon atoms and work is currently in place in our 
laboratory to further define this interesting result. 42 

Thus the parameters to be determined from the observed 
results in Table 2 are the coefficients A and B for the carbon 
y effect [eqn. (I )], the appropriate H··· H steric coefficient 
[eqn. (3)], the ring current equivalent dipole /1 [eqn. (8)] and 
the factorsj(' [eqn. (8)] for the condensed rings. There are six 
factors for both model A and model B (Table I) making a 
total of 10 unknown parameters. The values of the unknown 
parameters were achieved using a non-linear least mean squares 
programme (CHAP8)44 to give the best fit with the observed 
data. The data set used comprises all the condensed aromatics 
of Table 2, a total of 57 proton shifts thus the iteration is over
determined. The initial iteration for model A clearly showed 
that coronene was an exception and this was removed from the 
subsequent iteration. With this amendment the programme 
iterated satisfactorily with reasonable rms error and definition. 
For model B coronene is a separate case and the iteration per
formed satisfactorily. The iteration gave A = -0.107, B = 0.143, 
the H··· H steric coefficient Us [eqn. (3)] = +24.55 ppm A6, /1 
[eqn. (8)] = 26.2 ppm A3 and thefc values in Table I. In fulvene 
and acenaphthylene both the ring current of the five-membered 
ring (/1p) and also the factors (jc) for the benzenoid rings 
in acenaphthylene were parametrised separately. This gave 
/1p = 11.6 ppm A 3 and fe = 0.81. These iterations are for two 
unknowns and seven observed shifts, thus the iterations are still 
overdetermined. 

The determination of these unknown parameters also allows 
the calculation of the proton SCS of the monosubstituted 
benzenes in Table 3 as the electric field and anisotropic effects 
of the substituents have already been determined previously. 
The appropriate values of the coefficients in eqn. (10) needed to 
model the effect of the alkyl substituents on the 1t densities were 
aro = ar + 0.15, co = -0.50. The only other effect to consider is 
the steric effect of the side-chain protons on the artho protons 
of the benzene ring. The steric effect of alkane protons on 
olefinic protons was determined from a general investigation 
involving a variety of olefinic molecules 42 to be deshielding and 
this result was used here. The steric effect of the OH and NH 
protons in alcohols and amines has been shown to be zer0 45 

and again this result was incorporated into the present calcu
lations. This allowed t he determination of the proton SCS of all 
the monosubstituted benzenes of Table 3 and these results are 
given with the observed data in the table. There is generally 
excellent agreement between the observed and calculated shifts 
in Table 3 and this good agreement allows the SCS in the 
benzene ring to be analysed further in terms of the constituent 
interactions (see discussion). 

Finally it was felt to be of interest to determine whether the 
equivalent dipole ring current calculation given here could be 
used to determine the benzene ring current effect for protons 
at the side and over the benzene ring. This data was used by 
SchneiderS in determining the accuracy of the various ring 
current models. We consider here two illustrative examples: the 
unique CH proton in the tribridged cyclophane (15)8 and the 
protons in [IO]paracyclophane (16).46 The proton chemical 
shifts for both compounds have been recorded in dilute CDCl3 

solution. The geometries of both compounds were modelled by 
PCMODEL and GAUSSIAN. 15 is a rigid strained molecule 
but in 16 the methylene chain exists in two equivalent rapidly 
interconverting staggered conformations. Thus the two protons 
on each methylene group in the alkyl chain have the same 
observed shift and the calculated shifts for the two methylene 
protons have to be averaged. The calculations used eqn. (8) 
to determine the ring current shifts with the value of the eq uiv
alent dipole obtained above. The CH proton of 15 is observed 
at -4.0315 (calc. --4.0315) and the corresponding data for 16 are 
given in Table 4. 
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Discussion 

The general agreement of the observed vs. calculated shifts 
in Tables 2 and 4 and the observed vs. calculated SCS of Table 3 
is very good. Although the calculated values for models A and 
models B for the individual protons vary appreciably (Table 2), 
the overall agreement for both models is similar. For the 57 data 
points of Table 2 the rms error (obs. vs. calc. shifts) is 0.13 ppm 
(model A) and 0.12 ppm (model B) over a range of 3.3 ppm. 
The analogous calculation using only the benzene ring current 
(i.e. all Ie values = 1.0) gives much poorer agreement (rms = 
0.28 ppm) showing that it is necessary to take account of the 
variation in the ring current density for a proper description of 
the proton chemical shifts. Although for convenience the SCS 
are given in Table 3, as the proton chemical shift of benzene is 
calculated accurately (Table 2) obviously the actual chemical 
shifts of all the substituted benzenes are calculated to the same 
accuracy as the SCS values in Table 3. It can be seen that the 
great majority of the observed shifts are reproduced to <0.1 
ppm, though there are some exceptions (see later). This is the 
first quantitative calculation of this data and it implies that the 
latest CHARGE programme (CHARGE7) can be applied with 
some confidence to the prediction of the proton chemical shifts 
of virtually any substituted benzenoid compound. 

The calculation also provides new insight into the inter
pretation of these proton chemical shifts as the different 
interactions responsible for the calculated values are separately 
identified and quantified in the CHARGE programme. The ring 
current calculations provide further evidence for the accuracy 
of the simple equivalent dipole model of the benzene ring 
current. The value of /1 of 26.2 ppm N is very similar to that 
obtained from the classical circulating current model (27.6).17.47 
The calculations also confirm previous studies 47 in demonstrat
ing that the ring current effect is not the only factor responsible 
for the difference between the ethylene and benzene Proton 
shifts. The experimental difference of 1.93 ppm (Table 2)' is 
made up of 1.77 ppm from the ring current and 0.17 ppm from 
the electronic effects of the p and y carbon atoms of benzene. 
This was allowed for in some previous ring current calculations 
by using cyclohexadiene rather than ethylene as the appropri
ate olefinic model 47 and the above calculations support this 
approach. It is also pertinent to note the excellent agreement 
obtained with the simple equivalent dipole model. On this basis 
the use of the more complex double dipole and double-loop 
models does not appear to be justified. Interestingly Mallion 48 

came to exactly the same conclusion many years ago. 
It is of interest to compare the values of the separate ring 

current factors (fe) in Table I with the values obtained 
previously.7.12 The trends are similar, supporting the original 
compartmentalisation of these factors, though the values 
obtained here are mostly much nearer to the benzene value 
(fe = J) than the previous calculations. This is exactly to be 
expected as Huckel theory usually over estimates any electron 
separation. The only exception is the value for coronene. In 
model A the outer rings are of type 16b (i. e. analogous to the 
middle ring of phenanthrene) but this value of the ring current 
density (0.745. Table I) gives a much too low value for the 
proton chemical shift. A value of fe of 1.06 reproduces the 
experimental proton chemical shift. In model B this problem 
does not arise as coronene is a separate case, and the iteration 
gives a value of fe = 1.008. very close to the benzene value and 
the Huckel calculated value. 

It is encouraging that the calculated shifts for the non
altemant hydrocarbons of fulvene and acenaphthylene are in 
very good agreement with the observed shifts (Table 2) as this 
suggests that the approach adopted here can be extended 
to these systems. The value of the ring current of the five-. 
membered ring obtained here (I\.6 ppm A3) may be used to 
obtain the current density in the five-membered ring as the 
eq uivalent dipole /1 = iA where A is the area of the current loop. 



Calculated contribution 

Substituent y-Effeet Sterie 

CHl orrho -0.144 
mera 
para 

F orrho 0.128 
meta 
para 

OH ortllo -0.128 
meta 0.011 
para 0.005 

CHO orrho H-2 0.144 
H-6 0.144 

meta H-3 
H-5 

para 

CN ortho -0.230 
meta 
para 

NO, ortho 0.096 
meta 
para 

After allowing for the area of the five-membered ring compared 
to benzene this gives a current density ofO.63ib , much less than 
benzene. More data on similar systems would be necessary to 
confirm this result. 

Proton SCS in substituted benzenes 

The good agreement between the observed and calculated SCS 
in Table 3 together with the separation of the different inter
actions in CHARGE allows us to determine these interactions 
for the different substituents and Table 5 gives the contributions 
to the proton SCS for selected substituents in Table 3. 

In Table 5 for the anisotropic substituents (e.g. e--D) the con
tributions are given for each separate proton (e.g. H2 and H6) 
although these are averaged in Table 3 to compare with the 
observed (averaged) data. The large effect of the carbonyl 
anisotropy is clearly apparent in these figures. The orientation 
of the carbonyl is such that the oxygen atom is syn to H6. The 
calculations are supported by and also show very clearly the 
origin of the large ortha proton deshielding in a-methoxy
benzaldehyde (H6 7.82 b) J7 compared to a-hydroxybenzalde
hyde (H6 7.50 b) where the carbonyl group is now hydrogen 
bonded to the hydroxy group. 

Table 5 also shows that the carbonyl anisotropy is the 
major factor in the meta proton SCS of benzaldehyde (cf H3 
and H5). This demonstrates the importance of these "other" 
effects, which are of course not included in any of the corre
lations of electron densities etc. with the proton SCS. Indeed it 
is important to stress the difference between the present calcu
lations and the correlations with Hammett G,22 the Swain
Lupton F and R values 49 etc. The CHARGE calulations are 
ground state calculations whilst the other parameters are 
derived from pH and rate constants and therefore reflect 
energy differences between the anion or the transition state 
and the ground state of the molecule, a totally different 
quantity. 

Nevertheless in view of the numerous correlations of these 
quantities with the proton SCS it is useful to consider these 
correlations together with the present calculations. The corre
lation between the proton SCS and Hammett G) and GRO values 
was given as eqn. (12) 2) for a similar set of substituents to those 

Anisotropic Electric field It Shift 

-0.125 
0.767 

-0.043 
0.107 
0.010 

-0.064 
-0.132 
-0.183 

-0.360 
0.115 -0.137 
0.088 -0.332 

-0.494 
-0.188 
-0.456 

0.360 0.195 
0.153 0.195 
0.062 0.073 
0.069 0.073 
0.049 0.181 

0.372 0.151 
0.127 0.056 
0.097 0.138 

0.606 0.105 
0.143 0.043 
0.105 0.115 

SCS (para) = 0.27G) + 1.2511R 0 

SCS (meta) = 0.24111 + O.446aRo 
(12) 

in Table 5 and a similar analysis of the SCS in terms of the 
Swain-Lupton F and R values gives eqn. (13). 

SCS (para) = 0.142F + 0.926R 

SCS (meta) = 0.098F + 0.376R 
(13) 

These equations are reasonably consistent implying in general a 
much greater resonance effect on the para proton SCS than on 
the meta proton SCS. Inspection of the data in Table 5 shows a 
much more diverse pattern. Indeed the major disadvantage of 
such correlations is that they obscure the large differences in the 
SCS components of the various groups which all need to be 
considered individually. E.g. the OH group has no anisotropic 
or steric effect and both the meta and para SCS are dominated 
by the 1t electron shift. This is much greater in the para position 
but the meta SCS is still dominated by the 1t effect. In contrast. 
in benzaldehyde the electric field and anisotropy contributions 
equal the 1t shift for the meta proton and are a significant but 
minor contribution for the para proton. The nitro and cyano 
groups differ from both of these in that they appear to have no 
anisotropic effect but the electric field effect is predominant at 
the meta proton and equal to the 1t shift at the para proton. 
Further investigations in our laboratory have confirmed this 
result for the cyano group 43 and it would be of interest to per
form similar investigations for the nitro group. Clearly each 
substituent group must be considered separately in order to 
evaluate the separate steric. electric and anisotropic contribu
tions at the various protons. 

Finally it is of interest to consider the discrepancies in the 
observed vs. calculated data of Table 3. The most interesting 
systematic deviation is that due to Br and I. The calculated 
values for the para SCS for all the halogens are in excellent 
agreement with the observed data and the ortho and meta SCS 
for F and CI are in reasonable agreement. However the artha 
SCS for Br and I are more deshielding than calculated and the 
meta SCS much more shielding than calculated. The ortho SCS 
are given by the 'Y effect, which is a function of the polarisability 
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of the y atom i.e. the halogen. The value of the polarisability 
was taken from data on alkyl halides 24 th us this may not be 
appropriate for substituted benzenes. In contrast the meta SCS 
are of interest as similar exceptional behaviour was observed 
for the 3-protons in equatorial halocyclohexanes.50 Again there 
is a large deviation from the calculated value for the Br and 
I substituents. The equatorial proton is in a similar W orien
tation to the halogen atom as the meta proton in the substituted 
benzenes and it may be that there is an additional long range 
(four bond) mechanism for the halogen atoms in this specific 
orientation. Further studies would be necessary to confirm this. 
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Proton chemical shifts in NMR. Part 1St-proton chemical 
shifts in nitriles and the electric field and n-electron effects 
of the cyano group~ 
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ABSTRACT: The proton resonance spectra of a number of nitriles of fixed geometry were recorded in dilute 
CDCI3 solution and assigned. These were trans- and cis-4-tert-butylcylohexanecarbonitrile, axial and equatorial 
cyclohexanecarbonitrile and ax-ax- and eq-eq-trans-I,4-dicyanocyclohexane, the latter compounds at -60°C. The 
aromatic nitriles measured were benzonitrile, 0-, m- and p-dicyanobenzene, 1- and 2-cyanonaphthalene and 9-
cyanoanthracene. This plus previous literature data allowed the determination of the cyano substituent chemical shifts 
(SCS) in a variety of molecules. These SCS were analysed in terms of the CN electric field, magnetic anisotropy and 
steric effects for protons more than three bonds removed together with a model (CHARGE7) for the calculation of the 
two- and three-bond SCS. For the aromatic nitriles ring current and JT-electron effects were included. The anisotropic 
and steric effects of the cyano group were negligible in all the compounds investigated and in the aliphatic nitriles 
the SCS were due only to the CN electric field plus for near protons electronic effects. For the aromatic nitriles 
the JT-electron effects were calculated from HUckel theory with the values of the exchange and resonance integrals 
adjusted to give JT-electron densities in agreement with those obtained by ab initio calculations. The ring current shifts 
of the cyano derivatives were assumed to be the same as those of the parent hydrocarbons. The model gives the first 
comprehensive calculation of the SCS of the cyano group. For the data set of 93 proton chemical shifts from I to 98, 
the r.m.s. error (observed vs calculated shifts) was 0.088 ppm. The breakdown of the CN SCS in the aromatic nitriles 
showed good agreement with the Swain and Lupton field and resonance (F and R) components of substituent effects. 
Copyright © 2000 John Wiley & Sons, Ltd. 

