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Abstract 

An extensive study of some derivatives of afluoroacetic 

acid has been made by means of high resolution I H, 
19
F and 

13
C NMR 

spectroscopy. 

The general theory of chemical shielding is reviewed 

briefly with particular attention to the recent theory describing the 

influence of the structural dependence of the inductive effect. It 

is found that this approach can be extended to explain successfully 

the variation in gemenial H-F coupling constant with structure in the 

above series of compounds and permits an estimate of the group 

electronegativity of the amido function (-CONR2) to be made. Use of 

this value in the application of the inductive effect theory to the 

chemical shifts of the series of 04 fluoroacetamides confirmed the 

overall validity of extending the theory to these molecules. 

A general survey of isotope effects in NMR has been 

made with particular reference to 
19F spectroscopy. An unusually 

large, stereospecific, four bond deuterium isotope effect upon the 
19F shielding of the primary of fluoroacetamides has been discovered 

upon N- deuteration, and this has been examined in relation with the 

effect of successive N-methylation upon 
19
F chemical shifts. 

The series of C4 fluoroacids was extended to include all 

the commonly available o haloacetic acids for the purposes of a general 
13 	 13 
C NMR study. It is shown that the variation in C chemical shifts 

of the carbons in the ester function can be explained in terms of the 

conformational preferences of the acetyl group substituents. An 

identical, although considerably smaller, effect could also be detected 

in 1H spectra. This long range influence was also observed in certain 
13
C NMR parameters of the 0< fluoroacetamides and their N-methyl 

derivatives. 
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Carbon -13 NMR has also been applied as a structural 

tool to some photolysis products of vitamin D2. A data base derived 

from the successful assignment of 6 model compounds has enabled the 

elucidation of the structure of a further four photolysis products 

whose identity has remained unknown since work in this area commenced 

some 20 years ago. 
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1.1 	Introduction. 

1.1.1 General Theory of Chemical l'hielding and Inductive Effects. 

101.1.1 Factors influencing chemical shifts. 

The chemical shielding observed by the conventional high 

resolution NMR technique for a species in solution is not that of 

an isolated molecule, but is modified by the surrounding medium: 

Cr' (observed) . CT(molecule) + G(medium) 	.0.(1) 

The term C(medium) is generally known as the solvent effect, and 

thus before attempting to analyse -  the factors affecting the 

shielding constant of a nucleus in an isolated molecule (Ci- molecule), 

initially, it is necessary to calculate or eliminate the solvent 

effect. It has been suggested that 0 (medium) may have contributions 

from five sources: 

67-medium) 	=613  + G—A  + 6-- 	+ 	E 	4(5'; ...(2)  
It is not proposed to give a full discussion of these terms here, 

as this has been covered in a recent review,2   but to outline the 

origin of each term and its relevant importance, and indicate what 

precautions have been made to allow for it in the present work. 

The term 6 is due to the modification of the magnetic 
field experienced at the nucleus by the bulk magnetic susceptibility 

Xof the solvent. This can be calculated if X is known, but 

is best eliminated by measuring the chemical shift relative to an 

internal reference compound. 

The term GA occurs whenever the solvent molecules 

have an anisotropic magnetic susceptibility, and collisions between 

solute and solvent molecules are such as to lead to an averaged 

value of the magnetic susceptibiltiy in the sphere immediately 

around the solute nucleus is different from the bulk value, 	. 

Thus the term will be of importance for disc-shaped molecules such 
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as benzene or rod-like solvents, e.g. carbon disulphide. 	Although 

the effect is calculable, it is best eliminated by using a magnetically 

isotropic solvent (e.g. carbon tetrachloride) and/or an internal 

reference of similar nature to the solute. 

The term 6-  is a contribution arising from the Van 

der Waals interaction between the solute and solvent molecules. 

This interaction originates from the electrostatic forces between 

the electrons immediately surrounding the observed nucleus and 

those in neighbouring molecules, and decreases rapidly with the 

distance r between the groups. An approximate expression for 0"-w  

has been derived3 in terms of the mean value of the square of the 
/ 

time-dependent electric field, c,-,F
2 
 /' 	and it has been suggested4 

G-vr = -B < F2> 

that 4F2> will be proportional to r
6
. 	Considerable problems 

occur in the definition of B and 4 F2> , since theoretical treat-
ments of cr.,

W 
show both these parameters depend on the mutual 

orientation of the solute and solvent molecules, and will thus only 

be a constant for molecules of similar size and shape, whilst B 

depends on -the nature of the nucleus and its electronic environment. 

In order to eliminate 6-  as far as possible, Emsley and Phillips 

proposed5 the use of an internal reference compound of similar 

chemical and physical shape to the molecule under investigation, 

and suggested CFC13  should be used as the/eference for aliphatic 

compounds. 

The term 0--  occurs only in the case of polar molecules. 
It arises from the reaction field set up by the polarization of the 

surrounding medium by the electric dipole of the solute. This 

electric field modifies3  the shielding by: 

E 	
-AE - BE2  

where E is the field at the nucleus and Ez is the component along 

the bond of the atom of interest. B is taken to be identical with 

that for the Van der Waals interaction. 	A is a measure of the 
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polarizability of the electrons around the nucleus in the bond 

direction, and as with B, will vary according to the nuclear species 

and electronic environment. 	Consequently, accurate determination 

of 67-E 
is difficult, with A,B and E being ill-defined, and thus its 

elimination requires the use of an internal reference with dipole 

moment and values of A and B equal to those of the sample. This 

is not achievable practically if a series of compounds of varying 

polarity are to be examined, and thus to reduce this effect to a 

minimum it is best to use a non-polar reference and a non-polar 

solvent, in order that the reaction field of the reference is 

eliminated and that of the sample is minimised. 

The last term in the shielding expression, Cr c' 
is 

included to take into account any specific "chemical" interactions 

which occur between solute and solvent e.g. hydrogen bond, complexation. 

The definition is not a precise one, since the presence of specific 

interactions are generally not predictable and hence not calculable. 

Thus, it is usual to conclude that any variation in the observed 

shielding that is not attributable to any of the other effects is 

due to a specific interaction. However, this approach must be 

viewed with caution, since it is tantamount to defining airc  as: 

c 
	Cr(medium) - (Cr/3  +(-A 

	
G.. 1g + 	E) •(5) 

and thus (7  will contain all the accumulated errors in the other 

terms. If internal referencing is in use (for which it is assumed 

A and CB 
are zero) then errors in 6-E 	

and cr7a 	may be 

the cause of the discrepancy in equation 5. Possible sources of 

error are that the medium is not isotropic, and any anisotropy could 

be misinterpreted as an indication of directional forces between 

solute and solvent which are called "chemical" as opposed to physical 

interactions. 	If, however, the value of CC 
 obtained from equation 

(5) is considerably larger than any of the other terms, then this 

interpretation is less ambiguous. Because of the ill-defined 

nature of the "chemical" effects, no one approach can be used in 

their elimination, but it is reasonable to assume the possibility 

of such occurrence will be reduced if a non-polar solvent and 

reference are used. 
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An additional factor whichshould be taken into account 

when attempting to measure the chemical shift of a nucleus in an 

isolated molecule (6mol) is the effect of the concentration of 

the solution. The chemical shift of any nucleus varies to a greater 

or a lesser degree as the concentration is changed, due to changes 

inihe bulk properties of the mixture and variations in the associative 

interactions of the solute molecules. Unfortunately, these changes 

are neither linear not closely related for two different solutes, 

and thus shifts measured at a standard concentration need not 

necessarily reflect the shielding of the nuclues for an isolated 

molecule in the pure solvent. Such a value may only be obtained 

through recording the shift at a series of concentrations and 

extrapolating to infinite dilution. 

It may be concluded from the foregoing comments that 

observation of the 
19
F chemical shift in a non-polar solvent and 

using a non-polar aliphatic reference should eliminate G- A  and 

6-  for the compounds of interest here, and minimise the contributions 

from the other terms, such that the shift recorded by extrapolation 

to infinite dilution is a good measure of Cr(molecule). 

It is now possible to consider the factors affecting the 

shielding constant within the molecule. Generally this is considered 

to be separable6'7  into two parts, called the diamagnetic and 

paramagnetic terms, but it has been pointed out8 that localised 

intramolecular contributions should be taken into account: 

Cr(molecule) = G-  d  + 	+ Cs  1 

The diamagnetic term 6-d.  arises from the (diamagnetic) 

circulation of electrons (mainly s electrons) centred upon the 

nucleus in the applied magnetic field; the magnitude of this 

shielding is dependent upon the elctron density at the nucleus. 

In the case of fluorine chemical shifts, this term has been shown 

to account8 for only one percent of the total shielding constant. 

The contribution of CrI may be separated9 into four 

terms: 
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a-a 	d 	+ <S e 	+ C5-  w 	...(7) 

The term 6-a arises from the diamagnetic circulation of electrons 

upon atoms or bonds remote from the nucleus under investigation-. 

In solution, this effect is averaged over all molecular orientations 

with respect to the direction of the applied magnetic field and 

hence this term will be zero except in the case of groups with a 

marked anisotropy in their diamagnetic susceptibility, e.g. the 

carbonyl group, 	C.O. For an axially symmetric group the effect 

is given10  by 

6-a =Q 	(1-3cos26) 

3r No 

where r is the distance between the group concerned and the nucleus, 

AX.  is the difference in diamagnetic susceptibility of the group 

in the directions parallel and perpendicular to the group, No  is 

Avogadro's number and CP is the angle between r and the group axis. 

Since the magnitude depends only on properties of the group and the 

molecular geometry, the effect is independent of the nucleus under 

study, and although the term is of importance in proton NMR, the 

much wider range of fluorine chemical shifts enable this effect 

to be safely ignored. 

The term G-d 
arises from the circulation of electrons 

in delocalised systems, and like the neighbouring atom anisotropy 

term, this contribution is independent of the nucleus under 

investigation, and therefore assumes a lesser importance in the 

case of fluorine chemical shifts. 

The term CY E is produced by the influence of 

electric fields on the shielding of the nucleus. The expression 

for 6-E is similar to that given for solvent reaction fields, 

except that the electric field E arises from permanent bond dipoles 

which are present with the molecule. 

E = 	-AE z  - BE2 

A and B are constants with similar significance to those defined 

for the solvent reaction fields. 
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The term crw expresses the effect of Van der Waals 

interactions, and arises because any group present in a molecule 

has associated with its electron distribution a fluctuating dipole 

moment, which produces a time-dependent electric field, F. The 

average square value 4,F2j>is non-zero, and again the expression 

for 'Crw is similar to that used for solvent interactions. An 

approximate expression4  for 	F2> has been obtained as: 

1F2-;> 	= 6 
3PiIi/r. i  

and although this was originally derived for solute-solvent inter- 

actions, it has been shown11 that this can be applied to intramolecular 

situations. P. is the polarizability of the electron group, I. 

is the first ionization potential and Ri  the distance separating 

the fluorine atom from the C-X electron group. Sutcliffe and 

co-workers 12-15 have examined the importance of intramolecular 

Van der Waals electric fields in series of fluorinated compounds 

such as CF
3
CXYZ12 and some partially halogenated perfluorocyclo- 

alkanes13 and cycloalkenes.13-15 

Initial work was centred on the series of ethane derivatives, 

CF
3
CXYZ, and it was considered that the CF

3
- group was sufficiently 

far removed from themmainder of the molecule to reduce inductive 

effects to a negligible amount. The comparable values of C-X bond 

dipole moments for X = halogen together with the variation in bond 

lengths enabled changes in the permanent electric fields within 

the molecules to be neglected across the series, and hence the 

observed chemical shift differences could be safely examined in 

terms of the Van der Waals field alone. For the purpose of calculating 

the latter electric field, the alkanes were assumed to be freely 

interconverting under the conditions of the investigation, and the 

value of 	F2> obtained was therefore the weighted mean of the 

individual values for each rotamer with only staggered forms being 

considered. A plot of the 19F chemical shift of the CF
3
- group 

against <F2> was linear for purely halogen-containing compounds 

(X = Y = Z = halogen); two further non-coincident lines were 

obtained for compounds containing one or two hydrogen substituents 
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(X and/or Y = H)0 Although the correlation depends on the degree 

of hydrogen substitution, it is very well defined within each 

sub-series. It is interesting to note that this dependence upon 

the degree of hydrogen substitution only occurs for fluorine 

resonance. Analogous studies of proton chemical shifts in 

CH
3
.CXYZ and for 13C in 13CH

3
.CXYZ with < F2 yielded one linear 

plot for each nucleus. The apparently limited success with the 

ethanes prompted Sutcliffe et al. to continue their investigation 

into a series of fluorocyclobutanes13 and found they were able to 

estimate the observed chemical shifts of the ring fluorine atoms 

with an outer error limit of 3ppm. The calculation of <, F2> involved 

assuming a planar geometry for the cyclobutane ring, which is 

actually slightly puckered, and further required the fractional 

population of conformers arising from unsymmetrical compounds to 

be determined. This further success encouraged these workers to 

apply the electric field theory to some cycloalkenes. The shifts 

produced by replacing F by Cl in some cyclopentenes14 were calculated 

and found to be in good agreement with experiment; similar results 

were found with the cyclohexenes.15 

The most important factor contributing to the observed 

molecular shielding is gyp, the paramagnetic term, and is responsible 
for the large variations in fluorine chemical shifts observed in 

practice. It arises from the restrictions imposed upon the circulation 

of electrons by chemical bonding, i.e. the electron distribution 

is not spherically symmetric. It is not proposed to go into the 

theoretical aspects of this term, but to examine how structural 

features within the molecule influence it in an empirical fashion. 

1.1.1.2. The Structural Dependence of the Inductive Effect.  

The fluorine chemical shifts of aliphatic compounds 

appear to exhibit several anomalous effects, and these have been 
discussed in some detail.16 A typical example is provided by the 

fluorine chemical shifts of the series of fluoromethanes: Successive 

replacement of fluorine by hydrogen in CF
4 causes an increase in 
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the shielding of the remaining fluorines, as would be expected from 

a classical inductive effect, but the change in shielding is not 

a linear function of the number of hydrogen atoms: 

CF
4 	

CF3H 	CF2H2 	CFH3 
&ppm) 	0 	-18.2 	-80.9 	-210.0 

In contrast to this, the effect of succesive chlorination in the 

analogous series of chlorofluoromethanes is one of a progressive 

deshielding of the remaining fluorine nuclei, which is not predicted 

by a simple inductive approach. It was apparently conflicting data 

CF
3
C1 	CF2C12 	CFC1

3 
R 	

CF
4  

P1m) 	0 	50 	55 	63 

such as the above which led Phillips and Wray
17 

to develop a new 

method of calculating fluorine chemical shifts in a, variety of fluoro- 

aliphatic compounds. This treatment is based on the assumption 

that the paramagnetic term (which is accepted as the dominant contribution 

to nuclear shielding) is dependent upon the degree of ionic character 

of the bond in which the fluorine is part.
8 

The simplest case which can be considered is a diatomic 

molecule, for which the ionic character of the bond is related to 

the difference in the electronegativities of the constituent atoms. 

Gutosky and Hoffman18 found that for a variety of polyatomic 

binary fluorides, (MPn), the fluorine shielding was approximately 

proportional to the electronegativity of the central atom M. However, 

the data show a marked departure from linearity, and Phillips and 

Wray postulated17 that this was produced by mutual interactions 

between the several M-F bonds modifying the electronegativity of 

M and F. Hence it was proposed that the ionic character of the C-F 

bond in an alkyl fluoride was proportional to the difference in 

the effective electronegativities of carbon and fluorine, Ec, and 

EF" and thus the observed shielding ‹r may be expressed as: 

6-  = 	0 

where Go is the shielding in a purely covalent molecule. 
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It was then necessary to obtain estimates of these 

effective electronegativities in terms of interactions involving 

all the molecule CabdF.  It wa convenient to adopt a perturbational 

approach, and consider the changes in electronegativity of carbon 

upon stepwise addition of the four substituents to an sp3 hybridized 

carbon atom, and hence evaluate an expression for EC,. A similar 

treatment for the fluorine atom completed the analysis. All of 

the perturbations between any two parts of the molecule are mutual, 

and it was further proposed that the magnitude of such interactions 

should be proportional to the product of the Huggins electronegativities 

of the two centres. 

It was possible todistinguish four different types of 

interaction within the typical alkyl halide, 
Cabdr Thus, when two 

atoms bond together, each modifies the electronegativity of the 

other by a perturbation proportional to the product of their electro- 

negativities. For example, direct bonding between a and C, 	C-a: 

aC Ea' = Ea + kD1 EaEC 
...12(a & b) 

C' = EC + kD1 
aC E E a C 

This was classified as a primary directly bonded interaction and 

the modification of E and E
a by the perturbation will also affect 

other groups bonded to the central carbon atom by a factor proportional 
aC 1. 

to EcEa, e.g. kD2  EaEc. 	his is identified as a secondary bonded 

interaction. 

Interaction between pairs of geminal substituents were 

also taken into consideration. The first of these was that produced 

by the geminal delocalization of G electrons,19 there being 

one such mutual perturbation for each pair of substituents. This 

was described as a primary geminal interaction and is typified by 
bd a term such as kG1 EbEd° These interactions will also perturb 

the electronegativity of the substituents other than those involved 

in the geminal delocalization, in a manner analogous to the 

secondary geminal interactions, and could be sub-divided into 

those involving carbon, (e.g. kcpEbEd) and those affecting other 

substituents, such as kc2,EaEd, which would be a perturbation to 

the electronegativity of b and F. 
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Using the above concepts, it was then possible to obtain 

estimates for EC'  and EF
,, and hence derive an expression for the 

observed shielding ITin terms of the Huggins electronegativities 

of the substituents and a set of constants describing the nett 

effect of the above interactions. Hence equation (11) could be 

re-written as: 

\ 
Or= cr; + k' Ec(1 + kiCaEa  + k2CbEb  + k3Cd  Ed) + EF(-1 + 

k5aFEa 	k6bFE.10 	k7dFEd) + Ed(k8bdEb  + k9
ad 

 Ea) 

Eb(k10
ba 

 Ea) 	
...(13) 

where k1,  k2  and k
3 

represent the nett perturbation upon the 

electronegativity of both carbon and fluorine caused by directly 

bonded interactions between C and a,b,or d. The constants k
5 

to 

k10 represent the perturbations caused by geminal delocalization 

between substituents; 	k5, k6  and k7  express the net effect of 

geminal interactions between the groups a, b or d and fluorine 

upon the electronegativity of fluorine (primary interaction) 

and carbon (secondary interaction), while k8, k9 and k10 express 

the net effect of the geminal secondary interactions, which do not 

involve fluorine, upon the electronegativity of carbon and fluorine. 

Equation 13 could in principle be used to evaluate the 

difference in chemical shift (i.e. substituent chemical shift, S.C.S.) 

between two molecules CabdF and CefgF, whereby the or o term was 
eliminated. However, the resultant expression contained 18 of 

the above net interaction constants. Consequently, it was necessary 

to make several approximations before numerical values for all the 

constants could be obtained. 	Hence, it was assumed that those 

constants related to inter-halogen perturbations were independent 

of the nature of the halogen and had the same value, kxx. 

Similarly, perturbation constants for interactions between non-

halogen groups a or b were held to be dependent upon the nature of 

a or b but not of the halogen involved. It was then possible, by 

selecting suitable series of compounds, to obtain estimates for 

the various types of interaction constants. 

Thus the S.C.S. for any compound CabXF from CabF2  (as an 

arbitrary reference) was given by the expression: 
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= 	(EF 	- 	Ex)(:1 54.12 - 26-63(Ea  + E10 )1 	...(14) 

wherein X was a halogen, with an r.m.s. error of 3.3ppm. Equation 

(14) demonstrates that the effect of the difference between the 

inductive effects of groups X and F (which would be expected to 

produce a shielding on going from CabF2 	CabXF) is modified 

by the electronegativities of the other substituents a and b. It 

is clear that if (Ea + Eb) is less than 5.78 Huggins units then 

substitution of F by another halogen X produces a nuclear shielding, 

but if (Ea + Eb) is greater than this value a deshielding is 

predicted,, in apparent contradiction to the expected inductive 

effect. 

Following up the success of this result, Phillips and 

Wray were encouraged to make further assumptions which enabled them 

to produce an expression for calculating chemical shifts in a more 

generally applicable form. Thus all the constants k1  to k (equation 

13) relating to the primary directly bonded interactions (e.g.k2
bc) 

were equated as a property of the carbon centre, and k
5 
 to k

7 \ (e.g. k6bF  ) concerned with the direct perturbation to the electro- 

negativity of fluorine by geminal delocalisation were similarly 

treated as a property of F. 	However, the constants k8  to k10, 

which express the results of secondary (indirect) perturbations 

caused by geminal delocalization, could not be so treated. 	It 

was considered unreasonable to equate any of these without a prior 

knowledge of their nature. 

It was now possible to produce the required expression 

for the chemical shift of the general alkyl fluoride CefgF from 

a reference CabdF, and CFC13  (a = b = d = Cl) was taken as this 

standard. 	'the equation derived was: 

	

CFC13 	= 	154.12(9.45 - Ee  - Ef  - 	+ 29.76k 	- 
CefgF 

kefEeEf - kegEeEg - kfgE fFg  

Since the value of the inter-halogen interaction constant 
XX 

was known (k = -25.91 ppm) it was possible to use equation (15) 

to calculate the fluorine chemical shifts of several mixed fluoro- 
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halo-methanes, with an r.m.s. error of 2.8 ppm. 	It will be recalled 

that the shifts of the series of chlorofluoro-methanes in particular 

showed great deviations from a linear dependence on chlorine content; 

the new treatment rationalized the data very well. 

Further series of compounds could be treated upon derivation 

of the appropriate interaction constants. 	Thus for the series 

CF
4 
- CF

3
H - CF2H2  - CFH3, the constants k and ki  were required, 

and could be estimated from CF
3
H and CFH

3 
respectively. Their 

validity wasthen checked by calculating the shielding of CF2H2, which 

came to within 3 ppm of the observed value. 	Hence equation 15 was 

again capable of rationalizing the chemical shift variation in the 

series, and the large deviation from additivity upon successive 

replacement of F by H. 

This treatment was not restricted to single atom substituents; 

CH
3
, CF

3
, NF2 and OF groups could also be handled providing sufficient 

data was available for estimating any furthar geminal interaction 

constants. 

Further work showed the theory was not confined to the 

fluoroalkanes. 	It was initially extended
20 

to some series of 

partially fluorinated tin(IV) complex anions. In this case it was 

found that the secondary interactions, whichwere responsible for 

the deviations from additivity found for the fluorocarbons, were 

negligible, 	Subsequent studies showed that the concepts used above 

could be applied to geminal and directly bonded interactions influencing 
11
B, the shielding of a variety of nuclei such as 

1
H, 13C, 	

31
P 

and 119Sn, and the theory was capable of extension to include vicinal 

effects on 19F shielding in both fixed
22 

and conformationally 

mobile systems. 

21 

It is of inte*t to examine the applicability of the 

theory reviewed above to some other systems of a more general nature 

than those from which the equations were derived. Whe synthetic 

work undertaken in connection with the study of isotope effects 

(Chapter 2) yielded four series of compounds based on of fluoro-

acetic acid, of the type: 

(I ) 
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where the acetyl group substituents X and Y were combinations of 

hydrogen or halogen (F, Cl or Br) and the derivitizing function Z 

was the methyl or ethyl ester (-OCH
3 
or -0C2H5) or the primary, 

secondary or tertiary amide (-NH2, -NHMe, -NMe2). It was decided 

to study the fluorine chemical shifts of these compounds in the light 

of the previously established relationships. 

However, before such an analysis can be attempted, it 

is necessary to derive a value for the group electronegativity of 

the alkoxycarbonyl (-CO.OR) or amido (-CO.NR1R2) moieties, and it 

would be attractive to acquire this independently of the chemical 

shift data. Examination of the geminal coupling 
2
J
HF 

of the CFXY 

group (where X = H) revealed that this value appeared to be dependent 

upon X and Y, and hence the general validity of this observation 

was surveyed further. The data pertaining to this will be found 

in the relevant section of results presented later in this chapter. 

Before examining the form of any such dependence of 

2JHF upon the nature of geminal substituents, it is necessary to 

appreciate the origin of the coupling constant, and the relative 

importance of the various contributions to it. 

1.1.2. Coupling Constants. 

1.1.2.1 Mechanisms of Spin Coupling,. 

The simplest way to enter into a discussion of the 

mechanisms of spin-spin coupling is to consider the general expression 

of Ramsey24 used to describe the interaction J between two 

nuclei of spin 

JAB = j1 AB 	j2AB 	j3AB + JOB 

j1AB 
arises from the direct interaction of one nuclear dipole with 

the other, and is very large (typically 30KHz). However, in the 

fluid state, rapid tumbling of molecules averages this to zero, and 

so it does not enter into normal consideration. The remaining 

mechanisms all involve the molecular electrons and may thus be 

described as electron coupled interactions. 
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The second contribution' J2AB' arises through the nuclear 

magnetic moment of A interacting with the orbital electron currents 

which in turn interact with the moment of B, and vice versa. This 

term is usually referred to as the orbital-orbital coupling, or 

spin-orbit coupling. 

j3AB is produced by a dipole interaction between the 

nuclear magnetic moment of A and the associated electron spin magnetic 

moments; the electron dipoles interact with to magnetic dipole of 

nucleus B and thus 'pass on' the "spin information" necessary for 

coupling. This term is known as the dipole-dipole coupling, or 

spin-dipole coupling. 

The fourth term J
40 

 is an interaction between the nuclear 

magnetic moments and electron spin in s orbitals which have non-zero 

value at the nucleus. Expressed alternatively, it arises from the 

the fact that an electron associated primarily with one nucleus has 

a finite probability of being at the other nucleus, and hence 

transmitting spin information directly. Due to the nature of the 

term, this is known as the Fermi contact interaction. 

In the case of interproton coupling, this term accounts 

for ca. 985 of the observed coupling, with the other two terms only 

making minor contributions. However, fluorine couplings are very 

much larger than those involving protons alone and it has been 

suggested25 that the spin-orbit and spin-dipole couplings (J2AB  

and ,T3AB) become more effective when the atoms concerned possess 

p or d atomic orbitals. A theoretical treatment by Pople
25 

has 

shown that, notwithstanding the large contribution to geminal H-F 

coupling by the spin-orbit mechanism (estimated value 13.3Hz) the 

predominant term is the Fermi contact for the observed range of 

couplings (44 to 81Hz). 
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1.2. Results and Discussion. 

1.2.1. Geminal Proton - Fluorine Coupling 2J,. 

1.2.1.1 Substituent effects in some model systems. 

There are very few systematic studies of the variations 

of 2JHF  with the nature of substituents, but Afison
26 

has found 

that for a series of difluoromethyl compounds CHF2X the geminal 

H-F coupling showed a marked increase with the electronegativity 

of X. (X = C, N, 0, F). Thus in methylene fluoride (CH2F2, X = H) 
2
JHF  is 50.4 Hz. while in fluoroform (CHF3, X = F) 

2
J117  is 79.7HZ. 

A recent survey27 of the published data on fluorine 

coupling constants enables a list of typical values of 2JHF  in 

a wide variety of molecules of the type XYCHF to be drawh up 

(Table 1), and a plot of these against (Ex  + Ey), the sum of the Huggins 

electronegativities of X and Y, is shown in figure 1. It is apparent 

that there is indeed a trend in which 2JH1, increases with an increasing 

total substituent electronegativity, but this is not a simple 

relationship. 	Inspection of table 1 shows that if one .of the 

substituents is carbon (e.g. an alkyl group) and the other is held 

constant, then the observed coupling constant may vary greatly as 

a result of structural variation within the carbon group, i.e. 

substituent effects 13 to the carbon to which the coupling nuclei 

are bound may be significant. 

If a series of compounds is chosen with the intention 

of minimizing such p effects (i.e. the substituents are single 

atoms or simple groups such as CH
3 
or OCH

3
)' the correlation of 2JHF  with (Ex  + Ey) is certainly not linear but shows marked 

curvature. Table 2 gives values for a series of such molecules, 

and the relevant graph is depicted in figure 2. 
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Table 1. 	Typical values of 2Jusa 	for the fragment 

X Y 	(Ex 
	+ 	EY)  

F F 7'8 

F OR 7.6 

F Cl 7.05 

F 

F SO3II 
CF 

-P 	f 
6.5 

6.05 

F R 6.5 

Cl Cl 6.3 

R OR 6.1 

R NR2 or NO2 5.65 

R Cl 5.75 

R SR, 	SVI  5.2 

R Br 5.55 

F H 6.1 

R I 5.25 

H SF 
5 

4.8 

Cl si 5.05 

R R 5.2 

R PV  4.75 

R H 4.6 

R SiIV 
 

4.5 

R GeIV  4.5 

H H 4.4 

H SiMe
3 

4.1 
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Figure 2 

2J F  vs (E + E x for specific molecules of the type 

XY.C.H2 
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Table 2. Values of JHF for specific molecules of the type 

-JH  (calc) F X EX 	+ 	EY 	
2
JHF(obs) 

F F 7.80 79.5 76.8 
F oc 113  7.60 74.4 68.7 
F Cl 7.05 63.0 64.6 
F CH

3  6.50 57.2 55.7 
Cl Cl 6.30 53.6 57.2 
F H 6.lo 50.4 49.2 
Cl CHC12 5.75 49-0 51.8 
Br CH

3  5.5o 50.0 50.7 
I C2F5 5.20 
CH
3  CH2I 5.20 48.0 48.9 

CH
3  

H 4.80 47.5 46.8 
H H 4.40 46.3 46.1 

It is possible that substituent effects may be an additive 

property of the groups involved (even if apparently they are not 

simply related to electronegativity) and this may be examined 

by evaluating the effect of making the same substituent change in 

different molecules. 	The change in 2JHF' '6
2"THF, upon substitution 

of an alkyl group R by fluorine, has been calculated for four pairs 

of molecules and is given in table 3. 

Table 3 shows that the magnitude of the change in 
2
JHF upon going from a molecule XYCHF to ZYCHF depends not only 

upon the electronegativity difference between X and Z but also upon 

the nature of the group Y. 	This conclusion is paralleled by the . 

observations made about substituent effects upon nuclear shielding 

by Phillips and Wray17 and an approach similar to that used in 

their analysis of shielding data can be applied here. 

In figure 3 the values of 
2
JHF  quoted in table 2 are 

plotted in such a way as to demonstrate the structural dependence 

of the substituent effects upon 
P
J . 	For four different series 

of molecules XYCHF, in which the gro
HF  

up X is held constant and the 

group Y is varied, 2, HF is plotted against the Huggins electro- 
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Table 3. Substituent effects upon 2J  HP' 

Compound  

R1.CF2H 

R2.CC1FH 

R
3
.CMeFH 

R1.CH2F 

2 
 

57.2 

49.0 

48.0 

47.5 

	

Compound 	
2
J IT  

7 

	

CF
3
H 	79.5  

	

CF2.C1H 	63.0 

	

Me.CF2H 	57.2 

	

CH2F2 	50.2 

L ,1  

22.3 

14.0 

9.2 

2.9 

R1  = CH
3 
	R2  = CHC12 

	R
3 

= CH2I 

negativity of Y, 

all lines appear 

2J111" = 45.63Hz 

substituent X is 

equation 

Ey. 	The results are satisfactorily linear and 

to pass through a common point at Ey = 1.98, 

. 	If the slope of the line for a given common 

SX' then each correlation may be expressed by the 

2 AT  = 45.63 + SX ' (FY 
 - 1.98) 	-(16) 

In turn, a plot of Sx  vs. E
X (the electronegativity of. X) is 

linear, and Sx  may be expressed az: 

S
x 	8.45(Ex - 1.98) 

Substitution of 	(17) into (16) provides a useful relationship 

for 2 HF  in terms of the electronegativities of the groups X and 

Y: 

2
JIT  = 78.76 + 8.45ExEy  - 16.73(Ex  + Ey) 

Equation (18) enables 2JEF  for the molecules listed in table 2 to 

be calculated to a satisfactory degree of precision (± 2.1Hz r.m.s.) 

and the calculated values are reproduced in table 2 for comparison. 
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A further test of the general validity of equation (18) is provided 

by its mathematical form, which leads to two interesting conclusions. 

Firstly, for a series of compounds XYCHF in which the group X is 

held constant and has an electronegativity of 1.98, changing the 

nature of the group Y should have no observable effect upon 
2
JHF' 

which should stay constant at ca 45.6Hz. Secondly, if Ex  is less 

than 1.98, then a decrease in the electronegativity of group Y should 

lead to an increase in the value of 2J F' 	
There is some evidence 

to support this conclusion in the case for when Y is Si TV (E - 1.90) 

and this is provided in table 4. 

Table A. 2,T 	in sore methyl pily1 fluorides ZSLCHF.Y HF 3 

Y E
Y  

Compound 
2
JHF Ref. 

Cl 3.15 Et3Si.CHF.C1 45.5 28 

CH
3  

2.6 C13Si.CHF.Me 46.0 29 

H 2.2 Me3Si.CHF.H 46.8 30 

Inspection of table 4 shows tat there is indeed a small increase 
in 2 JHF with the decreasing electronegativity order Y = Cl, CH, 

or H. 	It may be concluded that equation (18) provides a very good 

qualitative description of the manner in which relatively simple 

substituents afffect 2J across carbon. 

1.2.1.2 Coupling in some 0.( fluoroacetic acid derivatives.  

It was mentioned earlier that the values of 2J in the HF 
series of oe-fluoroacetic acid derivatives (I, X.HCF.COZ) appeared 

to vary with the nature of the substituent Y. The data for these 

compounds are listed in table 5, and within each series, one group 
has been held constant (I = X.CHF.Y, Y = COZ) while the other is 

varied. A plot of 
2
Ju  against the electronegativity of the 

substituent X for each series is linear (figure 4) with the respective 

correlation coefficients indicated in table 5. 



0 • 

0 

33. 

Figure 4 
2J
HF 

vs. Ex 
in molecules of the trpe:- 

2-1 
dlIF 

59 - 

5Z - 

So 

42• 

0 
• Symit• I 	Z, 

0 	 OR 
• Nlfz 

0 	Mk* 
A 	N mel  

4 0 Ex 

F x 

46 - 	 
'to 3.0 



34. 

Table 5 Values of 2JHr  for the substituted esters, amides, 
N-methylamides and N,N-dimethylamides (in Hertz, chloroform solution). 

(a) -OR = -OCH
3 

(b) -OR = -OCH2CH3 

acetyl 
substituent 

X 

Observed coupling for derivative -Z (Hz) 

Z = -OR 	Z = -NH2 	Z = -NHMe 	Z 	-NMe2 •  

2J  HF 
Calc. 

H 46.5(a) 46.5 47.0 46.8 46.6 

Me 49.1(b) 49.6 50.6 49.6 48.4 

Br 51.0(b) 51.0 51.3 - 49.9 

Cl 51.2(a) 51.6 51.8 51.4 50.8 

F 54.3(a) 55.2 55.4 54.6 54.1 
53.8(b) 

corr. coeff 	0.983 	0.975 	0.975 	0.991 

Thus it may be concluded that the carboxyl derivative 

group (-Z) is behaving as a "simple" substituent, with negligible 

effects upon the coupling constant. 	Table 5 also shows that the 

observed coupling constant is virtually independent of the nature 

of Z, or expressed alternatively, the group electronegativities 

of -CO2R' 	-CONHMe and -CONMe2 are all very similar. 

Due to the linear plots observed, it is now possible to apply 

equation 18 to the case under consideration and obtain an estimate 

for the above group electronegativity; a value of 2.5 on the 

Huggins scale enables the coupling constants to be calculated to 

a satisfactory degree of precision, as shown in table 5. This is 



35. 

a reasonable figure, because a value of 2.6 has been reported
31 

for -CH
3 

and 2.8 for -CO2H. 

Attention may now be redirected towards the study of 

the fluorine chemical shifts of the compounds (I), and the value 

of the group electronegativity derived from equation (18) (using 
2
.1111

, data) may be used in equation (15) (relating to chemical 

shifts) to estimate shielding values for the same situations as 

were used to derive this electronegativity value. Such a test 

provides an excellent opportunity to study the overall usefulIness 

of the Phillips - Wray approach to N.M.R. phenomena. 

1.2.2. Fluorine chemical shifts.  

The fluorine chemical shifts of the primary, secondary 

and teriary acetamides (-00NH2, -CONHMe and -CONMe2) have been 

obtained for infinitely dilute solutions in chloroform (CHC13), 

together with chemical shifts of the methyl or ethyl esters, as 

obtainable. Chloroform was chosen as solvent because this was the 

least polar medium capable of dissolving all the compounds (severe 

solubility problems were encountered with some of the primary 

amides), and since the data obtained from different series were 

to be compared with each other, it was desirable to employ a 

common solvent throughout. 

All the spectra were recorded using hexafluorobenzene as 

the internal reference, since this compound contains a high proportion 

of fluorine and resonates as a single sharp line, and hence provides 

a good lock signal for the spectrometer. 	The fluorine spectrum 

of CFC1
3 

was similarly recorded at infinite dilution in chloroform 

solution with hexafluorobenzene as reference, in order that all 

chemical shifts may be expressed in p.p.m. from the former. 

A complete list of all the fluorine chemical shifts is 

given in table 6, and are negative if to high-field of the 

reference compound. 



Table 6. Fluorine Chemical Shifts at Infinite Dilution in Chloroform for some l4 Fluoroacetic Acid Derivatives  

CXYF 	 = Shift from C
6F6 

0 
	

I) = Shift from CFC13(a) 

CXYF .- 	(b) 2.E 
Z = -NH2 Z = -NHMe Z = -NMe2 Z = -OCH3 Z = -OC2H5 

S # g '# E 4) S qb S P 
CH2F 8.30 -60.535 -222.81 -63.267 -225.54 -227.41 -68.369 -230.639 -68.033 -230.30 

MeCHF 8.70 -18.001 -180.27 -20.470 -182.75 -16.266 -178.54 - - -22.551 -184.82 

CHBrF 9.05 15.216 -147.05 13.777 -148.99 - - - - 11.184 -151.08 

PhCHF 9.10 -13.160 -175.43 -16.125 -178.40 -11.470 -173.74 -18.107 -180.38 - - 

CHC1F 9.25 19.324 -142.95 17.871 -144.40 20.107 -142.16 15.859 -146.41 - - 

CHF2 10.00 35.921 -126.35 35.564 -126.711 40.139 -122.13 35.160 -127.110 35.400 -126.87 

CFC1
2 

10.20 96.867 -65.40 96.288 -65.987 - -57.21 - - 97.373 -64.90 

CF2C1 
10.95 97.526 -64.74 97.855 -64.420 104.061 -58.21 - - 97.913 -64.36 

CF3 11.70 85.706 -76.56 85.859 -76.416 92.294 -69.98 86.811 -75.459 86.542 -75.73 

(a) 8 = 	+ 162.270 ppm. 

(b) 5:E = sum of Huggins electronegativities of substituents. 
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Inspection  of Table 6 reveals that the fluorine chemical 

shifts tend to lower applied fields with increasing electronegativity 

of substituents, but it is apparent that the shift is not related 
linearly to the sum of the Huggins electronegativities, 4E. 
Thus  the lowest field shifts are observed for the CFC12Z compound 

in each series, and there is a downfield trend for the series CF3Z, 

CF2C1Z and CFC12Z where Z is as indicated in table 
6. 	The 

variations of the chemical shits are non-linear, and are contrary 

to that which would be predicted by a classical inductive theory, 

which would predict that successive replacement of fluorine by 

chlorine would lead to shielding, rather than deshielding, of the 

fluorine nuclei. 

Such observations are similar to those made
2 

for the 

chlorofluoromethanes, and the fluorine chemical shifts of these 

and many other "anomalous" fluonrcompounds have been rationalized 

recently17 by Phillips and Wray using a new theory of the inductive 

effect. 	Therefore, it is reasonable to propse that the data presently 

under consideration should be analysable by a similar approach. 

A comprehensive study of geminal substituent effects upon 19F 

chemical shifts enabled. Phillips and Wray17 to derive an empirical 

expression for the fluorine chemical shift of the general alkyl 

fluoride Cefg.F, from CFC13. 	Their approach was presented in the 

introduction (section 1.1.1.2) and led to the derivation of equation 

(15) for the calculation of the fluorine chemical shifts in a 

variety of alkyl fluorides. It was noted in that section that the 

various constants k within equation (15) were interaction constants 

which arose from geminal delocalization between the various pairs 

of substituents, 	Thus, if these parameters are known, it is possible 

to calculate the fluorine chemical shift of the alkyl fluoride from 

CFC13. 

The various series of acid derivatives may be considered 

as: 
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where X is the carbonyl function, -COZ, as defined in Table 6. 

It is seen that before equation 15 can be applied to these series, 

it will be necessary to determine values for the constants representing 
interaction between hydrogen and the sp2 carbon of the carbonyl 

group, (ksp2c_H ), and similarly for halogen interaction with the 

carbonyl group, (k sp 2C-X ). 	These values may be obtained from 

the fluorine chemical shifts of suitable model compounds by 

application of equation 15. 

may be evaluated from trifluroacetic acid, Thus ksp2C-X  
CF3.0O2H (1, a=b=F, X = CO2H), for which the fluorine chemical 

shift ( ex CFC1
3
) is known32 to be -77 ppm, and Wells has estimated  

the electronegativity of the -CO2H group as 2.8. This yields a 

value for the interaction constant 	ksp2c_x  = -28.90 ppm. 	A 

suitable model for the other interaction constant is 1'1',-difluoro- 

methyl-cyclohex-1-ene. 	, 	which resonates33 110 ppm 

upfield of CFC1
3' 

and enables ksp2C-H to be evaluated as -33.93 ppm. 
The value for the electronegativity of the -COZ group in the acid 

derivatives has been obtained from the study of the geminal H-F 

coupling constants (section 1.2.1) as 2.5 Huggins units, thus values 

of all the parameters required for the application of equation (15) 

have been derived independently from the chemical shift data to be 

examined. Attention will be directed initially to the ternary amides, 

(-CONMe2), as a typical series of compounds, in order to test the 

general applicability of equation (15). 

1.2.2.1. Fluorine chemical shifts of the tertiary amides. 

The chemical shifts of the tertiary amides were calculated 

from CFC13  using the parameters discussed above, and the results 

are given in table 7. The substituent chemical shifts (S.C.S.'s) 

from the trifluoroamide have also been calculated, and the 

experimental values for both shifts are included for comparison. 
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Table 7. First Calculation of 
19F Chemical bhifts for tertiary amides. 

Acetyl 

Group 
Calculated shift 

ex. CFC1
3 

(ppm) 
S.C.S 

Experimental 
ex. CFC1

3 

shift (ppm) 
S.C.S. 

CF3  - -55.56 0.0 -69.98 0.0 

CF2C1- -41.45 14.11 -58.21 11.77 

CFC12- -41.59 13.97 -57.21 12.77 

CF2H -98.69 -43.13 -122.13 -52.15 

CHBrF- -110.74 -55.18 - - 

CHC1F- -108.19 -53.53 -142.16 -72.18 

CH2F- -196.76 -141.20 -227.41 -157.43 

It is seen from an internal comparison of the data within 

table 7 that the values of the chemical shift obtained with equation 

(18) are qualitatively very encouraging. This  the theory is 

correctly predicting the downfield trend upon successive chlorination 

of trifluoroamide. It was noted above such a trend is contrary to 

a purely inductive effect upon shielding, and arises from the 

nature of the interaction terms within equation (18). However, the 

quantitative agreement between the calculated and experimentally 

observed shifts is poor, especially those amides where one or both 

of the acetyl group substituents (X/Y) is hydrogen, with the 

calculated shift of the difluoroamid.e being 16.6 ppm low, whilst 

that for the monofluoroamide is underestimated by 30.6 ppm. 

The chief factor responsible for these errors must be 

the poor choice of models chosen for the interaction constants. 

The carbonyl carbon is a particular sort of sp2 carbon, and a non- 

carbonyl compound was taken as a model for the sp2c_H  interaction, 
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which is probably why the erri associated with the partially 

hydrogenated acetyl groups are worse than for those containing only 

halogens. Better estimates of the interaction constants should be 

obtained iP some of the experimental data is used for their estimation, 

and the electronegativity of the carboxyl group is taken to be 2.5 

throughout. Hence ksp2C-X was estimated form the trifluoroamide 

as -29.63 ppm, and k sp C-H 2 	was found to be -36.69 ppm by use of 

the monofluoroamide, 	(2, 1 = b = H) as a model. 	The 

chemical shifts of thellamides were now recalculated using these 

parameters, with the results indicated in table 8. 

It is seen from table 8 that the new calculation with 

the revised interaction constants provides a much better estimate 

of the fluorine chemical shifts for the series, and three of the 

observed shifts are within 4 ppm of their theoretical estimates. 
Probably the most important result is that the theory predicts that 

the difference between the chemical shift of the CFit as  CI- and CF2C1 

compounds is 1.22 ppm, which is in excellent agreement with the 

experimentally observed value of 1.35 ppm; and also that the latter 

compound should be to low field of the former, which again is in 

keeping with experiment. 

It now becomes of interest to see if the method can be extended 

to the two amides containing non-halogen substituents, N,N-dimethyl 

fluorophenyl acetamide (3) (2, a = Ph, b = H), and N,N-dimethy1- 

2-fluoropropionamide (4), (2, a = Me, b = H). The former compound 

requires the derivation of two further interaction constants, that 

for interaction between the sp
2 

carbon of the aromatic ring and 

the carbonyl group, k__op2 - 
sp2 , and between the aromatic sp2  

carbon and hydrogen, 	k 2 
sp 	- H°  Car 

has34 a chemical shift of 88.5 ppm and yields a value fork  sp2C-sp2C 

of -26.17 ppm. 	The second constant was estimated from the fluorine 

chemical shift of benzyl fluoride35 (-207 ppm) as k 2 
sP Car - H 

-26-17 ppm. 

The first constant may be evaluated from the fluorine 

chemical shift of Biphenyl difluoro methane (5) Ph-CF?Ph' which 

Unfortunately, use of these constants, together with 



Table 8. (a) 	Second Calculation of 19F chemical shifts for the tertiary amides, using internally 

derived interaction constants. 

Acetyl 

Group 
si)calc 	obs 4:1 ca lc 	calc - 7ppm 	calc 	- 3ppm 

f obs 	Ocalc 	/peak - f obs  	(i)calc 	-0obs 

-54.31 -58.21 3.7 -61.31 -3.10 -57.31 +0.9 

-53.09 -56.83 3.71: -60.09 -3.25 -56.09 +0.74 

-129.15 -142.15 13.01 -136.15 +6.01 

-120.97 -122.13 1.15 -127.7 -123.97 -1.84 

CF2C1 

CFC1, 

CHC1F 

CHF9  

RMS error = 4.75 ppm 	RMS error = 1.26ppm 

(a) all chemical shifts are in ppm to high field of CFC13 
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those derived above to calculate the chemical shift of 2 leads 

to a value of -139.11 ppm, some 34•63 ppm below the experimental 

value of -173.74 ppm. 	The reason for this apparent failure is the 

same as that for the initial shortcomings of the halogeno-amides, 

use of a poor model to derive the constant for the interaction 

between the sp2 carbons of the aromatic ring and the carboxyl 

group. A better estimate of this parameter may be obtained from 

the fluorine chemical shift of amide (3), and may be checked by 

application in the other series of compounds. The value obtained 

= -32.39 ppm, which is considerably larger is ksp2Car - sp
2
C CO  

than the value of -26.17 ppm derived from (5) and reflects the 

differences between a carbonyl group and aromatic carbon. 

Compound 3 requires the derivation of yet another constant 

for the interaction of the spa  carbon of the methyl group with the 

sp
2 
carbon of the carbonyl group, ksp3C - sp2C. 	It has not been 

possible to find a suitable model for this interaction, and if this 

were possible, by analogy with the other interaction constants 

derived from non-amide models, this procedure is expected to yield 

a poor estimate for the chemical shift. 	Thus, a value for this 

parameter was derived from the chemical shift of(3), ksp30 - 	 2C 
= -32.98 ppm, and its validity will be tested by application in 

the other series. 

Further comment on the results presented in Table 8 

will be deferred until a later section. 

1.2.2-2 Fluorine chemical shifts of the primary amides. 

Following the success of the calculations made for the 

teriary amides through deriving the constants for interaction between 

the carbonyl moiety and halogen and hydrogen (k 2 	and k sp CO-X 	sp2  CO-H 
respectively), a similar approach was made for the primary amides, 

-CONH2. 

It is reasonable to allow for the differences between 

tertiary and primary amides in such a fashion, since the substituent 
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effects of N-methylation will be a through bond perturbation to 

the effective electronegativity of the carbonyl group, which will 

be allowed for in the slight modification of the interaction constants 

including this part of the molecule. 	The success of this approach 

will be reflected in the accuracy of the calculated chemical shifts.  

A detailed consideration of the individual substituent effects of 

N-methyl groups will be found in Chapter 2. 

The values of the interaction constants obtained from 

the trifluoro-  and monofluoroacetamides were k sp 2

CO - X . 

-2992 ppm, 

the se = -36.29 ppm, respectively. 	'hese together with and k

sp

2

CO - H 

those constants derived from the phenyl and methyl acetamides (3 & 4) 
in the previous section are now used to estimate the fluorine 

chemical shifts of the series of primary amides, and the results 

are given in table 9. 

The increased number of compounds available (seven) in 

table 9 enables further checks to be made on the general applicability 
of calculations based on equation (15). 	It is seen that the method 

correctly predicts that the mixed chloro-fluoro amides (entries 1 & 2 

of table 9) 	should resonate to low field of the trifluoro- 

compound ( . -76.56 ppm), and the calculated shifts of the methyl 

and phenyl derivatives (entries 6 & 7, table 9) are within 4 ppm 
of their observed values, which confirms the validity of the appropriate 

interaction constants derived from the tertiary amides. 

Although the calculations indicate that the mixed chloro-

fluoro amides should have comparable shifts, it is predicted that 

the CF

2

C1-  compound should resonate 2.13 ppm to high field of the 

CFC1

2 

analogue, whilst experimentally the converse relationship is 

found, with the former being 0.66 ppm to low field of the latter. 

The origin of this discrepancy could be in the assumption that all 

the halogen interaction constants are equal, and if the nature and 

hence value of those interactions involving chlorine were slightly 

different from those for fluorine, then the calculated shifts would 

be in error. 	It is interesting to note that such a discrepancy 

was not found for the NN-dimethylamides, which meant that these 

differences may be structurally dependent. However, since the 



Table 9 (a) 	Calculated fluorine chemical shifts of primary amides. 

Acetyl 
g roup 

c, 	obs 	 ca lc - 8ppm 	¢ talc - 6ppm 
y obs 	) co lc cpcalc - fobs 	¢ ca lc 	Oca lc - obs 

CF 2C1 -60.31 -64.74 4.74 -68.31 -3.57 -65.31 -1.57 
CFC1,, -58.18 -65.40 7.22 -66.18 -0.78 -64.18 1.22 
CIIF2  -122.09 -126.35 4.26 -130.09 -3.74 -23.09 -1.84 
CHC 1F -129.63 -142.95 13.62 -137.63 5.62 -(135.63 7.62) 
CHBrF -131.62 -147.05 15.43 -139.62 7.43 -(137.62 9.43) 

1;eCiii7  -176.22 -180.27 4.05 -134.22 -3.95 -182.22 -1.95 
PhCHF -171.37 -175.43 4.06 -179.37 -3.94 -177.37 -1.94 
(a) all chemical shifts to high 	 R/1S error = 4.55ppm 

field of CFC13 	 1 es3 HC1F, IlBrir, 	MS error = 1.73ppm 
R:Is error = 3.41ppm 
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calculations are only expected to predict the chemical shifts to 

ca. 3 ppm, it is felt that these differences are not very important. 

Further discussion of the data in table 9 will be 
withheld until the method has been applied to the series of esters, 

when all the errors involved in this calculational approach will 

be considered. 

1.2.2.3 Fluorine chemical shifts of some esters. 

In keeping with the general method used for both series 

of amides, the constants for the interaction of halogen or hydrogen 

with the carboxyl group were estimated from the trifluoro- and 

mono-fluoro-ethyl esters, and were found to be ksp200_x 	-29.93ppm 

and k
sp
2
00-H 
	-36.98 ppm. 	Unfortunately, a full series of 

methyl or ethyl esters was not obtainable, but the data (Table 6) 
available for compounds where is was possible to prepare both 

indicate that the difference in the fluorine chemical shift between 

a methyl or ethyl ester is very small (ca. 0.3 ppm) and consequently 

the effects of different ester groups will not have a significant 

influence upon the validity of the calculated chemical shifts. 	The 

calculated shifts are given in table 10. 

The data in table 10 support the general observations 

made for the primary amides. Again the calculations predict the 

mixed chlorofluoro esters should resonate to low field of the 

trifluoro compound ( 	. -75.73ppm), and the interaction constants 
derived for the methyl and phenyl substituted esters provide very 

reasonable estimates of the observed chemical shifts. 

1.2.2.4. Errors in the calculational approach. 

A survey of the calculated chemical shifts for the amides 

and esters, presented as table 8 - 10, reveals that in every case, 

the calculated value is to low field of the observed shift, by 

typically 3 - 8 ppm. 	This may be expressed alternatively via the 



group 

CF2
C1 

CFC1
2 

CHBrF 

CHC1F 

CHF9  

MeCHF 

PhCHF 

Gobs. 
t) ca lc. 

-59.61 -64.36 4.75 .-67.61 

-57.53 -64.90 7.37 -65.53 

-135.11 -151.08 15.97 -142.11 

-133.11 -146.91 13.80 -141.11 

-125.49 -126.87 1.38 -138.49 

-180.01 -184.82 4.81 -188.01 

-175.16 -180.38 5.22 -183.16 

calc+bs. ca lc. (j)cdlcr 	obs. 

3.25 -66.61 -1.25 

0.63 -63.53 1.37 

8.99 (-141.11 9.97) 

5.80 (-139.11 13.80) 

-6.62 -131.49 -4.64 

-6.62 -186.01 -1.19 

-2.78 -181.16 -0.78 

Acetyl 
 CI)  - 8PPm 	) -6ppm 

Table 10. Calculated fluorine chemical shifts of some esters. 

RNS error = 5.16 ppm 	RNS error = 1.21 ppm 

(less HC1F, HBrF) 
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conclusion that equation (15) is underestimating the fluorine 

chemical shifts form CFC1
3
. 	It is possible to re-write this 

equation as: 

 
4-''

CFC1.  
Cefe 	= kCFC13 - 154.12(Ee + Ef + Eg) - k t-  e E e 

- kegEeEg - kfgEfEg 

where kCFC13 
 = 154.12 x 9.45 - 29.760X  

kCFC13 is the correction term in equation (19) to 

enable the calculated shifts to be referenced from CFC1
3' 

and it 

seems reasonable to propose that this is the cause of the errors 

in the calculated chemical shifts. Wither of the terms contributing 

to kCFC13  may be responsible for the nett underestimation of 

this constant, and since these were derived empirically
17 

from a 

variety of chemical shifts probably recorded under different conditions, 

the most likely source of these errors would be in the different 

referencing procedures involved. 	If this error is allowed for 

by addition of a "correction term" of 7 ppm in table 8 and 8 ppm 

in tables 9 and 10, the resultant errors in the calculated chemical 

shifts reduce to an RMS deviation of ca. 5 ppm, which is very good 

over a range of chemical shifts exceeding 110 ppm, when the numerous 

approximations used in the calculations are taken into consideration. 

It will be seen from tables 8 - 10 that two of the 

compounds persistently show greater deviation (12 - 15 ppm) from 

the calculated shift than the other, for which the range of error 

is 2 - 7 ppm. The compounds in question are the CHC1F- and CHBrF-

series, and the calculation of their chemical shifts involves the 

use of interaction constants for H with Cl and. H with Br. One of 

the assumptions
17 

made in developing equations such as (15) was 

that all HX (hydrogen-halogen) interaction constants are equal. 

Since this feature is the major structural difference between these 

compounds and the others, it seems reasonable to presume this is 

the source of the increased error in the calculated shift, i.e. 

kHCl and kgBr are not equal to k,. 	Such differences were H 
observed by Phillips and Wray in a later paper21 in their series, 

which was concerned (in part) with geminal effects upon proton 
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shielding, and it is logical to presume these differences will also 

have an influence in the realm of fluorine chemical shielding. 

If these two compounds are now eliminated from the tables, 

it is seen that the magnitude of the "correction term" may be 

reduced to 6 ppm, whereupon the RMS error of the calculated shifts 

is less than 2 ppm (see cols. 7 & 8 of tables 8 - 10). 	This 

error is now in keeping with those found17 by Phillips and Wray 

in their original work with single atom substituents (or small 

groups such as CH3-) and indicates that the theory is correctly 

predicting the nature and magnitude of all the relevant interactions 

in the three series of carboxylic acid derivatives discussed above. 

Therefore, it may be concluded that the equations 

derived for the aliphatic fluorides can be extended to the carboxylic 

acid derivatives providing that suitable compounds are chosen which 

model the interactions with the carbonyl group closely. 	Such a 

necessity is a limitation of the calculational approach, and is 

illustrated well by the initial failure with the tertiary amides 

(table 7) where the required parameters were derived from suitable 

model compounds independent of the data under examination. 	The 

need to derive separate specific values for the interaction of H 

or F with the sp2  carbonyl carbon for each series indicates that 

equation (18) is sensitive to small changes in the magnitude of 

parameters used, and this again is a source of weakness. 

1.2.3. Long Range F-H coupling. 

1.2.3.1. Fluorine - NH coupling.  

A fluorine NMR spectrum of monofluoroacetamide reveals 

besides the expected triplet from the geminal coupling in the 

CH2F- group, a further doublet splitting, which is removed upon 

complete deuteration (Spectrum in D20), and hence must arise from 

one of the NH protons, the coupling from the other being too small 

to resolve ( 0.3 Hz). 	Consideration of this interaction indicates 

the fluorine nucleus is the X part of an ABY
2X spectrum, with P 

major triplet splitting from the acetyl protons (T'2) and AF are 

assigned to the NH protons. 	If the sample temperature is increased, 

the rate of rotation about the C(0)-N partial double bond increases 
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from the slow exchange comdition of ambient probe temperature (3100) 

such that the -NH2  protons eventually become equivalent. 	The 

changes induced. in the fluorine spectrum (X part) for this process 

of intramolecular exchange are as predicted by the work of Forsen,
36 

and the nature of the line shape obtained for conditions of intermediate 

exchange may be used to estimate the thermodynamic parameters for 

activation of the rotation. 	Full details of this work haVe been 

published, and are included as an Appendix. 	It is to be concluded 

that this technique provides a convenient method of measuring the 

barriers to rotation in primary amides, 

wise require either 
14
N irradiation t 

or 
15
N enrichment38'39  (I 	before 

a high reso1ation proton spectrum. 

(-CONH2)' 
which would other-

()remove quadrupolar broadeningF 

data could. he obtained from 

The question that now arises is "to which -NH proton 

is the fluorine nucleus stereospecifically coupled?" This problem 

may be resolved by a comparison of the splitting patterns produced 

by the long range fluorine-proton couplings in the primary and 

secondary amides, -CONH2  and -CONTIV.e, and Table ? lists these 

values, where measurable, for all the amides, taken from the fluorine 

spectra in chloroform. 	For two of the amides, (difluoro- and 

difluorochloroacetamide), the values of the fluorine-NH and fluorine-

NCH3  couplings were such that no fine structure could be measured 

from the spectrum due to the extensive overlap of the lines. 

It will be seen from table 11 that, (with the exceptions 

noted), it was possible to measure a four-bond coupling from fluorine 

to an NH proton for both the -NH2  and NITre derivatives of each amide, 

and that the magnitude of this coupling was very similar for each 

pair of amides. 

It is now well established40  that the secondary amides 

exist entirely as the Z conformational isomer, with the TT methyl 

group disposed syn to the carbonyl group: 

H anti 

," 	with respect to the R I 	
.I 	

carbonyl group 
2 syn 
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Table 11. Long Range Fluorine-Proton Coupling Constants in some  

a-Fluoroamides  CXY F .CO.NHR (Hz). 
' 

All data from 
19
F spectra in CHC1

3 
solution. 

Acetyl group 

C 	- 
XYF 

CH2F- 

ne.CHF- 

R = H 
4 

F-NH 

3.6 

4.5 

- 
F-NH 

3.0 

/. 

R = CH3 5 
jF-NCH3 

0.5 

0.75 

Ph.CIIF- 3.0 3.5 

CHErF- 2.2 2.2 0.6 

CHC1F- 2.1 2.3 0.7 

CHF2- 1.0 1/2 = 4.1Hz 

CFC127 
1.5 0.5 

CF2Cl- 0.9 1/2 = 3.0 Hz 

CF3- 1.1 1.2 0.6 
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The similarity of the four bond coupling constant for each pair 

of primary and secondary amides (Table 11) is strong circumstantial 

evidence that the same -NH proton is involved in the coupling mech-

anism in each case, and it may be concluded from the structural 

evidence that this must be the proton anti to the carbonyl group. 

It is interesting to compare these results with previous 

studies of amides to be found in the literature. 	Akiyama et al. 

have studies41 the fluorine spectra of both trifluoroacetamide and 

its N methyl derivative in some polar solvents. 	The spectra of 

the former contained a four-bond fluorine-NH coupling constant of 

1.8 Hz (in either tetrahydrofuran (THF) or 	
21  6

-acetonesolution), 

whilst the latter compound had a similar coupling constant of 1.1Ez 

(dioxen solution). 	These workers also studied the proton spectrum 

of trifluoroacetamide in THE at -800, under which conditions the 

intramolecular rotation was slow, and separate signals could be 

resolved for the two NH protons. 	Despite the poor quality of 

the reproduced spectra, they were able to conclude from line width 

measurements that the high field proton was coupled significantly 

to the fluorine nuclei, whilst that to low field was not. 	NO 

actu-al splittings were detected. 	However, they were able to 

tentatively assign the upfield proton coupled to fluorine to that 

syn to the carbonyl group. This was based on an early study42 

of the anisotropy of the carbonyl group, by Narasimhan and Rogers, 

which assumes that the shielding constants for. N-substituents in 

dimethylformamide and formamide are comparable. 	Akiyama et al. 

seem to miss the significance of observing a fluorine-NH coupling 

in N-methyl trifluoroacetamide, and were unable to make a firm 

conclusion as to the stereospecificity of the four bond H-F 

coupling. 

However, they were able to do this in a later study43  - 

by a proton NMR investigation of 
15
N -trifluoroacetamide. 	The 

NH protons are now readily observable as a pair of doublets 

(due to 
15

N spin-coupling, I 	It was found that the components 

of the high field doublet exhibit a quartet splitting arising 
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from coupling with the trifluoromethyl group (4JFIT  = 1.8 Hz in 

methyl propyl ketone), whilst fluorine coupling to the low field 

signal was found to be negligible. 	It appears that the high 

field signal is assigned to that proton syn to the carbonyl group, 

i.e. the authors imply that the stereochemistry of the F-NH coupling 

is opposite to that found in the present work. 

The cause of this discrepancy arises from a misunder-

standing of the shielding properties of the amide group as a unit, 

as was hinted at above. 	This problem has been studied44  in some 

detail by Paulsen and Todt, who have developed a model for the 

shielding influences of the amide group. 	Their results have been 

summarised in a recent review.40 qualitatively, the results 

obtained are similar to those for the carbonyl group, viz. protons 

in the plane of the carbonyl group are deshielded. relative to those 

out of the plane, and the region of shielding/deshielding is 

strongest for positions syn to the carbonyl, i.e. nearest to the 

oxygen atom. 

This model of the amide group's shielding characteristics 

may now be applied to the primary and tertiary amides under 

consideration here. 	The N-CH3  group is out of the plane of the 

carbonyl function. 	Consequently, these protons are in a region 

of shielding; this effect will be stronger for the N-CH3  group 

syn to the oxygen, and hence this group resonates to high field of 

the anti N-Me group. 	For the primary amides, (C(0)NH2
) the -NH2 

protons are in the plane of the amide group, arising from the rapid 

inversion of the nitrogen atom, and it is seen that the opposite 

conclusions now apply to those made for the N,N-dimethyl amides. 

Thus, the -NH proton syn to carbonyl is strongly deshielded relative 

to the anti proton and is expected to resonate to LOW field. of the 

signal for the latter. 

It is now apparent that the dichotomy between the 

assignments of Akiyama et al.  and the conclusions reached over 

the identification of the -NH proton coupled to the CF3- group 

above arise from a misunderstanding of the nature of the shielding 

properties of the amide group by the former worker. 	Reversal of 

his assignments to those in keeping with the Paulsen and Todt 
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model provides good confirmation that the long range fluorine-NH 

coupling is to the anti NH proton; as deduced from a consideration 

of the fluorine spectra of the primary and secondary amides (-CONH2  

and -CONHMe) in the present work. 

This mis-assignment of the amido protons seems to have 

been initiated by Sunners and co-workers45 from a consideration 

of the pattern of coupling constants observed for some isotopically 

substituted formamides: 

7  HA  
NN

H a 

They assumed that the partial double bond of the amide unit was 

directly comparable to the full double bond of an olefin, and based 

their assignments of the A and. B protons on the assumption that 

trans coupling constants are always greater than cis couplings. 

Thus in the proton HMR of of - dl -formamide (Hx  = D) they observed 

that thehigh field -NH proton was coupled to deuterium (I = 1, 

J = P.1 Hz) whilst the low field signal was not, and hence assigned 

the high field signal to HE, i.e. syn to carbonyl. 	It is seen 

that this is contrary to the Paulsen and modt model, and that the 

proton coupled to deuterium should be assigned to that anti to the 

carbonyl group, HA. 

This erroneous pattern of assignments for amido protons 

has persisted in the literature until comparatively recently38'59'46  

and there is only one report47 where these protons have been 

identified correctly, in a multiple resonance study of(147]- 

formamide. 

It has now been demonstrated conclusively that the long 

range fluorine-NH coupling is to the anti NH proton, which is in a 

cisoid bond configuration, whilst that to the syn NH proton (transoid 

coupling) is =resolvable (i.e. less than 0.3 Hz). 	The coupling 

is over three single and one partial double bond (the C(0)-N bond) 

and may be considered to be of the allylic type. 	Allylic H-H 
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couplings48  are usually greater for cisoid than transoid couplings 

in propenes, but this relationship may be reversed in other 

systems. 	However, the differences between the cisoid and. transoid 

couplings observed. here are much greater than those usually found 

for allylic couplings, and this marked. discrepancy must reflect 

the difference in double bond order and the presence of a hetero-

atom in the coupling pathway. 

Inspection of table 11 shows that the magnitude of the 

long range H-F coupling constant appears to depend on the nature 

of the acetyl group substituents, and table 12 lists further values 

of this coupling, which were obtained from the 
19
F spectra recorded 

in conjunction with the deuterium isotope study (Chapter 2). 	To 

investigate the dependence, the values of A JHF  were plotted against 

the sum of the Huggins electronega.tivities of the acetyl 	group 

substituents,,EE, with the results shown in figure 5. 

Such a, plot is shown in figure 5(a), but it is seen 

that AHF 
does not appear to be linearly related to 1.P. 	Thus, 

the coupling constat decreases in a reasonably linear fashion with 

increasing electronegativity of substituents, for compounds where 

liE is less than 10 (-CHF2). 	In contrast for the more electro- 

negative compounds (-CFC12, -CF2C1 and. C73), the observed coupling 

constant appears to increase with increasing electronegativity at 

the acetyl carbon. 	However, if the sign of the coupling constant 

for these latter three compounds is assumed to be opposite to that 

of those for whichiE is less than or equal to 10, and the data 

replotted as figure 5(b), it is seen that the coupling constant 

now becomes a linear function of gE, the sum of the substituent 

electronegativities at the acetyl carbon, end this relationship 

is obeyed for all the compounds in each solvent. 

It is seen (table 11 and 12)that there are variations 

of up to 1.2 Hz in the values of 
4J 	over the four solvents for 

any one compound, with the observations of smaller numerical 

valuesforthelesspolarCH2C12and=5,and larrer values 

for the polar CH
3
CH and DMF solvents. 	This solvent dependent 

nature may arise from the solute-solvent interactions, probably 

via hydrogen bonding at either or both of the carbonyl oxygen and 
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Table 12 Further values of the "allylic" coupling 4JFH in some  

a-fluoroacetamides. C 	.CO. MH 2. 

8instant (1151, 
`'Ll2 	2 ii841 1EE 

XYF 

oblofid couplin 

H
2
FC- 8.3 4.0 3.75 4.5 

MeHFC- 8.7 4.5 4.8 4.3 

BrHFC- 9.05 3.5 2.65 3.8 

PhHFC 9.1 3.5 3.5 4.0 

C1HFC- 9.25 3.2 2.3 3.5 

F2HC- 10.00 1.9 0.8 2.0 

FC12C- 10.20 0.4 (a) (a) 

F2C1C- 10.95 1.2 1.1 1.8 

F3C- 
11.7 s 	(b) 1.35 1.9 

(a) not recorded 

(b) singlet: fast exchange. 
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-NH
2 
sites, which perturb the effective electron distribution in 

the C(0)-Y bond and hence modify the coupling constant. 

Although inter-proton allylic couplings are usually
48 

negative in sign, and since the possibility of a change of sign 

of 4JHF  has been proposed above, it would he very satisfying to 

determine this sign, and hence check the validity of such a proposal 

experimentally. 	It would be necessary to determine this sign for 

two compounds at either end of the range before this hypothesis could 

be confirmed. 	The first case to be considered would be monofluoro- 

acetamide, which is an example of an PLM2X spectrum as indicated. 

TA\ 

HM 

HM 

m  

/Hx 
N 

H 

Theoretically,49 the signs of J
NM 
 and J

AX 
 could be related by 

observing H whilst irradiating X, and since the geminal H-F coupling 

constant is known
50 

to be positive, (J ) the sign of 4J TT J 	
A M F-H AX  

would be determined. 	However, this requires the resolution of the 

small coupling JT7x  (ca. 0.5 Hz, which has been measured as a line 

broadening of the PI transitions), but would also require decoupling 

of the 
14
Y quadrupole, before the proton irradiation could be 

performed. 	Such facilities are not possible with the available 

instrumentation, and hence the experiment could not be performed. 

For trifluoroacetamide, there is no geminal TI-7 coupling 

to use as a reference sign, so an alternative approach must be found. 

Use could be made of the couplings to the acetyl carbon, Cm, if the 

amide were defined as: 

x 
N 

m 

Since the directly bonded C-F coupling is known
51 to be negative, 

irradiation of X whilst observing H would relate JAI, (of known sign) 

'3 
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to J
AX ' 

( wanted). 	Unfortunately, this experiment fails on two 

points: 	initially the 14U decoupling is again required, and secondly, 

H
X  does not couple appreciably with C

TS, but a vicinal coupling is 

observable between CM  and HY' 
as will be discussed in Chapter 3. 

Any relation of Hx  and My would also require 
14

T decoupling facilities, 

and so once again it was not possible to undertake the required 

experiments. 

1.2.3.2. Fluorine-N Methyl Coupling. 

The proton and fluorine spectra of the N-methyl and 

N,N dimothylamides show long range (5 bond) coupling between the 

fluorine and N-methyl groups. 	Table 13 gives the values of these 

couplings observed inthe proton spectra of the tertiary amides in 

CFC13  solution under conditions of slow exchange. 

The assignments of the methyl groups are made according 

to the Paulsen and Todt model44  discussed above, i.e. the methyl 

group syn to the carbonyl oxygen will he more strongly shielded than 

its anti neighbour, and hence resonate to high field of it, and 

the data in table 13 have been listed accordingly. 	It is observed 

in all cases, that the anti methyl group has the stronger coupling 

to the fluorine, i.e. cisoid coupling pathway iS more efficient 

than the transoid one. 	This conclusion is supported by the values 

of the fluorine-N methyl coupling observed for the secondary amides 

(-CON Me), which are comparable to those of the syn methyl group. 

These couplings were generally observed in CC14  or CDC13  solution, 

and since it was not possible to record the tertiary amide data 

under similar conditions (due to the low temperature required), 

the data has been omitted for clarity. 

The five bond coupling constant (across four single bonds 

and one partial double bond) may be classified as being of the 

homoallylic type, and if this is the case, 
48(a) 

coupling is expected 	to be positive. 

information is not available here but it 

the couplings to the syn and anti methyl groups have the same relative 

sign. 	Thus, N,N-dimethyltrifluoroacetamide was found to exhibit 

then the sign of the 

Unfortunately, this 

has been shown
52 

that 



Table 13. Proton N1U data for N-CH3 
groups of some tertiary acetamides, CXYF.CO.NMe2 in CFC13 

solution.  

7CH3  (a) 

xyz 
I 	CH3  (s) 

-CX7F 
group 

Temp. of 
observation 

-Nile 	chem. shift (g) 
CH3 	(a) 	

CH
3 	

(s) 
40 
Hz 

F-Nile 
CH3 

coupling 	(Hz) 
(a) 	CH3 	(s) 

H2FC- 
0 2.996 2.890 9.6 2.0 1.0 

MeHFC- -10 3.079 2.904 17.5 2.4 1.6 

HC1FC- -20 3.154 2.955 19.9 2.0 0.95 

F2HC- 
-20 3.120 2.939 18.1 1.6 1.1 

FC12C- -40 3.245 3.044 20.2 1.9 0.7 

F2C1C- 
-50 3.186 3.026 16.0 1.65 0.7 

F3C- 
-20 3.122 3.006 11.6 1.5 0.8 
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fluorine couplings of 1.6 and 0.8 Hz under conditions of slow exchange 

(35°, 1,1,2,2-tetrachlbroethane), whilst the coupling recorded for 

fast exchange conditions (130
o) was 1.2 Hz. 	Since the latter 

value of the coupling constant is the numerical average of the two 

former, then the couplings must be of like sign. 
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Chapter Two. 

Isotope effects in  

Fluorine-19 NMR. 
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2.1 Introduction. 

Substitution of an atom in a molecule by an isotope produces 

effects in the neighbouring molecular framework which can be examined by 

high resolution NMR spectroscopy. 

The parameter most readily detected as a result of an isotopic 

substitution of another atom is a small change in the chemical shift of 

an observed nucleus, known as the isotopic shift. 	This was first reported 

by Wimett1  in 1953 for a study on hydrogen gas:- 

c5-(H1) -cr(112) = 0.048 ± 0.032 ppm. 

Shifts arising from heavy isotopic substitution have generally 

been observed as occuring to high field, i.e. the substituted derivative 

is more shielded, with a few exceptions which are discussed later. 

The occurrence of isotope shifts is not restricted to observation 

of the hydrogen nucleus, but is a general one throughout the fields of 

organic chemistry and NMR. 	In 1958 Tiers reported
2 

that mono deuteration 

of toluene produced an upfield isotopic shift for the methyl group of 0.015 

ppm. 	At much the same time, the scope of isotope effects was extended into 

fluorine NMR with a report (also from Tiers3) of a large isotopic shift for 

the terminal CF2  group in 1-H-perfluoropropane 

(C2F5.CF D) 	(c2F5,,,2H )  = 0.60 ± 0.05 ppm. 

It is seen that the magnitude of the shift is much larger for 

fluorine resonance, possibly reflecting the importance of the paramagnetic 

contribution to nuclear shielding for nuclei other than hydrogen (where p 

electrons are absent and hence this factor is small). 