KEYWORDS: NMR; I H NMR; proton chemical shifts; nitriles; electric field; JT-electron densities 

INTRODUCTION 

Nitriles are of considerable importance in all branches 
of chemistry. They are both versatile synthetic interme
diates and important compounds per se (see Ref. 2 for a 
comprehensive treatment) and in consequence the proton 
resonance spectra of nitriles have been studied since the 
beginning of NMR spectroscopy. Despite this, there is still 
some controversy and uncertainty over the causes of the 
substituent chemical shifts (SCS) of the cyano group. The 
cyano group is both strongly polar and also anisotropic 

I and both of these factors have been proposed to account 
for cyano SCS. Early workers suggested that the CN mag
netic anisotropy should be similar to that of the analogous 
C===C bond and Reddy and Goldstein3 using a correlation 
between C 13 - H couplings and the proton chemical shift 
estimated ~X as -16.5 x 10-6 cm3 mol- 1 for both the 
CN and the C-C bond. Cross and Harrison4 used the 
value of the CN anisotropy obtained by Reddy and Gold
stein to calculate the shifts of the C-19 methyl groups in 
some 5a- and 5fJ-cyano steroids. They found that the shifts 

t This paper is dedicated to Professor Dr Harald 
Gunther on the occasion of his 65th birthday. 

• Correspondence to: R J. Abraham, Chemistry Department, University 
of Liverpool, P.O. Box 147, Liverpool L69 3BX, UK. 
t For Part 14, see Ref. I. 

Copyright © 2000 John Wiley & Sons, Ltd. 

were opposite to those predicted from the anisotropy and 
suggested that the CN electric field could be responsible. 
This early work has been well reviewed by Bothner-By 
and Pople.5 

Subsequently, Zurcher6 and ApSimon et aU conducted 
more detailed analyses of the CN SCS. They both used the 
McConnell equationS to calculate the magnetic anisotropy 
of the cyano group and the CN dipole to calculate the 
electric field. They did not consider any steric effects of 
the CN group in their calculations. They also assumed that 
the CN anisotropy could be calculated from the centre of 
the triple bond, although the 7r-electron system may be 
more or less displaced towards the more electronegative 
atom, Both studies came to the conclusion that the electric 
field effect was predominant. However, both of these 
studies used mainly the methyl groups of steroids to 
determine the SCS. When they extended their calculations 
to include nearer protons, large differences between the 
observed and calculated shifts were found. 

What is required for a definitive analysis is a suffi
cient data set of CN SCS using conformationally rigid 
molecules with fully assigned proton spectra. We present 
the complete assignment of the PMR spectra of both 
aliphatic and aromatic nitriles of fixed conformation. The 
aliphatic nitriles analysed are trans- and cis-4-tert-butyl
cyclohexanecarbonitrile (la and b), axial and equatorial 
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=l cyclohexanecarbonitrile (2a and b) and ax-ax- and eq-eq
•• trans-I ,4-dicyanocyclohexane (3a and b). Included also 
•• In the analysis are the PMR spectra of 2-exo- and 2-endo
., norbornanecarbonitrile (4a and b) and I-adamantanecarbo
.. ' nitrile (5), recorded previously,9 and the proton shifts 

::~ acetonitrile (6), propionitrile (7), isobutyrocarboni
triie (8) and trimethylacetonitrile (9) from the Aldrich 
catalogue. lo The aromatic nitriles recorded here are ben
zonitrile (10), 0-, m- and p-dicyanobenzene (11-13), 
1- and 2-cyanonaphthalene (14 and 15) and 9-cyanoanthra
cene (16). The proton chemical shifts of acrylonitrile (17) 
were obtained from the Aldrich catalogue. IO 

These results provide sufficient data for an analysis of 
cyano SCS using a previous model of proton chemical 
shifts. I. II In previous parts of this series, this model, which 
is based on simple charge calculations over one, two 
and three bonds and steric, electric field and anisotropic 
contributions over more than three bonds, was applied 
successfully to a variety of saturated hydrocarbons, 12. 13 
haloalkanes,14 ethers 15 and ketones. 16 We shall show that 
this model provides a quantitative treatment for cyano 
SCS and that these are due solely to the CN electric field. 
The anisotropic and steric effects of the cyano group are 
negligible as far as the proton SCS are concerned. 

THEORY 

A detailed account of the theory behind the model 
CHARGE can be seen in past references. I. II A brief 
account of the latest model (CHARGE7) will be given 
here. The theory distinguishes between substituent effects 
over one, two and three bonds which are attributed 
to the electronic effects of the substituents and longer 
range effects due to the electric fields, steric effects and 
anisotropy of the substituents. The CHARGE scheme cal
culates the effects of atoms on the partial atomic charge of 
the atom under consideration, based upon classical con
cepts of inductive and resonance contributions. 

If we consider an atom I in a four atom fragment 
I-J-K-L, the partial atomic charge on I is due to 
three effects. There is an a effect from atom J given 
by the difference in the electronegativity of atoms I and 
J. A {J effect from atom K proportional to both the 
electrone~ativity of atom K and the polarizability of atom 
I. There IS also a y effect from atom L given by the 
product of the atomic polarizabilities of atoms I and L. 
This was shown to be true for I = Hand L = F, CI, Br, I 
and S. However, for the second-row atoms (C, 0, etc.) the 
y effect (i.e. C-C-C-H) is parameterized separately 
and is given by Eqn (1): 

GSEF = A + BI cos() 

= A + B2 cos() 

0° S () S 90° 

90° S () S 180° 
(I) 

where () is the C-C-C-H dihedral angle and A and B 
are empirical parameters. There are also routines for the 
methyl y effect and for the decrease in the y effect of the 
electronegative oxygen and fluorine atoms for CX2 and 
CX3 groups. 

Copyright © 2000 John Wiley & Sons, Ltd. 

The total charge is given by summing these effects and 
the partial atomic charges (q) converted to shift values 
using the equation 

0= 160.84q - 6.68 (2) 

The effects of more distant atoms on the proton chem
ical shifts are due to steric, anisotropic and electric field 
contributions. H···H steric interactions in alkanes were 
found to be shielding and X·· ·H (X = C. F. CI, Br. I) 
interactions deshielding according to a simple r- fi depen
dence: 

(3) 

Furthermore, any X· . ·H steric contributions on a methy
lene or methyl proton resulted in a push-pull effect (shield
ing) on the other proton(s) on the attached carbon. 

The effects of the electric field of the C-X bonds 
(X = H, F, CI, Br, I, 0) were calculated from the equation 

(4) 

where A, was determined as 3.67 x 10- 12 esu (63 ppm 
au) and E, is the component of the electric field along the 
C-H bond. The electric field for a univalent atom (e.g. 
fluorine) is calculated as due to the charge on the fluorine 
atom and an equal and opposite charge on the attached 
carbon atom. The vector sum gives the total electric field 
at the proton concerned and the component of the electric 
field along the C-H bond considered is Ez in Eqn (4). 
This procedure is both simpler and more accurate than the 
alternative calculation using bond dipoles. 

The magnetic anisotropy of a bond with cylindrical 
symmetry such as CN is obtained from the equation 

oan = D.xcN (3 cos2 rp - I )/3R3 (5) 

where R is the distance from the perturbing group to the 
nucleus of interest in A, rp is the angle between the vector 
R and the symmetry axis and D.XCN is the molar anisotropy 
of the CN bond. (D.XCN = x~ - x~rp) where XCN

, and 
x~ are the susceptibilities parallel and perpendicular 
to the symmetry axis, respectively. This is illustrated in 
Fig. I. 

Aromatic compounds 

For aromatic compounds it is necessary to include the 
shifts due to the aromatic ring current and the 1T-electron 
densities in the aromatic ring. The aromatic ring current 
density is calculated in CHARGE from the Pauling the
ory and the equivalent dipole approximation is then used 

Figure 1. Representation of the anisotropy in an axially 
symmetric molecule. 
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to calculate the ring current shifts.' This treatment repro
duces the proton chemical shifts of a wide range of aro
matic hydrocarbons and is incorporated unchanged here. 

The JT-electron densities are calculated from HUckel 
theory.'7 The standard coulomb and resonance integrals 
for the HUckel routine are given by 

a r = aD + hr /3o 

/3rs = krs /30 (6) 

where ao and /30 are the coulomb and resonance integrals 
for a carbon 2Pz atomic orbital and hr and krs are the fac
tors modifying these integrals for orbitals other than Sp2 
carbon. For altemant aromatic hydrocarbons this calcula
tion gives JT-electron densities at every carbon equal to 
1.0 as in benzene and this is in agreement with the results 
of more sophisticated calculations.' 

For substituted aromatics the appropriate values of the 
coefficients hr and krs in Eqn (6) for the orbitals involving 
heteroatoms have to be found. These are now obtained in 
CHARGE so that the n-electron densities calculated from 
the Hiickel routine reproduce the those given by ab initio 
calculations. 

The effect of the excess n-electron density at a given 
carbon atom on the proton chemical shifts of the neigh
bouring protons is given in CHARGE by the equation 

(7) 

where /}.q" and /}.q/3 are the excess n-electron density at 
the a and /3 carbon atoms, respectively and the values 
of the coefficients a, and a2 were found to be 10.0 and 
-2.0ppm per electron, respectively.' 

The above contributions are added to the shifts of 
Eqn (I) to give the calculated shift of Eqn (8): 

Application to the cyano group 

The cyano group has in principle steric, electric field 
and anisotropic effects on protons more than three bonds 
away plus for aromatics a large effect on the JT-electron 
densities. All these have to be incorporated into the model. 
The electric field of the cyano group is calculated in an 
identical manner to any other C-X bond. The electric 
field is calculated as being due to the charge on the 
nitrogen atom of the CN and an equal and opposite charge 
on the carbon atom of the CN bond. The charge on the 
nitrogen atom is already calculated in CHARGE and the 
coefficient in Eqn (4) is known so the electric field is 
given without any further parameterization. 

This, of course, assumes that the charges used in 
Eqn (4) provide a reasonable measure of the electric field 
of the cyano group. The partial atomic charges obtained 
in the CHARGE program have been derived from the 
observed molecular dipole moments and the extent of the 
agreement provides one check on the electric field calcu
lation. The calculated vs observed (in parentheses) dipole 

Copyright © 2000 John Wiley & Sons, Ltd. 

moments (in debye) of acetonitrile, propionitrile, tert
butylcarbonitrile, la, Ib, acrylonitrile and benzonitrile are 
3.81 (3.97), 3.77 (4.02), 3.82 (3.95), 3.87 (3.82), 3.65 
(3.72),4.11 (3.89) and 4.25 (4.14) and the good agreement 
provides strong support for the electric field calculation. 
All the dipole moments are gas-phase microwave mea
surements, except for la and b, which were measured in 
benzene sol ution.' K 

The CN group has cylindrical symmetry and Eqn (5) 
may be used to calculate the contribution of the anisotropy 
to the proton chemical shifts. The steric effects of the CN 
group are calculated by use of Eqn (3). The unknowns to 
be obtained are /}.X, the molar anisotropy of the CN bond 
and the steric coefficient as. 

For protons three bonds or less from the CN group 
it is necessary to determine the orientational dependence 
of the y proton chemical shift with respect to the cyano 
carbon. This is simulated by a y substituent effect (GSEF) 
from the cyano carbon following Eqn (I), in which the 
coefficients A and B may differ for the CN group in 
aromatic vs saturated compounds. There is also a possible 
effect from the nitrogen atom which affects the /3 protons 
and as this has no orientation dependence it may be 
considered as dependent only on the polarizability of the 
nitrogen atom. 

For the aromatic cyanides it is first necessary to obtain 
the appropriate values of the factors hr and k", which 
give the HUckel integrals for the CN group [Eqn (6)]. 
An iterative least mean square program (CHAP8)19 was 
used to obtain the best fit values of these parameters 
from JT-electron densities obtained from Gaussian 9420 
calculations. The n-electron densities and dipole moments 
from these ab initio calculations are very dependent on 
the basis set used. As the 3-21G basis set gave the 
best agreement with the observed dipole moment, the 
JT-electron densities from this basis set were used to 
parameterize the Huckel calculations. Values of hr of 0.12 
and 0.19 for C(sp) and N(sp) and of krs of 1.05 for 
C(Sp2)_C(Sp) and 1.20 for C(sp)-N(sp) gave JT-electron 
densities for the aromatic nitriles in reasonable agreement 
with those from the ab initio calculations. The electron 
densities (total and JT) and dipole moments calculated for 
benzonitrile by CHARGE and Gaussian 94 are given in 
Table I. 

EXPERIMENTAL 

trans and cis-4-tert-butylcyclohexanecarbonitrile (la and 
b) ~ere synthe~ized .by dehydration of the corresponding 
amide by reactIOn With phosphorus oxychloride. 21 Cyc1o
hexanecarbonitrile (2), trans-I .4-dicyanocyclohexane (3), 
acetonitrile (6), benzonitrile (10), 0-, m- and p-dicyano
benzene (11-13), 1- and 2-naphthalenecarbonitrile (14 
and 15) and 9-anthracenecarbonitrile (16) were obtained 
commercially (Aldrich Chemical, Eastman Kodak, 
Rochester, NY, USA; Lancaster Synthesis, Movecambe, 
Lanes., UK). 

'H and i3C NMR were obtained on a Bruker AMX400 
spectrometer operating at 400 MHz for proton and 
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Table 1. Total and 7r (in parentheses) charges (me) and dipole moments for benzonitrile 

Method 

Atom STO-3G 3-21G 

N(sp) -200 (-49) -504 (-67) 
C(sp) 73 (26) 338 (31) 
C-I 2 (-56) -58 (-77) 
C-a -42 (24) -194(37) 
C-m -58 (2) -232 (0) 
C-p -49 (28) -227 (36) 
JL (D) 3.65 4.55 

100.63 MHz for carbon. The spectra for la and b 
were recorded on a Varian 750 MHz spectrometer at 
Glaxo Wellcome (Stevenage, Herts., UK). HMQC, HMBC 
and NOE experiments were also performed with this 
spectrometer. 