Since this early work, isotope effects have been studied extensively, 

with both proton and fluorine magnetic resonance;4 more recently carbon-13,5 

nitrogen-15,6 phosphorus-317 and cobalt-59
8 

magnetic resonance have also 

been utilized as probes in the study of isotope effects. 
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Much of the reported data are concerned with the substitution 

of deuterium for hydrogen, but a considerable volume of information4  exists 

on the effects of substituting 13C for 12C in organo-fluorine compounds, in 

which the fluorine nucleus has proved a sensitive probe to such changes. 

The 13C isotope shift on the 
19F resonance is typified by perflucromethane 

(CF
4
) at 0.118 ppm.9 	Isotope shifts of fluorine resonances by Si, S and 

Se isotoP eshave  been examined, and the effects of 
13

C and 15N substitution 

in the cyano ligand of K3Co(CN)6  were found
8 

to induce isotopic 	shifts 

in the 59Co magnetic resonance spectrum. 

The vast majority of isotope shifts observed have been for one 

bond interactions (primary isotope effect) e.g. 13C-
19
F or 	for 

"nearest neighbours" (secondary isotope effects) over two or more bonds, 
, e.g. 1H-C-D, 13C-12C-19F,  15N-12C-59Co and. D3-C-

13 
 Cp)CD3. 	A general 

conclusion from the reported data is that the magnitude of the isotope shift 

is dependent on how remote the isotope is from the nucleus under investigation. 

The largest effects are detected closest to the site of isotopic substitution, 

with rapid attenuation by an increasing number of intervening bonds, between 

the two nuclei. 	The 
13

C isotope shifts for the fluorine absorption of the 

fluoromethyl groups in perfluoropropane provide a typical example:-
10 

a(i) 13C-F = 0.135 ppm;Ali
)13

C-
12
C-F = 0.020 ppm. 

Lambert and Greifenstein recently found
11 

that the geminal 

deuterium effect in equatorial 1-fluorocyclohexane was 0.81 ppm, whilst 

a 2-deutero substituent caused an isotopic shift of only 0.14 ppm. 

The majority of carbon NMR data has appeared only recently,12'13 

with studies on deuterated solvents, and that for mondeutero benzene 

serves as a typical illustration
14  to the size of detectable effects:- 

C
1
-D = 0.289 ppm; A , o = 0.110 ppm 

gC
3
-C-CD = 0.011 ppm; = 1.14 Hz. 

c3-D 

This and other data will be discussed in more detail later (q.v.). 

as 

The magnitude of the observed isotope shift is also a function 
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of the observed nucleus. 	The geminal deuterium isotope effect for proton 

resonance is illustrated15 by CH
3
D at 0.019 ppm, and for fluorine resonance 

a value of 0.60 ppm was noted3 for the geminal isotope effect in 1-1.r 1111- 
(-2 perfluoropropane. 	or comparison, the 13C chemical shift for C

1 in 11L -H
1
"1  - 

heptane exhibits16 an upfield isotope effect of 0.28 ppm, and no isotope 

effects could be detected further down the carbon chain, in contrast to 

the monodeuterobenzene data. 

Deuterium isotope effects in phosphorus NMR appear to depend 

on its oxidation state, with the trivalent (three coordinate) species having 

shifts ca. three times greaterthan the pentavalent (four coordinate) variety.7 

Typical values would be:- 

(PrIDD-Pri2TH) = 1.30 ppm (PIII) 
' P 

g 31  (HDPOOH - HDPOOH) = 0.39 ppm (PV) 

Finally, the partially deuterated nitrogen-15 ammonia derivatives 

provide an interesting opportunity to study deuterium isotope effects on 

two nuclei within the same molecule. Mono-deuteration produces an isotopic 

shift of 0.029 ppm on a geminal proton,15 whilst the analogous 15N shift 

was observed6 to be 0.68 ppm. 	The larger value of the latter shift compared 

with the former reflects the increased importance of a one bond over a two 

bond interaction. 

Isotope shifts have been observed to be generally additive in 

nature, whether proton, fluorine or cobalt be the nucleus of interest . 

Such additivities are not restricted to one bond and geminal effects, and 

can be extended to vicinal effects and combinationsof these parameters. 

The additivity of the deuterium isotope effects on fluorine resonance in 

fluoroethylenes provide17 a good example. the observed isotope shift of 

the fluorine nuclei in cis difluorodideuteroethylene at 0.920 ppm is in 

good agreement with that predicted as a combination of a geminal (0.502 ppm) 

and vicinal (0.418 ppm) contribution to the isotopic shielding of each 

nucleus. 	Lauterbur obtained8 an almost linear increase in the isotopic 

shielding of the 59Co resonance with incremental addition of 13C or  15N 

containing ligand.s in the K3Co(CN)6  complex. With carbon NMR, the isotopic 



effects of nearest neighbour, ortho and meta interactions deduced14 from the 

monodeuterobenzene (0.289 + 2x0.0110 + 2x0.011) = 0.531 ppm. 	Additivity 

relationships have also been noted in phosphorus and nitrogen-15 nmr. 

shift observed -PO  with C66  D,  (0.530 + 0.005 ppm) is equal to the sum of the 
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Another general conclusion which has been found is that the 

largest isotope effects can be expected where the fractional change in mass 

is highest. 	Thus the effects of deuterium substitution (D:H = 100% 

increase in mass) are always considerably larger than for other isotopic 

substitutions. 	The maximum value of 120-13C isotope shifts reported for 

fluorine resonance18 are 0.194 ppm for CFC1
3
, and for proton resonance9  is 

0.007 ppm in CH2(0Me)2; these values are to be compared with the much larger 

values obtained from deuterium substitution given above. 

All of the data discussed above have been concerned with the 

isotope effects upon chemical shifts, which have been readily observable even 

at low field strengths. 	There are now an increasing number of reports of 

isotope effects upon coupling constants for a number of nuclei. 

The possibility of a deuterium isotope effect on - 2 JHH was 

recognised durlig a study
19 

of magnetic non equivalence induced between 

the ci protons of benzyl alcohol in the presence of a chiral shift reagent, 

(3-perfluoropropyl hydroxymethyleneck-camphorato)3PrIII. 	Analysis of the 

AB spectrun yielded a value for the geminal coupling of 13.0 + 0.2 Hz, 

whilst the value of - 
2 
JHD for the analogous 	deutero compound was 1.91 + 0.01 

the latter value to 
2
J 	leads to a "predicted" value of 12.45 Hz, the 
HH 

difference being outside the range of experimental error. 

A possible origin for this effect could be that the geminal 

coupling derived from the "lanthanido-spread" spectrum could be modified by 

the coordination with the rare-earth complex. such effects have been 

reported21  previously, and are considered to arise from difference9 in the 

conformational equilibria of the substrate between its free and complexed 

forms. 	This contribution was thought to be improbable in this case, since 

a constant value of - 
2 
J was obtained for relative concentrations of 

CFrWalcohoi,lup to 0.27M, but the coupling constant increased (i.e. 

Hz. 	Use of the relative gyromagnetic ratio (eH 	D = 6.514) to convert  
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became less negative) with higher concentrations. 

To investigate these findings more thoroughly, and to eliminate 

any of the above errors arising from the use of the lanthanide complex, a 

mixture of benzyl methyl gulphoxide and its mono-deutero derivative were 

studied in acetone. 	Identical values of the line width and H-D coupling 

at two temperature indicated the effects of quadrupole relaxation were 

nil. the observed geminal H-H coupling constant was 12.97 + 0.02 Hz, 
whilst that derived from U

HD 
(1.92 Hz) was 12.51 Hz; the difference of 

0.46 Hz provided an accurate estimate of the primary deuterium isotope 

effect on geminal H-H coupling ( 3 - 	bince 
-J-HH < 0, this discrepancy 

represents a positive contribution to coupling. 

It is concluded that determination of geminal proton-proton 

coupling constants by isotopic substitution involves an inherent error, 

and it is hoped any future accurate measurements will utilise shift reagents 

wherever possible. 

Several examples of heteronuclear couplings subject to isotope 

effects have been reported. 	Banwell and coworkers found
22 

a very small 

deuterium isotope effect on the geminal H-F coupling in CHF3, after a 

statistical treatment of over 40 spectra. 

for CHF
3 	

- 
2 
JHF = 79.339 + 0.015 Hz 

CDF 	-J 	= 79.046 + 0-046 Hz (ex 2 
3 ' 	HF 

hence J
H-D 	

0.278 + 0.048 Hz 

Silyl fluoride was also studied and produced a similar very small decrease 

in the observed coupling constant:- 

F SiH
5 
	: 

SiD3F • 

hence 

2 
HP 

P

JHF 

J
H-D 

 

= 

= 

45.764 + 0.015 Hz 

, 	2
F  

45.611 + 0.050 Hz (ex 	J__ 
-D  
_) 

0.153 + 0.052 Hz. 
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These very small primary isotope effects do not seem very encour-

aging, particularly in view of the experimental difficulties, but a more 

recent report23 by Murray offers more hope. 

Conversion20  of the latter value by the gyromagnetic ratio SH  :Xi)  reveals 

a value for 2JH 
= 96.41 Hz. Unfortunately the very large experimental 

errors (+ 2.0 Hz) preclude a comparison of these values, but more accurate 

data (to + 0.2 Hz) obtained for fluorophosphorus acid do permit such an 

examination, where it was observed: 

F 
H 1 OH 

HF = 114.3 + 0.2 Hz 

F 
D\..," OD 

	

2J 
JDF = 17.3 + 0.2 Hz; 	- 

2 
J 	= 112.69 + 1.30 Hz 

0 	 _ 	' 	HF 	_ 
0 

revealing a possible decrease in the absolute value of the geminal coupling 

upon isotopic substitution of 1.6 Hz, but again this is comparable with the 

experimental error (+ 1.5 Hz). 

However, this report
23 

was centred on the numerically larger 

effects ofthe above deuterium substitution upon the one bond F-Si and. F-P 

couplings, for which it was found:- 

g. iJF-Si  (HSiF3  F3  -DSi ) = 276.6 - 274.6 = 2.0 Hz 

F-P 	(H
2p02 - D2PO2F) = 1033.5 - 1030.0 = 3.5 Hz 

It is observed that the absolute value of the coupling constants 

&  are lowered by D substitution, although the two couplings 
1
J 
F-P 

1J 
 F-Si 

are opposite in sign,24 with the former negative and the latter positive. 

An equimolar mixture of trifluorosilane and its deuterated 

analogue (SiHF
3
/siDF

3
) revealed 2

J HF = 95.8 Hz and 
2JFD  = 14.8 Hz. 
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However, these couplings may be compared better via their reduced coupling 

constants K, defined
25 

by Pole anoiSantry as 

K = ( 2 rr 

1K- A o B 

to eliminate nuclear effects, aid since y for 29Si is negative (I = 4) the 
reduced coupling constants for both F-Si and P-F are negative, in keeping 

with theory.
25 

During a general investigation on deuterium resonance spectroscopy, 

Diehl observed26 a small decrease in 1JP-D  for hypophosphorous acid, 

HE-1 .10 

1
JP-D (D2PO2H) - 

1 
JP-D  (HDPOOH) 	-0.12 + 0.03 Hz 

Comparison of this reduction in coupling constant with that observed in the 

analogous proton study:- 

1 
JP-H (HDP02H) -

1
Jp-1, (H2P02H) = -0.54 + 0.07 Hz 

indicates a similar effect, but the/elative magnitudes of the changes are 

not in the ratiqH  41). 

comparison of its value measured directly from 
1H spectra with that 

obtained by scaling 
1
JPD from 

2
H spectra by the gyromagnetic ratio 'H:  

It was found that the isotope effect was a positive contribution to coupling 

for the three coordinate phosphorus, but negative for tetra coordinate 

species:- 
1
J
PH 

(C6H5PHD) = 201.3 - 199.3 = +2.0 + 0.8H 

1J
PH 

(HDPOOH - H2
POOH) = 564.6 - 569.6 = -4.8 +. 0 8H _  

The sign of the P-H coupling constant was proved to be positive in each 

system, and hence it would appear isotopic substitution must have different 

absolute effects in the two species. 

) J AB 

Deuterium isotope effects on
1
J
PH 

have been the subject of a more 

extensive study,7 in some phosphorus compounds, where it was found that the 

sign of the effect depended on the coordination state of the central 

phosphorus atom. 	A primary isotope effect on 
1
J
PH 

was determined, by 



A small secondary isotope effect on 
1
J
PH 

was detected in these compounds 

by direct observation of 
1
J
PH 

in the proton spectra. Again differences 

between the two coordination sites were noted:- 
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1 
JpH  (C6H5PHD - C6H5PH2) 	= 0.12 Hz 

1 JPH (HDPOOH - HDPOOH) 	-0.58 Hz 

with the sign of the secondary isotope effect the same as that observed for 

the primary isotope effect. 	It is noted that the value of the secondary 

isotope effect recorded for hypophosphorous acid (-0.58 Hz) is comparable 

to that reported26 by Diehl (-0.54 Hz). 

Very few observations have been made on the effects of isotopic 

substitution on couplings to 13C nuclei. 	In 1964 Diehl concluded26  from 

a study of the directly bonded carbon-deuterium coupling constants in 

acetone, benzene and chloroform that there was no significant isotope 

effect on 1JCH for these compounds. 	
The observed differences (41 Hz, after 

scaling by the gyromagnetic conversion factor 4) Ha(D)  were within the reported 

experimental errors. 	In support of these observations, a year later two 

groups of workers independently concluded
27,28 from more accurate studies 

of ddeutero toluenes and analogous compounds that deuterium isotope effects 

on 1JCH 
were less than 1Hz, and probably in the region 0.2 - 0.5 Hz, i.e. 

too small to measure by using 
13C satellite spectra and side-band calibration 

techniques. 	A recent study13 by Breitmaier et al. on deuterated solvents 

found an apparently significant deviation of 
1Jcp  from that predicted by 

1JCH 
of ca 1 Hz, but scrutiny of their results reveals that the major 

source of discrepancy probably arises from the relatively large error 

(± 0.6 Hz) in measuring 1J01). 	
More accurate work

l2a  by Gold et al. 

supports theirsults of the early workers in that the deuterium isotope 

effects on 
1
JCH 

are of the order of 1 Hz or less, and within the range of 

experimental error. 

It may be concluded that the majority of the above data relates 

to primary isotope effects on the coupling constant and geminal H-H 

coupling is noted to be the most sensitive (3.5g) to isotopic substitution. 

Proton couplings either directly to phosphorus or across it to fluorine 

are also relatively sensitive (1%) but 
2
JEF  across silicon is approximately 

one-third as susceptible to deuterium substitution. 
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Secondary isotope effects have only been detected where the 
1 coupling constants are 	 = 275 Hz, e relatively large (1J

F-Si 	JF-P = 1030Hz). 

The changes observed in these couplings were 2 and 3.5 Hz respectively, 

corresponding to 0.7 and 0.3 %. 

Isotope effects on carbon couplings require more precise 

measurements before unambiguous conclusions may be drawn: present work 

indicates these effects will be very small. 	The very limited amount of 

data on the deuterated 15N ammonia derivatives indicates
6 

there is no 

discernable isotope effect on the 1J 	coupling constant. 15N-H 

2-1-1. Theoretical Considerations. 

Several theoretical explanations of isotope effects have been 

put forward in an attempt to rationalize the experimental data. 	The 

hydrogen molecule and its isotopic variants have been the subject of 

several quantum mechanical treatments, based on modifications to the 

diamagnetic part of the screening constant as various functions of the 

changes in the vibrational energy levels amd equilibrium bond distances. 

These have been summarized in a review and therefore it is not proposed 

to discuss these here, since all other molecules can only be treated 

approximately. 	Hence theoretical concepts that may be applied generally 

will be of prime interest here. 

The first of these theories was put forward by Gutowsky
29 

and based on an electrostatic deformation model, in which the contribution 

to the magnetic shielding of a proton by intramolecular electric fields 

is examined. 	These arise from the motion of bonding electrons within 

molecular orbitals, and it was proposed that the effect of the electrostatic 

field E produced by one atom would deform the electron distribution about 
/ 2 

a second (resonant) nucleus by a factor proportional to K E > , the mean 
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(time average) value. 	It was found that the decrease in magnetic shielding 

could be expressed approximately by 

24,1„E2) 	= 2  q2  . 	1 

105 	b4 	105  

where q is the electric charge on the first atom and b the inter-atomic 

separation. A deuterium atom has a larger mass than a hydrogen atom, 

and consequently is expected to have smaller vibrational amplitudes 

for the next molecular energy to remain constant. Therefore, a deuterium 

atom will not approach its neighbours as closely, nor, arising form the 

short-range b-4 term, polarise them as much. Thus deuterium (or similar 

heavy-isotope substitution) should result in an upfield shift of the observed 

nucleus, in accord with experimental observation. 

For the geminal deuterium substitution of a -CH2- group, Gutow-

sky calculated the 1% change in proton shielding required a point charge of 

0.65 q electrons on the deuterium atom. 	This extremely high value could 

be reduced to 0.3 - 0.5 by allowing for a spatial distribution of charge, 

which still seems considerable. 	Gutousky claimed better results were 

obtained in more complex calculations of the 
19F shieldings in CHF2  and 

CDF2, but this work does not seem to have appeared in the literature and 

hence cannot be studied in detail. 

The electrostatic deformation model has been invoked30 to explain 

the deuterium isotope effects in water, where the large electric field from 

the OH group was discussed in terms of an exponential power series in<F2> 

and the resulting expression predicted the observed shift with reasonable 

accuracy (0.05ppm vs. 0.03ppm, experimentally). 

In a general study
18 of 

13C substituent effects on 
19F shielding, 

12 
a large range of isotopic shifts ( C-

13  C) was observed (0.070 to 0.194 ppm), 

which led to doubts in the overall validity of the electrostatic deformation 

model. 	The marked non-linearity of this isotope shift with proton content 

for the series of fluoromethanes were also difficult to comprehend in terms 

of variation in the net atomic charge q since the isotope shift for CHF3 
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was found to be greater than that for CF4. 

An alternative approach to understanding the isotope effect has 

cow from evidence provided by microwave and electron diffraction studies, 

which lead to the important conclusion that isotopic substitution changes 

the dynamic state of a molecule. 	(This has already been mentioned in 

discussing the origin of the electrostatic deformation model above). 	The 

modified intramolecular motions (vibration, rotation, bending) will alter the 

electronic structure and hence magnetic shielding of the various nuclei. 

This theory may be used qualitatively to rationalize some general experimental 

observations on the isotope effect. 

Firstly, it is anticipated that effects of any isotopic substit-

ution will be attenuated with distance in the same way as these intramolecular 

forces,and therefore localised. 

Secondly, a greater fractional change in mass will produce more 

profound modifications of intramolecular forces; in turn this should not 

only give rise to larger effects but also they should be observable at a 

greater distance from the site of isotopic substitution. 

Consideration of vibrational and bending motions indicates that 

if heavy isotopic substitution takes place, the amplitudes of these motions 

must decrease to maintain the total molecular energy. 	This corresponds to 

a reduction in equilibrium bond distances, which may be represented pictor-

ially in the concept of the enharmonic potential well (fig. la). 

Using this concept it is now possible to explain primary isotope 

effects in terms of shortening of the bond holding the isotope, whilst 

secondary isotope effects would correspond to (lesser) shortenings of other 

bonds in the molecule. 
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(a-) 
	

(b) 

(a) Effect of isotopic substitution on bond length, using deuterium as 

an example. 

(b) Effect of increasing temperature on vibrational energy level population. 

Good experimental support for the vibrational theory comes 

from a recent study31  of the temperature dependent isotopic shieldings of 

fluorine nuclei by chlorine and carbon isotopes. 	It was found that the 

fluorine isotope shifts uniformly increased as the temperature was lowered 

from 305°K to 193°K. 	The above theory predicts that at the limit of high 

temperature, where vibration is extensively excited, higher vibrational 

energy levels are populated and the "fine-grain" structure of the vibrational 

ladder (fig. lb) tends to be lost as the continuum is approached. 	Hence 

the isotope effects will diminish, as was found experimentally. 

In en attempt to put these considerations on a quantitative 

basis, the variation in chlorine isotope shielding for the fluorine 

resonances of CFC1
3 

was recorded (Table 1) to determine if the results 

could be correlated with the corresponding changes in vibrational excitation. 
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Table 1 (ref. 23) 

Effect(a) of substitution of 37C1 for 35C1 on chemical shift of CFC1
3
. 

Compound/temp.(°K) 	193 	230 	305 

CF35C12 	0.8 37C1 	+ -0.1 	0.67±0.01 	0.53±0-02 

CF35C137C12 	
+ 

- 	1.35-0.05 	1.06±0-05 

CF37C1 	
+
0.15 	- - 	2-00- 

3 

(a) shifts are given in Hertz at 94.1 Mhz. 

The infra-red spectrum of CFC1
3 
contains an absorption at 

244 cm-1 which corresponds to a motion involving primarily bond bending, 

(relevant to the two bond chlorine isotope effect), and indicates a population 

of first and second excited states of 	at ambient temperature. 	A second 

band at 349 cm
-1 arises from primarily bond stretching, and is considered 

to include contributions from vibrations involving changes in C-F bond 

lengths. 	This latter frequency indicates that 12% of the molecules are 

excited at 233°K and 21% at 303°K, a difference of 9%. 	The observed 

temperature effect on the isotope effect is noted (table 1) to be ca. 21%. 

Unfortunately, quantitative relationships between vibrational energy level 

populations and isotope effects are unknown, and hence it cannot be concluded 

if these vibrations are stretching or bending modes, and possibly contrib-

utions from both will be the answer. 

The importance of vibrational bending contributions was 

considered in an examination of 
13

C isotope effects on fluorine shifts. 

The relative change with temperature for 19F attached to sp2  carbon was 

noted to be greater for a two bond than a one bond interaction, reflecting 

both the higher vibrational frequencies encountered and the increased 

contribution from lower energy bending modes. 	The data obtained (94.1 MHz) 

for cis dichlorodifluoroethene at 233 and 303°K serve to illustrate this 

point:- 
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F N 	 ,F" 4(13c-F) 	= 10.38 - 10.08 	0.30 Hz 

a 
CL g ( 13c-1  

	

4.42 - 3.88 	= 	0.54 Hz 

The probable importance of bending mode contributions has been 

noted earlier in a study32  of 29Si isotope effects on the proton NMR of 

trisilane, n-Si3H8. 	Isotopic substitution of a terminal silyl group 
29
SiH3.

28
Si2H5  produced a large isotope shift (0.01 ppm) on the bound 

protons; in contrast to central atom substitution, where no measurable 

effect was observed, in keeping with similar results from SiH
4 
and Si2H . 

This marked discrepancy was held to arise from changes in the bending 

deformations of the Si-Si-Si backbone, through which substitution at a 

central atom would have much less effect on the proton spectrum than an 

end atom. 

A complementary approach to the vibrational theory as an 

explanation of isotope effects is through the consideration that the small 

variations in average molecular geometry will cause a redistribution of the 

electrons within the molecular orbitals, and a consequent rehybridization 

of bonds, leading to a modification of the magnetic shiOlding of nuclei. 

Irrefutable evidence exists pertaining to the shortening of 

bond lengths upon isotopic substitution.33-37 Electron diffraction studies 

indicate C-H bonds for methane34a and ethane35 are longer than the corres-

ponding C-D bonds in the perdeutero- compounds by ca. 0.0078, but no 

variation in bond angles was detected.35 These observations were 

supported34b by Raman spectra of CH
3
D. The vibrational amplitudes of C-D 

bonds in C2D6  were also concluded to be less than the C-H amplitudes in 

support of the vibrational theory above. 

Evidence on changes of bond angles with isotopic substitution 

has been less conclusive. 	An early microwave study37 of PH
3 

and PHI)2  

concluded that the H-P-H angle was decreased by 6.2' on deuteration, but 



C2H6, and a study
41 of carbon-halogen bond distances in

n
CH
3
ci and CH

3
Br 

indicates perdeuteration reduced this bond by ca. 0.001A. 	Smaller variations 

were suspected. for carbon, chlorine or bromine isotopic replacements. 

Bond rehybridization is not limited to a study of primary 

effects; the possibility of secondary effects has been detected in some 

cases. 	The C-C bond in C2D6  was estimated
35 to be 0.002 shorter in '  
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data on deuterated ammonias have been controversial. 	Early reports 

suggests eithar small(10-20') decrease38a or increa e 8b  in HNH angle for 

rsi383:40i  

NH2D and 	• later infra-red work on the symmetrical ca NH3 and ND NHD2; 	
3 

indicated39  the angle decreased by 11.4' on deuteration, comparable with 

the microwave results37 on phosphines. However, a recent study finds the 

H-N-H angle decreases by as much as 3°  on total deuteration: if this is 

indeed the case, then the reduction in bond angle should have been detected 

more readily by earlier workers in this field. 	Inspection of their results 

indicates the error arises from an over-estimation of the H-N-H angle in 

NH
3
(log.1

o
) by ca. 2°, when compared with other data.' '39 

The theory was invoked by Doddrell and Burfitt16 in an attempt 
r to explain why for 1-C2H11-hept-1-yne the secondary isotope effect (0.50 ppm) 

was more than twice the primary effect (0.22 ppm) on 
13

C shielding. 

Although the change in the cac bond length on deuteration is unknown, the 

force constant for bond stretching is known42 to be 0• 	greater than for 

acetylene itself, suggesting bond rehybridization must be significant. 

Similarly, Loewenstein and Shpoer81) found that the large isotope 
59 i shifts observed for Co in K

3 
 Co(CN)6 upon selective substitution of 13C 

or 15N could be interpreted, as a regular decrease of Co-ligand distance by 

1.2 x 10-3 per cent if the theory advanced to explain Co shielding were 

correct. 

In an attempt to quantify the change of magnetic shielding 

with variations in bond lengths and angles, Bernheim and Batiz-Himandez 

studied43  the geminal isotope shifts in some first row molecules (H20, 

NH3, CH4). 	For CH4, calculation of the diamagnetic contribution to the 

magnetic shielding (6'd) as a function of bond angle or bond length 

variations indicated the observed isotope effects (ca.0.02 ppm) could be 
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explained either by a reduction in bond length of 0.0012 a.u. or a bond 

angle decrease of 10' (CH4  - CH3D); values which are comparable to 

experiment.35  With NH
3' 

where due allowance was made for the partially 

ionic N-H bonds, it was found a given bond angle change had a slightly 

greater effect on 6d, but the final theoretical values of bond an  

length reductions were again of the same order of magnitude as experiment.39 

Borisenko et al. used7 the bond hybidization approach to 

predict the deuterium isotope shielding on the 31P resonance of C H PH 6 5 2 
as a function of the small variation in bond angles with isotopic substit- 

ution (cf. phosphine data, discussed37 above). 	Unfortunately,they had to 

make several assumptions: (i) the published theory of 
31P shielding in 

symmetrical PZ
3 
molecules was applicable, (ii) average valence angles and 

electronegativities could be employed, and (iii) the observed isotope shift 

could be explained purely as a function of a decrease in bond angle, for 

whichthe data37 from the phosphines was used. Notwithstanding these 

limitations, the theoretical value of a 1.20 ppm isotope shift for C6H5PHD 

is in remarkable agreement with the experimental value of 1.21 ppm. 

13 
2.1.2 Applications of deuterium isotope effects in C NMR. 

Deuterium substitution was initially used by Roberts as a means 

of spectral simplification44 and peak identification
45 in carbon NMR. 

During a study by 
13c NMR44 of the proton couplings in benzene, (a 7 spin 

system) it was found that the spectral simplification observed for 1,2,3,5- 

tetradeuterobenzene enabled the long range coupling 
3J CCCH to be determined 

as 7.4 Hz in the remaining 3 spin system. 	Extensive use of deuteration 

was made45  in a comprehensive survey of the carbon spectra of steroidal 

ketones, as an aid to the spectral assignment of resonances. 	Isotopic 

exchange of protons to carbonyl groups resulted in the elimination of 

signals from the deuterated carbons. This arises because the deuterium 

nucleus has a magnetic moment ca. one-third that of the proton, and hence 



the dipolar mechanism of relaxation of the carbon nuclei (characterized by 

TAD) ) will be less efficient. 	Therefore the spin-lattice relaxation time 
1 

will increase and hence the observed signal intensity decrease. 

The advent of higher field (21 - 23.5 K.Gauss, 22.63 & 25.16MHz 

for 13C) with Fourier transform facilities enables the ready detection of 

the small deuterium isotope effects, and their usage in the solution of 

problematical assignments. 	It will be appreciated that the small isotope 

shifts (typically14 0.1ppm for geminal substitution and 0.3ppm for directly 

bonded) will only be detectable at higher field strengths when a natural 

line-width for 
13C of 1 Hz is taken into account. 

In a study46 of some nor-camphors, Stothers recorded the 
13
C 

r 
spectrum of 3-exo-L

2 
 H1 J-norcamphor, (1), to obtain an unequivocal assignment 

80, 

(1) 3-exo- 
2
H1 norcamphor 

of C5  and C6. 	The C3  resonance (directly-bonded) was seen to shift 

upfield by ca.0.5 ppm from the undeuterated signal, C4  exhibited a typical 

geminal isotope shift (0.1 ppm) and one of the two unassigned methylene 

signals was considerably broadened (by either a long range deuterium 

coupling or a small isotope shift 0.1 ppm) whilst the other was unaffected 

bythe C
3 
substituent. 	These resonances were therefore designated as C

5 
and C6. 	Similar isotope effects were employed to assign carbon spectra 

for the four possible 5,6 dimethyl norcamphors. 

Isotope shifts have also found considerable use in assigning 

the carbon resonances of polycondensed hydrocarbons.47 Results obtained 

on 1 and 24 -H14-naphthalene (2,3) and 91
2H;1-phenanthrene (4) yielded 

values for the directly bonded, ortho and meta effects comparable to those 

reported by Bell14 for monodeuterobenzene. 
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A small pert isotope effect of 0.04 ppm (e.g. C8  in 4) was observed with a 

band broadening similar to that for meta broadening (ca. 2.3 Hz). 	Ortho 

high field isotope effects of quaternary carbons common to two rings (0.05 

ppm) were also detected. 	This enlarged set of isotope effects was 
r employed to make a new assignment of anthracene (as the 9,10-L2  11;1-derivative, 

5). 

Apart from the triplet of the deuterated carbons (C
9 

and C
10) 

characteristic ortho and peri isotope shifts were visible. Moreover, 

the signals of the ortho and peri carbons were broader than that from 

C2,3,6,7 on account of meta and peri couplings:- 1.)1(CP  ) = 1 Hz; 

i(C1 ) = 2 Hz; di (C4 a) = 2 Hz. -  

Application of deuterium isotope effects in the 13C spectra of 

some sugars48 provides another example where this technique has been used 

to distinguish between several resonances occurring close together. 	Thus 
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, the C5  resonance for 61 142
r901,12-D-glucose (6) was shifted 0.12 ppm upfield 

by the secondary isotope effect, compared with its chemical shift in the 

parent compound. Monodeuteration at C2, C3  or C5  producedfi effects on 

neighbouring carbons of ca. 0.06 ppm, reflecting the additivity of the 

isotope shift. 	Similar results were obtained in galactose and mannose 

derivatives. 	In all cases, the directly deuterated carbon was eliminated 

from the spectrum, causing further spectral simplification and identification. 

C6 was found to be the most useful deuteration site for all the hexoses, 

both for ease of substitution and the larger shift produced by the multiple 

replacement. 

Deuterium isotope effects have found recent application in the 

biochemical field,49 where it was possible to differentiate between the 

carbonyl/esonances from amide and carboxylate groups in the tripeptide 

glutathione (7), X glutamylcysteinylglycine). 	
13C 

 spectra in 50% H20/D0 

/ 

NCIlz  -00
- (7 ) cti 	(-Hx, 

H
I 	 2, 

indicated two of the four carbonyl resonances to be doublets. The high 

field. components were 0.1 ppm upfield, and originated from the isotopic 

C) 	CH RS 
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exchange at nitrogen to yield a mixture of -CONH- and-COND- peptide links. 

The pair of signals observed in each case was indicative of slow exchange 

of NH, in contrast to the carboxylate anions, where fast intermolecular 

exchange resulted in one line for each carbon. 

2.1.3. Stereochemical dependence of isotope shifts. 

Very few reports of stereochemical influences on isotope shifts 

exist, and nonshave been reported for 1 H NMR. 	-Lhe first observation was 

by Tiers,50 from a study of the geometric dependence of the 13C isotope 
12 shift on the 19F resonance ( C -op13C) for the perfluoromethyl groups in 

2,3dichloroperfluoro-but-2-enes. 

cis 	trans 

(12c  _413c)197 	0.137 ± 0.002ppm 	0.132 ± 0.001 ppm 

A cis arrangement of substituents is seen to produce a slightly larger 

value of the isotope shift than a trans relationship, but the difference 

(0.075n is very slight. 

Much largerstereochemical effects were observed17  in a series of 

fluoroethylenes, where substitution of D for. H produced isotope shifts of 

upto 0.5 ppm on the fluorine resonances, and reflect the consequences 

of a much larger fractional change in mass. Data are reproduced in 

Table 2. 

er3  



site of deuterium incorporation 

geminal trans cis 

0.502 0.418  

(9)  0.498 0.293 

(10)  0.260 0.210 

Compound 

	----" F 
H7  
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Table 2 

Deuterium isotope shifts for the 19F resonances of some fluoroethylenes. 

Inspection of the table for the cis and trans fluoroethylenes 

(8&9) reveals only a small geometric influence on the geminal isotope shift, 

but a strong dependence on cis/trans relationships. 	A trans disposition 

of fluorine and deuterium produces a much larger isotope shift, comparable 

to a geminal effect, than a cis relationship. 	Data for vinylidene fluoride 

(10) again reflect this cis/trans dependence, but the magnitude of the shifts 

are decreased considerably, indicating that the extent of fluorine substit-

ution has an influence on the observed isotope shifts. 

Large stereospecific isotope shifts have been observed in the 

fluorine spectra of saturated systems, with the recent results
11 

obtained 

for some specifically deuterated cyclohexyl fluorides. 	The fluorine spectra 

were recorded under conditions of slow ring reversal at -85
o 
in CFC1

3
, 

enabling both axial and equatorial substituent conformations to be examined, 
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(19) 1.06 

D2, 

(20) o•6o 
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and the isotope shifts were determined with/espect to the corresponding 

cyclohexyl fluoride. 	Data are reproduced in table 3, and all values are 

in ppm. 

Table 3 

D 
0 

(11) 0.35 (12) 0.15 (15) 0.72 (16) 0.81 

(13) 0.18 (14) 0.13 (17) (0.0) (18) (0.0) 

F 

It is seen that there is an appreciable difference (0.09 ppm) 

between the geminal isotope effect for an axial and an equatorial fluorine 

substituent (15&16), with the latter being larger. 	Comparison of the four 

vicinally deuterated fluorides (11-14) reveals that the trans-diaxial 

derivative (11) has the largest isotope shift which is twice as large as 

the shifts for other conformers containing at least on equatorial substit- 

uent. 	For the latter three conformers, the axially fluorinated (13) exhibits 

a marked increase over the two equatorially fluorinated derivatives 12 & 14. 
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These observations indicate a marked angular dependence of the isotope shift, 

which is twice as large when the dihedral angle is 180°  as when it is 600. 

The observed vicinal isotope effects were found to he additive 

by examination of the tetradeuterated 2,2,6
'
6[
2 
 H
4
j-cyclohexyl fluorides, 

19 & 20. 	The shift of the axial fluorine in 19 (table 3) compared well 

with the sum of two axial-axial and two axial-equatorial shifts (calculated, 

0.98 ppm, observed, 1.06 ppm). 	Similar calculations for 20 yield a predicted 

shift of 0.66 ppm which was in good agreeemnt with the experimental value 

of 0.60 ppm. 

The large geminal isotope shifts for 15 and 16 (0.72 and 0.80 

ppm, respectively) are noted to be larger than that reported3 for C
3
F
7
D 

(0.60 ppm). 	Because the spectra for the cyclohexyl fluorides were recorded 

at a reduced temperature (-85
o
), it is expected

31 that there may be a 

significant positive contribution to the observed isotope shifts. 	Altern- 

atively, this discrepancy may arise from the differing structural environ-

ments of the two systems. 

Stereospecific isotope effects have also been observed for 

carbon NMR in a study
51 of some deuterated camphors. 	The 

13
C spectrum of 

-1 3 exor2  H1
jcamphor (21) exhibits a triplet for C5, by vicinal coupling between 

C5  and the exo deuterium, as well as the expected isotope effects on c3; 

whereas C7, also vicinal to
3 
is little affected. 	However, for the 

r 
stereoisomeric 3 endoL

2 
 H
1 j
n  -camphor (22), these effects are reversed, and the 

C7  carbon signal becomes a triplet. Hence these secondary vicinal isotope 

effects have a marked stereospecifidty, being transmitted effectively by a 
trans-coplanar arrangement of bonds, but attenuated by a gauche disposition. 
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2.2 	Isotope effects in somece..fluoroacetamides. 

In the course of examining the fluorine spectra, of monofluoro-

acetamide, it was decided to remove the long-range H-F coupling by deuterium 

exchange of the -NH2  protons. 	Addition of a few drops of deuterium oxide 

to a methanolic solution of the amide resulted in a spectrum which is 

reproduced in figure ?a. 	It is seen that the exchange is incomplete, 

and separate signals can he detected for the -NH2, -NHD and -ND2  forms. 

Figure 2a also shows that the signals arising from the deuterated species 

are shifted upfield from that of the parent molecule, i.e. the fluorine 

nucleus experiences a considerable isotope shift. 

Similar treatment of the di- and. trifluoroacetamides produced 

comparable effects, the magnitude of which depend on the nature of the 

substituents at the acetyl carbon (figure 2h & 2c). 	Consequently, it was 

decided to examine this structural variation in full for the range of 

amides available. 

The effects of successive methylation of the amido group, NH2- 

NHCH -N(cil3 )2'  upon the 
19
F chemical shift were also investigated to 

determine how a typical chemical substituent (-CH
3
) compares with an 

isotopic substituent (-D). 

Results  

Deuterium isotope shifts. 

Table 4 lists the observed. isotope shifts (relative 
to the parent und.euterated species) for the fluoro-amides in three solvents. 

The assignment for the mono deuterated. species to syn and anti conformers 

is based. on the conclusion reached in Chapter 1 that the 2-fluoro substituent 

is spin-coupled. stereospecifically to the proton anti to the carbonyl group. 



Table 4. 

19
F Deuterium Isotope Shifts of the Fluoro-amides (syn and anti refers to 

the location of the deuterium isotope). 
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Compound 

FCH2* • CO NHD syn 
anti 

FCH .CO.ND 2 	2 

MeCHF.CO.NHD syn 
anti  

Methanol 	geni2E°- 	FOINgYAe 

	

NHD ND2  NHD ND2 	NHD ND2 

	

12.75 	14.1 	13.75 

	

11.75 	12-5 	11.5 

24.8 	27.0 	25.0 

	

12.9 	14.4 	13.35 

	

11.2 	12.8 	11.2 

MeCHF.CO.ND2 	2.4.2 	26.25 	24.9 

Ph.CHF.CO.NHD syn 	12.5 	10.5 	11.0 
anti 	10.5 	10.25 	10.2 

Ph.CHF.CO.ND2 	22.5 	22.5 	22.0 

HFC1C.00.NHD syn 	10.5 	11.1 	10.4 
anti 	10.1 	10.3 	10.4 

HFC1C.00.ND2 	20.5 	21.4 	20.3 

HFBrC.CO.NHD syn 	11.3 	11.2 	11.2 
anti 	10.9 	10.7 

HTBrC.00.ND2 	22.4 	22.4 	22.8 

F2HC.00.NHD syn 	5.6 	6.6 	5.3 
anti 	6.4 	6.6 	6.0 

F2Hc.c0.ND2 	11.8 	12.6 	11.2 

F2C1C.00.NHD syn 	4.1 	4.9 	4.6 
anti 	4.7 	 5.2 

F2C1C.00.ND2 	9.1 	9.45 	9.6 

F7C.00.NHD 	syn 	singlet 	3.0 	2.6 
) anti 	3.9 	3.4 
F3c.co.ND2 	 6.9 	6.1 

All shifts are in Hz at 94.08 MHz and 31°C, and are to high field of the undeut-

erated material. 
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0 	23 

Inspection Inspection of table 4 reveals that the isotope effects for 

each compound are additive, a feature typical of isotopic substitution. 

For example, in dichloromethane the 19F signal of mono-N-deuterofluoro-

acetamide occurs 13.3 Hz to high field of the non-deuterated material and 

that of the di-N-deutero compound is 27.0 Hz to high field. 

The magnitude of the isotope shift is seen to vary with the 

nature of the substituents at the acetyl carbon, with the observation of 

the largest shift for the mono-fluoro compound (23, a = b = H) and lowest 

for the trifluoro compound (23, a = b = F). 	Clearly, the size of the 

isotope shift is influenced by the nature of the substituents a and b. 

This relationship may be studied by a plot of the total isotope shift 

(-NB2 derivative) against the sum of the Huggins electronegativities5 
 
2 

of a and h, (figure 3). 

H = 2.2, Br = 2.95, Cl = 

as 2.6 and a value for sp 

recently.55  

It is seen from figure 3 that the plot is linear for each 

solvent, and table 5 lists values of the slopes and. correlation, coeffic- 

ients obtained.. for each plot by a least-squares computer analysis. 	The 

values of the latter are all 	in the range 0.96 - 0.97, which is satis- 

factory for he limited data available (8 points). 

The magnitude and range of the total isotope shift (-ND2 
derivative is seen to be almost independent of the nature of the solvent. 

Thus for the mono fluoroacetamide (23, a = b = H), changing the solvent 

The electronegativity values 

3.15 and F = 3.9. 	The value 

2 carbon of 3.0 Huggins units 

used were :- 

for -CH7  was taken53 

has been suggested 
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Table 5. 

Least-Squares analysis of Isotope Shift data. 

solvent slope correlation coefficient. 

Methanol -6.843 0.964 

Dichloromethane -6.500 0.977 

Dimethylformamide -6.250 0.968 

from a dipolar protic (CH
3
OH) to a dipolar aprotic medium (DMF) produces 

an addition to the isotope shift of 0.2 Hz, whilst with the relatiively 

non-polar, aprotic solvent dichloromethane the isotope shift increases 

by only 2.0 Hz. 	Similar effects are noted for the other amides. 	It 

is apparent that hydrogen bonding ability and polarity of the solvent have 

little effect upon the size of the isotope effect. 

The recent theory55  of the structural dependence of inductive 

effects suggests that the factors influencing differences in shielding 

between nuclei in related structural environments may be considered to 

arise from through bond interactions of neighbouring groups amongst them- 

selves and with the atom containing the resonant nucleus. 	The dependence 

of the isotope shift on the nature of the a and b substituents strongly 

suggests that this mechanism is responsible for the form of the relationship 

observed here. 	In terms of the theory, 55  the deuterium substitution at 

the amido nitrogen is causing a small but finite change to the effective 

electronegativity of the carbonyl centre. 

A possible explanation for this phenomenon may be found in 

consideration of the nature of the N-H and N-I) bonds. 	In the introduction 

it was noted that the balance of the available data39 indicated that the 

N-D bond is probably shorter than the N-H bond, but the change in N-H 

bond length (ca. 0-002) on deuteration is considerably less than that 
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for a C-H bond. 	Consequently it is difficult to rationalise the observed 

isotope shifts as arising entirely from this very slight change in bond 

length and its associated bond rehybridisation. 	It seems unlikely that 

the isotope shift may arise from the differences in vibrational zero-

point energies and amplitudes upon deuteration, since these are expected 

to be localised and not significant over the four bonds separating the 

fluorine nucleus from be site of isotopic substitution. 

Haleyi 56  has successfully interpreted the secondary isotope 

effects pKa of somea:CH
1  1-acetic acids in terms of an appreciably greater 

inductive electron donating ability of D or -C-D compared to H or -C-H, 

(i.e. D is less electronegative than -H). 	Consequently, N-deuteration 

of en amide can be expected. to increase the electron density at the nitrogen 

atom and hence produce a redistribution of electrons in the C(0)-11 amide 

bond. this bond rehybridization provides the zequired pathway for 

transmission of the effects of N-deuteration to the carbonyl carbon, and 

will modify its effective electronegativity. 

Since Halevi has shown that D is less electronegative than H, 

it is anticipated that the total electronegativity of the amido group 

(-CONR2) will decrease upon deuteration. 	However, trial calculations 

using the equation derived by Phillips and Wray55 from -heir theory of 

inductive effects upon chemical shielding failed. to provide a reasonable 

estimate forthis anticipated change in electronegativity, and indeed, 

did not even predict the correct sign of such a difference. 	Such failure 

probably arises from the approximate nature of the empirical relationship 

and the assumptions made in its derivation. 

Inspection of figure 2 indicates that -the components of the 19F 

signal consist of a singlet and a doublet whichare not centred at the 

same position; this is due to a chemical shift between the species in 

which the deuterium in syn to the carbonyl group and that inmhich it is 

anti. 	If it is assumed that the 4JF.NH coupling constant is tothe anti 

N-H proton ( as discussed in chapter 1) then it may be concluded that for 

monofluoroacetamide in dichloromethane the D anti isomer resonates 1.6Hz 

to low field of that with the D syn to the carbonyl group. 	For compounds 
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containing more than one fluorine substituent this pattern is reversed, 

with the D anti isomer being 0.9 Hz to high field of the D syn resonance 

for trifluoroacetamide in dichloromethane. 

These differences may be understood with data obtained from 

microwave studies57 on formamide (24). 	It was concluded from this study 

z H anK 

(24 ) 
Gyrt 

that the two N-H bond lengths differ by some 1.2, with the N-H syn to 

carbonyl being longer (1.014) than that in an anti disposition (1.004.). 

The directly bonded 15N-H coupling constants are also observed to be 

significantly different for the two amido protons: the values of these 

interactions have been recorded58 as 92 Hz forthe syn proton and 88 Hz 

for the anti proton in the neat liquid. 	Sunners et al.considered that 

the shorter anti -NH bond contained more s character than the longer syn 

NH bond, and by analogy with 
1
JNH, if the Fermi contact term was the dominant 

It is to be concluded from these observations that the two NH 

bonds. are physically non-identical, and consequently it is not surprising 

that deuterium substitution of the amido hydrogens produces different 

isotope effects. 

An analogous situation to the stereospecificity ofthese isotope 

shifts is found for the substituent effects of the fluoro-olefins, for which 

Phillips and Wray54 have suggested that the difference arises from the 

fact that in such systems there is a vicinal delocalisation of (T electrons. 

contribution to 1JNH' then the shorter bond length could contribute to 

makingthe NH coupling for the anti proton greater than that for the syn 

N-H proton. 
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This is characterised
59,60 

by a negative long range bond order for a cis 

arrangement. of bonds and a positive long range bond order for a trans 

arrangement. Pople states6°  that qualitatively this corresponds to anti-

bonding (or repulsior) between cis atoms and bonding (or attraction) 

between trans. 	This origin of this finite bond order lies in the non-zero 

value of a direct bond integral,p, between non-formally bonded substituents, 

the magnitude of which depends upon-the proximity of the interacting species.60 

Corroborating evidence for the vicinal delocalization theory 

of stereospecific isotope effects is provided from a study of vicinal 

H(D)-C-C-F isotope effects in some cyclohexyl 
11

and norbornyl fluorides, 

for which the relevant datamere presented in the review section of this 

chapter (see structures 11-20, Table 3). 	Lambert and CI- reifenstein found 

that the magnitude of the isotope shift was at a maximum when the and F 

atoms were in anaati periplanar arrangement (dihedral angle = 1800) in 

keeping withthe results recorded for the oLfluoroacetamides, and they 

concluded that vicinal delocalization provided the most viable explanation 

of their observations. 

In an attempt to examine the possibility that a through bond 

transmission of the isotope effect may affect 
13C shielding, carbon-13 

spectra of monofluoroacetarnide were obtained for a partially deuterated 

sample in methanol solution. 	Unfortunately, neither the carbonyl nor 

acetyl carbon. resonances could be resolved into separate signals assignable 

to each isotopically substituted species. 	However, it is interesting to 

compare the line widths (A1)7 ) for the partially deuterated species with 

that obtained for the pure material (table 6). Values of al  for each 

carbon nucleus were measured individually amd corrected against that of 

the methanol (solvent) resonance as standard; to allow for deviations 

produced by field homogeneity variations and digitization errors. 

Table 6 shows that the carbonyl carbon resonance of the pure 

amide exhibits a line broadening of ca. twofold with respect to that of 

the standard, whilst no such effect is observed for the acetyl carbon: 

this must arise from the quadrupolar broadening of the former carbon. 
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Table 6. Line width measurements for partially deuterated Fluoroacetamide (Hz). 

Carbonyl resonance 	Acetyl resonance 

Broadening 24 Ad„,„ Broadening 

C=0 	CH
3 
 OH factor 	-CH2:51 	CH

3 
 OH factor 

Undeuterated 2.32 1.16 2.0 1.2 1•15 1.0 

Partially 

deuterated 4.27 1.28 3.3 1.56 0.98 1.6 

It is now apparent that partial deuteration of monofluoroacetamide causes 

additional broadening of the carbonyl carbon by ca. 50;1: (compared to 

the pure material) with a considerably less significant, but measurable 

effect on the acetyl carbon band-shape. 

2.3. N-Methyl substituent chemical shifts for the amides. 

Table 7 lists the 19F substituent chemical shifts (S.C.S.) in 

Hertz for successive introduction of N-methyl groups to the amides, data 

being for solutions in chloroform at infinite dilution. 	Column 5 of the 

table lists the corresponding total isotope shifts for the -ND2  derivatives 

in dichloromethane solution for comparison. Positive shifts are taken 

to low field of the unsubstituted compound. 	The effects of successive 

N-methylation may be compared with the corresponding -ND2  isotope shift 

by plotting the various S.C.S's listed in table 7 against the isotope 

shift, and this is shown in figures 4(a-c). 	In the determination of the 

S.C.S. arising from the introduction of one methyl group, (-NH2 
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Table 7. 	Substituent chemical shifts for N-methylation of the fluoro- 

amides. 

substitution indicated (Hz) 
NMe2 

 
-NHMe 	Nre2-NH2 ' 

ND 2  isotope 
shift (Hz) 

Acetyl Group S.C.S. for N-Me 
HMe-NH2 

H2FC- -257.0 -196.4 -433.6 -27.0 

MeHFC- -232.3 395.5 143.2 -26.25 
BrHFC- -135.4 - - -22.4 
PhHFC- -279.8 437.9 158.1 -22.5 

C1HFC- -136.7 210.3 73.6 -21.4 
F2HC- 33.6 430.4 396.8 -12.6 
FC12C- 54.5 825.5 771.0 

F2CIC- 31.0 583.6 614.8  - 9.45 
F
3 
 0- 14.2 605.4 619.6 - 6.90 

it is assumed that the N methyl group is always syn to the carbonyl, i.e. 

trans to the acetyl group, in accord with the generally accepted views on the 

structure of secondary amides.
62 

 

It is seen from table 7 that the effects of N-methylation 

are not additive, unlike isotopic substitution, for which only a small 

dependence on the site of substitution was observed. 	Thus for the mono- 

fluoro amides, addition of a syn methyl group produces a negative S.C.S. 

of 257Hz, whilst the second (anti) substituent induces a further upfield 

shift of 196.4 Hz. 	In contrast to this, mono (syn) methylation of 

trifluoroacetamide results in a very small downfield. S.C.S. (14.2 Hz); 

while addtion of the second methyl group produces a large downfield 

shift of 605 Hz. 

Figure 4c shows that the effects of di-N-methylation and 

dideuteration on the 19F chemical shift are similar (with the exception 

of the PhHFC- and MeHFC compounds, which will be discussed in more 
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detail below). 	The plot of S.C.S. for -NMe2  against the isotope shift 

for -ND2 hasa correltion coefficient of 0.979, and this may indicate 

that the effective mechanisms for transmission of the effects of chemical 

or isotopic substitution at the nitrogen atom could have a common origin. 

Consider the effects of introducing the methyl groups at the 
11 

amido nitrogen atoms. 	J-he methyl group may be considered as a weak 

electron donating (+I) species, and hence methylation of the nitrogen 

atom will modify the electron density at this centre. 	As discussed above 

for the case of the isotopic substitutions, consequent redistribution of 

this extra charge through the amido (-C(0)-N) bond will modify the effective 

electronegativity of the carbonyl group, and hence induce chemical shifts 

in the fluorine nucleus. 	It is seen from the plot of the S.C.S. for 

mono-N methylation vs. isotope shift (figure 4a) that the effects of such 

a substitution are greatest for the least electronegative acetyl groups 

(23, a = b = H). 

The effects of adding a second N-methyl group to the anti 

proton may now be considered. 	Similar electronic consideration to those 

made for syn methylation are applicable, so discussion can be centred on 

the nature of the variation of the S.C.S. with the acetyl group substituents. 

Figure 4b shows that the observed trend of -the S.C.S. is in good accord with 

the corresponding isotope shift (correlation coefficient = 0.974). 	In 

contrast to the mono-methylation S.C.S., the relationship of the MeHFC-

and PhHFC- cases, as noted for syn methylation. 

It now remains to explain the differences between syn and anti 

N-methylation. 	It is possible to do so by consideration of the geometric 

relationships of the N methyl groups with the carbonyl and acetyl groups; 

these differ for the two substituents, and must be ultimately responsible 

for the pattern of the S.C.S.'s noted above. 	Together with these differ- 

ences, it is possible to understand qualitatively the differences between 

sequential N-deuteration and N-methylation in terms of the considerably 

larger size of a methyl group over a deuterium atom. 

Mono N-methylation introduces a methyl group syn to the 

carbonyl function, in which position it will not influence the conformational 

preferences of the acetyl group substituents. 	In such a situation, it 
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is possible that the S.C.S. observed for mono syn methylation could 

parallel that of deuteration, and this is illustrated in figure 4a. 

A second methyl group at the anti position is considerably 

closer to the acetyl group, and capable of disturbing the conformational 

preferences of the latter. 	This would not arise for deuteration at the 

anti position, and hence it is not anticipated that the SCS observed for 

methylation (TIHMe - NMe2) will reflect the trend found for N deuteration. 

Indeed, it is seen from figure 4b that the shifts observed for compounds 

with methyl or phenyl as acetyl substituents (23, a = H, b = Me or Ph) 

lie considerably off the general trend suggested by the simple halogenated 

acetamides. 	It is knownb3 that for oc,fluoro acetyl compounds the fluorine 

atom has a conformational preference to eclipse the carbonyl oxygen, (this 

will be discussed further in Chapter 3). 	Thus: introduction of a methyl 

or phenyl group at the acetyl carbon will probably disrupt thiS conformational 

preference, assuming a normal 'staggered' bond relationship, and hence the 

fluorine will be displace into a gauche position with respect to the 

carbonyl group. 

Therefore from the nature of the stereospecific interactions 

discussed. above, it is not reasonable to expect these acetyl substituents 

to conform to the general trends for the halogens. 

11he remaining point of interest is the anomalously large 

S.C.S. observed for total methylation of the C12PC- compound. 	If it is 

assumed that the normal conformational preference is present (25, a = b = 

C1) i.e. the fluorine is eclipsing the carbonyl oxygen, then molecular 
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models show that the chlorine atoms are spatially near the anti methyl group 
 

(25, R1). 	' 'his is sufficient to hinder completely free rotation of the 

acetyl and N-methyl groups, which can only take place by a "cogwheel effect". 

It would seem probable that the repulsive interaction between tiese groups 

must be the cause of the increased S.C.S. in this instance. 

2.4 
(13c-12

u)  
_, 

19F isotope shifts. 

As a parallel study to tie above, the directly bonded isotope 

effect of 
12
C 
 13

C substitution at the acetyl carbon on the9  F chemical 

shift was also examined. to see how this correlated with the published 

data4,9,18 on the fluoromethanes and determined if there were any 

correspondence between these effects and the observed long-range deuterium 

isotope effects. 	Because many of the primary amides are solids, the 
12
C-
13

C isotope effects were determined for the corresponding methyl or 

ethyl esters. 	Since both the esters and amides exhibit the same range 

of fluorine chemical shifts whiffl-1 can be analysed (chapter 1) in identical 

fashion, it is expected that the data obtained from the esters will be 

directly applicable to the amides. 

Table 7 lists the isotope shifts observed for the 19P P resonances 

on 13C isotopic substitution at the acetyl carbon, together with the 
19.

P- 
19  13

C directly bonded coupling constant (1J
C 
 ) determined from the 9F F 

spectrum of the neat ester. 	the he table also includes similar data (as 

available) taken from the literature4 for the corresponding fluoromethane; 

for this purpose the ester is considered to be derived from the methane 

by substitution of hydrogen by the alkoxy carbonyl (-002R) group. 

- H CF -H   CF
3
-CO 

+CO2R 	
2 

3  

A plot of the isotope shift obtained for the fluoroester 

against the reported value for the corresponding fluoromethane is linear 

(figure 5a, correlation coefficient = 0.965) and an even better agreement 
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Table 7. (13C- 12 	
19 

C) 	F isotope shift for fluoromethanes and fluoroesters. 

	

oLfluoroester 	fluoromethane 

acetyl group 
1
J
CF 

(Hz) 

(13(3 _12019F  

(PPm) 

compound 
1 
J
CF 

(Hz) 

(13c-1 
 2

0)197  

(ppm) 

H2FC- 178-6 0.0924 CH
3
F (9) 158 0.072 

MeHFC- 180.7 0.1019 

PhHFC- 183.6 0.1072 PhCH2F (60) 
165 0.107 

HFC1C- 250.6 0.1359 

HF 2  C- 247.0 0.1189 CH
2
F
2 (9) 235 0.115 

FC12  C- 303.8 0.1646 CFC12H (18) 294 
0.156 

F2C1C- 299.7 0.1412 

F
3
C- 283.9 0.1274 CF

3
H (9) 274 0.126 

Figures in brackets refer to the original literature references. 

is obtained for a graph of the corresponding C-F coupling constants (figure 

5b, correlation coefficient 0.9997). 	These plots serve to indicate that 

the carbonyl group is behaving as a regular substituent in its influence 

on these properties, a similar conclusion with respect to the fluorine 

chemical shift was made in chapter 1. 

A plot of the isotope shift for the fluoroesters against the 

total electronegativity of the acetyl group substituents, (figure 6) fails 

to reveal any correlation. 	In an earlier study of 
(12(3-130  19F isotope  

effects, Frankiss9  found. that an approximately linear relationship existed 
1 

between the magnitude of the isotope shift and the directly bonded. ( JCF) 

coupling constant:- 

3C)19F = 0.007 + 4.36 x 10
-4 
 Jo 
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from a study of the these parameters obtained from fluoromethanes. 

Frankiss suggests that this relationship has the limitation that it only 

applies to sp3 carbon substituted by elements from the first row of the 

Periodic Table and hydrogen, or less than three second row elements 

directly bound to the 13C atom. 	'qthin these restrictions,it was possible 

to predict the observed isotope shift to within ± 0.012 ppm or better, 

an error of 8 - 10%. 	However, compounds such as CFBr
3 
(g+obs = 0.191 

ppm) and CFC1
3 
 ()obs. = 0.194 ppm) showed large deviations (0.022 and 

0.039 ppm, respectively) from their calculated isotope shifts, and no 

explanation has been put forward forthese discrepancies. 

data in terms of the theory proposed by Gutowsky,
29 

CHF
3' 	

Harris has commented
18 

that it is difficult to rationalize these 

(12c  13c)1 9F isotope shift increased in the order CH3  F, CHP F2'  CFA  and 

Frankiss found that for the series 
CH4-nFn (n = 1-3) the 

in which the isotope 

effect results from a deformation of the electrostatic field proportional 

to 	2. 	(This is discussed further in the introduction). 	Such a 

theory would require that the nett charge q on the carbon atom for CHF 
 

to be greater than for CF
4' 

and recent ab initio calculations by Pople
61  

show that this is probably not the case. 

19 13 1Pc_ c) ,P  A plot of the ( 	isotope shift data obtained for 

the fluoroesters against 1g CF is shown in figure 7. 	Values of the isotope 

effect calculated by the Frankiss equation are listed in Table 8, and 

indicated as the solid line in the figure. 

The average deviation of the line is +0.0116 ppm, which is 

comparable to that reported by Frankiss, but inspection of figure 7 

shows that the equation is providing a particularly poor estimate of 

the isotope shift for the more highly halogenated compounds, with a 

discrepancy of +0.025 ppm (16n being noted for that with two chlorine 

atoms (second row element). 
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Table 8. Comparison of observed (12C-13019F  isotope shifts for fluoro-

esters with those obtained from the Frankiss equation. 

Acetyl group 
	

Isotope shift (ppm) 
	

E(observed - calculated) 

FH2C-

MeHFC-

PhHFC-

HC1FC-

F 2HC- 

FC1 2 - C  
F r2 1C- ' 
F3c 

calculated observed 

0.0849 0.0924 0.0075 

0.0858 0.1019 0.0161 

0.0870 0.1072 0.0202 

0.1163 0.1359 0.0196 

0.1147 0.1189 0.0042 

0.1395 0.1646 0.0251 

0.1377 0.1412 0.0035 

0.1308 0.1274 -0.0034 

2.5 Experimental. 

19F NMR spectra were recorded on a modified Varian HA-100 

NMR spectrometer operating at 94.08 MHz in extended-lock mode with 

automatic phase correction.63  The deuterium isotope effect spectra were 

obtained by addition of 1-2 drops of D20 to a dilute solution of the 

amide in 'Analar' methanol, sufficient to enable detection of all the 

isotopically substituted species. 	The solvent was removed after recording 

the spectrum by a stream of nitrogen gas, and the spectrum re-recorded in 

dichloromethane (G.P.R.). 	This process was repeated and. the sample 

re-dissolved in dry re-distilled. dimethylformamide. 	Spectra of the N- 

methylated amides were obtained for solutions at infinite dilution in 

chloroform, as described in chapter 1. 	It was necessary to use this as 

solvent due to the polar nature of the primary amides, as it was desirable 
to employ 	a common solvent for all three series of compounds. 
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Hexafluorobenzene was used a lock and. reference for all 

the spectra and frequencies were measured on 100 or 50 Hz sweep widths, 

using a frequency counter. 

The (12c_1923_, u) - F isotope shift data, were recorded with a 

Varian XL 100-12WG spectrometer at a centreband frequency (for CFC1
3
) 

of 94.151 MHz. 	Spectra were obtained for neat samples of the ester in 

5mm tubes contained in a 10mm tube filled with D20, which served as the 

lock signal. Full proton decoupling was employed where necessary, with 

a band width of 1000Hz, centred at 4S in the proton spectrum. 	Spectra 

were recorded using the Fourier transform technique. with a pulsemgae 

of ca. 800 (18)Lsec pulse) and an effective "sweep width" of 512 Hz. 

It was found that approx. 100 transients were sufficient to enable 

unambiguous identification of the 13C satellites. 
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Chapter 3.  

Carbon-13 Nmp, Study of Some Derivatives of  

0( Fluoroace tic 	Aoic?.  
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• ,;7  1 Introduction. 

The advent of proton noise decoupling and Fourier transform 

(FT) technology has enabled carbon-13 NMR to become a relatively 

accessible spectroscopic technique with currently available instrumentation. 

Observation of 13 provides 2. useful probe with which to examine the 

chemical environment of all the carbons at the various sites within 

a molecule, whether or not they bear more readily detectable nuclei 

such as proton or fluorine. 	The carbon-13 isotope has a spin of 

and hence yields sharp absorption signals, and the low natural abundance 

(1.1n implies that the probability of spin-spin interaction with a 

second carbon nucleus is very low (10 r); consequently the only coupling 

observed will be with other nuclei of high natural abundance (e.g. 
1
H, 

19F  31p).  

Although the factors influencing 13C shielding have not 

been investigated as fully as for fluorine or proton nuclei, the general 

outline presented in chapter 1 will be applicable. 	Since the carbon 

nucleus has a p electron valency shell, it is considered
1, 
 that the 

paramagnetic term will provide the dominant contribution to the magnetic 

shielding. 

Therefore a general carbon-13 investigation of the series 

of 0Cflucroacetamides, which were studied by fluorine rn in Chapters 
1 and 2, was undertaken, in order to examine the nature of fne substit- 

uent effects produced by K-methylation on the carbon skeleton. 	The 

series of methyl and ethyl esters was extended to include the esters 

of all the available haloacetic acids: the spectroscopic data from 

these compounds should, reflect the effects of substituents upon the 

acetyl group alone. 
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3.2 Results and Discussion. 

3.2.1. Methyl and Ethyl Esters of comeo(Heloacetic acids. 

3.2.1.1. Chemical shifts of the Acetyl and Carbonyl carbons. 

Table 1 gives the 
13

C chemical shifts (ex TrF!) for the acetyl 

and carbonyl carbons of the esters, at infinite dilution in carbon 

tetrachloride solution. (Positive shifts are to low field of reference). 

Inspection of table 1 reveals that the change of ester group 

from -CH
3 
to -Coll has a small but measurable influence on the chemical , 5 

shift of the acetyl methyl carbon, and the effect is such as to deshield 

it by 0.2 to 1 ppm. 	The change of P -CH
3 
to -C,H ester may be 5 

as a g effect, and such substitution is to  in the range +0.3 

ppm for paraffins. 	Thus, the downfield shifts observed here are of 

the expected magnitude and in the correct direction. 

This change of ester group is a effect when related to the 

carbonyl carbon, for which the typical shift observed with the paraffins 

is -2.5 ppm (i.e. to high field). 	Table 1 shows that the effect of 

the change -OCH,-OCH2 - CH3  is to shield. the carbonyl but only by  
0.4 - 0.6 ppm,and_hence it is apparent that the effects of this substit-

utionare attenuated by the ester oxygen atom. 

To summarize, it may he concluded that for the series 0:77.00.0R, 

the nature of R has little effect (for the two types of R studied) on the 

chemical shift of these carbons, end thus the magnitude of the observed 

shielding is dominated by the acetyl carbon substituents X, I  and Z. 

The nature of this dependence may be examined via plots of 

the chemical shifts of the acetyl and carbonyl carbons against the 

sum of the Huggins electronegativities4  of the substituents (1:E), 

end these are shown in figures 1 and 2 respectively. 
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Table 1. 	Carbon chemical shifts of the acetyl and carbonyl carbons  
for some othaloacetic acid esters. 

 

13 (acetyl) 
Troup 	

$.E 	 - C ocetyl) 
group 	 R 	R = Et 

13C (carbonyl) 
= !re. 	P =Et 

07  6.6 20.08 20.44 162.95 16P•50 

CIT,rr 7.35 24.26 25.0 165.50 

CE0C1 7.55 39.81 39.96 166.07 165.57 

nupr 2.10 31.20 31.04 163.79 153.33 
F 0.30 76.62 76 • 74 166.63 166-on 

CHC12  8•50 63.54 63.78 167,.69 163.09 

MeCHP 8.70 - 94.70 16p.Al 

CEr, 9.85 29.00 29.19 161.52 160.92 

CHEr7 9.05 - 80.49 163.20 

Ph CHF 9.1C 38.2 157.46) 

0I01F 9'25 90.62 167.22 

0017  9.45 93.30 93.69 161 •56 16o.97 

CHF 10.00 106.20 106.31 161 • 69 161 • 7,7 

Cr, ';l lo.20 - 108.66 159 • 96 

Cw,,C1 10.95 118.49 116.56 158.20 152.26 

vi ' 
 11.70 114.24 114.20 157.13 156.59 
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Attention may initially he directed. to the chemical shift of the 

acetyl carbon. 	Figure 1 reveals that the shielding is an approximate 

linear function of the substituent electronegativities,with some 

important exceptions. 	Thus for the series of el bromoesters, CH,Er - 

ChBr2 	dibromo-compound. appears to lowest field_ of the three, 

with the tribromo-derivative absorbing midway between the other two members 

of the series. 	All of the shifts lie well away from the indicated line. 

The other important exception is for the series of chloro-fluoro esters, 

CFC12  - CF2C1 - CF3, where the -CF2C1 compound (1.7, = 10.95) lies to 

low field of the -CP3  group (7:7 	11.70), which is well 'off' the 

indicated line in figure 1. 

These observations are reminisc4ent of those made with 

the fluorine resonances (of the appropriate compounds) in chapter 1, 

whereby these departures from a purely additive inductive effect were 

analysed. in terms of the new theory-)  by Phillips and Wray. 	These 

workers showed that the observed. effects ( on fluorine shielding) arose 

from interaction of the substituents with each other and the carbon 

to which they were directly bonded, such as to modify the effective 

electronegativity of all the interacting groups by these perturbations. 

The original paper was concerned purely with geminal effects upon fluorine 

shielding, but in a later reporth this concept was extended to both 

geminal and directly bonded substituent effects for several other 

nuclei, including a successful analysis of the carboa-13 chemical 

shifts of a variety of halogenated. methenes. 

It will be interesting to determine if this theory can be 

used here. 	'Oplication of this theory to the acetyl carbon requires 

use of the general exnression for 
13C shielding in the molecule C ebde 

(see equation 7 of ref. 6) and this in turn necessitates that estimates 

of the interaction constants for hydrogen, halogen and the central 

carbon atom with the carbonyl group be obtained. 	Trial calculations 

'7iththetrihele-eompoundsW7-1 001,-, CTsr,-) to determine the 

halogen-carbonyl interaction indicated this was significantly different 

for the three halogens, and hence it was not possible to assume this 'Vas 

equal for all the halogens. 	Ii; is to be noted that in thPir. calculations 
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on inc 13C hnlomethanas,6 Phillips and Wray had assumed all interhelogen 

and halogen-carbon interaction constants were independent of the nature 

of the halogen, whilst small differences were found in the hydrogen-

halogen interaction constdnts4 

Attention was thUs confined to one of the halogons and the 

range of chloro compounds was chosen as a typical series (CF, - CH2C1 - 
) 

CHC12  - CC13), to determine all three of the interaction constants. 

Expressions were obtained for the hydrogen-carbonyl (kH.00 ) and halogen- 

carbonyl (kC
1.00 ) interactions in terms of the carbon-carbonyl (k 	) 

C.00' 
interaction from the Shift of the CH7  and CC13  compounds (referred 

to 
13
CH4) respectively, but substitution of these into the expression 

for the mono-chloro derivative led to P. grossly unrealistic estimate 

of the carbon-carbonyl (k 	) interaction constant, and hence the 
C.00 

others. 

Consequently, 	quantitative analysis of this data has not 

been possible, but the results available from the calculations on the 

partially halogenated methanes do enable a qualitative explanation of 

the above-noted discrepancies to be made. 	The changes in shielding 

noted for the serifs of bromo-compounds are paralleled by the corresponding 

methanes (replacing -202R by H), and it was shown
6 

by Phillips and '"fray 

that the marked non-linearity in the plot of carbon shielding against 

halogen content could be satisfactorily accounted for in terms of the 

appropriate interaction constants used in the general expression for 

carbon shielding. 	Although fluoro- and nixed chlorofluoro-methanes 

were not investigated, it was found in hapter 1 that in the sets of 

acid derivatives, the progressive deshielding of the fluorine nuclei 

in the series CY, - CF2C1 - CPC12  could be understood in terms of the 

theory, and since the carbon atom ir at the opposite end of the 

bond, it seems reasonable to expect the carbon shielding toxespond 

similarly. It may be concluded, therefore, that it is possible to 

understand the observed shieldings of the acetyl group in a qualitative 

fashion. 
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Figure 2 sho7s that the carhonyl carbon chemical shift is 

directly proportional to the sum of the electronegativities of the 

substituents at the acetyl carbon, and hence it may be concluded that 

the effects of the various indirect geminal interactions have a negligible 

influence at the carhonyl centre. 	Least squares analysis of the data 

indicates that the chemical shifts of the carbonyl groups may be estimated 

according to the expressions:- 

C.0 	= 192.08 - 2.175gEppm(Ethyl ester) 

= 184.39 - 2.313fEppm(7ethyl ester) 

If these are referred to the ester of the unsubstituted acid, the 

equations reduce to:- 

0.0 = 13.50 - 2.175 11 Ppm (Ethyl ester) 

Qc_0 = 15.44 - 2.313 P ppm (Methyl ester) 

The r.m.s. deviation of the chemical shifts may thus be estimated to 

0.98 and 1.62 ppm respectively (to eqn 1 (7c 2). 

3.2.1.2. Chemical Shifts for Carbons of the Ester Groups. 

Attention may now be directed to examining the effects 

of the acetyl group substituents upon the carbon resonances of the 

ester groups. 	mable 2 lists the chemical shifts of the ester group 

carbon resonances taken from the same spectra as used to compile table 1 

(i.e. for infinitely dilute solutions in carbon tetrachloride). 	mhe 

ehemicalshiftsofther nd methylene (-0CH,) carbons 

have been plotted against the sum of the Huggins electronegativities of 

the acetyl carbon substituents as figures 3 and A respectively. 
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It is seenthat each plot consists of several 'families of 
lines'. 	Thus f6r a particular halogen, the resonances corresponding 

monohalo- dihalo and trihalo compounds all fall on one line, and successive 

introduction of a halogen (at the acetyl group) produces a deshielding 

of the ester a( carbon resonance in every case. 	Each halogen produces 

its own line, and all three lines intersect at the point corresponding 

to the position of the unsubstituted. acid, i.e. this is a common point. 

It is also observed that there are lines reflecting the number of 

hydrogens (or halogen substituents) on the acetyl group. 	Although 

the range of the effects are slightly different for the -OCH3  and -CCH2- 
carbons (4.31 and 5.18 ppm respectively), the nature pf the phenomenon 

is exactly comparable for both series, which indicates that it must arise 

from a property of the acetyl group. 

Several experimental techniques8 have been used to establish 

that esters of carboxylic acids, which are in principbt capable of 

existing in either of the two planar conformations exhibit e preference 

for the trans rotamer with the ester group syn to the carbonyl oxygen: 

The energT barrier to interconversion of the planar forms has been 

determined An from infra-red spectratz be 15.9 kcal/mole for methyl 

acetate and 13.1 kcal/mole for methyl formate, and these high activation 

energies arise from the partial double-bond character of the 0-0 

single bond, which has been estimated8d to be approximately 20;" for 

the latter compound. 

Shapiro and Sardella7  have studied the solvent dependence 

of the 1H and. 10  'F spectra of methyl mono-, di- and tri-fluoroacetate 



Table 2. Chemical shifts of the ester groups of the haloacetic acids  

Acetyl Group S130-013CH 011_ 

112 	ppm 

g3C-OCH2  -13CH7 

Hz 	ppm 

C13 
up 	C-0 

>0H7 
 

PPP'. 

0H 
} 

6.6 1495.8 59.45 357.0  14'18 1277'0 50'75 

CH2- Br 
7.35 

1540.5 61.22 351.0 13.95 1313.2 52.19 

cH2c1 7.55 1539.7 61.19 353.7 14.05 1312.2 52.15 

CHBr
2  - 

8.10 1575.3 62.61 342.6 13.61 1343.6 53.40 
Ch
2
F 8.30 1519.5 6o•39 354.5 14.08 1289.8 51.26 

CH01
2 

0.50 1574.2 62.56 345.7 13.74 1340.8 53.29 

J7JeCHF 8.70 1519.4 60.39 352.7 14.01 

CHr3  8.85 1626.2 64.63 342.3 13.60 1305.4 55.06 

=Big 9.05 1559.3 61.97 346.1 13.75 

PhC} 9.10 - - - - 1300.2 51.67 

CHC1F 9.25 - - - - 1327.5 52.76 

C0'1-)  
9.45 1622.9 64.50 344.6 13.69 1379.5 54.79 

01-77  10.00 1556.4 61.P6 347.6 13.01 1317.0 52.34 

CFC12  10.20 1604.8 63.78 342-5 13.61 

cF2c1 10.95 1597.0  63.47 344.4 13.65 1352.4 53.75 

CF, 
) 

11.70 1591.6 63.25 343.4 13.64 1344.5 53.43 

124 
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and established that the magnitude of the geminal H-P coupling depends 

upon the orientation of the -"HF grouping relative to -the adjacent 

carbonyl group. 	The long-range 7-F couplings (between the fluorine 

and methyl ester protons) were found to be largest when the fluorine 

eclipsed the carbonyl group. 	It is apparent that the conformational 

preference of the acetyl group influences nmr parameters throughout the 

entire molecule, and it is probable that this property is responsible 

for the nature of the variation in 13C C chemical shielding of the ester 

groups observed above. 