The spectra were recorded in 10 mg cm-3 solutions 
C H) and ca 50 mg cm-3 solutions (I3C) with a probe 
temperature of ca 25°C in CDCI} and referenced to TMS. 
Typical running conditions of the spectrometers were 128 
transients, spectral width 3300 Hz and 32 K data points to 
give an acquisition time of 5 s. The FlD were zero-filled 
to 128 K to give a digital resolution of 0.025 Hz. 

The 2D experiments were conducted using the Bruker 
AMX400 and Varian 750 MHz instruments using the stan
dard Bruker COSY-DQF and HXCO-BI (Bruker UXNMR 
Version 010892, Bruker, Silbersteifen, Germany) and 
the standard Varian (Palo Alto, CA, USA) HMQC and 
GHMQC-DA pulse sequences. The geometries of the 
compounds investigated were obtained by use of the pro
gram PC MODEL Version 7.0 (Serena Software, Bloom
ington, IN, USA) and were also optimized using the Gaus
sian 94W program at the RHF/6-3IG* and MP2/6-3IG* 
levels.20 The Gaussian 94W and CHARGE calculations 
were performed on a Pc. 

SPECTRAL ASSIGNMENTS 

The spectral assignments of the compounds examined are 
given in Tables 3-7 along with the calculated values from 
the CHARGE7 model. 

trans- and cis-4-tert-butylcyclohexanecarbonitrile 
(1a and b) 

The I H, nC, 2-D and NOE spectra for the 4-tert-butyl
cyclohexanes were recorded at both 400 and 750 MHz. 
The cis and trans isomers were not separated and the 
spectra were recorded together. This was not a problem 
as the spectra are well resolved and all the resonances 
may be distinguished from each other. 

Compound 1a. The 750 MHz I H NMR spectrum of la 
consists of six proton resonances, excluding the methyl 
resonances. The I a, 2e and 2a protons are readily assigned 
but the resonances at ca 1.508 and 1.08 contain two 
and three protons, respectively, and it was necessary to 

Copyright © 2000 John Wiley & Sons. Ltd. 

6-31G CHARGE Observed 

-273 (-63) -524 (-60) 
21 (52) 445 (30) 
10(-76) 3 (-3) 

-148 (37) -47 (14) 
-212 (I) -72(-1) 
-ISO (34) -66 (II) 

4.S2 4.25 4.14 

perform 2-D and NOE experiments. By examination of 
the I H COSY spectrum, the resonance at ca 1.5 ppm is 
shown to contain the H-2a proton, and this was confirmed 
by NOE experiments. Further NOE experiments assigned 
H-3e, H-3a and H-4a. A HETCOR plot plus the known 
assignments of the 13C spectra for the cis and trans 
compounds22 further confirmed these assignments. 

Compound 1b. The 'H NMR spectrum for Ib was 
easy to assign as all the proton resonances are separate. 
The only uncertainty was for H-2a (ca 1.528) and H-4a 
(ca 0.98), which overlap with the H-3a and H-4a protons 
of the trans compound. These were assigned from the I H 
COSY spectrum and NOE experiments on H-Ie, H-2e and 
H-3e confirmed these assignments. 

Axial and equatorial cyclohexanecarbonitrile (2a 
and b) 

The spectra of the separate conformers were obtained 
by obtaining the spectra at -60°C. The equatorial con
former was the more favoured with ~E(ax-eq) = 
0.27kcal mol-I (I kcal = 4. 184 kJ), in agreement with 
literature values (0.2 kcal mol- ' ),23 A I H COSY spectrum 
was recorded at -60°C to assign the two conformations 
fully. Because of the number of different protons within 
these conformers, the exact chemical shifts could only 
be approximated owing to much overlapping of the reso
nances. 

Compound 2a. Protons Ie and 2e are easily assigned and 
inspection of the I H COSY spectrum plus the integrals of 
the I H spectrum gave the assignments of the remaining 
protons, but owing to much overlapping of the resonances 
the exact chemical shifts can only be approximated. 

Compound 2b. The same can be said for the equatorial 
conformer. H-Ia and H-2e can be clearly identified and 
also H-2a, H-3e and H-3a from the COSY plot. However, 
as with the axial carbonitrile, the chemical shifts of the 
H-4 protons are less accurate. 

ax-ax-and eq-eq-trans-1, 4-dicyanocyclohexane 
(3a and b) 

The commercial sample of 1,4-dicyanocycIohexane was 
identified as the trans isomer from the melting-point of 
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140-141 DC (Iit.24 139-140 DC). This was further con
firmed by the PMR spectrum. The spectrum has three 
distinct signals at room temperature and each conformer 
has three distinct signals at low temperature. The cis con
former would be expected to show three separate reso
nances at room temperature and six resonances from the 
one conformer at low temperature. 

The -60 DC spectrum was assigned by recording spectra 
every 20 DC and following the coalescence of the peaks 
and finally the emergence of the individual conformers at 
-60 DC. From these experiments and the integration of the 
peaks. the low-temperature spectrum was assigned as there 
are only three inequivalent protons in each conformer. The 
diequatorial conformer was the more stable ( 1.5 : 1.0 ratio) 
with LlE(ax-eq) = 0.17kcal mol-I. 

The proton chemical shifts of the individual conformers 
of 2 and 3 were measured at low temperature (-60 DC). 
Hence it was of interest to determine whether there was an 
intrinsic temperature dependence of their chemical shifts. 
This was achieved by measuring the spectra of la and 
I b at various temperatures and the results are shown in 
Table 2. It can be seen that the only protons experiencing 
a significant (>0.058) change in their chemical shifts 
on going from room temperature to -60 DC are the H-l 
protons in both la and lb. 8 (Hleq) changes by 0.0988 and 
8 (Hlax) changes by 0.0728 and the corresponding protons 
in 2 and 3 are corrected by these amounts subsequently. 

Aromatic nitriles 

The full analysis and assignment of benzonitrile (10). 
o-dicyanobenzene (II) and m-dicyanobenzene (12) have 
been given previously25.26 and our analyses follow these 
assignments. The 400 MHz PMR spectra of 10 and II 
were analysed using the LAOCOON program27 to give 
accurate chemical shifts. The PMR spectrum of 12 is first 
order and that of p-dicyanobenzene is a single line. The 
PMR spectra of 1- and 2-naphthalenecarbonitrile (14 and 
15) have not been analysed previously. The spectrum of 
both 14 and 15 at 400 MHz consist of seven well separated 
resonances and both assignments were made with the help 
of COSY and particularly HETCOR plots together with 
the known assignments of the 13C spectra.22 

The assignment of both the proton and 13C spectrum of 
9-anthracenecarbonitrile (16) has been given previously28 

Table 2. Proton chemical shifts (8) of trans-and cis-4-tert
butylcyclohexanecarbonitrile (1a and b) as a function of 
temperature 

trans cis 

Proton R.T. -20De -60 De R.T. -20T -60 0 e 

Ie 2.921 2.973 3.019 
la 2.314 2.347 2.388 
2e 2.161 2.179 2.192 2.037 2.059 2.077 
2a 1.529 1.535 1.550 1.516 1.520 1.528 
3e 1.855 1.856 1.862 1.771 1.782 1.794 
3a 0.981 0.985 0.990 1.367 1.341 1.324 
4a 1.023 1.025 1.030 0.986 0.986 0.987 

I Copyright © 2000 John Wiley & Sons. Ltd. 

and our analysis confirmed this assignment. The pro- I 

ton chemical shifts for propionitrile (7), isobutyronitrile 
(8), trimethylacetonitrile (9) and acrylonitrile (17) were 
obtained directly from the Aldrich I H NMR catalogue. 1O I 

The proton chemical shifts for 16 in the Aldrich cata- I 

logue were all to lower 8 than our measurements and for I 

H-9 this was ca 0.2 ppm, a significant shift. There is now 
agreement (J. Behnke, personal communication) that this 
was due to the higher concentrations used in the Aldrich I 

catalogue. For large condensed aromatic compounds such I 

as 16, stacking complexes at high concentrations would I 

give high-field shifts as observed. 

RESULTS 

The data for the aromatic nitriles obtained here in dilute 
CDCh solution are in excellent agreement with those 
obtained earlier in CCl4 solution.26 For example, the ortho, 
meta and para proton shifts in benzonitrile in CDCh and 
in CCl4 solution (in parentheses) are 7.660 (7.631), 7.482 
(7.452) and 7.559 (7.552). As found previously for the 
aromatic hydrocarbons, there is a small, almost constant 
shift to higher 8 values in CDCl3 than in CC4. Hence 
the proton SCS for the cyano group obtained in earlier 
investigations may be used unchanged for the CDCh 
solutions used here. 

The data obtained for the cyano compounds may be 
combined with the proton chemical shifts of the parent 
compounds given previouslyl.l2 to give the cyano SCS 
in these compounds. These are shown in Fig. 2 for the 
4-tert-butylcyclohexanecarbonitriles (Ia and b) and l
and 2-cyanonaphthalene (14 and 15), together with the 
corresponding SCS found earlier for 2-exo-and 2-endo
norbomane (4a and b) and are of some interest. The SCS 
are invariably deshielding. The SCS on the f3 protons 
(H-C-CN) is almost constant at 1.24(±O.04) ppm. The 
y effect of the CN group (i.e. H-C-C-CN) is also 
deshielding with, for the saturated nitriles, little orienta
tional dependence. The y SCS of the cyano norbomanes 
4a and b are of interest in that the SCS is greater for 
the 120° orientation than for the eclipsed orientation for 
both the ex()- and endo-norbornanes. This was observed 
previously for other norbomane substituents. 14. '5 

The long-range (more than three bonds) effects of the 
cyano group are also large and extend over both the 
cyclohexane and bicycloheptene system. For 18 the eN 
SCS decreases with increasing distance of the proton from 
the CN, with the equatorial protons generally displaying a 
greater CN SCS than the axial protons. However, for Ib 
the SCS of H-3a is very large. Similar large effects are 
observed at the 7 -syn protons in 4a and the 6-endo protons 
in 4b. All these protons are in a similar environment to 
the cyano group, i.e. essentially orthogonal to the CN 
bond. Although these SCS can be due to either the CN 
anisotropy or electric field, significantly the CN SCS at 
protons situated along the CN bond (e.g. the 3ax and 
3eq protons in la, the 7-syn protons in 4b, etc.) is also 
deshielding which would not be the case if the SCS were 
primarily due to the eN anisotropy. This suggestion will 
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Figure 2. Cyano SCS in aliphatic and aromatic molecules. 

be shown to be verified by the detailed analysis in terms of 
the CHARGE model. Similar CN SCS are observed for the 
aromatic nitriles 14 and 15 although in these compounds 
rr-electron effects will be present. Again, all the SCS are 
deshielding and they are considerable even for the protons 
in the non-substituted aromatic ring. 

anisotropy of the CN bond, ~XCN, was taken from the 
centre of the CN bond and the steric effect of the sp 
carbon atom from the atom considered. The nitrogen 
atom was considered to be of a sufficient distance from 
the protons of the molecules considered here to have no 
noticeable steric interaction with them. There is, however, 
a possible y effect from the nitrogen of the CN group (Le. 
H-C-CN) which was considered as a polarizability 
effect (see Theory). 

The data in Tables 3-7 provide a rigorous test of 
the application of both the CHARGE model and also 
of p.resent theories of cyano SCS. All the molecules 
considered are of fixed conformation and the geometries 
were calculated by ab initio calculations hence the only 
ernpirical parameters to be determined ar'e those required 
for th~ model. These have been given earlier and are 
the amsotropy a~d steric coefficient of the cyano group 

I and the factors Involved in the y effect [Eqn (1)]. The 

Thus the entire data set of Tables 3-7 is calculated 
with a total of seven possible parameters which are the 
anisotropy of the CN bond, the carbon steric effect, the y 
effect of the sp carbon atom [coefficients A and B, Eqn ( I )] 
which may differ for aliphatic and aromatic nitriles and 
the nitrogen polarizability. 

" 

fable 3: Observed vs calculated proton chemical shifts m in trans- and cis-4-tert-butylcyclohexanecarbonitrile (1a and 
2b), aXial and equatorial cyclohexanecarbonitrile (2a and 2b) and ax-ax and eq-eq trans-1,4-dicyanocyclohexane (3a 
and 3b) 

la Ib 2aa 2ba 3aa 3ba 

Proton Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 

Ie 2.921 2.886 2.960 2.859 3.040 2.999 
la 2.314 2.416 

2.386 2.342 2.445 2.440 
2e 2.161 2.067 2.037 2.076 2.000 2.035 2.076 2.034 2.()()9 2.196 2.208 2.184 
2a 1.529 1.646 1.516 1.641 1.538 1.587 1.521 1.591 1.918 1.990 1.582 1.695 
3e 1.855 1.807 1.771 1.824 1.7()() 1.788 1.760 1.776 
3a 0.981 0.985 1.367 1.290 l.5()() 1.575 1.220 1.284 
4e 1.700 1.763 1.700 1.730 
4a 1.023 1.095 0.986 1.078 1.200 1.254 1.220 1.277 

• _60 oe; protons Ie and la have been corrected by 0.098 and 0.072 ppm. respectively. 

Copyright © 2000 John Wiley & Sons. Ltd. Magn. Reson. Chern. 2000; 38: 570-579 



576 R. J. ABRAHAM AND M. REID 

Table 4. Observed vs calculated proton chemical 
shifts (0) for 2-exo- (4a) and 2-endo-norbornane
carbonitrile, (4b) 

3x 

6n x 

4a: X = H, Y = CN (exo) 

4b: X = CN, Y = H (endo) 

4a 4b 

Proton Obs.a Calc. Obs." Calc. 