The above proposal may be examined. by a method analogous 

to that used by Shapiro7  which assumed. that a disubstituted methyl 

group -CXY- can adopt either of two conformations relative to the 

adjacent carbonyl group. 

oR 

The chemical shift of the ester group -OR may now be expressed in 

terms of 2.C..'s which reflect both the nature of X and Y and their 

orientation (trans or gauche) to the aster group. 	Thus the chemical 

shifts are given by expressions of the type:- 

for I, OR 	2SXg  + gYt 

for II, /)/3.  = 	 Xg 	 Xt 



In such P manner it is possible to write equations representing all 

combinations of hydrogen and halogen with type I or II conformational 

preference, and the whole was analysed by a least squares computation. 

Initial estimates of the various S.C.S.'s were obtained manually, but 

even gross errors in these were allowed for in he program. 	The final 

results of the computer analysis are given in 'Tables 3 and 4. 

Table 3. 	Acetyl Chemical Shifts for Methyl esters (Hz). 

Acetyl 
Substituents 

Observed 
r 

Calculated 
S.C.S. 

Error 
Obs.-Cale. 

-CH Cl 35.2 33.05 2.15 
-CH 1 2  63.8 66.10 -2.30 
-001,-  101.5 101.54 
-CHCiP 50.5 48.65 1.85 
-CF Cl - 75.1 74.43 0.68 
-CH;Br 36.2 33.88  2.32 

66.6 67.76 -1.16 
-07r, 108.4 108.40 0.00 
-CH 14  12.8 15.61 -2.01 
-CJ 40.0 41.38 -1.38 
-or,-  67.5 67.15 0.36 

derived A.S.C.Ses:- 

Cl 33.05 	Er 33.88 F
a 
 P5.77 g 	 a 

Ft  15.61 	CTt  33.44 	
hrt  40.64 -  

Standard deviation of error = 1.66 Hz. 

The calculations on both sets of data produced the same 

conclusions with respect to the conformational preferences of the acetyl 

group substituentP. 	These were that for compounds containing one or 

two fluorine atoms, one fluorine atom always preferred to eclipse the 

carbonyl oxygen, whilst in contrast to this, compounds with one or 

126, 
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two chlorine or bromine (but not fluorine) atoms always preferred 

to have both the halogens oriented gauche to the ester groups, with 

no eclipsing ofthe carbonyl function. those compounds with a, mixture 

of fluorine and other halogens always produced the most accurate result 

Table 4. Acetyl Substituent Chemical Shifts for -0
13

CH,  of Pthyl Psters (77)  

Acetyl 	Observed 	Calculated 	7rror: S.C.S. (obs)- 
Substituents 	S.C.S. 	S.C.S. 	S.C.S. (calc). 

-cHcl 	43.9 	40.89 	3•C1 
-CH010 	70'4 	81.78 	-3.38 
-col ' 	127.1 	127.47 	-0.37 
-CIIPI3nr 	 63.5 	 65.29 	 -1.79 
-C7C10 	109.0 	106-72 	2.29 
-07,,Ci 	101-2 	101-29 	-0.09 
-CH -̀Br 	44.7 	40.36 	4.34 
-C7.3 r2  

	

79.5 	80.71 	-1.21 
-C 3r, 	130.4 	130-46 	-0-06 
-CH014' 	23-7 	24.94 	-1.24 
-CFA2 	6o.6 	60.40 	0.20 

	

95.8 	95.06 	-0.06 -CP3  

derived '.9.C.S.:- 

'IP 
S 
 35.46 	Cl

6' 	
1.  A0.89 	7 1. 40.36  , L, 

71 24.94 	a
t 15'69 	Frt  4_9.75 

standard deviation of error = 2.06 7z. 

when the fluorine atom eclipsed the carbonyl group. 	Expressed alternatively, 

these conformations enabled all the 
13
C chemical shifts of the oxymethyl 

and oxymethylene groups to be claculated with a r.m.s. (error. of 2 Hz 

(0.08 ppm) or better whilst use of other combinations of rotamers 

produced significantly greater discrepancies in the calculations of 

total S.C.S. with standard deviations of 3 - 4 7z (0.16 ppm). 
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It nov, becomes clear why the attempts to calculate t
h
e 

3
C 

chemical shifts of the acetyl carbon using the Phillips-Wray equations 

(section 3.2.1.1) failed - the theory does not allow for unequal 

population of conformers. 	Indeed, it would predict that the gauche 

and trans acetyl substituent chemical shifts (kS0q,) for the ester carbons 

would be identical, which is certainly not the case for the ester 

molecules. 

Following the success of the above analysis, it is of interest 

to examine the variation of chemical shift of the terminal methyl carbon 

of the ethyl ester, and a plot of 8130 against 	(acetyl) is 

shown in figure 5. 	It is seen that addition of electronegative 

substituents to the acetyl group induce shieldinps of the terminal 

methyl carbon in contrast to tie deshieldings observed for the oxymethylene 

and oxymethyl groups. 	The magnitude of the effect is also considerably 

smaller and covers a total range of only 15 77, (0.6 ppm) compared with 

140 Hz (5.6 ppm) for the oxymethylene group. 	However, it is possible 

to discern some pattern of substituent effects similar to that of the 

oxycarbons analysed above (see figs. 3 and 4) but the point corresponding 

to any one 'family' exhibit n significantly greater scatter, and all the 

chemical shifts for the di and trisubstituted species lie within a very 

narrow bend of 5 Hz (0.2 ppm). 	This latter point taken together with 

the small total range prevent an analysis of the chemical shieldi_ngs 

in terms of trans and gauche effects from acetyl substituents because 

the error would be comparable with the total range of shifts to be 

examined and hence a meaningful result is not anticipated. 

3.1.2.3. Carbon-Hydrogen Coupling constants. 

In parallel with the above study the directly bonded carbon-

hydrogen coupling constants have been recorded and these are presented 

in table 5. 

It is seen from table 5 that the C-7 coupling constants for 

the ester group carbons are essentially constant for all the compounds 

and that introduction of electronegative atoms at the acetyl carbon 

produce a total range of only 2 Hz for the oxycarbons and 1 Hz for the 
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Table 5. 	Directly bonded C-H coupling constants for esters (11z). 

.Lcetyl 7]thyl Ester "ethyl Peter 
0roup 1 T 1 T  

°O CT 
1T 
'CH_ 

1, 
0(1H 1 

Joriu 
) '5 

-C1, 129.1 145.7 126.2 129.1 146.2 
-CH)Er 2. 153.5 148.0 127.0 153.0 147.4 
-011,;01 151.3 147.2  122.2 151-5 147.6 
-cinr, 181.2 148.9 127.5 180.7 148.6 
-CH,TP' 153.6 146.0 127.2 153.6 147'6 
-CHt.:10  180.3 148.8 127.5 100.4 148.5 
:::e.CHF= 155.0 147.0 127.0 - - 
-CI,r, - 149.3 127.5 - 149.1 
-ClIBY.F 188.3 149.0 127.5 - - 
PhCHF- - - - 157.0 - 
-CHC17 - - - 107.0 140.0 
-CC1. - 149.5 127.8 - 148.9 
-CHF 190.5 149.0 127.5 190.7 148.6 
-CFC1, - 149'7 127.9 - - 
_ep ,it - - - - 149•3 
-0F

3 
 - 149.9 127.8 - 149.3 

Data are for 20 mole (;:, solutions in 2C1 A. 

terminal carbon of the ethyl group. 	Consequently, it is not proposed 

to examine these long range effects in further detail. 

The directly bonded coupling constant for the acetyl carbon 

shows considerable variation with the nature of its substituents, and 
.9 

this may be analysed. in a manner analogous to that used by Kalinowski- 

for 1J
CH in polysubstituted methenes CHXYZ. 	

Ilalinowski found that this 

could. be expressed. as a linear additive function Of quantities 	X, 

Y and TX, which describe the separate contributions of the substituents 

X, Y and Z respectively:- 

1J, ( CIE=) = X +5 	+ c 
	

(5) 
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thus the coupling component for the hydrogen atom 'IT was evaluated 
from the data for methane, 1Jc, = 125 Hz. 	Malinowski's equation 

states:- 

1 J
CH (ci:4) = 35 H 	= 125 Hz 	 ( 6) 

and hence •S H = 41.7 Hz. 	Zeta values for various substituents were 

then derived from CH7X type compounds. 

X = CH(CH 
	

2S H 	 (7 ) 

Table 6 lists coupling components for some of the common substituents 

derived by I,'Ialinowski. 

9 Table 6. Malinowski parameters' for common substituents X (Hz). 

-5° 

-H 	41.7 	-I 	67.6 	-7T _, - -.,..ES 

-F 	65-6 59.6 	-COCH 	47'1 

-C1 	68.6 	ns7(o)CH, 54.6  -Tr 	43.6 ) 
-73r 	6(3.6 	-NH 	49.6 	-CH, 	42. 6 2 	) 

:3efore the data in table 5 can be analysed in terms of Malinowski 

parameters, a value for the coupling component of the alkoxycarbonyl 

group -Cn,R must be obtained and this is derived readily by use of equation 

(7) withJ
CH  (CH -CC,R)'  which yields a value of 45.6 Hz. 	It is seen 

from table 6 that this is close to the value for -cn,H end may therefore 

be considered a reasonable estimate. 	Table 5 shows that the directly 

bonded coupling constant of the acetyl carbon is independent of the nature 

of the ester group (methyl or ethyl) within observational error (.n1 Hz) 

and hence the average values are compared (table 7) with those derived 

from equation (5). 
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Table 7. Calculated (°, observed coupling constants for Acetyl Carbon  

using Malinowski parameters. 

1
JCH 

observed 

Coupling Constant 

calculated 

Prror. 	= 	Calc. - ohs. 

-CH2- Br 153.15 155.9 +4.75 

-CH,C1 151.4 155.9 +2.5 

-CH2F 15 3.6 152.9 -0.7 

-CHC1F 187.0 179.8 -7-2 
-Cifj3rF 188-3 179-8 -8.5 

-CH*F„ 190.6 176.8 -13.9 

-CH01, 180.3 102.8 +1.6 

-GI-Mr2 180.9 182.8 +1.9 

It may be concluded from table 7 that the Malinowski para-

meters provide n reasonable estimate (within 1.7 Hz) for 5 of the 8 esters, 

but yields a considerably greater error (up tp 1/t  Hz) for dihnlo carbons 

bearing nt least one fluorine atom. 	This failure is not confined to 

the esters: several other cases have been rellorted
10-12 

and Rose found10 some very large deviations from ndditivity in multiply 

substitutedmethanoscontaining 	high as +41, 31 and -16177 

for. C1iF3, CliF2C1 and 011(0C117), respectively. 	Deviations of +6.7 and 

+21.7 119 have been -reported
11 -1

for C72F0U and CHF,T; but not for the 

corresponding chlorine analogues. 

1 7  
Douglas -1  has examined these consistent deviations from 

ad.ditivity of substituent effects. 	He assumed that the 'direct' 

substituent effect parameters from the monosu'istituted urethanes to 

he constant regardless of MP degree of substitution and found that the 

introduction of pnirwise interaction constants (empirically derived) 

for highly electronegative elements or groups enabled him to calculate 

directly bonded C-H coupling constants for multiply substituted methanes 

to within 3 Hz by use of a modified form of alinowski's equatien:- 
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1 
J, T1  = N„f(X) + 

A 
g(X,Y) + Jr_.,1(CH (e) 

X 
is the number of X atoms or groups; f(X) is the 'direct' substituont 

effect(differencein lj
('H

of(TX from CHI ' ). NX-Y  is the number of 

distinct X-Y pairs substituted. on the carbon atom and g(X,Y) is the 

empirical 'interaction' constant. 	These parameters are used in Table 

B,and any pair not listed is considered to possess a negligible interaction 

effect. 

Table 8. 7mpirical substituent parameters for polysubstituted methanes. 

'Direct' 

X 

effect 

f(x) x 

"Interaction effect" 

Y g(X,Y) 

-F 24 7 -F 13 

-Cl 25 -F -Cl 9 

-OCH, 15 -F -ON 4 
) 

-CN 13 -O CH, 
) 

-C CH, 6 

-CH, 1 -Cl -Cl 3 
) 

ITsing equation 8 and the values in table 8, Douglas reduced 

the discrepancies for CHF, and CHC17 from +41 to +2 and +33 to +2 Hz 2  
respectively. 	It is of interest to test this modified substituent 

effect approach for those polyhalogenatea esters which yielded a 

poor result with the TV!alinowski equation. 	This requires the derivation 

of the 'direct' effect of -CC2R. on 
1
JCH  , and is readily obtained in 

the manner used above for the Yalinowski parameter -CO0R, which 

yields a value of 4.1 Hz. 	It will be assumed initially that because 

-CC
2
R is not highly electronegative ( P

CC2R 
= 2.5, Chapter 1) that 

the 'interaction effects' associated with it are small and can he neglected. 

It will be assumed further that the parameters associated with -Cl will 

be directly applicable to -Pr, as none are given by Douglas. 	The 

results of these calculations are shown in Table 9. 
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Table 9. Directly bonded 
1
j,,  for acetyl carbon using the Douglas  

\,11 

equation. 

XYZ 
1 

, coupling constant (Hz) 
jCh Frror. calcd - obs. 

observed calculated. 

-CH2Dr 153.15 154.1 1.1 

-07 T2C1 151.4 154.1 2.7 

-CH2F 153.6 153.1 -0.5 

-C7C1F 187.0 185.1 -1.9 

-C1-T1r17  188.3 185.1 -3.2 

-CH F2  
190.5 190.1 -0•,1  

-CHC12  180.3 182.1 1.8 
-CTII3r2  189.9 182.1 -1•2 

It is readily apparent from table 9 and a comparison of 

the errors noted there with those of table 7 that the pairwise interaction 

between fluorine and itself or the other halogens have very successfully 

accounted for the discrepancies noted from the. simple .7alinowski approach. 

It is also clear that little correction is needed for pairwisc interactions 

between halogens (including fluorine and the-CO,P nroup and it was velid 

to assume that these- terms could be neglected. 	mhe compound with the 

largest residual error (7.9  Tie) is -C7Er end to obtain P more accurate 

estimate of the directly bonded coupling precise measurements of 1J
CH 

for the model compounds C:1
3 	

and CH,Br7 are needed. 	similarly, trial 

calculations to obtain the "r-7r pair-ise interaction constant indicate 

this to he in the range of 0 - 3 Hz and again necessitates accurate data. 
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3.2.1.4. Carbon-Fluorine Coupling Constants. 

In parallel with the above study of the carbon-hydrogen 

spin-interactions, the coupling of fluorine with both the directly bonded 

acetyl carbon and the geminal carbonyl carbon were recorded for the 

fluoroacetate esters and are presented in Table 10. 

Table 10. C-F Coupling L onstants of fluoroacetates (Hz).  

Acetyl 
Croup 

-CH F . 
-YeCHF 

-PhCHF 

-CID3rF 

-CHC1F 

-CID' 2 
.  -CFC12  

-CP2  Cl -  
-CF, 
) 

Methyl 
1 
JCF 

182.6 

- 

188.0 

- 

255.4 

248.8 

- 

300.5 

284'8 

Ester 

CP 

22.1 

- 

27.5 

- 

26.4 

28.7 

- 

34.5 

42.2 

Fthyl Ester 
1 	

- CF 	J CF 

182.6 	22.4 

183.5 	22.8 

- 	- 

264.1 	25'5 

- 	- 

249'5 	28.9 

305.7 	30.0 

300.6 	33.7 

285.1 	42'4 

It is apparent from table 10 that the alkyl ester group 

has no effect upon the observed. coupling constants within the range of 

experimental error (+ 0.5 Hz) and hence analysis of the data from the 

nine fluoroacetates will be conducted upon the average values. 	Table 

10 also reveals an interesting difference between the twotypes of 

coupling constant: the geminal coupling to the carbonyl carbon increases 

steadily from the least to the most electronegative member (top to bottom 

of table); whilst the directly bonded coupling with the acetyl carbon 

exhibits a maximum for -CFC1, (7)06 Hz) which is considerably greater 

than that for -07 at 2n5 Hz. 
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It woul(3 be valuable if the directly bonded coupling constants 

could. be analysed in a manner similar to that employed. for the C-17 

couplings. Early attempts at such a method were undertaken independently 

by Harris14 and van der Helen
11 

for some fluoromethanes and fluoronitriles, 

using an approach analogous to that described above for a simple additive 

substituent analysis of 
1
J
CH by 7alinowski.

9 (Equation 5). 	Harris 

found that values of 5 obtained from CF3X compounds and used to predict 
1
JCF for CF2X2 and CP7,  yielded theoretical values considerably in excess •  
of the observed coupling constants. 	It was concluded that the apparent 

'c values dropped in the series CF3X - CP2X2  CF3X with deviations from 

additivity which were negative in sign with respect to 1Ja1,. 	his Was 

particularly marked for. X = H and. was also true for X - Cl or Br, and tress 
j I 

also true for compounds of thetype CFXY. 	he data in table 11 indicate 

the apparent fluctuations in 5 .. found by Harris. 
A 

.14 Table 11. Apparent 5 	values for_ 
1
JCF (Harris)  

X 	
CF 
4 	

CF3X 
_3 	

CF X -2-2 	CFX3 

X = P, 	5 7, 86.4 

H = H,  I H - 101.5 74.2 157.4 

X = 	Cl. , 	(`,l - - 119 112.2 

K. = Br, Br.  - - 135 123.9 

an der. KeJen reported11 a similar non-additivity of lc_ for the series 

OF
3 ' 
CN - CHF2ON and CH2 	 CN , 

PC:J. 	It was assumed that ' 	calculated 

from CF,
)
CH ,--as constant at 85.2 Hz, which yielaed values ofS of 71.9 

end /1 3.4 Hz respectively. 
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It is clear that the simple additive relationship was not 

providing P realistic estimate for Jor, particularly molecules containing 

several highly electropositive elements. 	Malinowski
15 was quick to note 

this failure paralleled that of 
J(37' 

and extended the Douglas treatment
13 

of Jr21  using parameters which reflected pairwise interaction of substituents 

to cover 1J
OF 

and 
1
JSiF• 	

Malinowski considered that the Douglas equation 

(8) could be re-expressed as:- 

JCH = 13X 	5i 	4 	507 	XY 	x7 	+ 9: 
117 
	(9) 

where 
XI' 

was the interaction parameter associated with substituents 

X and I and independent of substituent 7. He now redefined the interaction 

parameter by:- 

1 TY = ST7 	0'5 
	

X 	+JJ 	 L ) 
	 (io) 

such chat equation 9 reduced to 

J IY77) = •-tx7 	
Ti 

Table 12 lists the parameters calculated from equation 11. 

Table 12. Interaction parameters for 
1
J
Ci 
 calculation (Hz). 

Y 	
XY 
	v-Y 

H,H 52.6 P,H 93°6 

7 7 1 	,, 86.0 7,11r 119.0 

81,01 112.2 F, C1 106.5 

7T,E5r., 124.0 F, ON 89.0 

C1,7 90.8 H,GN 59.7 
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The C-F coupling constants calculated for C7
2
' X and. OF2 

 XY 
- 

using n__ XI, (table 13) are now in very good agreement withthe observed I  
values, with a. maximum error of 6 Hz for CH F,. 	The errors in 

1
J 2 	CF 

which would. occur if the simple additive approach were used are also 

recorded in table 13 to illustrate the considerable success of the pair-

wise interaction approach (e.g. error for CH0P2  = 63 Hz). 

Table 13. 	Application of 1 xy  to 
1 
 JcILL. 

Compound. J , 	, 
ocso. Using j

calc 

n 	x.,„ 	,. 
ij 	P 	„.1 

calc-- 0  - 

Us ing 
J 
calc 

.)cy 
J. 	, 	-,T 	-1), caac 	o ,, 

OH2F2 
CF,; CF,r ,r 

^F Cl , 2 	2 

CF
2 ON H 

233.4 

357.8 

32 4.7 

243.5 

239'7 
362.0 

25.2 

242'3 

+6.3 

+4'2 

+0-5 

-1.2 

386.8 

344.8 
,L 
273.1 

+63.0 

+29.0 

+20.0 

+29.6 

- Values calculated. using t, 	= 127.2 Hz (ex 
1
J
CF 
 OF,C1 = 299 Hz) 

.5Br = 151.2 Hz (ex 
1
J
OF 

CF 	= 324 Hz): data from ref. 16 

- Using 	0, = 85.2 Hz ref. 11.
ry 

e success of these calculations suggests that equation 11 

will accurately predict the coupling constants observed for the highly 

electronegative ester molecules under investigation. 	This 	requires 

estimates of the 1 parameters representing interaction between the 

alkoyycarbonyl -CO R group and H, 	and. Cl, which can be obtained from - 
OF

3* 
CO
2-R' CFH2' ' CC7  R and CTC12.CO0  R. 	The derived values can be checked 

on the esters CHC1P-, CUP 	
1, F 

0- and CF„-CC2R. 	Calculation of 	for the 
'C 

other esters necessitates the derivation of other interaction pr'rameters 

(0.g.thr_cc p; fl, 	) which are not accessible 	with the limited 
1 	2 L r' 

data availab n. 	rlowever, the 'permitted' calculations should provide 

a check on the application of the interaction parameter approach to the 

ester molecules. 

The data in table 10 enables the required. interaction 

parameters to be 	as 1,, „ „ = 65.0 H7 _ 	 9 1 n P LC P = 99.4 Hz lh  
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and n
Cl 	O 	

26.8 Hz. 	These values, together with those in table 
, C,R 

12, were used to calculate 
1
JC2 for the test esters with the results 

shown in table 14. 

Table 14. Calculation of 
1
JOF 

 for fluoroacetates (Hz). 

 

Jobs - -
ohs - ohs 

249.1 -8.9 

253.4 -0.0 

300• 6 -2.1 

Compound 	
CF 
	Calculated 

CHF
2CO2R 
	

HP 2R -1-r) F.00 R = 253.0 

	

H01 + ix. co °it + 	. coy = 252.6 

01■201.00211 	(7 PC1 	H.00 R 	= 302.7 

It is seen from table 14 the.t equation 11 provides e. very good 

estimate of the 1-C directly bonded coupling constants. 	The only compound 

to display n significant error is the difluoro ester, (-8.9 Hz) and this 

discrepancy is similar to that for difluoromethane (+6.3 Hz) which also 

displayed the greatest error for theseries of fluoro7,:thanes (table 13). 

Within the limited data available, it may be concluded that the method 

is capable of extension 	ire compounds of interest. 

The remaining point of interest in this section is the variation 

of the geminal fluorine-carbonyl carbon coupling with the nature of the 

acetyl group substituents . 	Tt i-ms noted earlier from the data in 

table 10 that J
C 
 appenrsd to increase steadily with the total acetyl 
V 

group electroncgativity, and figure 6 reveals that this is indeed the 

case. 	A. least-squares analysis yields a correlation coefficient of 

0.98G. 



140. 

5.2.1.5. Proton chemical shifts of the ester groups. 

To complete this ?MT? study of thehaloacetic esters it will 

be interesting to examine the variation (if any) of the 1
7 chemical 

shifts of the hydrogens 	inthe ester groups, as P function of the acetyl 

group substituents. 	Although H is a less sensitive nucleus that 15(7 

and the protons are located one bond further away fron the acetyl group 

carbon, it is possible that the protons may show such variations. 

Since the range of substituent chemical shifts anticipated 

is small, it is important to observe at conditions of infinite dilution, 

or a. concentration at which solvent effects are negligible. 	Therefore, 

CC1, was chosen as a, suitably inert solvent and trial dilutions made 

using CH=.0C -FI, which had been found to exhibit the largest dilution 
1°' shifts in 'IP 	

1 
and 

5
0' spectra. 	It was found that the observed chemical 

shifts were constant over the range 1 mole ;I  to 0.0625 mole, and hence 

it was concluded that dilution effects on proton spectra would he 

negligible. 	Table 15 records the chemical shifts of all 25 esters for 

1 mole % solutions in 001 at 31°C ( ambient probe temperature). _ 1  

It is seen from table 15 that the chemical shifts of the ester 

group protons experience a marked dependence on the nature of the acetyl 

group substituents: the -OCR2- and -OCTI5  protons exhibit P range of 

0.35 and 0.40 ppm respectively and even the terminal methyl group of the 

ethyl radical has a total variation of 20 77,. 	The corresponding values 

observed in the 1 J
C spectra are 5.2 ppm, 4.6 ppm and 0.6 ppm, and these 

reflect the greater sensitivity of the latter nucleus to the substituents. 

The nature of these variations may be suitably examined viP plots of the 

chemical shifts against the sum of the Huggins electronegativities of 

the acetyl group suhetituents, and these are shown in figures 7 - 

respectively. 

It is observed that all three proton species yield plots 

that are very similar in nature to those of the 15C nuclei, with several 

'families of lines' being apparent. 	Thus all members of a series CH2X-, 



Figure e.  —OCH,,CH7 
•=r 

Plots of H chemical shifts for est:3r protons vs./ 13 

Figure 7 -OCH2CH7  

CGI 	
S '14 4  

Ceij 	CR4 GIG 	 - XV/ 

Cr3  CCI3 C PC12- CitC1 

I. 
10 	11  
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Figure 9 

1H- chemical shifts of -00H3  protons vs. Z3 



Table 15. 1 H chemical shit is of haloacetic acid esters  ,x7.00 R.  
- 	2 

CHXY 

= Ch , 5 

dOCH, ;OCIT CH
3 

110HXY 

R= Ch 
3  

YOCH, 

-CH
3  

6.6 195.8 404.8 123.6 197.5 359.5 
-CH2Br 7.35 370.7 418.9 130.5 

-CH,7,C1 7.55 393.9 420.2 131.3 395.3 376.2 

-CH3/.2  8.10 571.0 428.9 136.1 573.3 386.3 

-CH2F 8.30 531.7 422.7 131.8 474.4 377.3 

-CHC1, 8.50 583.0 429.9 137.0 585.8 387.6 

-Or
3  

8.85 - 440.2 142'4 - 398.9 

-PhCh7 9.10 - - 564.6 373.2 

-CHC1F 9.25 - 622.8 388.0 

-001, 9.45 - 439.0 142.7 - 398.3 
-CHF 10.00 579.7 431.7 137.7 582.5 388.0 

-CPC12 10.20 - 439.0 142.1 - - 

-CF?  Cl -  10.95 - 438.7 142.0 - 396.3 
-OF, 11.70 439.4- 141.7 - 396.6 

data in Hz to low field of TMS: S= CS x 10-2  ppm 

CHX,-, CX,- lie on one line (for each X) and all compounds with a 

common number of H or X substituents lie on a separate line. 

Introduction of any halogen substituent at the acetyl carbon deshields 

the protons, even of the terminal methyl group of the ethyl moiety, 

in contrast to its 3C  shift, which experiences increased shielding. 

Further comparison of the 1
H and 130 datanveals that in the family 

CH
n
X
3-n, n constant, the effect of increasing the atomic ,,eight of X, 

F - Cl - 	is always deshielding for 
13
0 chemical shifts, but for 

1II the opposite is found to be the case, with shielding for n 	1 or 2, 

and only very slight deshielding (total rang' 0.0? ppm) for CX7. 	Figures 

143. 



7 - 9 also show that the resonances corresponding to the unsubstiturted 

acetates are not (apparently) the common points for the lines, but are 

offset ca. 0.1 ppm to high field of the point of intersection. 

It must he concluded from the extensively similar nature 

of figures 7 - 9 with figures 1 - 4, that the protons of the ester 

group are expriencing the 

the 130 of the -CC} - and _ 

3.2.1.2.) that the latter 

same influences upon their chemical shift a_s 

00113  moieties. 	It will be recalled (section 
data were successfully analysed in terms of add- 

itive acetyl substituent chemical shifts, when due allowance -as made 

for the conformational preferences of the halogens. 	Hence it 7,as 

decided to test this proposal via analysis of this data in the manner 
7  described for the JC chemical shifts of the oxycarbons (section 3.2.1.2) 

to determine if the 11E chemical shifts were able to support the conclusions 
reached inthat section from - C data. 	The initial least-squares computer 
analysis for all three types of proton failed to confirm the prediction 

1 7  found with the -IC data. 	The probable reason for this apparent failure 

has been noted in part above: the families of lines for compounds, of 

thetype n3-n . CC 2R, X constant, intersect very close to the point 

corresponding to the parent acetic Pcidl for the 13C data but there is a 

considerable error for the 1H nuclei. 	12his fact taken in connection 

with the considerably smaller range of chemical shifts experiences for 

1H must yield a greater statistical error in any analysis, based on 

substituent chemical shifts. 	Thus, although 07  for 13C C and 11t data 

are 1 -2 Hz in both cases, in the former this is 	of the total range 

but is en order of magnitude greater for the proton datR. 

In en attempt to test this hypothesis, the S.C.S. 17 data 

for -0011, were corrected by the approximate amount of the apparent 'zero 
2 

error' in 0.0.0. (10.5 117, see fig. o) and the least squares analysis 

repeated. 	The standard deviations were markedly reduced (to 0.0 - 0.9 Hz 

for all possibilities of conformational preference) but again a well defined 

conformational preference failed to appear. 

It is clear from the natlire of figures 7 - 9 that the protons 

of the ester groups are indeed experiencing the same stereochemical 

effects 	1 3^ )0 nuclei (figures 1 - 4) but the method of analysis is 

not sufficiently accurate to confirm this with the data obtained from a 

144, 
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less sensitive nucleus and hence subject to considerably greater error. 

It is concluded that the pattern of 
I
H S.C.S. can he understood on a 

qualitative basis from the knowledge obtained from the 13C C spectra. 

3.2.2. Amido Derivatives of some a.Fluorohaloacetic Acids. 

The 
13
C NMI spectra of the three series ofafluoroacetamides 

are now examined to complement the 19F investigation, described in chapter 

1. 	The choice of solvent(s)presented problems similar tothose given 

in that chapter, viz. the low s'clubility of these polar compounds, (especially 

the primary amides), in 
CC1/1' 

 and it was not possible to record 
13

C spectra 

in this solvent. 	Two further complications arose in this area. 	Firstly 

arising from the low natural abundance and detestability of 13,  and the 

reduction in the signal- to-noise ratio caused by the complex spin-coupled 

multiplets in undecoupled spectra, it was desirable to obtain 10 - 20 mole 

(, solutions for this purpose to yield well-defined. absorption bands 

from which to measure coupling constants accurately. 	Secondly, it was 

necessary to record spectra of the N,N-dimethyl amides at temperatures 

sufficiently low that all internal rotation about the (r)C-N amide bond 

had ceased. 

Although no one solvent was able to fulfill all these consid-

erations, deuterochloroform was found to be suitable for all the spectra,  

of the 1,-methyl amides and the majority of those for the primary amides. 

The coupling constants of the latter series were also recorded in methanol 

for theabove noted r,-asonp. 	Severe problems with phase separation wore 

encountered when attempting to use 2=7  as solvent for the tertiary 

amides and the low temperatures required (-200  to -200C), but this as 

overcomethroughemploying=_,with 	(ext) as lock signal. 

Spectra of some of the primary amides in CDC1, were of necessity 

recorded at elevated temperatures (A5 - 550) to obtain dissolution. 	In 

these instances, the solution concentrations were 5 mole 	or less and 

hence the measured chemical shifts `'ere considered to represent closely 
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the values at infinite dilution. 	The chemical shifts of the other 

primary amides and all the secondary amides were Eytrapolated to infinite 

dilutioningpa,:such a procedure "'as not feasible for the 7,TT-

dimethyl amide,-, whose spectra required 12 hours accumulation for 5 or 

10 mole 	solutions, and hence a small quantity of 'Pm° 'vas included in 

the solutions. 	Full details of the experimental conditions used for 

the acquisition 13
C spectra of the amides will be found in sections 

3.2.2.3 to 3.2.2.5. 

3.2.2.1 Chemical shifts of the acetyl and carbonyl carbons.  

The chemical shifts of the acetyl and carbonyl carbons of all 

three types of amide will be considered initially: it is anticipated that 

these will exhibit the same general trends with acetyl substituents found 

for the series of esters but may display some minor variations which are 

P function of the amino nitrogen substituents. 

'alues of the chemical shifts of dee acetyl and carbons in the 

series of amides are given intables 16 and 17. 

Table 16 indicates the results of successive h-methylation upon 

the acetyl chemical shift are not additive or of equal effect, as was 
ln 

found for the effect of successive IT-methylation upon -7 chemical shifts 

in Chapter 2. 	Mono-F-methylation generally induces a downfield (positive) 

shift of CP. 0.5 ppm, with the exception of the TreCHP- and (73- amides, 

for which a considerably greater degree of shielding and deshielding is 

noted resPectively. 	Introduction of a second ';-methyl group generally 

yields a shielding influence of under 1 ppm, but this is considerably 

greater for the propionamide derivative (YeTTF, - 9.58 ppm); -:hilst the 

di- and triflueroacetamides experience a deshielding of upto 2  ppm. 

There is again no significant correlation with the nature of the acetyl 

group substituents. 	Although the overall effect of di- ” methylPtion 

produces a change in shielding of under 1 ppm, there exists a range from 

-6-05ppm for 7eCH7- to -L3.61 ppm for CF and it is apparent that these 

effects are not directly relnted to the nature of the acetyl group or the 
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''able 16. 130 "chemical shifts of acetyl carbon in 13C -1'c'y7,  "0 ° (ppm). 

c
XY2 XYZ 

-',7 = 
NEMe 

= 
NMe, 

6),( 1'TIMe- giA 7-7,1 e - 
P. 

NH
2
) TIHT7e) gV(79-  

0, 7.)- 

CH P- 

YeCHF- 

CHBrP- 

PhCHF- 

0E8'7- 

CHF
2 
 - 

C1!91 2- 

CF2- Cl- CF 2C1-

CT? 3- 

Table 

	

6.6 	22.34 	23.1 0 	21.44 

	

8.3 	80.01 	20.39 	80.19 

	

8.7 	92.50 	88.03 	86./15 

	

9.05 	84.06 	84'66 	- 

	

9.10 	91.69 	91.99 	- 

	

9.25 	93.71 	94-08 	93.07 

	

10.00 	108.17 	108.55 	110.59 

	

10.2 	111.79 	112.36 	111.99 

	

10.95 	118.60 	119.13 	118.55 

	

11.7 	113'19 	115.95 	116.80 

17. 	chemical shifts of carbonyl 

	

0.76 	-1.66 

	

0.38 	-0.21 

	

-3.47 	-2.58 

	

0.60 	- 

	

0.3o 	, 

	

8.37 	-1.01 

	

0.38 	2.04 

	

0.57 	-0.37 

	

0.53 	-0.58 

	

2.76 	0.85 

carbon in C 	.
13
00.0 

-8.90 
0.17 

-6.05 

- 

-o.64 

2.47 

0.20 

-0.05 

3•61 

(ppm). 

'XYZ 
0- _ -L-1 
3 

CH9F- 

711eCTIF- 
CHErF- 
PhCH7- 
CHC1F- 
0HF,,- 
CFC12- 
CP Cl- - 2 
010 ,- 

..) 

-XYZ 

6.6 
8.3 

8.7 

9.05 
9.10 
9.25 

10.0 
10.2 
10.95 

11.7 

173.59 

170.41 

177.72 

167.42 

- 
166.59 
164.82 

163.48 
161.53 

159.91 

q ± NII7  
71771.-e 

178.91 

169.18 

171.11 

165'42 

169.03 

164.65 
163.18 

162.02 
160.86 

157.95 

= 
Me 2  
169.05 

- 

167.93 

- 

- 

163.10 

161.81 

159.36 
158.11 

156.26 

XYZ 

SV( 	tc);( 1\7.e 
NH, ,-, , 	177,1:e 

-2.68 	-1.86 

-2.23 

-6.11 	-3.10 

-2.00 	- 

- 	- 

-1.94 	-1.55 

-1.64. 	-1.37 

-1.46 	-2.66 

-1.47 	-1.85 

-0.96 	-1.69 

N1:2 
-4.54 

-9.79 

-3.4-9 
-3.01 

-412 

-3.42 

-2.65 

- 
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site of N-methylation in a simple fashion. 

The effects of successive N-methylation upon the carbonyl 

carbon chemical shifts are listed in table 17, and depicted graphically 

in figure 10 (a - c). 	It is seen from table 17 that mono-N-methylation 

produces a shielding of the carbonyl carbon of 0.96 to 2.7 ppm, and 

figure 9a reveals that this correlates well with the total electroneg- 

ativity (1;7) of the acetyl group substituents. 	Addition of a second 

methyl group yields further general shielding of 1.5 to 3 ppm and figure 
10b shows there is little dependence upon 1:1-1. 	The overall effect of 

Y-methylation (7E, — IT7:7e,) is illustrated by figure 10c which shows that 
nett shielding of 2.65 to 4.54 ppm is to be expected, with the exception 

of the 2-fluoropropionamide derivative, which experiences a considerably 

greater upfield shift of 9.49 ppm. 