2.599 2.402 2.520 2.373 
2x 2.694 2.873 
2n 2.360 2.539 
3x 1.810 1.947 1.982 1.928 
3n 1.697 1.664 1.458 1.631 
4 2.397 2.204 2.348 2.182 
5x 1.528 1.643 1.619 1.641 
5n 1.171 1.328 1.356 1.400 
6x 1.570 1.620 1.505 1.639 
6n 1.225 1.402 1.814 1.835 
7s 1.621 1.533 1.308 1.290 
7a 1.381 1.356 1.417 1.335 

'Ref. 9 

Table 5. Observed vs calculated proton chemical shifts (0) 

for 1-adamantanecarbonitrile (5) and acyclic nitriles 

N 

II 

• 
(5) 

Compound Obs! Calc. Compound Obs.h Calc. 

5: 
f3 2.04 1.97 CH3CN 2.03 2.07 

Y 2.04 2.12 CH3CH2CN: 
e 1.74 1.76 Me 1.30 1.22 
a 1.74 1.77 CH2 2.47 2.44 

Acrylonitrile: Me2CHCN: 
gem 5.66 5.86 Me 1.35 1.28 
cis 6.24 6.09 CH 2.78 2.80 
trans 6.10 5.94 t-BuCN: 

Me 1.40 1.33 

'Ref. 9. 
h Ref. 10. 

Copyright © 2000 John Wiley & Sons, Ltd. 

Table 6. Observed vs calculated proton chemical shifts (8) I 

of benzonitrile (10) and 0-, m- and p-dicyanobenzene (11, 
12,13) 

10 11 12 13 
Proton Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 

2 7.660 7.684 7.971 8.042 7.806 7,876 
3 7.482 7.550 7.850 7.888 7.806 7.876 
4 7.615 7.576 7.782 7.775 7.916 7.916 
5 7.482 7.550 7.782 7.775 7.671 7.760 7.806 7.876 
6 7.660 7.684 7.850 7.888 7.916 7.916 7.806 7.876 

Table 7. Observed vs calculated proton chemical shifts (.5) 
for 1- and 2-naphthalenecarbonitrile (14 and 15) and 
9-anthracenecarbonitrile (16) 

14 15 16 
Proton Obs. Calc. Obs. Calc. Obs. Calc. 

I 8.245 8.245 8.431 8.316 
2 7.900 7.897 7.728 7.732 
3 7.512 7.721 7.611 7.779 7.596 7.652 
4 8.069 8.112 7.925 8.012 8.089 8.129 
5 7.916 7.928 7.908 7.895 
6 7.612 7.564 7.663 7.566 
7 7.685 7.624 7.610 7.548 
8 8.226 8.133 7.907 7.935 

10 8.691 8.867 

An iterative program (CHAP8 19
) was used to detennine 

the best fit values of all these parameters using all the 
above data. a total of 93 shifts. Iterations were carried 
out including both the steric and anisotropy tenns, the 
anisotropy alone and the steric term alone. All iterations 
performed yielded little or no improvement of the cal
culated chemical shifts over those calculations performed 
with no steric or anisotropic terms present. It was there
fore concluded that the steric and anisotropic tenns of the 
cyano group were negligible and the major factor influenc
ing the long range proton chemical shifts was the electric 
field effect. The final parameterization of the cyano group 
therefore included electronic effects for protons two or 
three bonds removed and the electric field effect for pro
tons three or more bonds away. It was found that Eqn (1) 
could be further simplified with BI = B 2• Hence the entire 
data set was reproduced with only five parameters. The 
values of the coefficients A and B in Eqn (l) were obtained 
as 0.110 and -0.047 for the saturated nitrilles and -0.185 
and 0.030 for the unsaturated nitriles. The orientation 
dependence of the y CN effect (H-C-C-CN) is very 
small in both the saturated and unsaturated compounds. 
The nitrogen polarizability was obtained as 0.19, lower 
than the value used previously (0.44). 

DISCUSSION 

Aliphatic nitriles 

The 62 proton chemical shifts of the saturated nitriles in 
Tables 3-5 range from ca 0.70 to 3.50<5 and are predicted 
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with an r.m.s. error of 0.087 ppm and the generally good 
agreement between the observed and calculated shifts 
can be seen from the tables. The agreement for the 
cyclohexane derivatives shown in Table 3 is excellent with 
the largest error ca 0.15 ppm and the great majority of 
shifts reproduced to <0.1 ppm. 

The agreement for the norbomanes (Table 4) is not 
as good, owing to the larger errors in the observed vs 
calculated shifts in the parent compounds than for the 
cyclohexanes owing to the difficulty of reproducing the 
proton shifts in these highly strained molecules with a 
simple model. This is confirmed by the much better 
agreement between the observed and calculated SCS for 
these compounds (Table 8). 

In particular, the SCS for H-I, H-2 and H-4 are in 
good agreement with the observed SCS, confirming that 
the calculations of the CN SCS given are accurate even for 
these systems. The large deshielding of the H-6endo in 4b 
is particularly well reproduced, showing that this simple 
electric field model gives excellent agreement with the 
observed SCS. 

The calculated chemical shifts for the acyclic molecules 
(Table 5) are also in good agreement with the observed 
shifts. This is of some interest as Zurcher' could not 
predict the a-proton chemical shifts in these compounds 
(H-C-CN) or in norbomenecarbonitrile using only the 
electric field effects of the CN and concluded that other 
effects besides the linear electric field effect must be 
present. Zurcher also found that the calculated chemi
cal shifts of protons three bonds from the CN group 
(H-C-C-CN) in 2-endo- and 2-exo-norbomenecar
bonitrile and \-adamantanecarbonitrile were very different 
from the observed chemical shifts and again suggested 
that factors other than linear electric field effects must be 
present. He suggested the different steric environments of 
particular protons and their interactions with the solvent 
rnolecules. 

ApSimon et aC came to similar conclusions. They 
examined the long-range shielding effects of the CN group 
on methyl protons in several cyano steroids and also on the 
ring protons in 2-endo- and 2-exo-norbomenecarbonitrile. 
They obtained a poor correlation between the observed 

Table 8. Observed vs calculated SCS for 2-exo-
(4a) and 2-endo-norbornanecarbonitrile (4b) 

4a 4b 
Proton Obs. Calc. Obs. Calc. 

0.41 0.43 0.33 0.40 
2x 1.22 1.34 
2n 1.20 1.30 
3x 0.40 0.41 0.51 0.39 
3n 0.54 0.42 0.30 0.45 
4 0.21 0.23 0.16 0.21 
5x 0.06 0.11 0.15 0.11 
5n 0.01 0.09 0.19 0.16 
6x 0.\0 0.09 0.09 0.10 
6n 0.06 0.16 0.65 0.60 
7s 0.44 0.30 0.13 0.06 
7a 0.20 0.12 0.24 0.10 

and calculated shifts and they also concluded that a 
modification of the solvent-solute interaction may be 
responsible for the poor correlation of some protons. 

However, it is clear from the present analysis that all 
these effects can be quantitatively explained in terms 
of the carbon and nitrogen y effects outlined above. 
It is of interest to consider the actual magnitudes of 
the contributions to the cyano SCS and Table 9 gives 
the observed vs calculated CN SCS for la and b with 
the calculated electric field and steric contributions. The 
contributions to the CN SCS include effects due to the 
removal of the hydrogen in forming the CN derivative. 
These are the C-H electric field and the steric effect of 
the hydrogen. However the dominant effect for all long 
range protons can be seen to be the CN electric field effect. 

For protons that are more than three bonds away from 
the cyano group, the sum of the components gives the 
total calculated SCS. For the H-2e and H-2a protons the 
components do not add up to give the calculated value of 
the CN SCS as these protons experience y-electron effects 
[Eqn (I)]. Even in these cases the electric field effect is 
the major effect. 

Aromatic nitriles 

The aromatic nitriles have other mechanisms which may 
affect the proton chemical shifts, in particular the ring 
current and 7r-electron effects. The ring currents in the 
aromatic hydrocarbons are calculated in CHARGE on 
the basis of the Pauling theory in which the e.m.f. of 
a current loop is proportional to the area enclosed and 
the resistance proportional to the number of bonds in the 
circumference. I In this treatment the ring current intensity 
of the naphthalene, anthracene and benzene rings are all 
different. The further assumption is made here that the 
introduction of the cyano group has no effect on the parent 
hydrocarbon ring current. Hence there are no ring current 
effects on the CN SCS. In contrast, the CN group does 
affect the 7r-electron densities and this has a significant 
effect on the CN SCS. 

The observed versus calculated proton chemical shifts 
for the aromatic nitriles are given in Tables 6 and 7 

Table 9. Observed vs calculated CN SCS with the C-CNI 
C-H electric field and H-steric contributions for trans-(1a) 
and cis-4-tert-butylcyclohexanecarbonitrile (1b) 

Compound Proton 

la 2e 
2a 
3e 
3a 
4a 

Ib 2e 
2a 
3e 
3a 
4a 

Obs. Calc. 
SCS SCS 

0.4\\ 0.413 
0.339 0.4\3 
0.105 0.\53 
0.071 0.\08 
0.083 0.090 
0.287 0.408 
0.326 0.422 
0.021 0.170 
0.457 0.4\3 
0.046 0.073 

I r ,. I', 

C-CN C-H 
electric 

field 

0.332 
0.336 
0.120 
0.079 
0.06\ 
0.344 
0.262 
0.\53 
0.270 
0.070 

" I" on 

electric 
field H-steric 

-0.001 0.000 
-0.001 0.000 

0.027 0.006 
0.0\7 0.012 
0.022 0.007 

-0.00\ 0.000 
-0.00\ 0.000 

0.005 0.0\2 
0.040 0.103 

-0.005 0.009 

11"'"1 , ;'71"1_ ;'rq 
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Table 10. Observed vs calculated CN SCS (Ll.5 ppm) with 
the electric field and Jr-electron contributions for benzo-
nitrile (10), 1- and 2-cyanonaphthalene (14 and 15) and 
9-cyanoanthracene (16) 

C-CN C-H 
electric electric 

Compound Proton Obs. Calc. field field Jr shift 

10 2,6 0.319 0.347 0.370 0.000 0.116 
3,5 0.141 0.213 0.127 0.046 0.044 

4 0.274 0.239 0.096 0.036 0.107 
14 2 00423 0.404 0.375 0.000 0.169 

3 0.035 0.228 0.126 0.046 0.059 
4 0.225 0.283 0.096 0.035 0.154 
5 0.072 0.099 0.058 0.014 0.Q28 
6 0.135 0.071 0.054 0.010 0.008 
7 0.208 0.131 0.089 0.012 0.032 
8 0.382 0.304 0.333 0.074 0.001 

15 I 00401 0.416 0.376 0.000 0.180 
3 0.134 0.286 0.367 0.000 0.059 
4 0.081 0.183 0.127 0.046 0.014 
5 0.064 0.066 0.040 0.013 0.012 
6 0.186 0.073 0.035 0.000 0.037 
7 0.133 0.055 0.039 0.000 0.015 
8 0.063 0.106 0.050 0.021 0.037 

16 I 00422 0.307 0.339 0.076 0.000 
2 0.261 0.155 0.091 0.013 0.055 
3 0.129 0.075 0.054 0.010 0.011 
4 0.080 0.120 0.058 0.015 0.048 
10 0.260 00436 0.097 0.035 0.252 

and the observed vs calculated ses for benzonitrile 
(10), 1- and 2-naphthalenecarbonitrile (14 and 15) and 
9-cyanoanthracene (16) in Table 10 together with the cal
culated contributions to the eN ses. 

There is again generally good agreement between 
the observed and calculated shifts with the majority of 
shifts predicted to 0.1 ppm and the majority of ses to 
<0.05 ppm. The large deshielding of the peri protons H-S 
in 14 and H-l in 16 is well predicted, again demonstrat
ing the accuracy of the electric field calculation even at 
these short interatomic distances. There are also some 
discrepancies. The difference between the observed and 
calculated shifts for H-3 in 14 is 0.21 ppm whereas the cor
responding meta proton in benzonitrile is predicted fairly 
well (7.48 vs 7.55). 

Table 10 shows that the observed ses for H-3 in 
benzonitrile is 0.14 ppm whereas that in 14 is 0.04 ppm. 
The calculated ses for these protons are very similar, 
as would be expected. It would appear that the eN ses 
differ significantly in the naphthalene and benzene rings, 
an interesting effect. The calculated shift of the H-1O 
proton in 16 is also too large by O.IS ppm and Table 10 
shows that this error is due to the calculated ses for this 
proton. This is probably due to the approximations in the 
HUckel treatment used, which tends to overestimate the 7f
electron changes in substituted condensed aromatics such 
as anthracene. 

A number of investigators have attempted to explain 
the proton ses in aromatic molecules in terms of the 
7f and a effects of the substituent groups and it is of 

Copyright © 2000 John Wiley & Sons. Ltd. 

some interest to consider their results in the light of I 

the above calculations. Hehre et al.29 reviewed the early 
work in this area and attempted to interpret proton and I 

carbon ses in substituted benzenes in terms of the charge 
distributions as calculated by ab initio theory. They, like I 

other investigators, considered only the meta and para 
protons as the ortho protons 'are subject to other effects.' 

The para carbon in benzonitrile had a decreased 7f
electron density (with respect to benzene) and a slight 
increase in the a electron density. For the meta carbon, in 
contrast the 7f-electron density is the same as in benzene 
but the a-electron density increases. They correlated the 
chemical shift of the meta proton with the sum of the 
a charges at the proton and at the attached carbon. TIle 
chemical shift of the para proton was correlated with the 
total charge density at the carbon atom but displayed little 
dependence on the charges at the hydrogen atom. 'They 
also found that the proton ses could be approximately 
correlated with the hydrogen atom charge densities plus 
a term in the total 7f charge density transferred from the 
substituent to the benzene ring. This 7f charge transfer was 
presumed to account for the ring current effects. 