The above behavioural pattern of non-additivity and increasingly 

poor correlation with successive methylation parallels that observed for 
1q the cffects of Y-methylation upon '7 chemical shifts (Chanter 2) and 

these are probably founded in n common origin. 	It is known
17 
 that mono- 

`-methylation of an amide introduces the methyl group in the syn position 

with respect to the carbonyl group:- 

CXYZ 

C C  

 

H 	anti: 

N Me &yri 

 

and it was proposed in chapter 2  (section 2.7 	) that because the 

:-methyl group is remote from the acetyl carbon it will not disturb the 

conformational preferences of the latter centre. 	Introduction of the 

second methyl group to the anti position places the hydrogen atoms 

spatially closer to 'he acetyl substituents such that they could influence 

and hence modify these conformation preferences. 

An example of this hypothesis is probably provided. by the 

series of 2-fluoropropionamides. 	The conformational preferences of 

150. 
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the Me.CHP- moiety could not be studied in the previous section (3.2.1), becmisraw,snotrossilDIrt
ospithesicp-7,_c7-rr.nP. 	Consequently 

it is not kno,m if the preferred conformation is that With F or 7e 

eclipsing the carbonyl group. 	If the letter -2re found to be true, 

it would not be _reasonable to expect data relating to this compound 

(7e017.00.,, 	to show much correspondence withthe series ofo4fluoro- 

haloacetnmides, which have been shown to exist 'ith one fluorine atom 

preferentially eclipsing the carbonyl oxygen atom. 	This point is however 

one of speculation and cannot be discussed further. 

It will be recalled that the series of esters examined in 

section 3.2.1. were taken as models of the parent acid fragment 0777.00- 

which could be studied without any influence of the amido- moiety. 	It 

is instruct*ve to examine any differences which do occur between the 

ester and primary amide for each compound, and these are set out in 

table 18. 

Table 18. Differences in acetyl end carbonyl chemical shifts 	for esters 

and amides of the type C„. C0.9. 

C 	- 7-V7 
4-1 

17'1 
14' - X.Y7, 3, 

= (we 

•07 _ 6.6 20 .08 

CH2F- 8.3 76.62 

CHF- 8.7 84.70 
ChH3rF- 9.05 80.49 

CHC1F- 9.25 90.62 

CH72- 10.02 	106.20 

CFC12- 
10.20 108.66 

0F2
Cl- 10.95 118.48 

CF,- 11.70 i 	114.24 

Oq = 

22.34 

n0-01 

92.50 

84.06 

93.71 

100.17 

111.79 

118.60 

113.19 

(ppm). 

1)0=0 
pp 

1)Q 	= 	;b 111`772-07,'e Ek72-0Ve2 = 0I":e 

2.26 169.95 173.59H 	4.64 

3.39 166.63 170.41 	3.78  

7.80 168.21 177.72 8.91 

3.57 163.2o 167.42 4.22 

3.09 163.22 166.59 3.37 

1.97 161.69 164.82 3.13 

3.13 159.96 163.48 3.52 

I 	0.12 158.80 	] 161.53 2.73 

-1.05 157.13 152.91 1.78 
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Table 18 indicates that the acetyl carbon undergoes an 

average deshielding of ca. 2.9 ppm upon ammonolysis of the ester. 	The 

propionic acid derivative exhibits a much larger difference whilst the 

two most electronegative compounds experience little change and slight 

shielding respectively. 7igure 11a indicates there is little correlation 

with total acetyl substituent electronegativity (1—q. 

The carbonyl carbon also experiences a deshielding upon 

conversion of ester to amide ranging from 4.6 ppm to 1.8 ppm, and figure 

11b indicates that this difference is proportional toff. 	Again the 

propionic acid derivatives yield anomalous data. 

It is noteworthy that the change in shielding recorded for 

both the acetyl and carbonyl carbons of 2—fluoropropionate upon ammonolysis 

are considerably larger than the range of values found for. the series of 

otfluorohaloncetic acid derivatives. 	These observation lend support to 

the proposal discussed above that the MeCIP— moiety exists in a conformation 

in which the fluorine atoms does not eclipse the carbonyl oxygen. 

It is recalled from the study on esters (section 3.2.1.1) 

that a plot of the chemical shift of the carbonyl carbon against the sum 

of the Huggins electronegativities of the acetyl group substituents (2:7) 

was linear (figure 2). 	Since it has been found that the difference 

in chemical shift of this carbon etv-,Pn ester and corresponding pmido 

is also proportional to JEL (figure 111) it is anticipated that a direct 

plot of chemical shift vs. 5EE will produce a linear rrlationship, with 

the results shown in fiir-  12 (a — c) for the three amide types. 	It is 

observe that the point corresponding to the pronicnamids depart considerably 

from the relationship indicates by the remaining compounds, and the values 

derived from P least—squares analysis for the latter are presented in 

table 19, along with that obtained for the methyl esters for comparison. 

It is concluded that the factors influencing the chemical shifts of the 

carbonyl group for the amil.:s are similar to those discussed for the 

esters. 
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Figure 12c 

C carbonyl chemical shii t of tertiary 

amide vr,.. 



Table 19. Least squares analysis cf carbonyl chemical shifts.  

CXYZ.  - figure 11. 

slope intercept correlation std. 	devn. 

PPm• (P771) coefficient (10Pm) 

-OMe -2.313 134-C8 

-NH, -2.95 193.89 0.9927 0.532 
-N1:3,7e -2.70 190.16 0.9,1.57 1.311 
-.17.1 2  -2.53 186.07 0.9080 0.613 

3.2.2.2 Coupling constants of the acetyl and carbonyl carbons. 

Attention in this section will be confined to the directly 

bonded and geminal coupling constants of the acetyl (1„.00-) moiety; 

other couplings associated with the amide part of the molecule will be 

considered in following sections dealing with features specific to each 

amide series. 	Values of the directly bonded. coupling constants (1JCH 
and 1J, recorded recorded in ODC1

3 solution (CF013  forthe N,N dimethyl amides) CT  
are listed in table 20, with those of the corresponding ester for 

comparison (data from tables 5 and 10). It is seen from table 20 that 

values of the observed coupling constants are essentially independent 

of therature of the acid derivative (ester, amide - dimethyl amide) and 

consequently the analyses of these coupling constants discussed in 

section 3.2.1.3 and 3.2.1.4 are valid here. 

The general coupling constants of the fluorine to the carbonyl 

carbon were also recorded and are presented in table 21 in a manner 

analogous to that for the directly bonded couplings. It is seen from 

this table that the three values of the geminal coupling for the amides 

156. 



157. 

Table 20. Directly bonded coupling constants in amides C„ C0.0, 

'XYZ 

CH,- 

CTT8F- 
7eCHF- 

CHBrF- 

PhOHF- 

CHC1F- 

CHF,- 
r_ 

CFC12- 

CF,C1- 

CP
3
- 

1 JC-1 	
(Hz) (Hz) 

1 JC-H 	 7 

	

= 	= 
(1)) 	NT12  NH, 	NH7e 	OR 	Nitre 	N7,:re 2  

	

127.9 	127.8 	129.1 

	

154'5(a)155.1 	153.6 	186.3 	105.2 	178.5 

	

156.0(a)155.8 	155.0 	183.0 	182.5 	176.1 

	

188.3 	188.1 	188.3 	266.0 	265.7 	- 

	

158.3(a)156.4 	157.0 	198.0 	187.4 	- 

	

187.0 	186.7 	187.0 	255.2 	254.4 	252.7 

	

192.4 	190.4 	190.6 	251.8 	249.9 	252.2 

	

307.5 	307.0 303.7 

	

301.6 	302.0 	300.5 

287.3(a) 	286.7 	287'4- 

(I)) OR 

182.6 

183.5 

264.1 

188.0 

253.4 

249.1 

305.7 

300.5 

285.0 

Table 

Me0H solvent 	(b) CC?
4 
 Folvent. 
"' 

21. Geminal 
2
,1 	coupling in amides C 	.00.0, (Hz) 

CXYZ 

CH 2F 

MeCHF 

CHBrF 

FhCH7 

CHC1F  

L'
2  

07012  

C72C1  
CF 3  

(a) 

= 

15.1 

21.0 

22.0 

19•0 

23- .5 
24.5 

27.2 

31.5 

TDC7
)
_ 

(a) 

(1)) 

= 	(a) 

IHZie 

17.1 

19.0 

21-1 

21.6 

22.5 

24.7 

25.2 

29.8 

37.4 

(7013  

r  Y Z 

= 	(h) 	(-) = 	(c) 	Av. 	27,,  
77Te 
- 	2 	

OR 

18.4((1)  22.2 	16.1 

19.9 	22.9 	19.6 

25.5 	21.5 

27'5 	20.3 

22.6 	26.4 	22.8 

25.1 	29.3 	2/1 .7 

25.7 	30.0 	26.1 

29.1 	34.1 	30.1 

35.9 	42.3 	76.7 

(c) 	caz 	(d) 	C01 	ambient 

J(CR) - J(NRRI) 
kv. 

6.1 

3.2 

4.0 

7.2 

3.6 

/1.1 

3.9 

4.0 

5.6 
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derived from any one parent acid all lieedthin e range of 2 Hz,vhich 

is the order of error expected. in their measurement (400 Hz spectral 

width implies digitization in the frequency domain of 1 Hz/point). 

Comparison of the averaged coupling for the three amides with that of 

the corresponding ester indicates that the former is always less than the 

latter, and this difference amounts to an average of 4.6 Hz. 

It is concluded that N-methylation is without effect upon 

the geminal fluorine-carbonyl coupling constant, but _that this is 

reduced upon substitution of the highly electronegative alkoxyl group 

(-0R) by the loss electronegative amido (-172), which represents a change 

of 3.5 — 3.05 = 0.45 Huggins electronegativity units. 	Plots of 2J JOF 
vs. 5,7 are linear (figure 13 a - c) as found for the esters (fig. 6) 
and data derived from the least-squares analyses indicate that the 

above change in coupling constant is consistent with a reduction in the 

total directly bonded. electronegativity of 0.03 Huggins units. 

3.2.2.3. 7eatures specific to the primary amides.  

7 

Herein interest centres upon F long-range coupling JJ 

observed between the acetyl carbon and one of the amino protons. 

These vary ith the nature of the acetyl groups substituents end are listed 

in table 22. 	The nature of this variation may be examined in a manner 

analogous to that employed for the long range (4,f, ):fluorine-PH 

coupling (chapter 1) by e. 	 7 
plot if -Jr.TTE  against 	F. 	Figure 1A 

depicts such a plot for the coupling recorded in methanol. 	It is seen 

that the values are not directly proportional to 2:7 (as was found for 
4J 	) but appear to exhibit 'families of lines' similar to those 
F.hu 

observed for the chemical shifts 	of the ester carbons. 

The observation of this long range coupling is specific 

to the primary amides, and it is not detected for the -71-Ee series. 

It is known
17 
 that the latter. always exists with the N-meth 1 group syn 

7 
to the carbonyl and hence this implies that the -}„T c.T:11  coupling must 

CH 
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Table. 22. Long  range 	
17 

coupling  in primary amides 	.00.M1
2 
 (Hz) 

e0H 

inf 	0L217 

temp (°C) 	(a) 

C H  -,,.3  6.6 7.1 7.15 50 
CH,7 8.3 6.3 

1Ve CEP 8.7 5.0 

CHErF 9'05 9.2 7.77 
PhOIP? 9.10 d .1,12• 0 
CEC1F 9'25 9'05 7.75 
CHF, 10.0 3-5 7.3 45 	(b) 

CFC12  10.2 11.25 55 
CF2C1 10.95 10.9 10.0 43  
CF 
3 

11.7 (1.0 0 17 -■ 

Notes: 1 all data in Men?? at ambient probe temperature (?500,. 

(a) when not given, data at probe temperature 

(b) chemical shift data recorded. at ambient on diluted solutions. 

be to the -11H which is syn to the carbonyl oxygen. 	This is the opposite 

tethatfoundforJ_where it was shomn (Chapter 1) similarly that 

the acetyl fluorine atom couples to the anti -NH proton. 

Data for trifluoroacetamide is unfortunately absent because 

the compound undergoes intramolecular exchange in methanol ( Chapters 

1 and 2) and also apparently in CP01, solution. 	This prevents a more 

detailed examination of the variation in coupling  constants in a 

manner utilized with the aster chemical shifts. 
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3.2.1.4. Features specific to the secondary amides. 

These are associated withthe properties of the N-methyl 

group, viz. its chemical shift, directly bonded coupling constant 

and geminal C-1:7 coupling with the amido proton, which are given 

in table 23 for infinitely 	dilute or 10 - 20 moles solutions in 

CDC13  respectively. 

Table 23. 	viviR parameters of 17.5,e group in Cy 	. CC .7E\ ie . 

'YIT73 
, 

1117.CK 

7 

-),1" C-1\71T. 
(PPP1 )' (He) (11,71 

CH, 6.6 26.40 137.6 2-7 

0112E 8.3 25.55 138.9 2•47 

Mearn? 8.7 25.69 138.7 2.5 

CHErF 9.05 26.40 1._;9•6 2.35 

PhCHF 9.10 25.85 139.0 2.9 

CHC1F 9.25 26.34 139.6 2.25 

ChT2  10.0 25.94 139.7 2.1 

CFC1, 10.20 27.19 140.2 2.1 

CF,C1 10.95 26.71 110.3 2.09  

ryi 

3 
11.7 26.A1 140.15 1.9 

The -variation in chemical shift with the nature of the 

acetyl group is examined in figure 15, from which it is seen that 

'families of lines' exist with -CH2F- as the common point. 	kithough 

the parent CH,- acid is not the point of origin, this form of relation- 

ship is to 	expected because the 1:-methyl group is in the same geometrical 
relationship to the acetyl group as the alkoxyl ester groups, end hence 
the nature of the effect observed here must arise from the sPmc-.  origin. 

Similarly, it is not surprising that this in-quence should also be 

permoeted into n varition of the directly bonded C-H spin coupling 
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Figure 17 
2 T  gerninal coupling in the 

s cc ondary amides vs. 1 
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(figure: 16), from 137.6 Hz to 1i'.0.5 Hz. 	Although this is only a range 

of 3 Hz it is real because all the coupling constants reported in this 

section were recorded under conditions of relatively highresolution 

(1000H7 spectral width implying a digitie.ation of 0.25 Hsjpoint). 

The observed range of the chemical -hift variation, 1-65 

ppm, is considerably less than that for the all-oxyl groups (-0'72-, 

5.18 ppn, and -00113  /,.31 ppm) but analysis of the data in a manner 

analogous tothat of section 3.2.1.9  is prevented because the data from 

the ncetemides do not represent the point of origin. 	Consequently it 

is not possible to utili^e this data, to confirm the conformational 

preferences deduced from the ester chemical shifts. 

Tt was possible to resolve P small grminal coupling across the 

nitrogen atom between the I,-methyl carbon end the amid() proton. 	Table 

23 shows that this amounts to ?.7 Hz for 7-methyl ecetamide and decreases 

(sign unknown, assumed positive) with introduction of electronegative 

substituents at the Pcetyl carbon, yielding a range of 0.8 Hz. 	Figure 

17 reveals that this trend correlated well with i:7, and both these 

observations exactly parallel those for the long range coupling between 

acetyl fluorine and the same (i.e. anti Nit) proton. 

3.2.2.5 Features specific to the tertiary amides.  

The points of interest are the chemical shifts end long 

range couplings of the Nmethyl groups and the relevant date are listed 

intable 24. 	Al] the spectra, were recorded in 77C1 at temperatures 
3 

sufficiently low that internal rotation about the 0(0)-N bond had 

ceased, this point will be discussed in further detail later. 	It is 

seen that the effects of temperature and concentration differences are 

minimal from the data for dimethylacetamide at -30°  and -00°C, and 

consequently the chemical shift values obtained for the other amide's 

are considered to represent very closely that at infinite dilution. 
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V 	u11.7  
j 

Hz 

(1,v)1 

ppm 

vig.;1:., 
J 

Hz 

cdl) 
ppm 

43;v_ 

Hz ppm 

7111,7e  

Hz 

c;oncn 	rem'. 

7 q1  	00 

946.7 37.63 871.2 34.63 75.5 3.09 - 10 	-30 

943.9 37.52 866.5 54.44 77.4 3.08 - 5 	-80 

894.9 35.57 880.8 35.01 14.1 0.56 5.4 5 	- 5 

917.1 36.45 893.8 35.53 23-2. 0-93 6.6 7 -30 

916.8 36.45 903.9 35.93 12.9 0.51 3.0 9 -20 

894.1 35.54 891.0 35.41 3.1 0.12 4.1 10 -20 

967.7 38.46 950.8 37.79 16.9 0.67 4.8 10 -50 

939.7 37.35 926.6 36.83 13.1 0.52 4..1 10 -50 

914.5 36.50 909.4 36.15 5.1 0.20 3.6 10 -40 

4 
Vvv 

 

CH2r  
MeCHF 

CHC1F 

("HP _ 2  

CF012  

CF Cl 2 
Cl?

3  

g:l 

6.6. 

8.3 

8.7 

9'25 

10.0 

10.2 

10.95 

11.7 
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Table 24. 1 3C .N 1Z data for N-methyl groups in 	.00.1\7e, . 2 

The variation in chemical shift of the two 7-methyl groups 

with the nature of acetyl groups is depicted in figure 18 (a 	b) from 

which it is seen that the high field methyl exhibits P pattern of shifts 

similar to that observed forthe secondary amida (figure 18b). 	Introduction 

of electronegative acetyl substituents 	deshields this high field methyl, 

with that of the unsubstituted amide (CH,-) now being to highest field 

in contrast to that for the secondary amide carbon. 	The low field.  

N-methyl carbon shows a pattern of shifts similar to that of the high 

field but witi significantly lees correlation to the families of lines 

detected previously for regular changes e.g. the series 07.,-CF,C1-CF017  
(= 

produces a straight line for both the methyl groups, but CH2  7-CH7 -0.7 3 
is only linear for the high field carbon and introduction of electroneg-

ative acetyl substituents shields the N methyl with the one exception 

of the Tl?C12- derivative (figur: 18a). 

he key to the relative assignments of the two methyl groups 

is provided by the observation of a selective long-range coupling 

bet-een the acetyl fluorine su',)stitu:'nt(s) and the low fi-l_d N-methyl 

carbon. Such n coupling is not found to the secondary amides (-:717-e), 

which is known to exist with the ?-methyl group syn to the carbonyl 

oxygen and hence this coupling must be to the U-methyl carbon in the 
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anti position, which enables unambiguous assignments to be made. 	This 

result is the sera as that found for 7 resonances viz. the methyl group,  

syn to the carbonyl is in a region of increased shielding withrespect 

to that in the anti position. 

Table 24 indicates that this long-range coupling varies 

between 3.0 and 6.6 Hz but figure 19 shows that it does not possess 

a, simple relationship to the nature of the acetyl substituents, although 

a general reduction in value with increasing substituent slectronegativity 

is noted. 

The chemical shift difference between the carbons of the F-methyl 

groups is 3.n ppm for dimethylacetemide (table 24) but this is reduced 

considerably to under 1 ppm upon introduction of electronegative 

substituents and is as little as 3.0 7z (0.12 ppm) for the difluoro 

(CHIP,-) analogue (figure 20). 	It is noteworthy that this is the 

smallest difference observed and that for trifluoro 	is approximately 

twice this value, (5.1 h2, 0.20 ppm). 	It would appear that introduction 

of these highly electronegative substituents considerably reduces the 

difference between the environments of the two TT-methyl carbons. 

his very small difference in chemical shift is surprising 

because it is not observed in proton spectra, of the dimethyl amides 

under the same conditions. 	Table 25 lists the chemical shifts and 

differences recorded. at various temperatures in (701
3
: these data 

indicated. the conditions for observation of the
13
C spectra under 'frozen- 

rotation'. 	It is seen from this table that the smallest difference is 

shown by the two N-methyl groups of CH717.00.NMe7  with a separation of 

9.6 Hz, and. that for the difluoro derivative is comparable with that 

of the 2-fluoropropionamide. 	These observations contrast with the 
13

C  
, 	 1_ 	13 \ data and suggest that the two nuclear species ( 1H and 	0) are 

responding to the acetyl substituents differently. 
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Table 25. 	17 17,1R data for Cx.y.z.00.77,e2   in CFC13.  

J7717r7 temp set HZ 
17:02  

Low field High field 
11 .12r..e 
LF 

(Hz) 
HF 

CH ,P 0 0  6 ). 2.996 2.890 2.0 1.0 

-20 8.5 2.973 2.888 1.8 1.2 

."eCTIP -10 17.5 3.079 2.904 2.4 1 . 6 

-30 17.5 3.082 2.907 2.4 1.6 

CHO1F 0 20.0 3.149 2.949 2.0 0.95 

-20 19.9 3.15/ 2.955 2.0 0.95 

-30 19.5 3.155 2.961 1.9 0.90 

0-F, 
L 

0 17.8 3.116 ').-9 8  1 . 6 1.1 

-20 18.1 3.120 2.939 1.6 1.1 

-A0 18.15 3.122 2.9to 1.65 1.15 

OF01
2 

 -20 19.65 3.205 3.062 2.0 0.8 

-/0 20.2 3.245 7.044  1.9 0.7 

-50 20.3 3.240 3.045 1.95 0.8 

CP
2 
 ul -20 15.8 3.175 3.017 1.65 0.7 

-40 15.9 3.181 3.092 1.6 0.7 

-50  16.0 3.186 3.026 1.65 0.7 

OF, . 	0 11.5 3.116 3.002 1.5 0.7 
) 

-20 11.6 22 3.122 3. 006  1.5 0.9 

-40 11.6 3.128 3.012 1.5 0.8 

Data supplied by S.J.Roberts. 
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3.3 7xperimental. 

All the 13C spectra were recorded. on a Varian 7,100-12 7G 

at 25.16 MHz in the Fourier Transform mode using the varian 6201", computer 

with 16K of 16 bit storage • Complete proton heteronuclear decoupling 

was achieved with the Gyrocode decoupler unit using an irradiating 

frequency centred 4 ppm downfjeld from the IH resonance of Trs and 

modulated with a noise bandwidth of 1000 Hz at 4w transmitted power. 

Fluorine decoupling (where required) was achieved by use of the same 

unit so adjusted toonerate the required. frequency in the 94 17.1:z region 

with a noise bandwidth of 500-1000Hz to ensure complete decoupling. 

Spin coupled spectra were obtained by use of the gated-decoupling 

technique. 	Ambient pulse temperature was 25°C and temperatures other 

than this were controlled to +2°C of the indicated value by the standard 

variable temperature unit. 

Samples were examined as solutions as described above, in 

10 mm c.d. tubes spun at 20 rpn with nn internal, conoontrionlly mounted, 

5 mm tube containing Do0 or T) J( 
1   3
D as necessary for locking if C1)01, 

was not used as solvent. 	The 	C observation frequency of 71S was 

always determined under conditions similar to those used for recording 

the samples. 	Typical parameters used for data acquisition would be:- 

1 Spectral width 	'OOP Hz 

Acquisition time 	1 sec. 

Pulse Width 	15 - 20/Ls c ( tip angle 30 - 

Pulse delay 

Ho. transients 	- 30K dependent on solution cone. 

Sensitivity enhancema.nt 	0.8 sec. 

(Tim constant) 

2onditionc w-re always soc:'ijusted for recording small counling constants 

to obtain the maximum possible rate of digiti7ation in the transformed 

spectrum. 
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4.0  Introduction. 

"11 chemicals end_ solvents were or 	quality end used 

as received unless required pure or anhydrous, for which purposes standard 

procedures were employed. 	T'th,r end dichloromethene extracts were dried 

with hgSO4  and all distillations were conducted under a pure dry -2  

atmosphere.. 

7eterials used for fluorination reactions were rendered 

anhydrous as follows:- K}'  by heating the solid in the reaction vessel 

to 2000  at 1mm pressure for 72 hours, the substrate by dessication under 

vacuum over 1'0
5 

end digol by storage over freshly heated anhydrous 

CaS0 1  for 72 hours followed by vacuum distillation; a middle fraction 

was used for reaction solvent. 

Infra-red spectra were obtained on nujol mulls (solids) or 

liquid films between UnC1 plates in a Perkin Llmer 257 spectrometer, 

and Ultra, Violet spectra on solutions in A.R. ethanol with a Unicorn 

CPSOC spectrometer. 	7icroanalyses were performed by the Imperial 

College Vicroanalytical Service. 

The otfluoroacetamidPs were synthesised by nmmonolysis of the 

corresponding methyl or ethyl ester; these were either obtained commercially 

or prepared according to the Procedures described in section 4.1. 

4.1  6t-Fluoroacetic ester syntheses. 

Fthyl monofluoroacetate (38) 

Chloroacetic acid was converted to the ethyl ester by acid catalysed 

treatment according to the method of Voge3 1 
in 69c' yield. 	the 

anhydrous chloro-est0r (;00g, 	-'as fluorinated using potassium fluoride 

anhyd. (200g, 2.90m) in molten ecetamidP (100g) according totle procedure 

Redistillation in a heated? H0pun4l column yielded 
0, 	5.5 the pure fluoroac0tate (147g, 61'1 by 1 20-121 /756 mm n1 	1-3000 

described by -,0ergmann. 
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(lit 1'7767), I) 	1755, 1730, 1700, 1225, 1090 cm.-1  max 

methyl difluoroacetate. 

his was prepared from the acid hy the method of :Liman and 

Jones, and the crude product used directly for preparation of amides. 

ethyl trifluoroacetete (54). 

mthi
_ . 
s was prepared similarly to the difluoroacetete; distillation 

of the crude product afforded the pure ester. in 55';' yield, by 60-61(7750, 
oo 

1 n 	.5075. 

'ethyl 2-chloro-2,2-difluoroacetate (196). 

0hlorodifluoroacetic acid (10.0 g, 0.0766m) was converted to 

the ester following the procedure of Gilman end Jones' for ethyl trifluoro- 

acetete. 	The anhydrous ether extract 'YPIE,  distilled at atmospheric 
o i„ 	25 

pressure to yield the ester 9.05 g, 7n,5, by 75 i lbr) am, np  1.7551, 
1)7r,,x  1775, 1705, 1775, 1220, 1100-1120, 1020, 900, 0/1.0, 710 cm-1. 

hothyl 2-chlorn-2-fluoroacetate (235). 

2-Chloro-1,7,2-trifluoroethyl methyl ether (ex 71uorochem) 

was hydrolysed to the corresponding methyl ester by ice-cold, coned. Tio90, 

according to the procedure described by 7ngland For the ethyl analogue. 

'2'hus the ether (10.0g, 0.0673m) afforded the ester (/1-5a, 65'7!) by 115-6°/756mm, 
max 1775, 127n, 1100, 1015, 020 cm :1 n

25 
1.5907. 

2-bromo-1,2,2-trifluoroPthyl ethyl ether (737). 

Theol,14 -difluoroether waEl o1-ctine(1 in 717.1  yield by bose catalysed 

addition of ethanol to bromotrifluoro-ethylene, according to the procedure 
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described by Lngland
6 
for the chloro analogue. 	Thus (110g, 0.6175m) gas 

yielded (107.3E., 0.516m) ether, by 92°/760mm, d max  1380, 1-2,60, 1310, 
1290, 1220, 1150, 1090, 1060, 900, 030, 760, 740 cm

:1 

3 
requires C27.21';', H 2-77% -nr "2:7 •J1)1, 7  27. 

found 	027.46c!. 7 2.06 	7r 70.9971  7 27.04(:!, 

Lthyl 2—bromo-2—fluoroacetate (239). 

The above preparedoa.difluoroether 7PT1 hydrolysed to the ester 

according to the procedure employed for the chloro analogue above. 	thus 

the ether (15.50g, 0.0749m) was treated. with ice—cold cone. TT_SO A  over 

6 hours, to yield the ester, (9.66g, 0.0522m) 70;'., by 7_3-5c/44-45 mm 

Tax -  1690-1660. 100, 	1255, 1195, 1100, 1925 cm.
1  

T—benzyl 2—bromo—propionnmide (167) 

Propionic acid (190g, 1.35m) was converted to the acyl chloride 

by treatment with thionyl chloride (167g, 1-427m) at reflux in benzene for 

hrs. 	The product wps0(—brominnted by trsatmeat —ith purified bromine 

(234; g, 75m1, 1.46m) with red P as catalyst, according to the procedure 

described by 'rogel
1 
 for acetyl chloride. The solution was fractionally 

distilled to yield 220g of liquid with bp 17-150°/ 1 atmos. which corres-

ponds to a mixture of DC3r acyl chloride and bromide (bp 133°  and 152°  

respectively). 	The mixed aryl halides —are converted to the 7—benznmide 

according to the method of 7ischoff.7 	Anhydrous benzylamine (200g, 1.869m) 

was added to a stirred solution of the acyl halide (220g) in benzene (11) 

over 30' nt 5-100. 	After a further period of stirring 10min, the crude 

product was poured into water, (400m1) to removebenzylamine hydrochloride. 

The organic layer was washed and dried. 	The crude product was recrystallized 

from TTe0H:bonzene (1:5) to yield the r—benznmide 17/1.1g, 0.7197, 57! bm7pcl, 

on acid, mp 87-90.5
o
(lit

B 
 85°) C 	3250, 1660, 1570, 1_1'70, 770, 720 cm.

-1 
mnx 
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1--benzy1-2-fluoropropionamide (16F3). 

The reaction details are modelled on those given by 

Bergman
9 
for N-phenyl 2 fluoro-2 phenyl acetamide. 

Anhydrous 7-benyl 2-bromopropionamic (dE?.4.3g, 0.200m) -,as 

added to a stirred solution of anhydrous IT (34.9g, C.6m) in digol (160m1, 

by 100°/mm) at 120°. 	After 25 min, precipitation of KPr commenced, and 

reaction stirred further 3 hrs nt 125. 	Uooled to ambient, poured into 

wnter(200m1)andextrnetedwith=3 (1 x 300 ml) and (3112(312  (2 x 150m1), 

washed and dried. 	Evaporation gave an orange oil ,15.2g, which partially 

solidified to an orange yellow sticky semi-solid, and was shown to consist 

of 1 major and 3 minof components. 	mheaaterinl was chromatogrnph,7,d over 

alumina (350g, Grade III) with 271 0172012: Pet Ether (TO - 60) PF eluent 

to yield a pale yellow solid, recrystallized from T't20trat ether (40-60) 

(1:1) to yield white leaflets, mp 13-1° (22.3g, 85. 5`,''') 	max 3300, 1650, 

1550, 1470, 1110, 1020, 760, 720 cm.-1 c10-12F'Te requires:- C 66.27/ 

H 6.67;'. r, 7.77 P 10.49;  found 	66.37,' H 6.87: 7 .6e I? 10.27% 

Ethyl 2-fluoropropionate (212). 

2-fluoropropionamicle (5.0g, 0.0275m) was refluxed at 

110o in 27' Pthanolic sulphuric acid (cH02011 ,n.1 g, 0.0825m, A.1m1, in 

ethanol 22m1) for 20 hrs, when tic (Si07, 01T07.,) indicated the reaction 

to be essentially complete. 	The cooled solution was poured into brine (75m1) 

and extracted with ether (1 x 100, 2 x 50 ml). 	The dried 

solution was used for preparation of amides. 

Y-benzyl 0-b=mo-2- kenylacetnEide (155). 

Phenylacetic acid (100E, 0•75M) 	convert, to the 	bromo- 

phonacyl chloride according  to the procedure de scriber? by 
	for acetic 

acid to yield pure product (150g, 0.6425m, 25.7! by 107°/15m7). 	The 

acyl chloride (79g, 0.3)37m) was treatel with benzylamine as (.7r7op?i_W ,bove 

to yield the dosired bon7,nmido, which was reorystnlli7e1 from ethanol: 

i propnnol (1:1) with 10':- HoO, 7.6g, 0-2617m, 77•67f, mp 116°, 	ma_, 
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3300, 1655, 1550, 1500, 1240, 1170, 1070, 1070, 75C, 700, 625 cm. 

max 233nm (E5 . 6420, log C  ,.3.8121. 

H-Lensyl 2-fluoro-2-phenylacetamide (161). 

reagents -ere rendered anhydrous according to the wethods 

described in the introduction. 	c‘bromeben7amide (30.A g, 0.1m) was 

stirred into VP (12g, 0.3m) and digol (20m1) at 120°. 	within 2 min a 

precipitate of nr was observed, and the reactions was allowed to continue 

for 3 hrs nt 120-1250. 	The mixture was cooled, poured into water (:100m1). 

The crude product obtained after chloroform and lichloromethane extraction 

was recrystallized from ethanol:isopropanol (1:1) with addition of 10: 

7,0 and the crystals washed with ice cold solvent to yield product 12g. 

The mother liquors were evaporated and the residue chromatographed over 

alumina with 50;;". CH2C12: Pet ether (10-60) as eluent yielded a further 3.2g 

product. 	Total yield 15.2g, 62.3c!, mp 98-99.° 	I) 7,:x  3350, 1675, 1560, 

1460, 1050, 760, 730, 700 cm.-1  ‘),.\ 	214nm C = 10225, log e = 4.03,1) max 
C15H14

FIT0 requires: C 74-05(1 H 5.00;( N 5.75'1 P 

found 	C 73.584 	6 • 1 71  F 5.457 n  7.57 

ethyl 2-f)uorophenyl acetate (190) 

1-ben7y1-2-fluorophenylacetamide (9.5g, 0.039m) was refluxed in 

27(  methanolic sulphuric acid (acid, 11.58, in 7e0", 50 ml) for 30 hrs, at 

which time the reaction was judged complete by tic. 	The cooled mixture 

was poured into brine (000ml) and extracted with ether (1 x 100, 2 x 50m1), 

dried (da1TC071 and residual oil after solvent evaporation was distilled to 
2 

yield the ester, 1:p 	°/ 7 7  1.75mm, 4'05g, 61.57. 0 	1760, 1925, 1295, 1195, 1,12X 
1060, 740, 705 cm. -1 Structure was confirmed hy 

1
H 7I'M and mass spectro- 

metry. 

4.2 S.:;nthesis of 7*-) fluoroacetnmides. 

All the amides were prepared from the corresponding esters 

by treatment with ammonia or a solution of the appropriate amine. 	The 

procedures will be described in detail for one amide of each type in the 

relevant sections below. 
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4.2.1. Primary smides. 

Fluoroacetamide (45) 

A solution of ethyl fluoroacetate ( 5.3g, 0.05m1) in ether 

(15m1) was cooled in ice and treated with coned. aq. ammonia (2m1) for 

hr. Removal of solvent yielded a pasty mass which was dried azeotron- 

ically with ethanol and benzene. 	1-he anhydrous mass was recrystallized 

from AR methanol to yield plates 2.83g, 75cf, mp 105°  (lit10  108°) 

3400, 3200, 1665, 1630, 1125, 1050 cm.-1  
max 

2-fluoropropionamide (213)  

A solution of the ethyl ester in methanol was treated with ammonia 

gas at ice temperature. 	the crude product was recrystallized from CHC1 

benzene 1:4 to afford fine needles, 0.6406, (25;' based on "-benzamide) 

mp 71-72° 	
max 

, 0 	3400, 3200, 1660, 1120, 1100, 1040, 510 cm.-1  

C3K6F:0 requires C 	39.557' 6.64r1  7 	15.387' 720-05'/ 

found C 39.08(/ 7 6./4;4  H 	14.60,' P21.21';' 

2-fluorophenylacetamide (164) 

The crude product obtained from the methyl ester (0.35g, 2.O8PY) 

was recrystallized twice from 011-,C1,:"PCH to yield fine needles (150 

0.975 m", 	mp 131-132.5°, 	mpx  3,50, 750, 1685, 1470, 1050, 1035, 760, 

710 cm.-1 \ 215 urn ( logG= 3.33.3) max 
28K8P-:40 requires 	62.77e' II 5.26c; N 5.15;" 	12.41"' 

found 	C 62'75;1 H 	F 19'8371  

2 bromo-2-flueroacetemide (230a) 

'The ethyl ester 2.0g (0.012f') in ice cold methanol (15m1) was 

tr-ate3 -ith a sstd. solution of 	in methanol (5 ml). 	After 10 min, 

tle indicated reaction was complete and the solvents were evaporated. 

lihe crude produce was recrystallized from ]--LOo:Pet ether (10-60) cc 2:1 to 

give colourless needles, 1°3g, 93'7, mp ,10.5
0 
 (lit. mr 44°) )7400, max - 

3200, 1650, 1630, 1100, 1065, 770 cm.
-1 
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2 chloro-2-fluoronetamide (210) 

:"ethyl chlorofluoroacrtete (2-0g, 0-'158T') was treated mith 

1,77-methanol as described for the bromo analogue. 	The crude product waF 

obtained as a colourless oil, -hich -:as distilled to yield the pure amide, 

by 650/1-2-m, 1-27g, 65;'' 1-hich substantially solidified on standing to a 

colourless solid mp 50-5-51-5°0  (lit"  by 72°/1mm) d MPX 3350, 3200, 1710, 

1620, 1070, 920, 85' cm.-1 

Difluoroacetamide (55) 

The crude product obtained from methyl difluoronceIate --as 

recrystallized from ether:pet. ether (1:1) to yield the pure amid,- (0.158g, 

mp 47'5-49°  (lit13  mp 510) 0 	5400, 3200, 1675, 1670, 1120, 1070, 
max 

2,2-dichloro-2-fluorcv,cetamide (222) 

The crude product obtained from the ester (1.5 g, 0.0005 m, ex 

71uorochem) waslecrystallized from chloroform into prisms, 0.99E, 

79, mp 123-125 lit.14126- ° 	3350, 3200, 1700, 1630, 1125, 1095, 080, 
max 

2-chloro-2,2-difluoroacetamide (196) 

i'he impure amide ,.,as recrystallized from (-ICI,: cyclohexane 5:1 

to yield fine colourless needles, 6c/mp 00-81r( lit.
l  ' mp 78-5) max 

5500, 3200, 1710, 1150, 980 cm.
-1 

Trifluoroacetamide (54) 

The crude amide 77.s recrystallized from ather:pet. ether (40-60) 

1:4 to yield the pure product as long colourless needles, 67,4  mp 70-710, 

litlb  mp 75°  d 	3250, 3175, 1690, 1635, 1155, 1150, 1130 cm.
-1 

max 

Cm. 
-1  

280, 630 cm. -I 
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4.2.2. 7-Methyl amides.  