These investigators could not find any direct link 
between the electron densities at the specific atoms and 
the proton chemical shifts. They concluded that the proton 
ses depend on factors other than the electron densities at 
the hydrogen atom and adjoining carbon atom. It is a pity 
that they did not attempt to correlate the proton SCS with 
the 7f charge density at both the attached and neighbour
ing carbon atoms [cf. Eqn (7)] as this approach has been 
successful for both the cyano derivatives studied here and 
a range of monosubstituted benzenes. I 

An alternative investigation of proton ses in benzenes 
is by the use of the field and resonance componeats 
of substituent effects (F and R) obtained by Swain aad 
Lupton. 3o The proportions of field and resonance effeQs 
on the eN ses at any proton can be obtained from the 
equation used by Swain and Lupton to determine the 
substituent constant, a: 

a = fF+rR (11) 

where a is the substituent constant and f and T are 
weighting factors. Replacing a with the proton SCS and 
using the values of F and R for the eN group of 0.847 
and 0.184 from Ref. 30 allows the determination of the 
coefficients f and r. This was done by an iterative least 
means square analysis using all the data in Tables 5 and 
6. This gave values of 0.098 and 0.376 ppm for the meta 
proton ses and 0.142 and 0.926 ppm for the para proton 
ses. The field and resonance contributions to the proton 
ses (f F and rR) are thus obtained from Eqn (11) as 
0.083 and 0.069 ppm for the meta protons and 0.120 and 
0.174ppm for the para protons. 

It is of interest to compare these values with the cal
culated contributions to the proton ses in Table 10. For 
benzonitrile the meta proton ses has electric field and 1r 

charge contributions of 0.121 and 0.044 ppm and for the 
para proton ses the calculated contributions are 0.092 
and 0.107 ppm. These values are in very gOOd agree
ment with the values obtained by the Swain and Lupton 

Magn. Re.mn. Chern. 2000; 31: S70-519 



PROTON CHEMICAL SHIFfS IN NITRILES 579 

treatment although they are based on a totally different 
conceptual treatment, and this gives strong support for 
the model used in these calculations. 

CONCLUSION 

The cyano SCS over more than three bonds are deter
mined by linear electric field effects only, with no signifi
cant steric or anisotropic effects. The cyano SCS over 
three bonds or less is due to y effects from both the 
carbon and nitrogen of the CN substituent and these 
contributions plus the electric field effect for the y pro
tons (H-C-C-CN) are used to calculate the chemical 
shifts of the ex and f3 protons, respectively. The y effect 
of the cyano carbon atom has a very small orientational 
dependence. The y effect of the nitrogen (H-C-CN) 
which cannot have an orientation dependence is modelled 
by adjusting the nitrogen polarizability. In the aromatic 
nitriles the field effect of the cyano group is much larger 
than the resonance (;r-electron) effects at the artha and 
meta protons but the two effects are almost equal at the 
para protons. 
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The proton resonance spectra of a number of acetylenes of fixed geometry were recorded in dilute CDCI 3 solution 
and assigned. These were acetylene, equatorial- and axial-cyclohexylacetylene at - 60°C, 1,4-di-l-adamantyl
butadiyne. I-ethynyl-t- and -c-4-tert-butylcyclohexan-r-l-ol, 2-exo-ethynylnorbornan-2-01 t and 2,2' -ethyne-I ,2-
diyldibornan-2-01. The aromatic acetylenes measured were phenyl acetylene, o-ethynyltoluene, 2-ethynylnaphthalene 
and 9-ethynylanthracene. This data together with previous literature data for but-I-yne, but-2-yne, pent-I-yne, 
tert-butylacetylene. p-ethynyltoluene, I-ethynylnaphthalene and 2-ethynylpropene allowed the determination of 
the acetylene substituent chemical shifts (SCS) in a variety of molecules. These SCS were analysed in terms of the 
magnetic anisotropy and steric effects of the acetylene group together with a model (CHARG E7) for the calculation 
of the two-bond and three-bond electronic effects. For the aromatic acetylenes ring current and 1t electron effects 
were included. 

Analysis of the SCS showed that the acetylene SCS were due to anisotropic and steric effects plus electronic effects 
for near protons. A value of Il['£ of -11.1 x 10-6 cm3 mol-I was obtained together with a steric coefficient of 56.6 
A6. Better results were obtained with both effects operating from the carbon atoms. 

The model gives the first comprehensive calculation of the SCS of the acetylene group. For the data set considered 
of 88 proton chemical shifts spanning ca. 8.0 ppm the rms error of observed I'S. calculated shifts was 0.074 ppm. 

Introduction 

The magnetic anisotropy of the C=C bond was first proposed 
by Pople to explain the high-field shift of the acetylene proton 
compared to that of ethylene. He subsequently obtained an 
estimate of Il/::-c of -19.4 x 10-6 cm3 mol-I from approximate 
MO theory. In a review of the early investigations Bothner-By 
and Pople 2 noted other values of IlXC=c. Reddy and Goldstein 3 

obtained a value of -16.5 x 10-6 using the linear relationship 
they found between proton shifts and the corresponding I3C-IH 
couplings in compounds where the anisotropic effects were 
negligible. The anisotropic effects of other groups including the 
C=C group were then extrapolated from these linear plots. In a 
similar manner Zeil and Buchert 4 examined the proton chem
ical shifts of a variety of acetylenes and nitriles. Assuming 
that the proton chemical shifts were linearly dependent on 
the substituent electronegativity plus a constant shift arising 
from the diamagnetic anisotropy gave a value of -36 x 10-6• 

subsequently Shoemaker and Flygare 5 obtained a value of 
the anisotropy of the acetylene group as -7.7 x 10-6 from the 
second-order Zeeman effect in the microwave spectra of 
propyne and its isotopic species. 

Mallory an~ Baker fi showed that regions of deshielding 
existed alongsIde C=C bonds by the observation of low-field 
proton NMR chemical shifts in the aromatic compounds 
4_ethynylphenanthrene, 5-ethynyl-I,4-dimethylnaphthalene 
and 5-ethynyl-I,4-diethylnaphthalene. They concluded that 
the deshielding effect of the C=C bond fell off approximately as 
I/r3. 

No systematic attempt has yet been made to calculate the 
proton chemical shifts of acetylenic molecules and this is 
the subject of this investigation. We present the complete 

t The I U PAC name for norbornane is bicyclo[2.2.I]heptane. 

assignment of the proton spectra of a variety of aliphatic and 
aromatic acetylenes. This provides a sufficient amount of data 
for a quantitative analysis of acetylene SCS using a previous 
model for the calculation of proton chemical shifts. This model 
is based on simple charge calculations over one, two and three 
bonds and on steric, anisotropic and electric field contributions 
for protons greater than three bonds away from the substituent 
in question. The model has successfully been applied to a 
variety of saturated hydrocarbons,'u.h haloalkanes,8 ethers.9 

ketones 10 and aromatic compounds. II We shall use this model 
to perform a quantitative analysis of e=-c SCS and show that 
the proton chemical shifts are influenced by both the magnetic 
anisotropy and steric effects of the acetylene group. 

Theory 

As the theory has been given previously 11.12 only a brief 
summary of the latest version (CHARGE7) will be given here. 
The theory distinguishes between substituent effects over one, 
two and three bonds. which are attributed to the electronic 
effects of the substituents and longer-range effects due to the 
electric fields, steric effects and anisotropy of the substituents. 

The CHARGE scheme calculates the effects of atoms on the 
partial atomic charge of the atom under consideration, based 
upon classical concepts of inductive and resonance contribu
tions. If we consider an atom I in a four atom fragment I-J-K
L the partial atomic charge on I is due to three effects. There is 
an u effect from atom J given by the difference in the electro
negativity of atoms I and J. There is a ~ effect from atom K 
proportional to both the electronegativity of atom K and the 
polarisability of atom I. There is also a y effect (GSEF) from 
atom L given by the product of the atomic polarisabilities of 
atoms I and L for I = Hand L = F, CI, Br, I, S. However for the 
second row atoms (C, 0, etc.) the y effect (i.e. C-C-C-H) is 

001: 10. 10391bOO932 11 1 Chern. Soc., Perkin Trans. 2, 2001, 1195-1204 
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Fig. I Representation of the anisotropic shielding (M) in an axially 
symmetric molecule such as acetylene. 

parametrised separately and is given by eqn. (I) where 0 is the 
C-C-C-H dihedral angle and A and B empirical parameters. 

GSEF = A + Blcos(J O°:S (J :S 900 

= A + B2cos(J 900 :S (J :S 1800 
(I) 

There are also routines for the methyl y effect and for the 
decrease in the y effect of the electronegative oxygen and fluor
ine atoms for CX2 and CX3 groups. The total charge is given by 
summing these effects and the partial atomic charges (q) 
converted to shift values using eqn. (2). 

bcha,ge = 160.84q - 6.68 (2) 

The effects of more distant atoms on the proton chemical 
shifts are due to steric, anisotropic and electric field contribu
tions. H··· H steric interactions in alkanes were found to be 
shielding and X··· H (X = c, 0, F, CI, Br, I) interactions 
deshielding, according to a simple r- 6 dependence (eqn. (3». 

(3) 

Furthermore any X· .. H steric contribution on a methylene 
or methyl proton resulted in a push-pull effect (shielding) on 
the other proton(s) on the attached carbon. 

The effects of the electric field of the C-X bonds (X = H, F, 
CI, Br, 1,0) were calculated from eqn. (4) where A z was deter
mined as 3.67 x 10- 12 esu units (63 ppm au) and Ez is the com
ponent of the electric field along the C-H bond. The electric 
field for a univalent atom (e.g. fluorine) is calculated as due to 
the charge on the fluorine atom and an equal and opposite 
charge on the attached carbon atom. The vector sum gives the 
total electric field at the proton concerned and the component 
of the electric field along the C-H bond considered is Ez in 
eqn. (4). This procedure is both simpler and more accurate than 
the alternative calculation using bond dipoles. 

(4) 

The magnetic anisotropy of a bond with cylindrical 
symmetry such as e=-c was obtained using the McConnell 
equation 13 (eqn. (5», where R is the distance from the perturb-

baniSOlropy = /1l.C=c (3cos2¢ - I )/3R3 (5) 

ing group to the nucleus of interest in A. ¢ is the angle between 
the vector R and the symmetry axis and /1l.c£ the molar 
anisotropy of the e=-C bond. (/1;{=C = XC-C pa,l - Xc=c pe,p) where 
XC-C pori and XC=c perp are the susceptibilities parallel and per
pendicular to the symmetry axis respectively. This is illustrated 
in Fig. I. 

Aromatic compounds 

For aromatic compounds it is necessary to include the shifts 
due to the aromatic ring current and the 7t electron densities in 
the aromatic ring. The aromatic ring current density is calcu
lated in CHARGE from the Pauling theory and the equivalent 
dipole approximation is then used to calculate the ring current 
shifts. II This treatment reproduces the proton chemical shifts of 

1196 J Chern. Soc .• Perkin Trans. 2, 2001. 1195-1204 

a wide range of aromatic hydrocarbons and is incorporated 
unchanged here. 

The TC electron densities are calculated from Huckel 
theory.14.u The standard coulomb and resonance integrals for 
the Huckel routine are given by eqn. (6). where Uo and Po 

a, = a" + h,/J" 
/J .. = k"/J,, 

(6) 

are t~e co~lomb and resonance integrals for a. carbon 2p. 
atomic orbital and h, and k" the factors modIfying these 
integrals for orbitals other than Sp2 carbon. For altemant 
aromatic hydrocarbons this gives TC electron densities at every 
carbon equal 1.0 as in benzene and this agrees with the results 
of more sophisticated calculations. I 

For substituted aromatics the appropriate values of the 
coefficients II, and k" in eqn. (6) for the orbitals involving hetero 
atoms have to be found. These are now obtained in CHARGE 
so that the TC densities calculated from the Huckel routine 
reproduce the TC densities given from ab initio calculations. 

The effect of the excess TC electron density at a given carbon 
atom on the proton chemical shifts of the neighbouring protons 
is given in CHARGE by eqn. (7). /1qu and /1qp are the excess K 

(7) 

electron density at the a and ~ carbon atoms and the values of 
the coefficients a l and a2 were found to be 10.0 and 2.0 ppm per 
electron. II 

The above contributions are added to the shifts of eqn. (2) to 
give the calculated shift of eqn. (8). 

Application to the acetylene group 

The acetylene group has in principle steric, electric field and 
anisotropi~ effects on protons more than three bonds away plus 
for aromatIcs an effect on the TC electron densities. All these have 
to be incorporated into the model. 

The major electric field of the acetylene group is due to the 
C-H bond as the o=C bond is non-polar. The electric field 
calculation for any C-H bond is automatically included in the 
~odel. The e=-C group has ~ylindrical sy~metry and eqn. (5) 
IS used to calculate the amsotropy contnbution. There is a 
possible steric effec~ of the ~cetylene group on the neighbouring 
protons and a pOSSible stenc effect of the near aliphatic protons 
o~ the acetyl.ene prot?n. These ~re both given by eqn. (3) with 
dIfferent stenc coefficlent~ as whIch may be of either sign. Thus 
the unknowns to be obtal~ed are ~x, the molar anisotropy of 
the C=C bond and the stenc coeffiCIents as. . . 

For protons of three bonds or less from the C=C group it is 
necessary to determine the orientational dependence of the.y 
proton che~ical shift wi.th.respect to the a acetylene carbon;dtle 
to electromc effects. ThIS IS sImulated by a y substituent effect 
from the acetylene carbon (H-C-C-C=) following eqn. (1) :in 
which the coefficients A and B may differ for the C=C group.in 
aromatic vs. saturated compounds. Also in CHARGE the.~ 
effect is given by a simple general equation which was sufficient 
for the calculation of charge densities but not sufficiently 
accurate to reproduce the proton chemical shifts. Thus t~'~ 
effect from the acetylene carbon atom (H-C-C=) needs to·be 
obtained. As there is no orientation dependence in this case 
only one coefficient is required. 

For the aromatic acetylenes it is necessary to obtain the 
appropriate values of the factors h, and kn' which are the 
Huckel integrals for the C=C group (eqn. (6». The 11: electron 
densities and dipole moments from ab initio calculations 1lR 
very dependent on the basis set used. The 3-21G basis set saVe 
the best agreement with the observed dipole moments (Table.l) 



Table I Total and It (in parentheses) charges (me). and dipole moments (D) for propyne and phenylacetylene 

Method 

Atom STO-3G 3-21G 

Propyne 
C~ - 136 ( - 21.7) -419 (- 22.0) 

C" -37 (I 1.3) -47 (12.2) 
JlID 0.50 0.69 

Phenylacetylene 
C~ -125(-5.1) -363 (-14.2) 

C" -40 (-0.9) -60(-0.1) 
C-I 2(-21.0) -44 (-32.6) 
C-2 -54 (8.6) -215 (18.5) 
C-3 -63 (0.3) -230(-U) 
C-4 -59 (9.1) -237 (12.6) 
IIID 0.50 0.65 

and the 1t densities from this basis set were used to parametrise 
the Huckel calculations. The CN group contains an sp hybrid
ised carbon atom and the parameters for this group have 
already been derived. 1 Thus the values of h,(Csp) and krs(CSp2-
Csp) used for nitriles were used for the acetylene calculations as 
the Huckel integrals for Csp operate for both of these func
tional groups. A value of krs of 1.60 (Csp-Csp) gave 1t electron 
densities for the aromatic acetylenes in reasonable agreement 
with those from the ab initio calculations. 

The accuracy of the 1t densities calculated in the CHARGE 
program can be examined by calculating the dipole moments of 
some acetylenes. The calculated vs. observed (in parentheses) 
dipole moments 16 (D) of propyne, but-I-yne, tert-butyl
acetylene. phenyl acetylene and p-ethynyltoluene are 0.50 (0.75), 
0.50 (0.81), 0.52 (0.66). 0.36 (0.72) and 1.26 (1.02) and the 
general agreement is support for the 1t density calculations. 
The electron densities (total and It) and dipole moments calcu
lated for propyne and phenyl acetylene by CHARGE and 
GAUSSIAN94 are given in Table I. 

Values of h, and krs for X-Csp have been determined for a 
number of different substituents e::-C-X. Values of h, for F, CI 
and 0 for olefins (C=C-X) were obtained previously from 1t 

electron densities calculated from GAUSSIAN94W at the 
3-21 G level for a range of olefinic compounds.17 

These were left unchanged for the acetylenes and the values 
of krs for the =C-X bond varied for the best agreement with the 
ab initio 1t electron densities. Values of 0.74 (Csp-F), 0.57 
(Csp-Cl) and 1.00 (Csp-O) gave reasonable agreement with 
those calculated from GAUSSIAN94W Again, the accuracy of 
the calculated charges can be examined by calculating the 
dipole moments of these molecules. The calculated vs. observed 
(in parentheses) dipole moments (D) of fluoroacetylene, 
chloroacetylene, propynal and methoxyacetylene are 0.79 
(0.75),0.74 (0.44), 2.56 (2.46), and 1.62 (1.93). Note that the 
value of krs for the CSp-CSp2 bond is already known from the 
phenylacetylene data. Also, the calculated vs. observed (in 

·.parentheses) chemical shifts of the acetylene proton in fluoro
acetylene. chloroacetylene and propynal are 1.33 (1.63), 1.95 
(1.80) and 3.61 (3.47). The good agreement of the calculated \'5. 

observed chemical shifts for these molecules is strong support 
for the above treatment. 

Experimental 
The molecules studied here with the atom numbering are shown 
in Fig. 2. 

Acetylene (I), cyclohexylacetylene (10). 1.4-di-l-adamantyl
butadiyne (11) and phenyl acetylene (12) were obtained 
commercially.11I-21 o-Ethynyltoluene (13) and 2-ethynyl
naphthalene (16) were synthesised by double elimination of 
1-.( I ,2-dibromoethyl)-2-methylbenzene and 1-( l-naphthyl)-1.2-
dibromoethane.22 9-Ethynylanthracene (17) was synthesised by 

. Sonogashira coupling2l of 9-bromoanthracene and trimethyl-

6-31G CHARGE Observed 

-488 (-24.7) -106(-22.4) 
-29 (13.9) -62 (22.4) 

0.68 0.50 0.75 

-531 (-16.5) -83(-10.6) 
-155 (2.4) -46(-0.7) 
-156 (-26.7) -24(-0.6) 
-148 (14.9) - 57 (4.5) 
-209 (0.1) -72 (-0.3) 
-188 (10.8) -73 (3.6) 

0.64 0.36 0.72 
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Fig.2 Molecules studied and their numbering. 

silylacetylene. l-Ethynyl-t- and -c-4-tert-butylcyclohexan-r-l-ol 
(7-trans. 7-cis). 2-exo-ethynylbicyclo[2.2.I]heptan-2-01 (8) and 
2.2' -ethyne-I.2-diylbis( 1.7.7 -trimethylbicyclo[2.2.I]heptan-2-01) 
(9) were synthesised by the addition of ethynylmagnesium 
bromide to the corresponding ketones in THF.24 
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Table 2 Observed rs. calculated proton chemical shifts (8) for acetylene" (\), but-I-yne (2), but-2-yne (3). pent-I-yne (4). n-hex-3-yne (5) and I~rt
butylacetylene (6) 

2 3 

Proton Obs. Calc. Obs. Calc. 

H-I 2.25 2.IS 
H-2 
Me I.IS 1.10 1.75 I.S2 
C=C-H 1.97 2.04 

" Acetylene, obs. 1.91. calc. 1.91. b tert-Butyl. 

IH and l3C NMR were obtained on a Bruker AMX400 
spectrometer operating at 400 MHz for proton and 100.63 
MHz for carbon. The spectra for 7-trans, 7-cis, 8 and 9 were 
recorded on a Varian 750 MHz spectrometer at Glaxo
Wellcome 2s which was used for the HMQC, HMBC and NOE 
experiments. 

The spectra were recorded in \0 mg cm-3 eH) and ca. 50 mg 
cm- 3 (HC) solutions with a probe temperature of ca. 25°C in 
COCll and referenced to TMS. Typical running conditions of 
the spectrometers were 128 transients, spectral width 3300 Hz 
and 32 k data points. This gave an acquisition time of 5 sand 
zero-filled to 128 k to give a digital resolution of 0.025 Hz. 

The 20 experiments were conducted using the Bruker 
COSY-OQFand HXCOand the Varian HMQCandGHMQC
OA pulse sequences.16

.
17 The geometry of the compounds 

investigated was obtained initially using GAUSSIAN94W at 
the RHF/6-3IG* and MP2I6-3IG* levels 2

H<l and later using 
GAUSSIAN98W 2K

" at the OFT/B3LYP/6-3IG** level. All the 
calculations were carried out using a Pc. 

Spectral assignments 

The assignments of all the compounds investigated are given in 
Tables 2-6 together with the calculated proton chemical shifts. 
Letters e, a, x, nand s denote equatorial, axial (or anti), exo, 
endo and srn respectively. 

The IH NMR data for but-I-yne (2), but-2-yne (3), pent-I
yne (4), hex-3-yne (5), tert-butylacetylene (6), p-ethynyItoluene 
(14), and 2-ethynylpropene (18) were from ref. 29 and that for 
l-ethynylnaphthalene (15) from re( 22. 

Cyclohexylacetylene (10). The spectra of the separate con
formers were obtained by recording the spectra at -60°C at 
which temperature the rate of interconversion of the con
formers was slow on the NMR time scale. The integral ratio for 
protons Ie and la was I : 6.2 with the equatorial conformer 
more favoured to give llG (eq-ax) 0.70 kcal mol-I, in fair 
agreement with previous measurements of llG (eq-ax). E1iel 1o 

quotes 0.41-0.52 kcal mOrl. 
A IH COSY spectrum was recorded at -60 °C to fully assign 

the equatorial conformer. For 10-eq protons I a, 2e and 2a are 
readily assigned and examination of the IH COSY spectrum 
plus the integrals of the IH spectrum gave the assignments of 
the remaining protons. For IO-ax only protons Ie, 2e and 2a 
were assigned by examination of the IH COSY spectrum. The 
remaining protons were hidden underneath the resonances of 
the protons in IO-eq. 

1,4-Di-I-adamantylbutadiyne (II). The IH spectrum of 11 
was assigned from the integrals and fine structure. H-eS was 
easily identified at ca. 1.94 ppm, H-y as a doublet with a coup
ling of ca. 4.5 Hz to H-I) at ca. 1.86 ppm. H-e and H-a with 
respect to the acetylene group were a single broad resonance at 
ca. 1.67 ppm. 

I-Ethynyl-t- and -c4-tert-butylcyciohexan-r-I-ol (7-trans, 7-
cis). The IH, l3C and 20 spectra for these isomers were recorded 
at 750 MHz. The spectra for the pure trans isomer were 
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4 5 6 

Obs. Calc. Obs. Calc. Ohs. Calc. 

2.IS 2.02 
1.57 1.55 
1.00 0.77 
1.95 2.05 

2.15 2.23 

1.11 1.11 1.24" 
2.07 

1.24 
2.10 

recorded, but the spectra for the cis isomer were recorded from 
a mixture of the cis and trans conformers. This was not a prob
lem as the resonances were easily distinguished. 

7-1rans. The I H spectrum consists of five separate resonances 
including the methyl resonances. These were assigned by use of 
a IH COSY spectrum. H-2e and H-3e were easily distinguished 
as only H-3e displayed a coupling to H-4a. H-3a and H-2a were 
identified by examination of the splitting pattern of the reson
ances. This assignment was further confirmed by examin
ation of a HETCOR spectrum and the known HC spectral 
assignment. 31 

7-cis. The IH spectrum of this isomer again consisted of five 
resonances and was readily assigned in the same way as 7-trans. 

A lanthanide induced shift experiment using Yb(fod),t was 
conducted on the sample of the pure trans isomer to confirm 
that the configuration of Fig. 2 was Correct. Yb(fod), is known 
to bind to the OH group and therefore down field shifts in the 
IH spectrum would be expected to be observed on H2e and 
H2a, as they are in close proximity to the Yb(fod)l' This was 
observed and confirmed the characterisation of this isomer. 

2-exo-Ethynylbicyclo[2.2.I]heptan-2-o1 (8). The IH, nC. 2D 
and NOE spectra for this compound were recorded at 750 
MHz. An X-ray crystal structure 2S of this compound was 
obtained which confirmed the configuration at C-2 (Fig. 2). The 
IH spectrum for this compound consisted of ten resonances. 
H-I and H-4 were readily identifiable by examination of their 
splitting patterns, H-I appearing as a doublet, H-4 as a triplet. 
The other proton groups were elucidated by examination of a 
HETCOR plot together with the known assignment of the .1(: 
spectrum.1l By examination of the IH COSY spectrum H-Sx 
and H-6x were identified by their strong coupling to H-4 and 
H-I respectively. H-3x was identified by its strong coupling io 
H-4 and H-5x. H-7s was identified by IH COSY, HMBC and 
NOE experiments. H-7s has a W-coupling to H-6n and H-Sn. A 
strong 3-bond HMBC coupling is also observed to C-6 and 
C-5, which is much less intense in H-7-anti. An NOE performed 
on H-3x also helped to elucidate H-7s. 

With these assignments it was possible to assign the geminal 
partners of H-3x, 5x, 6x and 7s from the HETCOR plot. The 
assignments of these protons were confirmed by NOE aDd 
HMBC experiments. 

2,2' -Ethyne-I,2-diylbis( 1,7, 7-trimethylbicyclo[2.2.1 ]heptan-
2-01) (9). The IH, llc, 20 and NOE spectra for this compound 
were recorded at 750 M Hz. An X-ray crystal structure 15 of this 
compound was obtained to confirm the configuration at C-2. 
This showed that the compound was as shown in Fig. 2. 

The IH spectrum of this compound consisted of seven reson
ances plus the three methyl resonances. H-3x and H-3n were 
readily identified by examination of their splitting patterns, 
H-3x is a doublet of triplets and H-3n a doublet. H-4 was iden
tified by examination of the I H COSY. Large couplings to H-3x 
and H-5x were observed giving the expected triplet pattern. 

t The IUPAC name for fad is 6.6.7,7,S,S,8-heptafluoro-2,2-dirnethYI-
3,5-octanedionato. . , 



Table 3 Observed rs. calculated proton chemical shifts (t5) for equa-
torial and axial ethynylcyclohexane (IO-eq, IO-ax) and IA-di-I-
adamantylbutadiyne (II) 

Compound Proton Obs. Calc. 

IO-eq la 2.246 2.094 
2e 1.977 1.877 
2a 1.355 1.408 
3e 1.734 1.617 
3a 1.200 1.084 
4e 1.666 1.600 
43 1.170 1.138 
C=C-H 2.182 2.100 

IO-ax Ie 2.871 2.667 
2e 1.775 1.877 
2a 1.481 1.519 
C=C-H 2.278 2.137 

II Y 1.861 1.810 
0 1.941 1.943 
e 1.681 1.646 
a 1.681 1.639 

Table 4 Observed proton chemical shift (<» for I-ethynyl-t- and -c-4-
tert-butylcyclohexan-r-I-ol (7-trans, 7-cis) and observed VS. calculated 
C=C SCS 

SCS 

Compound Proton ,)(Obs.) Obs. Calc. 

7-trans 2e 2.040 0.033 0.293 
2a 1.514 0.297 0.328 
3e 1.762 -0.020 0.051 
3a 1.367 0.32\ 0.543 
4a 1.000 0.Q35 0.0 

7-cis 2e 2.037 0.204 0.222 
2a 1.705 0.216 0.263 
3e 1.596 0.048 0.047 
3a 1.379 0.020 -0.038 
4a 1.010 0.017 0.026 

Table 5 Proton chemical shifts (,5) for (8) and (9) and observed vs. 
calculated C=C SCS 

SCS 

Compound Proton t5(Obs.) Obs. Calc. 

8 2.407 0.155 0.229 
3x 2.140 0.269 0.255 
3n 1.360 0.334 0.406 
4 2.250 0.079 -0.006 
5x 1.561 -0.009 -0.003 
5n UI8 -0.0\7 -0.091 
6x 1.380 -0.002 0.003 
6n 1.979 0.109 -0.142 
7s 1.802 0.462 0.493 
7a 1.389 0.099 -0.055 

9 3x 2.228 0.489 0.336 
3n 1.822 0.083 0.195 
4 1.750 0.029 -0.059 
5x 1.695 0.020 0.056 
5n 1.180 0.222 0.159 
6x 1.468 -0.037 0.134 
6n 1.835 0.827 1.\53 
Me(l) 0.940 0.034 0.110 
Me(7s) 1.057 0.039 -0.057 
Me (7a) 0.870 0.042 -0.016 

H-5x was also identified from the IH COSY as large couplings 
are seen to H-3x and H-4. H-5n was assigned by examination 
of a HETCOR plot plus the known assignment of the HC 
spectrum 32 and this was confirmed by an NOE with H-Sx. 