N-7ethyl fluoroacetamide (50) 

Ethyl fluoroacetate (2.5g, 0.025m) was treated with a satd- aqP.eous 

solution of methylamine (10m1) for 48 hrs. 	The colourless solution was 

evaporated to dryness azootropically and recrystallized from methanol-

ether to yield. colourless needles 0.72g, 61,1-, or from CHC1,:pet. ether 

1:1. 1-11)59-61° 0-1A.1764° Ex 0=-). 

N-methyl 2-fluoro-propionamide (243)  

The ethyl ester (1.0g, 0.0083m) in ether (5m1) was cooled to 

ice temperature and treated with ethanolic methylamine (ca. TV 1.5 ml) and 

stored at 00  for 24 hrs. 	The oil obtained upon evaporation of solvent was 

fractionally distilled to afford pure N-methyl amide, 0.65g, by 20°/43mm, 

7/15% ) max  3300, 1670, 1555, 1420, 1160, 1130, 1095, 1015 cm.
-1 

c
4  H0 

 FNO requires C 45.70;' H 7•66;/, F 18'07(/ 

found 	C 45.5Z H 7.78cl H 

All the remaining fl-methyl amides were prepared. according to this method. 

N-methyl 2-fluorophenylacetamide (247) 

The crude product obtained upon solvent evaporation was P light 

yellow oil, which solidified upon 111--faMilitS1'‘. with pet. ether. 	This 

was recrystallized from benzene: pet ether (/10-60), 2:1, to afford 

needles, 795', mT) 	j 3300, 1660, 1555, 1210, 1160, 1020, 800, 
max 

770, 720 cm.-1 

C9H10770 requires C (:)4.65';' N 6.02;' 7 8.3e P 11.36Y 

found 	C 65.005' H 6.01;" N 8.15;' F 10.0,v 

7-methyl 2-bromo-2-fluoroacetamide (258a) 

The crude product obtained from the ethyl ester (2.0g, 0.0108111) 

as a viscous oil was fractionally distilled. to yield the pure amide, 1.65g, 
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695, by 65°/5mm. 0 	3300, 1600, 1555, 1090, 1065, 1035, 800, 610 cm.
-1 

max - 
07H -21.7N0 requires 0 	1: 2-96c: N 	Ur 47.01c!. F 11.- r 

5 
found 	C 21•39''  I 3.4CY N 7.(;5(.:11-05' 

methyl 2-chloro-2-fluoroacetamide (235a) 

The methyl ester (2.5g, 0.0197m) was treated in the standard 

manner to yield the crude 7-methyl amide as a viscous liquid, which could 

be induced to solidify with liquid N2  but remained a liquid at lab. temp. 

Fraction .l distillation yielded the pure product, 1.49g, 	by 112-113/ 

21mm, which solidified on standing to a colourless mass, mp ca. 23-50  

(warm water bath). 3",50, 
may, 

31/0, 1720, 	1700, 	1685, 	1570, 	1560, 	1 ,̂20, 

1110, 	1070, 	1030, 825 -' cm. 

"  H
5
ClvN0 requires 2E1.70" 5

'3 
Cl -2 204  1.13;'  

found C 28.981 H 1.14 Cl 28-16 

'N-methyl difluoroacetamide (234)  

to yield 
-1 

cm. 

The impure amide was recrystallized from Ft,O:pet ether_ (40-60) 

plates 401, mp 32-7°  d 	3350, 3150, 1730-1550, 1100-1060 
maX " 

CH F 7-0 xecluires 0 	4•62;'. 	12.84;71. F  34.23 
) 5 - 

found 	C 33.39 	4.88 	12.855 -F.  74.78^'' 

7-methyl 2,2-dichloro-2-fluoroacetamide (234)  

The impure amide was obtained as a yellow viscous oil, which was 

induced to crystallize (exothermically) by cooling with liquid 7, for 10- 

15  sec. 	Recrytallization from ?]t00:pet ether (/10-60) yielded the nure 

N-methyl amide as rhombic prisms, 0.925g, 	mp 44.5-45 • d 	7350, max 

C71:
4 
 Cl
2 
 FNO requires C 22.52(/ H 2.51 N 0.75(/ Cl 44. -.5 2;:f  F 11.97°: )  

found 	C 	2.71;'!: 7 9.02' Cl 41. 91c! F 11.1V 

she structure was proved by mass spectrometry. 

1700, 1560, 1100, 1060, 930, 880, 700 cm.-1  
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1-methyl 2-chloro-2,2-difluoroacetamide (236h)  

-̀ he residual viscous oil from solvent evaporation of the reaction 

mixture was distilled to yield the desired compound, 97,' by 112°/61 mm 

n-0
5 1 • 3998 d 

ma y 3350, 3100, 1735, 1715, 1565, 142
0, 1135, 1040, 980, 820 

cm. -1  

C3HdC1F2NO requires C 	H 	Cl 24.70;.! F 26./7°' 

found 	C 26.7o  H 	Cl 24.31'7 F 26-98°' 

The structure was confirmed by mass spectrometry. 

trifluoraacetamide (238) 

he amide was ircrystallized from Ft 0 to yield pure product 19c/ 
0 

mP 17-8°  0 	3330, 1700, 1575, 1230, 1160, 1120 cm.-1 
max 

4-2.3. Y,N-dimethylamides. 

N,N-dimethyl 2-fluoroacetamide (51)  

Ththyl fluoroacetate (5.3g, 0.05m) was treated with a said. solution 

(aqueous) of dimethylamine (40 1, 10m1) at 0
0
. 	A.fter. ? days water was 

removed asPotropically (ethanol, benzene) to leave a colourless oil which 

was fractionally distilled at reduced pressure to yield the pure amide by 

0 1670, 1070 cm.
-1 

max 
F 18.17' 

F 16.11 

N,7 dimethyl 2-fluoropropionamide (243) 

This procelure 	used as standard for the other amides. 	The 

ethyl ester (1.0g, 0.0083m) in ether -wis treated with dimethylamine in 

ether (ca 30, 2m1). 	After le hrs. the solvent was removed and the residual 

oil distilled, to yield the product, 0.483g, 1.8°1  by 05-6°/44mm 

0 	1660, 1120, 1100, 1050 cm.-1  max 
C5H10750 requires C 50.40r H 8.46:' 7 11.75;' F 

found 	C 50.17: H 0.3e TT 11.51 F 

39-41°/1.4-1.6mm, 

C H FNO 	requires 
4 e 

found. 

2.35g, 	471, 	n24 	1.4339, 

C 45.71 	H 7.62 1  N 13.3 

C 45.21(/.. 	7.62 
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NN-dimethyl 2-fluorophenylacetamide (191) 

Crude fluoro ester (ex hydrolysis of beneamide) 2.0g, Ms 

treated in the standard manner with dimethylamine. 	Tlc indicated 4 

products on evaporation of solvent, and the material was purified by 

column chromatography over 0102  with 01101, as eluent. 	This yielded 

a mixture of product and unhydrolysed ben7amide, which were separated by 

further chromatography over alumina(100g, 0-rade III) with CH2  Cl2  :7.7. 

(1:1) aseauent. 	The desired NN dimethylamide eluted as the second compound 

as a light yellow oil and asTPcrystallized from Ft20:pet ether (40-60) 

(1:1), 650mg, -11p 50-?°  d 	1650, 1450, 1040, 760, 720, 700 cm.
-1 

"10 7  12 
 "70 	T/ requires C 66.2 	7 6.677 	7.77'  

found 	C 66.59c/.. H 6•74,̀1. N 7.00 1. :10  10.51 

7N dimethyl 2-chloro-2-fluoroacetamide (211) 

This was obtained as a colourless oil, by 	/16mm, 4.7!- yield, 
18 

1600, 1090, 0/10, 010, 670 cm. nD  1.4575, ) max  
(' 7  cl7ric requires C 34.W' H 5.05 	10.07, cl 25.40: 	1.7).61 

— 
found 	C 	5-0,7;j. N 10'47'  C1 25.14r: F 13.07! 

7-dimethyl difluoroacetamide (27,3) 

Distillation of the crude nroduct yielded P colourless oil 
22 by 61

o
/29 mm, 52; n 	d 	1680 110n cm.-1 -0 9,1tiFfp0A0-y 7 17= 

micro-analysis could be obtained and the structure was confirmed by 

mass-spectrometry. 

71I-dimethyl 2,2-dichloro-2-fluoroacetsmide (254a) 

The crud,. product was isolated as a light yelln-  oil which "717 

fractionally distilled at DUCCCI pressure to yieldthe pure ar.tirie as a.  

colourless liquid, 1-p 107-0°/19mm, 	1.455P, 	max 1690, 1400, 

1 255, 1100, 1280,990, 800, 240, 720, 690, :S60 cm.-1 ?_rising from 

the hydroscopjc nature of this compound, the molecular formula was 

confirmed by mass spectrometry and not micro-analyris. 
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dimethy1-2-chloro-2,2-difluornacetamide (236)  

Fractional distillation yielded the tertiary amide as a colou-e- 

loss liquid, 	87-5°/35mm, 941  n? 1.4098, d max ' 	 1 690, 1150, 1110, 905,  
905 cm.-1 

C 7,017 LO requires C 30'4271  H 7).84;' 
o 

found 	C 30•6R' H ".G21, H 	Cl 91.90'/ F 

74•1191. 

NN dimethyltrifluoroacetamide (235a) 

he amide was obtained as a colourless liquid by 62 

1700, 1150, 1100 cm.- max 
C H.,7,ro requires C 	H 4.25c1  N 9.97e 4 b 

C 34'21'7. H 4.16 N 9.81c 	11'567' 

0/rn 
/,0 MM 

4.2.4. Hass Spectrometry of Amides. 

Lass spectra of some of the amides were obtained in instances 
-7here accurate micro-analyses could not he obtained due to their hydro- 

scopic nature. 	These were recorded using either the ATI H0902 or Perkin- 

Elmer spectrometers. 

ompound 

01:13.CHF.GONH2  ,-_ 

) 

CIT,.CHY.X.7(CH7)0  
) 

m/o 

44 
,15 

47 

55 

71 

91 

47 

58 

105 

72 

Intensity 
(;:' base 	pea1.7) 

100 

6 

6 

14 

3 

27 

37 

100 

ICY) 

Interpretation 

-CONTT, 

CON7 	+ 

OH 	. CH7 = 7.7-00.7'71 3 	
2. 

CH =2=C=0 M-H7-7H, 

7-HF 
 IT+ I,  

M-COTHCIT7  
1 

CONHCH, 

CO.NKe, 

119 	17 
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011-Er7.; 	2.CC2H
5 

0123rF.CC.NK0113  

CHC1F.CO.NTICH3  

°HY .00.NHC7, 
2 

95 

105 

111 

113 

161 

163 

206 

208 

58 

90 

111 

113 

169 

171 

44 

58 

67 

69 

90 

125 

127 

51 

58 

100 

22 

25 

23 

44 

41 

100 

2 

2 

8 

8 

19 

100 

11 

4 

6 

13 

16 

100 

P 	T7 

nii7r7 

7 CC,;.5 
 

7■1 

0=0=7HCH3  

M -Pr 

CHErF 

o=c=rH 

0.0=NHCH, 

071:C1F 

CHP.00-1MCH, 

TJT+  

TI-CONHON 
3 

130.7HC7, 

CHF2— 
CO.Y(0H7) 

2 

109 	35 

51 	29 

72 	100 

123 	71 

OTT-7,  2 
COiN7e 2 
r+ 
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,1-.3 Synthesis of haloacetates. 

The methyl and ethyl esters of non-fluorine containing acids 

were obtained directly from the acid, either via the acyl halide, or 

conversion to the sodium salt followed by treatment with alcohol/cK2SO4  

according to the method of Gilman and Jones.'  Excess alcohol and acid was 

removedbyadditionofCa( 	the crude product, which was 

purified by distillation. 	All the compounds are well known in the liter- 

ature and hence details of physical constants are not presented. 
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CHAPTER FIVE  

CARBON-13 	N.M.R. SPECTRA 01' SOTTE  

PHOTOLYSIS PRODUCTS OF VITAMIN D
2
. 
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5.0 Introduction.  

In the course of other work in this department, it 

became desirable to study the carbon-13 spectra of photolysis 

products of ergosterol and ergocalciferol (vitamin D2) with a view 

to identifying compounds with unknown structures. 

Initial studies were centred on tie two starting materials 

ergosterol (1) and ergocalciferol (2), together with its 3,5, dinitro-

benzoate ester (35DNBz)(2a) 

Homogeneous hydrogenation of (2) using Wilkinson's catalyst 

gave two products, dihydrovitamin D2  IV (1, with its 3,5-DNBz, la) 

and the isomeric dihydrovitamin D2  II, which was isolated as the 

35DNBz (4). 

Stigmasterol (5) was utilised as a further model to assist 

in the unambiguous assignment of the ergosterol chain resonances. 

This is very important since photolytic reactions centred on the 

butadiene/hexatriene system in 1 and 2 are usually held to leave the 

side chain unaffected, and it is very desirable to check this assumption. 

Suprasterol II has been identified as a photolysis product 
l 

of ergocalciferol, end its structure has been determined both chemically 

and by X-ray
lb techniques: this was examined as boththe free alcohol (6) 

and its 35DNBz ester (6a). 	Catalytic hydrogenation of 6 removed the 

cyclopropane ring, by cleaving the C6-07  bond, and saturated the side 

chain at 022-C23 
to yield tetre.hydrosuprasterol TI, which was again 

studied as the free alcohol (7) end 35DWBz ester (7a). 

It has been possible to make unambiguous assignments for 

all the resonances in the above compounds, and the results are presented 

in table 1. 	In order to facilitate this, lanthanide shift data were 

obtained for some of the free alcohols by addition of Fu(fod)
3 
in 0.05- 

0.10T,T increments. 	The approximately linear paramagnetic shifts 

obtained (up to a maximum sterol:lanthanide ratio of 0.30Y) were 
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Figure 1. Structures of Model Compounds 

1, Ergosterol 

2. Ergocalciferol 
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3. Dihydrovitamin D2  IV 

4. Dihydrovitamin D2  II 



46 

No 

195, 

5. Stigmas to roi 

6. Supras terol II 
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7. Tetrahydrosuprasterol II 

02, 

3,5 dinitrobenzoate ester function 
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Table 1.  13C chemical shifts of model compounds. 

1 2 2a 3 3a 4 5 

1 31.80 31.93 31.84 30.04 29.81 27.41 37.27 
2 38.68 35.20 32.11 30.42 26.55 24.92 31.60 
3 70.31 69.20 74.97 69.47 77.04 74.66 71.79 
4 39.68  45.94 42.02 42.57 38.32 38.62 42.95 
5 141.46 145.11 143.92 140.14 137.76 136.71 140.77 
6 119.76 122.49 123.18 119.59 121.16 121.11 121.72 
7 116.59 117.54 117.31 115.45 115.15 114.94 31.91 
8 140.27 142.22 143.13 141.65 142.89 142.42 31.91 
9 46.56 29.05 29.05 28.77 28.89 28.76 50.18 
10 37.29 135.12 133.27 29.05 29.02 29.82 36.54 
11 21.33 22.25 22.22 22.31 22.30 22.24 21.11 
12 40.66 40.41 40.48 40.38 40.39 40.38 39.71 
13 43.12 45.7° 45.87 45.62 45.76 45.69 42.25 
14 54.80 56.49 56.47 56.39 56.44 56.37 56.89 
15 23.23 23.59 23.59 23.44 23.49 23.46 24.39 
16 28.13 27.81 27.79 27.77 27.78 27.90 28.95 
17 56.04 56.49 56.47 56.47 56.52 56.46 55.99  
18 12.20 12.30 12.28 12.40 12.39 12.26 12.07 
19 16.67 112.42 113.34 18.07 17.92 17.62 19.43 
20 10.57 10.41 40.36 40.38 40.39 40.38 40.54 
21 21.27 21'14 21.14 21.14 21.15 91.14 21.24 
22 135.76 135.65 135.62 135.65 135.63 135.67 138.36 
23 132.24 131.99 132.00 131.97 132.04 131.99 129.31 
24 43.12 42.86 42.85 /1 2.85 42.89  42.86 52.26 
25 33.35 33.12 33.11 33.13 33.14 33.12 31.91 
26 19.96 19.66 19.67 19.67 19.67 19.66 21.11 
27 20.07 19.96 19.96 19.97  19.99 19.96 19.02 
28 17.77 17.61 17.61 17.63 17.65 17.62 25.44 
P9 12.29 

1'  134.42 134.55 134.73 
2'  129.43 129.45 129.45 

3'  148.69 148.69 148.64 
4'  122.26 122.26 122.16 

5'  148.69 148.69 149.64 
6, 129.43 129.45 129.45 

7' 161.89 161.85 162.00 
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Table 1. (cont.) 

6 6a 7 7a 

1 22.80 21.87 29.06 29.22 
2 31.60 27.31 31.99 98.65 
3 67.98 73.20 68.18 74.41 
A 35.77  31.69 40.36  36.33 
5 134.57 134.94 124.25 123.69 
6 34.26 34.15 33.72 33.67 
7 20.99 21.01 34.18 3/1 .17 
8 27.18 27.31 34.79 34.82 
9 34.31 34.37 36.63 36.52 
10 131.99 130.77 126.13 126.52 
11 20.84 20.03 19.33 19.32 
12 40.92 40.74 40.94 40.93 
13 44.13 44.40 42.82 42.85 
14. 53.1 3 52.99 59.39 59.33 
15 22.33 22.41 26.21 26.19 
16 2/.66 27.60 27.50 27.31 
17 56.64 56.60 57'44 57.47 
18 19.57 12.64 13.37 13.36 
19 24.62 24.•52 26.47 26.48 
90 40.09 40.06 35.87 35.90 
21 21.09 2.1.01 18.69 18.69 
22 135.86 135.77 30.53 30.57 
23 151.78 131.84 33.51 33.52 
24 42.84 42.88 39.08 39.11 
25 33.12  33.11 31.45 31.48 
26 19.67 19.65 17.60 17.63 
27 19.98 19.97 20.47 20.54 
28 17.65 17.63 15.44 15.46 
29 

1'  134.54 134.63 
2'  129.22 129.40 
3'  148.65 148.69 

122.25 122.19 
5'  148.65 148.69 
6'  129.22 129.40 
7'  162.04 162.09 
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Table 2. Lanthanide Induced Shifts (extrapolated to equimolar  
lanthanide:sterol concentration; values in Hz from original line  
positions. "g Err-.  

Ca rbon No. 2 
Compounds 

6 7 

1 265 103 188 192 
2 376 264 314 348 
3 1441 1018 1419 1575 
4 258 25'i 327 387 
5 235 69 232 49 
6 258 88 113 130 
7 90 40 105 73 
8 75 32 101 70 
9 25 49 99 74 
10 215 119 212 43 
11 25 38 /10 38 
12 8 22 44 27 
13 22 18 44 25 
14 26 26 56 39 
15 13 14 85 21 
16 16 9 23 20 
17 21 12 26 17 
18 13 17 39 11 
19 139 90 125 103 
20 A 8 14 o 
21 3 8 8 4 
22 6 6 9 8 
23 7 6 7 6 
24 5 5 A 3 
25 0 2 0 4 
26 0 0 0 2 
27 0 0 0 9 
28 0 0 0 3 
29 0 
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extrapolated to a relative concentration of 1.0Y, to obtain 6; Eu, 

the shift that would be induced by a 1r concentration of lanthanide. 

No corrections were made for contact shifts or lanthanun complexation 

shifts, since the data as obtained were sufficiently accurate to 

enable distinction between nuclei close to, or remote from the site 

of complexation. 	The final values of the lanthanide induced shifts 

are given in table 2. 

2 
It is to be expected that the observed paramagnetic shifts 

will he predominantly pseudocontact in origin and if the lanthanide-

substrate complex can be assumed to have axial symmetry, the magnitude 

of the observed shifts on complexation (0
Fu 	0 

- 	) will be given by 

Eu 	0 = K(3cos2e -1)  

r3  

where r is the distance of the perturbed nucleus from the lanthanide 

and the angle this vector subtends to the principal magnetic axis. 

Recent work3 by Apsimon et al. on 
13

C spectra of keto- and hydroxy-

steroids has shown that Eu(fod)3  induces additional contact shifts at 

both o[  and p positions to the site of complexation. 	Thus data 

obtained for. these carbons will not obey the above relationship, and 

consequently calculation of their relative shifts is not possible. 

-Resides the conventiclel proton noise-decoupled carbon spectra, 

extensive use was made of coherent (single frequency) off-resonance 

spectra, with the decoupler power (10-12 watts) centred 1-2 pnm above 

TNS. 	The resulting 
13
C spectrum retains most of the N07 found in 

noise decoupling, but shows splittings from the large one-bond coupling 

constants which are use to assign a carbon7rsonance to a methyl, 

methylene or quaternary carbon. 	These splittings, termed reduced 

coupling constants, are smaller then the actual coupling constants 

and greatly reduce the problem of overlapping peaks. 	It has been 

shown that the reduced coupling constant is given approximately by: 
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JR 	6.1) 'J
CIi 

 

'‘ 

where ais the decoupler offset from resonance and. ICH2  is the intensity 
of the decoupling field. 

Naively, it would generally he assumed. that a methylene 

group would yield a triplet in off-resonance spectra, and a methine 

a doublet, on a first-order basis. 	Unfortunately, this is not always 

the case, and, complex band shapes are often observed5-7  in off-resonance 

spectra, particularly for groups in a vicinal relationship. 	A good 

example is provided5  by 1,2-dichloroethane (CH2C1-CH2C1), where the 

off-resonance spectrum consists of a complex multiplet resembling a 

triplet, but the maximum intensity of to outer lines is only 2T4 that 

of the centre peak. 

The physical explanation of this behaviour is identical with 

that of virtual coupling in proton spectra. 	The off-resonance decoupling 

reduces the effective J
CH coupling constant to a point where it is 

comparable with the vicinal 3J 	inter-proton coupling. 	Hence,  

although the 2
JCCH (4.H7) has been reduced to, say 0.5H7 by the off-

resonance decoupling, the carbon nucleus appears to be coupled to the 

vicinal-CH2  Cl group by virtual coupling via the strongly coupled " 
proton system. 

Such second order off-resonance spectra are not confined to 

vicinal methylene groups, and an even more deceptive example is provided 

by the trans double bond of fumaric acid, H02  C.CH=CH.CC H. 	Instead 

of the expected doublet for the olefinic carbons, off-resonance spectra 

consisted of complex multiplets of 5 to 7 lines, for whichthe centre 

line could be the strongest. 	The band shapes would be readily explained 

as arising from virtual coupling of the 
13
C with the geminal proton 

( on the other sp
P 

carbon) via the strong trans 3J-
RI 

coupling (16H7) 
13 

and reduced J
CH 

of 20 to 50 Hz. 	Analytically, the -C is the X part 

of an ABX spin system, where there is strong coupling between AB and.  

AX, but not BX. 
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The second order nature of methylene and methine groups is 

usually not so dramatic as the above examples, and is generally confined 

to various degrees of line broadenings on the basic triplet or doublet 

structure. 	In a general study of these phenomena, Grutmer7 concluded 

that second order effects are to be expected in a AmB
n
X spin system 

(13C = X). when J
AX 

and JBx  are appreciably different, and typically 

this will be the case if A and B are on adjacent carbons. 

Many of the above 'types' of second-order line shapes have 

been observed in the course of this work, and have proved very useful 

in identifying carbon resonances in several situations. 

5.1. Model Compounds. 

5.1.1. F,rgosterol (1) and Stigmasterol (5). 

The chemical shift data obtained for the ergosterol nucleus 

were in substantial agreement withthat reported by loberts,9  but 

with the reversal of his assignments for C
12 and C6' as is now well 

established.
10 

Several differences were noted in the side chain 

resonances with the reversal of C
22 

and C
23 ( as suggested by 

Stothers10  ), and the reassignment of the side chain methyl groups C
21' 

C26 and  C27' for which Roberts stated that he was unable to make 

unambiguous indentifications. 	these new values, and an overall check 

on the side chain resonances, including C
22 

and C23, have been made 

possible by a comparison of predicted line positions with experimental, 

and by examination of the effects of methyl substitution at C28. 

Stigmasterol (5) was selected as a suitable compound for the latter 

investigation, and its structure maybe regarded as a molecular composite 

of a cholesterol ring framework ("backbone") with a C
28 

methylated 

ergosterol side chain. 	The resonances arising from the cholesterol 

part are readily distinguished on the basis of Roberts work,9  and LIS 

data served to distinguish between ring and side chain resonances in 
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cases of doubtful assignments. 	Table 3 indicates the anticipated 

effects of such a methyl substitution,and lists the predicted (on 

the basis of the ergosterol s.c.) and the observed shifts for the 

side-chain resonances in 5. 

0
21 

in the ergosterol side-el-lain is assigned to the methyl 

resonance at 21.27ppm. Comparison of the ergosterol and stigmesterol 

side-chain structures (fig.1) indicates that C
21 

is remoted from the 

C
28 methy3ation site and should hence exhibit a minimal chemical shift 

difference bctween 1 and 5. 	The absorption at 21.27 ppm (1) and 

21.24 ppm (5) is the only one to satisfy this criterion. 

estimated using the additivity relationships of Lindeman and Adams, 

based on the work1 -2  of Grant and Paul; the side chain is treated as 

a saturated paraffin, no allowance being made for the double bond. 

Using the notation and tables given in Levy & Nelson's book 
 

these results are recorded as mable 4. 

C
28 

in the ergosterol side chain is expected to occur at 

highest field (after C18) and the closest experimental line is 17.6 ppm. 

Stothers
10

, using oct-3-ene as his model, calculated 028  to be at 

17.8 ppm. 	Correction for the $ effect of the double bond by +1.45 ppm 

seems reasonable, when compared with n. deshielding of ca. 2-5 ppm for 

an sp-  carbon 40C to an olefin. 	Table 3 indicates this assignment 

is correct, because the line position allocated to 028  in ( 	reflects 

the expected chemical shift changes very accurately. 

Table 4 predicts 
025 

in (1) to occur at 32.53 ppm, in good 

agreement with the observed position of 33.35 ppm, and table 3 indicates 

this resonance undergoes the expected Yshift to its position in the 

side chain of (5), in confirmation of the original assignment and 

indicating a term for the effect of the double bond of 0.78 ppm. 

Use of the original Grant and Paul suhstituent parameters 

with trans oct-4-ene as P. model prodicts 0
20 

and 0
24 

to appear at 

Line positions of the side chain groups at C
2)  
, are now 

11 
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Table 3. F,stimated side chain resonances in Stigmasterol. 

C
n 	Position in 	effect 	 C of 28 	total 	predicted observed 

1 	methylation 
	change 	PPm 

> € 0 

E = 0.1 0.1 

t olefinic 1.5 

IC  g1-01;ic -1.5 

21 	21.27 

20 	40.57 

22 	135.76 

23 	132.24 

24 	43.12 	= ;1+;.4 	6.8 

change in substitution 
3y (1y) to 3y(2ndy) , -2.6 

25 	33.35 	, -2.5 
	-2.5 

26 	19.96 	g = 0.3 
	0.3 

27 	20.07 

28 	17.77 	opt = +9.1 
	

7.7 

change in substitution 

1y(3y) to ?nay (3y) 

-1.4 

21.27 21.24 

40.67 40.54 

137.26 138.36 

130.74 129.33 

49.92  51.26 

30.85 31.91 

20.96 19.02 

20.37 21.11 

25.47 25.44 

Table 4. Calculation of ergosterol side chain resonances based on Lindeman  

and Adams parameters. 

Param. P2  D3 p
4 

NK 
- 3 	

K
4 	

c 
 

Carbon 

28 1 0 1 0 3 1 16.15 

21 1 1 0 0 3 5 19.11 

26,27 1 0 1 0 2 1 19.14 

25 3 0 1 0 3 1 32.53 
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39.7 & 44.7 ppm. in reasonable agreement with the observed values. 	mhe 

two carbons may be distinguished by the effects of C28 methylation as 

illustrated in table3. 	C,,0, in an E relationship to C28, will be 
affected by ca. 0.1 ppm, whilst 0

24 
will be associated with a much 

larger p effect. 	The observed changes are in accord with the above 

assignments for 1. 

Calculations,1 -0  by Stothers, of the shifts expected for the 

olefinic centres 022  and C23  fail to provide reasonable estimated for 

these line positions. 	In the off-resonance spectra, the resonances 

at 132.24 & 135.76 ppm indicate the virtual coupling pattern expected 

from the trans geometry of the protons and carbons inthis fragment as 

discussed. above (ABX, 13C = X). 	The two absorptions may be distinguished 

by reference to the methylation effects expected in the stigmasterol 

side chain (table 3). 	The carbons would be expected to both undergo 

shifts of ca. 1.5 ppm, but in opposite directions, providing an unambig-

uous aid to the assignments indicated in table 1, which are contrary 

to those originally reported by Roberts..9  

The a4sy'mmetric centre C24, adjacent to the side chain carbons 

C26  and C27  could induce chemical non-equivalence between these nuclei. 

Using the data in table 4, these carbons are assigned to the methyl 

resonances at 19.96 end 20.07 ppm for 1. 	Table 3 indicates that the 

consequences of C28  methylation (to yield stigmasterol) should be a 

downfield shift of 0.3 ppm, but inspection of table 1 reveals that each 

carbon has been further separated by a shift ca. three times as large 

and in opposite directions, to produce a chemical shift difference between 

C26  and C27  of 2.1 ppm. 	These observations are consistent with those 

made by Roberts' group,14 during a study of the chemical non-equivalence 

of isopropyl methyl groups with variation in the bulk of neighbouring 

substituents, for compounds of the type (CH
3  )2  CH.(CH2  ) n.CHRR'. 

2,3-Dimethyl pentane (n = 0, R = 	R' = 37:t) (figure 2) provides a 

good model for the free end of the stigmasterol side chain, and the 

isopropyl methyl groups were found to resonate at 18.1 and 20.3 ppm, 
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i.e. a chemical non-equivalence of 2.2 ppm. 	These values are in 

excellent agreement with those observed for stigmasterol (table 1), 

and Roberts explained the origin of the chemical shift difference in 

H3C 

14C-HIC 

 

Figure 2 

terms of a steric deshielding of one of the isopropyl methyl groups 

by its close proximity to the bulkier (R = Et) vicinal substituent. 

Larger effects were noted for R' = iPr and t-9u and in the latter case 

the non-equivalence amounted to 7.2 ppm. 

5.1.2 Ergocalciferol (2). 

All the side chain resonances were readily identified by 

reference to the parent compound, ergosterol (1). 	In cases of doubt, 

resorting to the LIS data (table 2) served to differentiate these from 

the ring skeleton. 	Carbons 12, 13, 15 and 16 were assigned in a 

similar manner, with the off-resonance spectrum providing confirmation 

of C1 
 

The ring 13 opening which has taken place (1-2) causes C1  
to move downfield 1.69 ppm such that it and carbon 17 become coincid- 

ental at 56.49 ppm. 	It is noted C
17 undergoes n very small (0.31 ppm) 

shift difference with respect to 1, which reflects its position remote 

from C and is in keeping with its earlier assignment above. 
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The LIS data serve to identify those carbons in the A ring, 

and these can then be differentiated by the esterification shifts (2-2a) 

and off-resonance spectra. 	Carbon 3 bearing the ester group is readily 

identified to low field in both compounds, with an esterification shift 

of 5'77 ppm. 	The three aliphatic carbons with large values ofg 
Eu 

(table 2) must be carbons 1,2, and 4. 	Of these three carbons, C is 

substituted. p by both an oxygen function (C3) and the triene system 

(C
5
)
'  and will hence have the lowest field chemical shift. 	Further, 

C4  is the X part of an AB(04H2)Y(CHOH)X(C4) spin system, and is thus 

expected to show the least second order structure in an off-resonance 

spectrum, as discussed previously. 	The latter also serves to locate 

C4  in the 3,5DNBz ester (2a), from which an upfield. esterification 

shift of 3.92 ppm is obtained, comparable to that reported15 for 

cyclohexanol (-3.8 ppm). 	Thus C4  is assigned as in table 1. 	Carbons 

1 and 2 may be differentiated. both on chemical shift grouns and ester- 

ification shifts. 	Carbon 2 is g to the oxygen function, whilst Cl 
is in a 'relationship, and by analogy with cyclohexanol, 02 is expected 

to possess a larger esterification shift than C. 	Therefore the 

chemical shift of Ci  should be comparable in 2 and 2a, and the assign-

ments fulfil these requirements. 

Inthe hexatriene system the exocyclic methylene carbon Cl, 

is readily identified as the highest field olefinic absorption, yielding 

the expected triplet in off-resonance spectra. 	Carbon 8 at the end 

of the conjugated chain is remote fromthe C3  lanthanide complexation 

site, and hence should have the smallest LIS value for the quaternary 

carbons, distinguishing it from C
10 and C . 

	
C0  should also be leant ' 

influenced by C
3 
esterification. 

It remains to differentiate the pairs of absorptions for the 

centre chain C6  and C7  and the C5  - 010 quaternary carbons. 	The 

observed LIS data, for these carbons will be predominantly pseudocontnct 

in nature, and calculation of the (3cos
2e -1)/r3  term enables a relative 

ordering of resonances to be obtained. 	The geometry of the lanthanide 

complex coordination with the hydroxyl function is unknown, and therefore 
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approximate data obtained for adamantan-1-ol were employed. 	Thus 

the -Su atom was assumed to be 2.1 distant from the oxygem atom and the 

1111-0-0 bond W2,9 defined as colinear and taken to be the principal 

magnetic axis. 	The r vector was obtained from measurements on 

llreiding models and the angle this subtended to the Eu-0 bond was 

calculated by trigonometry. 	The results are presented in table 5. 

Table 5. Pseudocontact term calculations for hexatriene system. 

Carbon No. 	r(c)i.) 	E) 	cos 	 (3cos2e -1)/r'
7  
 x 10 

6 6.30 21°7' 0-9322 6-4436 

7 1 7.65 19°31' 0.9426 3.7201 

5 5.45 15°20' 0.9644 11.064 

10 5.90 12°20' 0.9765 9.060 

Inspection of tables 5 and 2 shows that although both 06  

and ,'7  subiltend, comparable angles to the lanthanide the increased 

distance of the latter is such as to produce large differences in the 

pseudocontact term in kenning with the observed LIS data (table 2) 

and confirming the assignments oftabl,  1. 

The pair of quaternary resonances 	C
5 
end C10 may be 

similarly distinguished using table 5, which predicts C5  to have a slightly 

greater LIS than 010 , which is reflected by the experimental values. 

These nuclei may now be assigned with reasonable confidence as indicated 

(table 1). 

7 
The calculated values of (3cose -1)/r}  must he considered 

approximate, because no allowance was made for the Eu-0 geometry. 

Data obtained -  from 'metal-search' computer programs, which fit the 

observed shifts (with the elimination of contact contributions) to 
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the pseudocontact equation suggest the Fu atom more normally subtends 

an angle to the 0-C bond of 120-150°  rather than being colinear with 

it. 

The hexatriene resonances for 2a are now readily assigned 

by comparison with the free alcohol. 	It is interesting to note that 

C10 has a larger diamagnetic shift than C5 
(-1.85 vs. -1.19ppm), also 

that C
9 
 exhibits a small upfield shift in contrast to those dovmfield 

for C,b  (0.68) and C8  (0.91ppm). 	These variations probably reflect 

the polarisation of the conjugated system by 03  esterification. 	The 

effects are illustrated in figure 3. 

-3.01 

Figure 3, Esterification shifts — ergocalciforol 

Such long range bond polarisations are not without precedent. 

The source of non-equivalence in 13C chemical shifts of unsaturated 

carbons in some long chain fatty acids has been shown
16 

to have its 

origin in a linear electric field effect arising from the substituent 

(-0O21i, -002R, -0H) at one end of the paraffin chain, and to be 

detectable upto eight C-C bonds away from the head. group dipole. 

The two remaining resonances are C11 and  C9, which may he 

readily distinguished by chemical shift. 	C11  has no 04 suhstituents 

and i$ ' to the sp2 centre C8, and hence is expected to be the 
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highest field methylene group; whilst C9  !sotto the triene system and 

is therefore deshielded. 	Neither resonance should show an esterification 

shift, in keeping with the assignments proposed in table 1. 

5.1.3. Dihydrovitamin D
2
IT and D2  IV. 

Carbons 11-17 in the C and D rings and all the side chain were 

readily identified by comparison with ergocaloiferol (2). 	It is 

observed that carbons 14 and 17 are now resolved by 0.08ppm, and it 

seems reasonable to assign C14  to the higher field absorption, since 

C17  is less likely to be affected by hydrogenation of the C10-C19  double 

bond in 2. 

The homogeneous hydrogenation of 2 to 3 and 4 converts C19  

to a methyl group, which is readily identified from off resonance 

spectra and assigned as indicated (table 1). 

The chemical shift of C8 in the butadiene chain is expected 

to vary little upon either esterification (3-3n) or reorientation of 

the Clo  methyl group (3e-4). 	These structural modifications serve to 

distinguish this quaternary olefinic carbon resonance from the other 

arising from C5  and enable unambiguous assignments as tabulated. 