H-6x was assigned from the IH COSY spectrum, with a large 
coupling to H-5x. HMBC spectra also revealed a large 3-bond 
coupling from H-6x to the I-methyl carbon atom. H-6n was 

then assigned from the HETCOR plot and confirmed by an 
NOE to H-6x. 

The methyls in the 7a and 7s positions were easily assigned by 
NOE experiments. The 7a methyl gave NOEs to H-5x, H-6x 
and H-4 and the 7s methyl gave NOEs to H-3x, H-3n and H-4. 
The C-I methyl is then immediately assigned. 

Phenylacetylene (12). Even at 400 MHz H-3 and H-4 are a 
strongly coupled multiplet. Oecoupling H-2 gave an AB2 
pattern for H-3 and H-4 which was routinely analysed. 

o-Ethynyltoluene (13). The I H spectrum for o-ethynyltoluene 
consists of four aromatic resonances. H-3 and H-6 are doublets 
of doublets with H-6 split further by its coupling to the methyl 
protons. H-4 and H-S are triplets easily identified by their 
roofing patterns. 

2-Ethynylnaphthalene (16). The aromatic spectrum for 
2-ethynylnaphthalene consists of seven resonances. The singlet 
at 8.02 is identified as H-I. H-3 and H-4 are also easily identi
fied as a doublet of doublets and a doublet respectively. As 
the HC assignment of this compound is known,33 a HC-IH 
HETCOR spectrum confirmed the IH assignment. 

9-Ethynylanthracene (17). The aromatic spectrum for this 
compound consists of five resonances. H-IO is easily identified 
as the singlet occurring at ca. 8.43 ppm. A IlC-IH-undecoupled 
spectrum was recorded to assign C-I and C-4, as C-4 has a IJCH 

coupling to H-4 (ca. 160 Hz) and two J JCH couplings to H-2 and 
H-IO (ca. 6 Hz) to give a doublet of triplets. C-I has one IJCH 

coupling to H-I and one 3JCH coupling to H-3 to give two 
doublets of triplets. The assignment of C-I and C-4 allows the 
assignment of H-I and H-4 in the proton spectra from a 
HETCOR plot. 

A IH COSY spectrum identified H-2 and H-3 from their 
couplings to H-I and H-4 respectively and the assignment of 
C-2 and C-3 followed from a IH_IlC HETCOR plot. The IlC 
assignments are as follows. C-I 127.65, C-2 127.18, C-3 125.63, 
C-4128.S9,C-9115.97,C-1O 127.08,C-12130.64,C-13132.21, 
C-a 77.S0, C-J3 84.00. 

Further details of all the assignments and spectra are given in 
re( 34. 

Results 

The data for the acetylenes obtained here in dilute COCl l solu
tion is in excellent agreement with the earlier data obtained in 
various solvents. The value for acetylene (1.91 ppm) compares 
with previous literature values of 1.80 (CCI4)35 and 1.91 
(C02CI2).36 The proton chemical shift of benzene in COCI3 is 
7.341 and this gives the orrho, meta and para proton SCS in 
phenyl acetylene in COCl l from the above data as O.ISI, -0.030 
and 0.000 ppm. These agree exactly with the comparable values 
in CCI4 solution of O.IS, -0.02 and -0.01. 35 As found previ
ously for other aromatic compounds 1\ there is a small, almost 
constant shift to higher i5 values in COCl l compared to CCI. 
but the proton SCS for substituted benzenes obtained by earlier 
investigations may be used unchanged for the COCl, solutions. 

The data obtained here for the acetylenes may be combined 
with the proton chemical shifts of the parent compounds given 
previously 11.12 to give the acetylene SCS in these compounds. 
These are shown in Fig. 3 for eq-cyclohexylacetylene (lO-eq), 
l-ethynyl-t-4-lerl-butylcyclohexan-r-l-ol (7-lrans), 1- and 
2-ethenylnaphthalene (IS, 16) and the norbornane (8) and 
bornane (9) derivatives. The SCS for 7-trans, 8 and 9 are 
obtained as the chemical shifts for 7, 8 and 9 minus the proton 
shifts of t-4-tert-butylcyclohexan-r-l-ol, endo-norborneol and 
isoborneol. l7 These SCS are of some interest. The SCS are both 
shielding and deshielding but the larger SCS are always 
deshielding. The r effect of the C=C group (i. e. H-C-C-C=-C) is 

1 Chern. Soc., Perkin Trans. 2, 2001,1195-1204 1199 



Table 6 
h '. I h'fts (15) and observed vs. calculated C=C SCS for acetylenes (12-18) 

Observed vs. calculated proton c emlca s I 

Compound Proton ,5(Obs.) 

2,6 7.492 Phenylacetylene (12) 
3,5 7.311 
4 7.341 
C=C-H 3069 
3 7.460 o-Ethynyltoluene (13) 
4 7.138 
5 7.245 
6 7.202 
Me 2.454 
e=-C-H 3.271 
2,6 7.100 p-Ethynyltoluene (14) 
3,5 7.400 
Me 2.340 
e=-C-H 3.020 
2 7.700 I_Ethynylnaphthalene (15) 
:\ 7.340 
4 1.160 
5 7.760 
6 7.440 
7 7.530 
8 8.350 
e=-C-H 14JO 

2-Ethynylnaphthalene (16) I 8.028 
3 7.524 
4 7.788 
5 7.810 
6 7.500 
7 7.500 
8 7.810 
e=-C-H 3.142 

9-Ethynylanthracene (17) 1 8.522 
2 7.602 
3 7.504 
4 8.001 
10 8.447 
e=-C-H 1990 

2-Ethynylpropene (18) H"OIfJ 5.300 
HdJ 5.390 
Methyl 1.900 
e=-C-H 2.870 

0#.:-01 0.05 106~ H 

-0.02 0.30 

.01 0.15 ~
'32 ~ 

-0.02 OH 

0.03 

o.~ 0.30 

1O-eq 7-trans 

0.10 0.48 o.~ o.~ 

-002 

011 

8 9 
H 

H 

051 II -0.03 0.18 

0.05 0.22 002 

-O.~ 002 0.05 

-0.08 -0.08 -003 -008 

15 16 

Fig.3 Observed ethynyl SCS in aliphatic and aromatic molecules. 

also deshielding with for the saturated compounds considerable 
orientational dependence without any obvious pattern, except 
that the 'Y SCS of the norbornane and bornane derivatives 8 
and 9 is greater for the 120° orientation than for the eclipsed 
orientation for both the exo and endo compounds. This 
intriguing observation is valid for all norbornane substituents 
so far studied.8,9 
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t5(Calc.) SCS(Obs.) SCS(Calc.) 

7.544 0.151 0.207 

7.337 -0.030 0.000 

7.343 0.0 0.006 

3.191 
7.484 0.200 0.178 

7.155 -0.027 -0.041 

7.289 -0.015 -0.017 

7.005 0.022 -0.022 

2.494 0.111 0.252 

3.156 
7.016 -0.080 -0.011 

7.496 0.140 0.190 

2.251 -0.003 -0.033 

3.124 
7.692 0.223 0.216 
1.418 -0.\37 0.002 
7.\\56 -0.084 oml 
7.814 -0.084 -0.011 
7.478 -0.037 0.002 
7.515 0.053 0.0.19 
8.340 0.506 0.515 
1298 
8.067 0.184 0.242 
7.652 0.047 0.176 
7.810 -0.056 -0.015 
7.803 -0.034 -0.022 
7.467 0.023 -0.009 
7.462 0.023 -0.014 
7.832 -0.034 0.007 
3.225 
8.478 0.513 0.475 
7.598 0.135 0.043 
7.546 0.037 -0.009 
8.003 -0.008 0.0 
8.410 0.016 -0.022 
3.594 
5.233 0.359 0.337 
5.479 0.359 0.553 
1.788 0.175 0.149 
3.164 

The long range (>3 bonds) effects of the C=C group are large 
but decrease rapidly with distance. For lO-eq the e=-C SCS 
is almost zero for all long range protons. There is a large 1.3-
diaxial interaction of the acetylene and H-3a in 7-trans. Similar 
large effects are observed at the 7s protons in 8 and the 6n 
protons in 9. All these protons are in a similar environment to 
the triple bond, i.e. essentially orthogonal to the C=C bond. As 
there is no electric field effect of the C=;C bond these SCS can be 
due to either the C=C anisotropy or a steric effect or both. 
Significantly the C=C SCS at protons situated along the O=C 
bond (e.g. the 3a and 3e protons in IO-eq, the 7s proton in 9 etc.) 
is small but always deshielding. This would not be so if the SCS 
were solely due to the C=C anisotropy. This suggestion will be 
shown to be verified by the detailed analysis in terms. of 
the CHARGE model. Similar C=C SCS are observed for·the 
aromatic acetylenes 15 and 16 though in these compountls 
1[ electron effects will be present. Again the SCS are of either 
sign but the large effects are always deshielding, the largest 
being again due to the peri interaction in 15. . 

The data in Tables 2-6 provide a rigorous test of the appli
cation of both the CHARGE model and also present theories 
of C=C SCS. All the molecules considered are of fixed cOh
formation and the geometries calculated by ah initio calcu
lations, thus the only empirical parameters to be determined are 
those required for the model. 

The ah initio geometries obtained were of some interest. 
GAUSSIAN94 at the MP2/6-3IG* level gave values of 
the H-C= and e=-C bond lengths in acetylene of 1.061 and 
1.203 A respectively in complete agreement with the experi_ 
mental values (1.061 and 1.203 A).l8 The same basis set 8ln1e 



corresponding values for phenylacetylene of 1.057 and 1.188 A, 
but for p-tolylacetylene the values were 1.067 and 1.223 A. This 
large change on the introduction of a p-methyl group seemed 
odd and these geometries did not give good results when used in 
CHARGE. In particular the acetylene proton shift is identical 
in these aromatic compounds (Table 6) but was not calculated 
to be so with these geometries. Using the recommended DFT! 
B3Lyp 2M

, routine with the 6-3IG** basis set in GAUSSIAN98 
gave bond lengths of 1.065 and 1.210 A for both compounds 
and these values were used as standard for all the aromatic 
acetylenes. It is well known 28c that the DFT technique treats 
electron correlation much better than the MP2 routine and this 
could be the explanation of the above result. 

It is first necessary to consider how the acetylene (H-C=) 
protons will be calculated. These could be reproduced in 
CHARGE by the appropriate values of the integral for the 
H-Csp bond. The near effects of anisotropic (or polar) bonds 
have been reproduced in this manner in previous parts of this 
series as attempting to calculate anisotropic (or polar) effects at 
such short distances by means of simple geometric functions 
(eqns. (3)-(5» is not a feasible option. However if this 
procedure was adopted here the charge on the acetylene proton 
would be ca. equal to that in ethane, reflecting the near equality 
of their chemical shifts. This is obviously not the case as the 
acetylene proton is more acidic and the C-H bond more polar 
than even the olefinic proton. Thus the anisotropic contribution 
has been included in the chemical shift calculation for these 
protons. The procedure adopted was that the values of !!..xc

=£ 

and the steric coefficient together with the coefficients of the 
y effects were obtained from the shifts of all the protons except 
the acetylene protons. The appropriate parameters for these 
protons were then included. This gave the correct chemical shift 
for the acetylene protons and an acceptable value of the proton 
charge (see later). 

The parameters required for the calculations are the aniso
tropy of the C=C bond, the sp carbon steric coefficient as C:-C, the 
y effect of the sp carbon atom i.e. H-C-C-C= (coefficients 
A and B eqn. (I» and the ~ effect of the ~ acetylene carbon 
i.e. H-C-C=. The y effects may differ for aliphatic and aromatic 
acetylenes. This gives a total offive parameters for the aliphatic 
series plus a possible three more for the aromatic compounds. 
The acetylene proton chemical shifts were then fitted by the 
appropriate values of the =C-H exchange integral and the 
y effect H-C=C-X plus a second steric parameter as for the 
steric effect of neighbouring Spl protons on this proton. 

The iterations were carried out on the observed chemical 
shift data of all protons by use of the non-linear mean squares 
programme (CHAP8 3~. The anisotropy of the C=C bond was 
taken from both the centre of the e=-C bond and from each 
carbon atom, but the steric effect of the sp carbon atoms was 
taken as usual from the atom considered. The iterations gave 

, better results when the anisotropy was taken from each carbon 
of the C=C bond. Also both the values of the anisotropy, steric 
. coefficent and the coefficients A and B (eqn. (I» for the y effects 
were identical when the iterations were performed with either 
the aliphatic compounds alone or the aromatic compounds. 
thus the final iteration was performed including all the com
pounds and using only five parameters. The values of these 
parameters were as follows. The anisotropy was -9.18 ppm A3 
at each carbon atom, i.e. !!..XC=c = -18.36 ppm A3 per molecule. 
i.e. -11.1 x 10-6 cm3 mol-I. The steric coefficient asC=c = 56.6 
A 6. The coefficients for the y effects (H-C-C-C=), (eqn. (I», 
were A 0.423 and B -0.177 ppm. and the enhanced ~ effect 
(H-C-C=) was 1.37. The acetylene protons were then con
sidered. For these protons the iteration gave values of the C-H 
exchange integral of 42.8 (cf 41.4), the y effect (H-C=C-C) 
coefficients were 0.22 and 1.20 for Spl and Sp2 carbons respec
tively and the steric coefficient (H-CSp3 to H-C=) was 46.5. 
. The iteration was over 124 chemical shift values of the com

.pounds discussed previously excepting the acetylene alcohols as 

the parametrisation of the OH group has not been finalised in 
CHARGE. The rms error of the observed-calculated shifts was 
0.074 ppm over a chemical shift range from ca. 1-8.5 ppm, a 
very satisfying result. 

Discussion 

The data of Tables 2-6 provide an examination of both the 
application of the CHARGE model to alkynes and of the influ
ence of the acetylene group on proton chemical shifts. There is 
generally very good agreement between the observed and calcu
lated proton chemical shifts. In the aliphatic compounds the 
model reproduces very well the sizeable low field shifts of pro
tons situated at the side of the acetylene group; e.g. H-3a 
in axial cyclohexanes SCS (7-trans), obs. 0.32, calc. 0.43 ppm, 
H-7s in exo-ethynylnorbornanes (8). obs. 0.46, calc. 0.49 ppm. 
and H-6n in endo-ethynylbomanes (9), obs. 0.83, calc. 1.15 ppm 
(Fig. 2). The calculated values are due to both anisotropy and 
steric effects (see later). The smaller y effects are again mostly to 
low-field and are also well reproduced by the combination of 
the anisotropy and the y effect of eqn. (I). 

In the aromatic acetylenes again the large SCS of the acetyl
ene group due to the analogous peri planar interactions are 
also well reproduced; e.g. H-8 in I-ethynylnaphthalene (16), 
obs. 0.51, calc. 0.51 ppm, H-I,5 in 9-ethynylanthracene (17), 
obs. 0.51, calc. 0.48 ppm. The other major SCS in the aromatic 
compounds are at the ortho protons and again these effects 
are due to the anisotropy plus y effects. The SCS at the 
other ring protons due mainly to 7t effects are much smaller, 
reflecting the small interaction between the acetylene and the 
aromatic 7t systems. 

There are some discrepancies in the calculated values of 
chemical shifts. Both the I e proton in JO-ax and the I a 
proton in 10-eq are ca. 0.2 ppm larger than the observed values 
(Table 3). These are the only methine (HC-C=) protons in the 
data set and this may be a general result. Further data would be 
necessary to test this. 

The observed and calculated shifts for H-2e in JO-ax are 
in reasonable agreement (Table 3) as are the values for H-2e in 
7-cis (Table 4). In the analogous compound 7-trans the corre
sponding SCS are obs. 0.03, calc. 0.29 ppm. It may be that in 
7-trans there is an interaction between the geminal hydroxy and 
acetylene groups. In this case the SCS for each group cannot be 
obtained simply by subtracting the shifts in this compound 
from those of the parent alcohol (or acetylene). There is a simi
lar anomaly in the obs. vs. calc. SCS for H-3x and -3n in 9 but 
not for 8. It is of interest that the anomalous results occur for 
compounds in which the acetylene group is sterically hindered. 
This intriguing possibility could be further tested once the OH 
group is included in the CHARGE parametrisation. 

In the aromatic compounds an interesting anomaly occurs 
with H-3 in I-ethynylnaphthalene (15). The observed SCS 
(-0.137 ppm) contrasts with the calculated value (0.002 ppm) . 
The calculated SCS at this proton is as expected the same as the 
SCS for the meta proton in phenylacetylene and this agrees 
exactly with the observed value for this proton. An exactly simi
lar effect was found for the cyano group. It would appear that 
both the C=C and CN SCS operate differently in naphthalene 
and benzene. 

There is generally very good agreement between observed 
and calculated shifts for the acetylene protons but the model 
does not fully account for the value in 9-ethynylanthracene 
(17), cf obs. 3.99, calc. 3.59 ppm. This may be due to enhanced 
1[ effects at this position or to H (aromatic)-H (acetylene) steric 
effects which would be expected to give a low-field shift. As no 
other molecule in the data set experiences these interactions it 
was not felt necessary to include them. 

I t is of interest to consider the actual magnitudes of the con
tributions to the acetylene SCS. The acetylene proton has a 
partial atomic charge of +0.088 electrons which corresponds to 

1 Chern. Soc., Perkin Trans. 2,2001, 1195-1204 1201 



Table 7 Observed vs. calculated C::-C SCS with the electric field, steric and anisotropic contributions for equatorial- and axial-ethynylcyclohexane 
(I0-eq and IO-ax) and I ,4-di-l-adamantylbutadiyne (11) 

Compound Proton Obs. Calc. C-H Electric field C=C-Anisotropy C=C-Steric C-Steric H-Steric 1t-Shift 

IO-eq la 1.056 0.906 -0.053 -0.590 0.0 0.016 -0.046 
2e 0.297 0.245 -0.019 -0.074 0.027 0.0 0.0 
2a 0.145 0.225 -0.025 -0.072 0.028 0.0 -0.023 
3e 0.054 -0.024 0.028 -0.059 0.0 0.0 0.0 
3a 0.011 -0.110 0.011 -0.011 0.014 0.0 -0.019 
4e -0.014 -0.041 0.016 -0.056 0.0 0.0 0.0 
4a -0.020 -0.057 0.016 -0.062 0.0 0.0 -0.01 
C=C-H -0.027 -5.556 0.0 0.05 0.03) -0.)69 

IO-ax )e 1.23) 1.029 -0.045 -0.560 0.0 0.0 0.0 
2e 0.095 0.244 -0.019 -0.072 0.028 0.0 0.0 
2a 0.29) 0.332 -0.033 -0.174 0.0 0.0 -0.034 
C=C-H -0.064 -5.550 0.0 0.098 0.052 -0.)70 

II Y 0.))) 0.137 -0.024 -0.07) 0.028 0.0 0.0 
Ii 0.07) -0.0)2 0.028 -0.059 0.0 0.0 0.0 
e 0.069 -0.036 0.0)7 -0.062 0.0 0.0 0.0 
a 0.069 -0.042 0.0)5 -0.056 0.0 0.0 0.0 

Table 8 Observed vs.calcu)ated C=C SCS, with the steric, anisotropy, electric field, ring current and 1t-shift contributions for phenylacetylene (12) 
and 1- and 2-ethynylnaphthalene (IS and 16) 

Compound Proton Obs. Calc. C=C-Steric 

12 2,6 0.)51 0.207 0.029 
3,5 -0.030 0.0 0.008 

4 0.0 0.006 0.002 
C::-C-H 0.0 

IS 2 0.223 0.2)6 0.029 
3 -0.)37 0.002 0.008 
4 -0.084 0.03) 0.002 
5 -0.084 -0.0) ) 0.0 
6 -0.037 0.002 0.0 
7 0.053 0.039 0.007 
8 0.506 0.515 0.326 

C::-C-H 0.0 
16 I 0.184 0.242 0.032 

3 0.047 0.176 0.027 
4 -0.056 -0.015 0.007 
5 -0.034 -0.022 0.0 
6 0.023 -0.009 0.0 
7 0.023 -0.014 0.0 
8 -0.034 0.007 0.005 

C::-C-H 0.0 

a =C-H dipole moment of 0.45 D. This charge gives rise from 
eqn. (2) to a chemical shift of 7.47 ppm. Thus as expected the 
acetylene proton is more "acidic" than olefinic or aromatic 
protons. The difference between this value and the calculated 
shift (1.90 ppm) is due entirely to the e=-C anisotropic contribu
tion (- 5.65 ppm). In the other compounds other effects are 
present and Tables 7 and 8 give the observed vs. calculated C=C 
SCS for the aliphatic and aromatic acetylenes respectively 
together with the calculated anisotropic, steric and electric field 
contributions. 

For the alkylacetylenes (Table 7) the major contribution for 
the u and ~ protons is the e=-C anisotropy. All the other contri
butions (C-H electric field, C=C steric, C-steric and H-steric) 
are very small for the compounds given with the exception of 
the acetylene protons in which there is a significant 1t-shift. 
(Note that this does not appear in acetylene itself as there is no 
1t excess in acetylene.) 

Note that in the SCS of the H-2e and H-2a protons of all the 
compounds in Table 7 the components do not add up to give 
the calculated value of the SCS. This is due to the electronic r 
effects which are calculated separately and which affect protons 
that are three bonds or less from the e=-C group. 

The large SCS for H-3a in axial-ethynylcyclohexane has been 
estimated from compound 7-trans as 0.32 (obs.) and 0.43 ppm 
(calc.). The calculated SCS is made up of a C=C steric contribu
tion of 0.185 ppm plus an anisotropic contribution of 0.125 
ppm plus some other very small contributions. For the other 
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C=C-Anisotropy C -H Electric field Ring current 1t-Shift 

-0.072 -0.020 -0.004 0.043 
-0.068 0.045 0.005 O.oJ3 
-0.063 0.033 -0.00) 0.035 
- 5.582 -0.004 -0.)08 
-0.080 -0.020 0.0 0.065 
-0.070 0.046 0.0 0.023 
-0.062 0.34 0.0 0.058 
-0.036 0.0)4 0.0 0.010 
-0.010 0.0)0 0.0 0.003 

0.023 0.00 0.00 0.012 
0.210 0.084 0.0 0.0 

-5.581 0.009 0.318 -0.136 
-0.061 0.021 0.0 0.068 
-0.078 -0.020 0.0 0.024 
-0.069 0.045 0.0 0.006 
-0.D38 0.012 0.0 0.004 
-0.022 -0.001 0.0 0.013 
-0.019 -0.001 0.0 0.006 
-0.029 0.DI8 0.0 0.014 
-5.581 -0.004 0.246 -0.123 

protons with large SCS a similar pattern is found; e.g. for H-7s 
in 8 the calculated SCS of 0.49 ppm is made up of 0.37 (steric) 
and -0.11 ppm (anisotropy) and for H-6n in 9 the correspond
ing values are 1.153, 0.57 and 0.27 ppm. The results show 
categorically that the largest contribution to these SCS is due to 
the c=C steric term and not the C=C anisotropy. Amazingly the 
C=C steric term has not been considered in any previous 
investigation. 

The aromatic acetylenes have other mechanisms which may 
affect the proton chemical shifts, in particular. the ring CUJTefJt 
and 1t electron effects and Table 8 gives the observed vs. caleu
lated SCS for selected molecules with the electric field, ring 
current and n-shift contributions. J 

We have assumed in this investigation that the introduction 
of the acetylene group has no effect on the parent hydrocarbon 
ring current and thus there are no ring current effects on the 
C=C SCS. The agreement obtained here is strong Support for 
this assumption. In contrast the C=C group does affect the 
n electron densities and this has a significant effect on the scS. 

The data of Table 8 show the similarities between tae 
aromatic and aliphatic acetylenes. In particular the large peri
planar interaction between the I-acetylene and H-8 in 15 giving 
a calculated SCS of 0.49 ppm is predominantly due to the stenc 
contribution (0.415 ppm) with only a small anisotropic term 
(0.10 ppm). The remaining SCS for the ring protons are quite 
small with the n-shifts and electric field effects roughly compar
able. The ring current contribution to the SCS of the aromatic 



protons is as stated above zero but Table 8 includes the actual 
ring current shift at the acetylene protons and the rr-shifts which 
are both significant. 

As stated previously. various values of the C=C diamagnetic 
anisotropy have been given ranging from -7.7 x 10-6 to -36 
X 10-6 cm l mol-I. The value found here of -11.1 x 10-6 cm l 

mol-I is a middle value which is in reasonable agreement with 
both Pople's original estimate of -19.4 and the value of -7.7 
of Shoemaker and Flygare. 

It is of some interest to see whether the large low-field 
shifts observed by Mallory and Baker in the proton NMR 
of 4-ethynylphenanthrene (19). 5-ethynyl-1,4-dimethylnaph
thalene (20) and 5-ethynyl-I,4-diethylnaphthalene (21) are 
predicted by our model. 

10 

19 20 21 

They observed large low-field shifts for H-5 in 19 (1.63 ppm 
from H-5 in phenanthrene). the 4-methyl protons in 20 (0.49 
ppm) and the methylene protons of the C-4 ethyl group of 21 
(0.55 ppm) due to the deshielding effect of the DC group. 

The calculated (CHARGE7) proton shifts vs. the observed 
J values (in parentheses) for H-5 in 19, the methyl protons in 20 
and for the CHz protons in 21 are 9.38 (10.34), 2.90 (3.01) and 
3.39 (3.62). 

There is excellent agreement between the observed and calcu
lated shifts for the methyl and methylene protons in 20 and 21, 
but the calculated value for H-5 in 19 is too small by almost 
I ppm. This proton is in very close proximity to the triple bond. 
The distance between the center of the triple bond and H-5 is 
calculated as 2.208 A from GAUSSIAN98. This compares with 
the values of 1.55 A from Dreiding models and 2.408 A from 
PC Model.40 The GAUSSIAN98 geometry calculated at the 
B3LYP/6-31 G** level may not be absolutely correct and small 
changes in bond lengths and angles at this close distance will 
have a very significant influence on the calculated proton chem
ical shifts. It would be of interest to obtain the crystal geometry 
and input this into CHARGE. However the simple eqns. (3) 
and (5) for the shielding and anisotropy of the DC bond are 
also likely to be less accurate for the close distances observed in 
this case. The major contribution to the low-field shift of this 
proton is again the steric term (0.71 vs. 0.34 ppm for the 
anisotropy) and a simple ,-6 term would not be expected to be 
very accurate at these short internuclear distances. 
. ' Mallory and Baker concluded that the C=C shielding was 
'proportional to ,-) and that the shielding was from the centre 
of'the triple bond. In the CHARGE scheme the steric term is 
proportional to ,-6 but the anisotropy is proportional to r-) and 
both terms are calculated at each carbon atom. Placing the 
anisotropy in the middle of the acetylene bond and using an 
,-) steric term both gave poorer agreement for the data set 
considered here. 

Conclusions 

The proton chemical shifts of all the protons in the data set 
considered of 71 data points spanning a range of ca. 0.70 to 
9.00 ppm are predicted with an rms error of 0.074 ppm. We 
may conclude that the DC SCS over more than three bonds is 
determined largely by the DC bond anisotropy and steric 
effect for both aliphatic and aromatic compounds. In all the 
compounds considered here the large SCS effects are due 
mainly to the steric term. The anisotropy is a significant. but 

smaller contribution. The protons <3 bonds from the triple 
bond require in addition the inclusion of electronic ~ and 
y effects from the acetylene carbons in both aliphatic and 
aromatic acetylenes. The y effect of the acetylene carbon atom 
has an orientational dependence. 
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