The two mid-chain butadiene resonances are initially differ- 

entiated via esterification shifts. 	Comparison with 2-2a (see fig 2) 

suggests C6  will show a downfield esterification shift, whilst c7  

will probably undergo a small upfield shift and assignments as 

tabulated fulfil these predictions. 	Inspection of molecular models 

of 3a and 4 suggests that the reorientation of the Cl, methyl group 

about C
10 from a trans diaxial arrangement in D

2  TT to the axial-equatorial 

conformation of D
2
IV will relieve steno interaction with C

7
-H but 

leave C6  un 6 	-affected .. 	The observed effect in the chemical shift of 

C
7 
for this change is -0.21ppm, which must be considered a real effect 

in the light of a negligible (0.05 ppm) change in the chemical shift of 

c6• 
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`."Within the k ring, carbon 3 is easily identified by its 

characteristic low-field shift, and it is noted that the ester shift 

3a is 7.57ppm, ca. 2ppm larger than that recorded for ergocalciferol. 

Carbon 4 is distinguished by its chemical shift and off- 

resonance spectrum, as discussed above. 	An esterification shift of 

-4•25ppm is observed for the D2IV isomer (173a), comparison of 3a and 

4 indicates the conformational changes affect C4  by only 0.3ppm. 

By analogy with the 4-methyl cyclohexanols,17 carbon 10 

is identified as the methine resonance at ca. 30ppm with a negligible 

esterification shift 17.1a, but an appreciable downfield shift (0.Rnpm) 

2q.-4 upon reorientation of this centre, reflecting the differences 

between the two A ring conformations in 1 and 4. 

By anaalzry with ergocalciferol (2) and cyclohexanol derivatives, 

C2  in the D?Iv isomer (3) is expected to exhibit an ester shift comparable 

to carbon 4, whilst Ci  will probably have a very small ester shift. 

Arising from the substituent pattern within the ring, carbon 2 is expected 

to resonate to low field of carbon 1, as discussed above. 

Inspection of Table 1 reveals that carbons 1 and 2 in 

dihydrovitamin D2IV (3) occur within O.Appm of each other, and hence 

it is possible that these two assignments might be interchangeable: 

however, those given provide the most compatible pattern of esterification 

shifts in the light of figure P. 	It is difficult to calculate shifts 

for 3 in terms of an axial methyl substituent upon cyclohexanol, as 

ring geometry and hence electronic distributions, are distorted by 

the C
5 
sp

2 
olefinic centre. 

The overall effects of esterification in dihydrovitamin D Tv 
2-  

are illustrated in figure 4. 
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le= H to J^  33 DA1f3z 

Figure 14. Esterification shifts in 

Dihydrovitamin D2  IV 
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5.1.4 Suprasterol II. 

The introduction of the CC  spire centre end cyclonropane 

ring into the skeletal structure cause quite significant changes in 

the chemical shifts of the C and 	rings. 	However, comparison of the 

chemical shift data with assignments made for ergocalciferol (2) identifies 

all the side chain resonances together with the C18  angular methyl group, 

the C3  oxygen-bearing carbonm and carbons 12 and 13 in the C ring. 

Carbon 17 is remote from the CC  spiro centre, and hence is expected to 

differ little from that in 2, whilst C 	is ato the spiro centre and 14 
thus its chemical shift will he modified from that in 2. 	It is 

observed that C8 induces en upfield shift in C1A 
of 3.51 ppm, causing 

the usually coincidental absorptions of C
4 
 and C17 

to become well 

resolved when compared to ergocalciferol. 

The second quaternary carbon C
9  is identified from off-resonance 

spectra, the extreme high-field position being ascribed to the stress 

associated with the spiro centre within the cyclopropane ring. 

The A/B ring junction consists of the C5-C10  double bond. 

C5  is both N:to thetertiary centre C6  end 	to the oxygen function C3; 

in contrast C10 has the 0
19 methylene carbon as its corresponding c4 

substituent in the B ring and is t( to the hydroxyl function. 	Hence 

C5  is expected to occur to low field of C10  and the assignments are made 

accordingly. 

The remaining carbon atoms were identified unambiguously 

with the aid of esterification shifts and LIS date. 	An off-resonance 

spectrum of the "TluIII shifted-solution" enabled all methylene and 

methine centres to be differentiated, which was not possible in the 

Eu-free solution. 

The three carbons with the largest values of Eu (table 2) 

(excluding 03, 0
5 
 and C10) must lie in ring A. 	Carbon 4, with both 

the oxygen function and the double bond as De substituents will be to 
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the lowest field of carbon 1,2 and 4, and is analogous to its 

counterpart in ergocalciferol (2). 	Hence the comments made of 2 

(above) concerning the minimal second. order nature of the off-resonance 

spectra of C4 are applicable here and serve to confirm its assignment 

in 3 and identification in 3a, from which an esterification shift 

of -4-08ppm is deduced, comparable to that found in 2-2a. 	Carbons 

1 and 2 are now readily differentiated, both with the aid of LIS 

data (table 2) and on chemical shift grounds, from which C2 is expected 

to absorb to low field. of C
1' 	Further_ comparison of 6 and. 6a permits 

the identification of C
1 as that having a comparable esterification 

shift to C4, with C2  exhibiting a. much smaller effect. 

The only methylene carbon in the ') ring is C10, which is 

nov, readily identified from the LIS data, as that methylene resonance 

with the most significant value ofg 

The off-resonance spectrum of the "71.1II -T  shifted solution" 

indicates two methine resonances with a considerable LIS, which must 

be C and. C
7' 	Although both carbons have the spiro centre C8 as a 

common c4 substituent, C7  is also e<tothe C19  methylene group whilst C6  

has the increased substitution of the 
C5-C10 

double bond as its other 

asubstituent. 	Consequently, C6  is assigned as the lower field of the 

two absorptions. 	This assignment is supported by the off-resonance 

spectrum, which shows a. more clearly defined doublet for the low field 

over the upfield. resonance. 	These differences arise from -the different 

spin systems of the two carbons; C6  bears one isolated proton (which 

is olearly/esolved in a 220 7Hz proton spectrum a a sharp singlet at 

8-35), whilst C7  can couple tote protons on Cl, in an ABCX spin 

system. 	It is noted. that the larger directly bonded. coupling constants
18 

characteristic of cyclopropanes (1JCH = 
161 Hz) compared with a 

value of ca. 125Hz for paraffins are reflected. in the size of the 

residual splittings observed in the off-resonance spectra, when 

measured against these from other methine resoances. 

Carbon 9 in ring C isotto the quaternary centre Cs, and is 

thus similar to C12' which is a to the other quaternary centre C. 
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On chemical shift grounds this carbon is hence assigned to the low field 

absorption overlapping 06. 

It remains to distinguish the absorptions arising from 

carbons 11, 15 and 16. 	As discussed for ergocalciferol
, 
C
11 is 

expected to be the highest field methylene resoance and it is observed 

that the assigned line is shifted upfield 1.38 ppm, in keeping with the 

change at C8 (theXposition) from an sp2  to a strained sp3  centre. 

Carbon 16 is S to C8  and hence less susceptible to these variations: 
the assigned resonance corresponds very closely with that recorded for 

2. 

Carbon 15 also bears a ' relationship to C8  and it is seen 

that this centre once again reflects the hybridisation changes discussed 

above, with an upfield shift of 1.23 ppm. 

Comparison of the full assignments for suprasterol and its 

35DNRz reveals the effects of esterification are more short-range in 

nature than for compounds 2 - 4, and despite quite large shifts upto 
the AB ring junction, minimal changes permeate throughout the B rings, 

as illustrated in figure 5. 

0.13 

R 0 
4.2g-4.0g 4-0.37 

0.10 

look 
+.5"A 

R- 1-1 I-0 R.= 3,5 DN82  

Figure 5. Esterification shifts — Suprasterol II 

+1.23 
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5.1.5 Tetrahydrosuprasterol II. 

Catalytic hydrogenation of suprasterol II initially saturates 

the side chain double bond (2 22'23) and secondly opens the cyclo- 
propane ring by cleaving the C6-C7 bond. 	Consequently, the molecule 

contains only one double bond (A'10) and the 
13

C spectrum of the 

aliphatic region contains 26 lines crowded together (figure 6). 	

This 

 

produces extensive overlap of absorption bands in the off-resonance 

spectrum, and it was not possible to make unambiguous identification 

of methylene and methine signals in some instances. 	This problem 

was overcome by obtaining a proton decoupled partially relaxed Fourier 

transform (PRFT) spectrumof the 3,5DN.137, ester (7a), using an inversion-

recovery (180-r-90-T)n  pulse sequence, and the resulting spectrum is 

shown in figure 6. 	Allerhand19  has found that -CH2- nd -CH- groups 

in cholesteryl chloride had relaxation times T1  of ca. 0.25 + 0.02 and. 

0.5 sec. respectively. 	Thus a time intervaliC Of 0.26 seconds between 

the 180°  and 90°  pulse should effectively "null" methylene resonances 

(or in some instances produce a small positive absorption), whilst 

the more slowly relaxing methine resonances should appear as negative 

signals. 	Assignments were aided further through the use of LIS data 

obtained for the alcohol in the manner described previously for the 

model compounds, and the relevant data are recorded in table 2. 

Saturation of the side chain will modify the chemical shifts 

of all the side chain carbons, but it is possible to estimate these 

new values through the consideration that the 'new' side chain could 

arise from a cholesterol side chain (for which the chemical shifts 
9 101 are well documented-' , -)via the introduction of a methyl group at 

C24' 	Table 6 indicates the results of such a calculation, together 
with the observed shifts for comparison. 

resonance nt highest field. 	Cps  in the side chain is assigned by 

comparison with the C, methyl group of 2,3-dielthylhexanp, which 

occurs11 at 15.1 ppm. 	The signals corresponding to those indicated 

The angular methyl group C18  is readily identified as that 
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Figure 	1-3C spectra - Tetralvdrosuprasterol 

13 r i 
a) (-3- L 'HI noise decouplea r b) 1 H.)1  E 	off resonance 

c) Inversion - recovery PR:FT spectrum 
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by table 6 for 022 and  C23 were difficult to identify as methylene 

resonances from the off-resonance spectra, but the LIS data provided 

a facile means of distinguishing these (and other side-chain resonances) 

from neighbouring signals of carbon nuclei in The 13 and C rings of the 
molecule. 	Thus Table 6 provided a good indication to the region of 
the C20  resonance, and use of LIS data (table 2) together with a 

comparison of the chemical shifts of free alcohol and 3517717 ester and. 

off-resonance spectra enabled the final assignment. 

A striking example of this procedure is provided by the 

assignment of 022. 	Table 6 suggests a value of 34.2ppm, but LIS data 
indicates the resonance at this position to be C

9 
(see later) and that 

C22 is actually that absorption at 30.53 ppm. 	Neither off-resonance 

or PRFT spectra were able to provide clear evidence in this case, and 

the discrepancy of 3.7ppm indicates the need for caution when using 

only one piece of data. 

Clear evidence that the assignments indicated for. C7  and 
-  

025 	< from table 6 and off-resonance spectra were correct was provided 

by the PRFT spectrum. 	Roth methine resonances appeared as negative 

responses,i .e. with longer relaxation times compared to the C3  methine 

resonance. 	This discrepancy arises 	from the internal motion at the 

end of the side chain,lAhich reduces the efficiency of the dipole-dipole 

relaxation process
20 

and therefore increase the relaxation time T1. 

Hence the negative responses observed are consistent with the location 

of 024  and 025  near The end of the side chain. 

19 The terminal methyl groups 026, C27  and C21  should - all show 

evidence of the internal motion (i.e. fast spinning), and this was 

used to distinguish between absorptions arising from CH3- end -CH2- 

groups in the 17-21 ppm region. 	')'his was especially relevant for the 

0,0  absorption, since table 6 indicates this carbon could be the 
resonance at 19.32 ppm, but a positive response in the PRFT spectrum 

precludes this possibility. 	021  was finally assigned to the 18.69 ppm 

resonance, (negative PRFT response), whilst 026  and 027  were identified 

as indicated in table 1, and it is observed these assignments are in 



Table 6. Estimated side chain resonances in tetrahydrosuprasterol. 

Cs Me, 

01* 
as 	as  

-27 

Cn 	position in 	effect of 
 024 
	total 	predicted observed 

cholesterol 	methylation 	change 
	

(PPm) 

21 	19.1 	E 	=0.1 	0.1 	19.2 	18.69 

20 	36.3 	g 	=0'3 	0.3 	36.6 	35.87 

22 	36.7 	?; =-2.5 	-2.5 	34.2 	30.53 

23 	24.4 	/3 	= 4.4 	 9.d- 	33.8 	33.52 

25 	20.3 	c4 = 9.4 	3.6 	31.9 	31.49 

change in substitution 

3ry (2ndy) 3ry(3ry) 

= -5.8 

26,27 	22.8,23.0 	ZC 	. -2.5 	-2.5 	20.3 	17.63 
(but also intro. 

	

20.5 
	20.54 

of assymmetry at 024) 

24 	40.0. This resonance is best calculated as a, derivative11 

of 2,3-dimethylhexane (024  = carbon 3) with correction 

factors ( g effects) for addition of 021 and the steroid 
nucleus. 	Thus 024  = 38.5 ± 2 x 0.3 = 39.1 ppm. 

219. 
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excellent agreement with the absorptions recorded
11 

for the C
1 

resonances of 2,3 dimethylhelrane (17.0 and 20.0 ppm). As discussed 

previously for the stigmasterol side chain, these differences in 

shielding of the terminal methyl groups probably ariselA  from deshielding 

of one of the methyl groups by the steric interactions with the main 

part of the side chain. 

Hydrogenation of the 06-C7  bond in 6 to 7 relieves the bond 

angle strain at Cs  considerably, and this is reflected by tie chemical 
shift changes in the immediate neighbourhood. 	Thus a comparison of 

7 with its parent 6 shows that the quaternary carton 013  has been 

shifted upfield 1.6ppm, and enables the resonances for C
14 
 and C

17 
to be assigned as indicated in table 1. 	0

17 is remote from the Spiro 

centre CO, and thus should exhibit only e small shift 6-7 (0.9 ppm); 

whilst C
lA 

is in en of relationship to 0
3 and undergoes a considereble 

downfield shift (6.3ppm) to its position in 7. 

The spiro carbon Co  is identified from its off-resonance 

spectra and it is observed that the steric relief 6 to 7 produces a 

downfield shift of 7.6 ppm. 	The PR?T spectrum indicates C
9 
 has a 

long relaxation time comparable to C
13
, as is to be expectedly for 

non-protonated carbons. 

As discussed previously, Cil  must be the highest field 

methylene absorption and the FRFT spectrum enables its assignment to 

the resonance at 19.3 ppm. 	Comparison with its position in 6 at 21.00 

ppm indicates that Ci, is influenced by the relief of steric strain 

at C
O to the extent of 1.7 ppm. 

The A/B ring junction consists of the 5,10 double bond, 

and it is seen that the relevant signals are separated by only 2-3 ppm. 

Thus it is difficult to make unambiguous assignments either on the 

basis of the relative positions of the carbons with respect to the 

spiro centre and the oxygen function or ester shifts, which are 

comparable (-0.59 and -0.39 ppm) for the two signals. 	However, 

C5  iseZ to C6, whilst 010  is 	to C7, andthus removal of the 
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Co  , - C7  cyclopropane bond. in 6 - L will probably induce greater shifts 
in C

5 
over C10. 	Assignment of C5  to the high field resonance and 

C
10 to the low field resonance is in accordance with this hypothesis, 

and yields values of an upfield shift for C5  of 10.3 ppm, and 6.9 ppm 

for C10' 	The alternative assignments are thought to be less probable, 

as this would. yield comparable values of the "steric-strain" shifts 

for 6 - 2. 

The magnitude of the lanthanide shifts serve to distinguish 

these resonances in the A and B rings from those in C and ]shish are 

remote from the C-3 coordination centre. 	Use of this information 

in conjunction with ester shifts and the other model compounds permits 

a full assignment. 	Thus carbon 3, as the functionalised centre is 

readily identified as the lowest field sp3resonance and has the greatest 

induced shift, whilst the remaining A ring resonances are those with 

the next greatest LIS values. 	Individual identification of carbons 

1, 2 and 4 is made on the grounds of ester shifts, as discussed 
previously, and these are recorded in table 1. 

The remaining carbons with mlatively large LIS values are 

those in ring B and C, from ring C. 	The major structural difference 

between suprasterol II (6) and its tetrahydro derivative (7) is that 

the hydrogenation cleaves the cyclopropane ring in ring B and this 

relieves the considerable internal strain. 	This is reflected in the 

differences of the chemical shifts found for this ring, and provides 

a useful aid to assignments - for example, it was noted above that 

hydrogenation produced a downfield shift for the C8  Spiro centre of 

7.5 ppm. 	Carbons 6 and 19 are distinguished from C7  and Co  by 

larger LIS values, and have chemical shifts close to those for 6; C6  

is anticipated to absorb to low field of Ci, because it is a: to the 

C8  spiro centre. 	Carbon 9 in ring C is expected to possess a chemical 

shift close to that found. in suprasterol, whilst C7  in the B ring will 

experience considerable relief of bonding compression upon hydrogenation 

6-7, and hence exhibit a considerable downfield shift. 	The assign- 

ments recorded in table 1 support this conclusion, and the general 

pattern of "steric strain" shifts is illustrated in figure 7. 
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Figure 7. "Steric strain " shifts upon hydrogenation of Cc-C7  bond  

in Suprasterol II (dotted line). 

There remain but three carbons to identify and carbon 12 

is assigned to the usual position at ca 4Oppm. 	Carbon 15 and 16 

in ring 1) must be the remaining absorptions, and it is expected that 

the chemical shift of C16  should be very comparable to its position 

in suprasterol because it is remote from the C Spiro centre, Which 

has undergone relief of steric strain. 	Carbon 15, although in a 

relationship, will be more susceptible to the effects of such a change, 

and the shifts recorded in table 1 are in keeping with this assumption. 
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5.2  Compounds of Unknown Structure. 

5.2.1. Lumicalciferol. 

This compound is isolated as the major biproduct of the photo-

lysis of ergocalciferol to suprasterol II, but is of unknown structure. 

This problem was investigated by recording the 13C spectra of lumicalciferol 

(8) and. its 3,51)N1-17, ester (8a) in 0013  solution, together with the single 

frequency (off-resonance) decoupled spectra. 	Chemical shifts are 

listed in table 9, and because the compound under investigation is a 

by-product of suprasterol II (6) formation, a comparative table of 

chemical shifts against those observed for6 was drawn up as table 7. 

'From these tables, the standard set of ergosterol side chain 

resonances was identified readily. 	Similarly, the highest field resonance 

in the methyl region, normally assigned to the C is  angular methyl group, 
was detected but with a downfield shift of 0.23ppm, compared to that in 

suprasterol II. 	The other absorption with an unambiguous chemical 

shift was the C
3 
hydroxyl function, with an esterification shift (+6.17 

ppm) which was very comparable with that of 6. 

Inthe olefinic region, two quaternary absorptions are observed 

nt 131.02 and 134.33 ppm, indicating lumicalciferol possesses one 

totally substituted double bond (excluding side-chain unsaturation). 

Inspection of the cross-correlation table 7 between suprasterol II and 

lumicalciferol reveals a very marked similarity - both of these resonances 

agree to within 0.5 ppgivdth those of the 05-010  double bond in 6, and 

further the small esterification shifts for 8 Oa exhibit the same 

trends as for 6 6a;  viz. the higher field resonance shows en upfield 

shift of 0.73 ppm for 8 (of. 6 -1.23 ppm) and the lower field absorption 
a 

 

downfield shift ca. one-third as large (+0.23 ppm for 8 cf. 6 +0.37 

PPm). 

The aliphatic region of the off-resonance spectra reveals 



Table 7.2' Comparison of chemical shifts for Lumicalciferol with  

Suprasterol II. 

SUPRASTEROL II STPRAS7ROL II 
3,5 	7.)NBz 

LITMICALCT7,',ROL 
3,5 DN37 

LT17.17 C AL C ITT ROL 

12.57 18 12.64 18 12.83 18 12.84 18 
17.65 28 17.73 28 17.64 28 17.65 28 
19.67 26 19.65 26 19.64 26 19.66 26 
19.98 27 19.97 27 19.96 27 19.98 27 
20.84 11 20.83 11 20.79 11 20-79 11 
20.99 7 
21.08 21 21.01 7 & 21 21.07 21 21.09 21 

21.86 1 21.34 15 21.86 15 
22.33 15 22.41 15 22.46 1 22.39 1 
22.80 1 22.89 7 22.74 7 
24.62 19 24.52 19 

24.93 9 24.91 9 
27.18 8 27.31 2 & 27.43 8 27.32 8 
27.66 16 27.60 16 27.68 2 ec 16 27.69 16 

30.92 2 
31.60 2 31.69 4 31.71 4 

32.67 6 32.79 6 
33.12 25 33.11 25 33.11 25 33.13 25 
34.26 6 34.15 6 
34.31 9 34.38 9 

34.87 19 34.83 19 
35.77 4 35.32 4 
40.09 20 40.06 20 40.07 20 40.11 20 
40.92 12 40.74 12 40.81 12 40.85 12 
42.84 24 42.89 24 42.85 24 42.84 24 
44.43 13 44.40 13 44.79 13 44.78 13 
53.13 14 52.99 14 53.54 14 53.59 14 
56.64 17 56.60 17 56.56 17 56.55 17 
67.98 3 67.64 3 

73.2o 3 73.81 3 

130.77 10 130.29 10 131.02 10 
131.78 23 131.84 23 131.84 23 131.79 23 
131-99 10 
134.57 5 134.94 5 134.56 134.33 5 
135.86 22 135.77 22 135.82 22 135.86 22 

a) Figures to right hand side of columns denote assignments. 

224„ 
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the presence of two quaternary carbons. 	The low field. resonance at 

44.78ppm is in the range expected for 015  at the c/n ring junction, but 

is shifted downfield 0.4 ppm from its position in 6. 	The higher field 

quaternary at 27.32 ppm(8) is within 0.14 ppm of the resonance for the 

spiro centre C
0  of the cyclopropane ring in 6 (27.18 ppm). 	This 

quaternary resonance in lumicalciferol shows a small esterification 

shift (+0.11 ppm) very comparable to that observed for suprasterol TI 

(+0.13 ppm); these two observations taken together provide strong 

evidence to suggest the 71/0 ring junction in lumicalciferol is a spiro 

centre in a very similar structural environment to that in suprastercl 

II. 

Two doublet resonances are seen at the low field end of the 

aliphatic region, that corresponding to 017  in 6 has en identical 

chemical shift (56.56 ppm) whilst the C
14 
 absorption is displaced 

downfield by 0.5 ppm from the analogous position in 6. 

An additional pea in the low field aliphatic region can be 

distinguished using the cross-correlation table 7, which indicates the 

triplet resonance at 40.85 ppm (8) possessing a negligible esterification 

shift, should be assigned to 0
12 

in ring C. 	Notwithstanding the methine 

resonances associated with the side chain, two further such absorptions 

are detected, comparable to those recorded for the cyclopropyl carbons 

C6  and 07  in suprasterol II, but exhibiting appreciable chemical shift 

differences from these, viz: 

carbon 	suprasterol II 	difference 	lumicalciferol 

20.83 	+1.91 	22.74 

06 	34-15 	-1.36 	32.79 

It may be concluded from all the above information that the high field 

quaternary centre must be in a cyclopropane ring (to provide the necessary 

strain and hence chemical shift) and this Spiro centre is o( to C14  to 

maintain the chemical shift of the latter comparable to tat observed in 
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suprasterol II, i.e. the Spiro centre must be Cs. 	Loth of these conditions 

must be satisfied for the observed chemical shift to be within 0.1 ppm 

of that recorded for n8 in suprasterol II. 

The almost identical chemical shifts recorded. for the tetra-

substituted double bond in lumicalciferol compared with that in suprasterol 

II indicates these two carbons are in the same chemical environments 

in both compounds, with reference to both the hydroxyl function and the 

cyclopropane ring. 	Hence it is concluded that lumicalciferol is structurally 

very similar to suprasterol II and. possessing identical structural fragments 

in the same relationships, and the only possible structure is a geometrical 

isomer of 6, as illustrated in figure 8. 

The lanthanide shift data (see table 9) enabled a complete 

and unambiguous assignment to made for lumicalciferol and permitted a 

full comparison with suprasterol II. 	As was discussed in an earlier 

section of this chapter, the actual LIS value recorded for each nucleus 

is a function of not only the distance from the metal but also the angle 

this vector subtends to the principle magnetic axis. 	Therefore it is 

apparent that even for the corresponding carbon atoms in the isomeric 

pair under consideration, at least one of these parameters will be 

modified, notwithstanding any difference in the binding constant of the 

Hu-sterol complex. 	Thus comparison of the LIS data between suprasterol 

II and lumicalciferol can only be on a semi quantitative basis. 

The LIS data serve to locate the A ring carbons 01, 02  and C4  

which are finally assigned on grounds of relative chemical shifts and 

esterification shifts, as has been utilized for the model compounds, 

and by reference to table 7. 	It is interesting to note that although 

C2  and C4  have esterification shifts similar to those found for supra-

sterol II, carbon 1 exhibits a small downfield shift (+0.086 ppm) in 

contrast to that found for 6 (-0.93 ppm). 	Figure 9 depicts the full 

range of esterification shifts found for This compound. 

In ring B, the assignments for the cyclopropyl carbons C. 

and C7  are confirmed by the relatively large values ofg vu, 	whilst 

Cr, as the remaining carbon in ring 8, is distinguished similarly as 



Figure 8 

a. 

Suprasterol II 

H 

Lumicalciferol 
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Table 8. -g  Eu- - Lanthanide Induced Shifts in Lumicalciferol and some  
Toxisterols: (extrapolated to equimolar lanthanide:toxisterol  

concentration). 

Carbon No. 

8 

Compounds 

2 (1321) lo(B22) 

1 233 583 233 
2 278 202 409 
3 ) 1351 125o 934 
4 303 61 9 
5 274 179 26o 
6 142 91 161 
7 93 04 150 
8 82 276 250 
9 71 185 264 
10 264 44 225 
11 35 70 133 
12 31 49 60 
13 34 92 80 
14 48 234 112 
15 43 134 83 
16 22 53 48 
17 23 30 42 
18 30  54 73 
19 133 52  79 
20 15 16 21 
21 10 6 0 12 
22 13 -le 16 
23 10 -4 17 
24 7 -17 11 
25 5 -14 9 
26 3 -17 4 
27 3 -17 6 
28 5 -24 9 
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that resonance at 32.67 ppm. 

Three carbons are to be identified in ring C, viz. Co, 
Cil  and C12. 	Carbon 12 is remote from the stereoisomeric differences 

between suprasterol IT and lumicalciferol, and hence is expected. to 

absorb close to its position in the former compound. 	Similar remarks 

apply to C11 , which is additionally anticipated to be the highest field 

methylene absorption. 	However, carbon 9 is 04 to the C spiro centre, 8 
i.e. close to the site at which the geometric isomerism is sited, and 

thus it is not surprising that the LIS data indicate this carbon to he 

that resonance at 24.91 ppm, some 9.4 ppm from its position in suprasterol 

II. 

It remains to differentiate carbons 15 and 16 in ring 1) as 

the two residual signals: neither carbon should have a chemical shift 

very different from that found for 6, and hence assignments were made 

using table 7. 	It is interesting to note that C
15 

absorbs ca. 0.5 ppm 

to high field of the analogous carbon in 6, whilst this descrepancy is 

not seen for C16, and it is felt that this variation is a reflection 

of the differences in intramolecular interaction in the two molecules 

produced by the geometrical isomerism. 

Figure 9. 	Esterification shifts in lumicalciferol (ppm). 
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5.2.2. Toxisterol B21.  

tt preliminary comparison of the 
13
C spectra (table 9) obtained 

from the free alcohol (2) and its 3,5DNBz ester (2p) enables the identific- 

ation of several structural features. 	Thus the resonances of the ergo- 

sterol side chain were readily distinguished by comoarison with those 

found in the model compounds (table 1), and it was evident that the 
A 22,23 double bond LA 	had not participated in the photochemical rearrangement 

from ergosterol (1). 

Secondly, the C18  angular methyl group and the quaternary 

carbon C
13 

in the C/D ring junction were identified from off-resonance 

spectra and. use of table 1. 	Purther comparison of these chemical 

shifts with those observed for the model compounds showed that C18  had 

undergone a downfield shift of ca. 1.8 ppm, whilst C13  had moved 

upfield ca- 2.0 ppm with respect to the corresponding absorptions found 

for ergocalciferol (2) and the dihydrovitamin derivatives (3,1). 

The low field methine absorptions arising from 01A at the 

C/D ring junction and C17, the point of attachment of the side chain, 

were similarly identified from table 1. 	Their close proximity to the 

corresponding positions in 1 - 	together with the assignments for C18  

end C13, provide good. evidence to suggest that the C and D rings are 

intact, but that there is a structural modification, possibly in ring C, 

which causes a perturbation to the chemical shifts of C13, 014 and C18' 

The sp
2 
region of the spectrum contained. four resonances 

additional to the two already associated with the side chain. 	This 

indicated the compound. must be a four ring structure, and consequently 

was unlike the ring P., opened structures of the model compounds 2 - I. 

The off-resoance spectra revealed that two of the olefinic carbons had 

one directly bonded hydrogen, whilst the other two were quaternary in 

nature, i.e. there had been no redistribution of protons between the 

saturated and unsaturated. parts of the molecule. 7xamination of a 

100 MHz proton N1R revealed the resonances of these olefinic protons 
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Table  9. 
 13

0  chemical shifts in some photolysis products of ergosterol, 
and derivatives therefrom. 

10 11 11a 8 8a 9 9a 

1 22.38 22.46 35.22 35.81 26.71 31.44 29.66 
2 c 30.92 27.68 33.86 29.17 31.28 34.00 31.08 
3 67.64 73.81 69.83 76.51 66.92 69.90 7;5.89 
4 35.32 31.71 54.05 50.76 4'.57  59.73 50.25 
5 134.33 130.56 122.75 123.53 122.70 120.72 121•27 

6 32.79 32.67 129.29 129.23 125.89 128.71 129.70 

7 22.74 22.89 140.69 1 40.37 147.80 140.72 140.79 
8 27.32 27'43 5 1 '11 53'94 52'74 53'21 53-19 
0 9  24.91 24.93 31•52 31.04 32.88 35.62 35.61 
10 131.02 130.29 135.76 134•34 138.52 137.97 137.62 

11 20.79 20.79 20.12 19.86 01.31 19.59 19.39 
12 40.85 40'91  72.92 40.30 ^n.67 10.10 39.67 
13 44.78 44.79 43.85 43.79  42.21 44.86 44.61 

14 53.59 53•54 55.78 56.12 57.27 48.31 49.56 

15 21.06 21.9/ 22.30 20.45 21.71 24.00 23.94 
16 27.69 27.68 27.64 27.43 27.16 29-51 29.53 
17 56.55 56.56 57.04  57.80 57.27 54.20 54.29 
18 12.84 12.83 14.20 14.07 12.47 10•35 10.37 
19 34.83 34.86 18.30 10.36 19.08 26.03 26.10 
20 40.11 /0'07 40.01 40.10 40.03 40.17 39.99 
21 21.09 21.07 20.62 20.63 20.87 21.90 21.94 
22 135.86 135.82 175.76 135.32 135.70 136.18 136.08 

23 131.79 131.84 131.76 132.05 131.88 131.65 131.98 

24 42.84 42.85 42.8/ 42.62 42.89 42.98 42-97 

25 33.13 53.11 33.19 33-08 33-12 33.18 33.15 
26 19.66 19.64 19.67 19.68 19.67 19•67 19.68 
27 19.97 19.66 19.98 19.89 19.99 00.93 20.03 
28 17.65 17.64 

17.64 17.33 17.7r 17.70 17.68 

1'  
2'  

135.56 
129.42 

134.82 
129.54 

130.81 
129'53 

3'  148.68 148.82 128.42 
4'  122-22 122.39 132.79 
5'  148'68 148.82 128.42 
6'  129.42 129.54 129.53 
7'  162.17 161.97 166.19 
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occurred as a broad singlet at 3.652 , whilst at 220 711.7 the absorption 

could be analysed. as n. strongly coupled AB sub-spectrum, and indicated. 

that the two protons were in a cis relationship. 

Detailed analysis of the off-resonance 
13

C spectra enabled 

all the carbon resonances to be classified into methyl, methylene, methine 

and quaternary centres, and indicated the molecule contained a total of 

6(0H3-), 7 (-CH2-), 7( >CH), 4(CH.C), 2 ( ?C-) and 2( ›C=C) units. 

The second quaternary nliphaticresonance identified from 

the off-resonance spectra occurred at 54 ppm. 	Since the C10 carbon 

at the A/B ring junction of ergosterol (bearing the Cl, angular methyl 

group) resonates at considerably higher field (37.4 ppm, table 1), it 

seems unlikely that the junction between the new A and B rings bears 

much resemblence to a normal steroid. 

The 220 MHz proton NYR spectrum contains four doublet methyl 

resonances arising from the side chain methyl groups, together with the 

singlet absorption for the C18  methyl group at 9.15r , which is somewhat 
to lower field. than that observed for C18 in ergosterol (9.4r) and is 

in keeping with the suggested structural disturbance in this region. 

A further strong singlet methyl absorption occurred. at 8.25-rand could 

possibly arise from en olefinic methyl group. 

One of the initial products
21 

obtained upon photolysis of 

ergosterol (1) is precalciferol, via. ring 13 opening, and on the basis 

of the above observations, it was possible to propose22 a structure 

for toxisterol 821' based on this intermediate. 
	The proposed reaction 

and. structure are depicted in scheme 1, and the number system for the 

toxisterol is taken from its ergosterol parent and given in figure 10. 

It will be seen from scheme 1 that the stereochemistry about 

(I
8  and. C4, involVed in the final step of ring closure, cannot be defined '  
mechanistically. 	Inspection of Dreiding models reveals that for the 

two diastereomeric possibilities at the spiro centre C8, that with 

the C6-07  double bond above the C-D ring surface (fi face) will force 



HO 
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pre-calciferol 
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ergosterol (1) 
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Scheme 1. Formation of toxisterol B21 

Toxisterol B21 (9) 
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Figure 10. Nomenclature of toxisterol B21. 

the C7  proton into close proximity with the C12  angular methyl group. 

such an interaction could account for the perturbations of the 13C 

chemical shifts of C13 and C1R discussed above, and would be expected 

to prduco a homonuclear proton Nuclear Overhauser Effect (707) between 

the two groups. 

Such an effect was readily detected in the 100 7Hz proton 

spectrum. 	Strong irradiation of the 018  methyl group at 9.151: produced 

an enhancement in the olefinic proton signal at 3.70 sr, of 17.5', measured 

against that arising from the residual CHC1, in the CDC1
3 
solvent. 

Because this olefinic absorption is produced by two protons and only 

one can be providing the NO, the observed effect corresponds to a 

true NON of 35, and confirms that the geometry at CO  is as described 

above, with strong interaction between the 0
7 
proton and the C18 

angular methyl group. 
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It is now possible to confirm the structure proposed for 

toxisterol Ts
21 
 from 

13 
 C :OM data. 	Values of "ester shifts" obtained 

from a comparison of 2 and. ?a served to identify those carbons near 
the hydroxyl functionality, and. were complemented by lanthanide induced 

shift (LIS) data obtained from incremental addition of. Eu(fod)3  to the 

alcohol (2), in a manner analogous to that described for the model 

compounds. 	Table 8 gives the values ofg Eu' the value of the LIS 

extrapolated to a relative concentration of toxisterol:Eu(fod)
3 
of 1.0 Y. 

As discussed above, all the side chain resonances,together 

with carbons 18 and 13 could he identified by direct comparison with 

model compounds via table 1. 	The spiro centre Ce  must be the second 

quaternary resonance observed. to low field of 013. 	A good estimate 

of its position can be obtained through consideration of C, as a. 

derivative of a 5,3-disubstituted cyclopentene, which yields a value 

of 50.8 ppm, in good agreement wih the observed chemical shift of 

54 ppm, especially when no allowance has been made forine conjugated 

system and other substituents. 

The olefinic methyl group C
19 

must be the unassigned CH,- 

absorption at 18.37 ppm, and in keeping with the corresponding proton 

resonance at 8•25V . 

Preliminary identification of carbons 14. and 17 has been 

made above. 	C
17 is remote from C89 the point of attachment of ring 

B, whilst C,, is dto the spiral centre and hence closer to the 03  

hydroxyl function. 	Consequently, it is expected that 014 will exhibit 

greater LIS value than 017  (table 8) and the assignments recorded 

in table 9 are made accordingly. 

The structural environment of C12 differs little from that 

in the model compounds, and hence this absorption could be identified 

by suitable comparisons from table 1. 	Similar remarks apply to C
11, 

which is assigned to the highest field methylene resonance, as is to 

be expected from the steric interactions of the Cil  hydrogen with the 

Cie  angular methyl group and the 07  hydrogen. 
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Suprasterol II (6) and its tetrahydro-derivative (7), both 

with 0
8 
 spiro centres, provided good models for the structural environment 

of carbons 15 and 16 in ring D, and enabled these resonances to be 

distinguished readily as indicated in table 9, where the assigned lines 

correspond to those for (6) to + 0.1 ppm. 

This completes the assignments of resonances for ring C (with 

the exception of C9), ring D and the side chain, and attention may now 

be directed to the new A and B rings. 	Carbon 3 bears the electroneg- 

ative hydroxyl function and must be the lowest field sp3  resonance, 

with an esterification shift of 6.60 ppm. 

Carbons 1,2 and 4 can he differentiated from 09  via the 

combined use of esterification shifts and LIS data. 	Carbon 2 is 

expected. to undergo an upfield shift on esterification of 3-4 ppm 

(see Figs 3 - 6),and additionally to possess the largest Value of 

s„ for the three methylene resonances to be distibguished. 	Carbon 1 
1-Ju 

should also experience an esterification shift, which is expected to 

be ca. 1 ppm, but the observed value (table A) of -0.59 ppm for the 

resoance at 33.85 ppm (9) is comparable to that recorded for the other 

unassigned methylene resonance at 31.52 ppm (-0.48 ppm). 	The problem 

was resolved. by resorting to the LIS data (table 8) where the considerably 

larger value ofg riu  obtained for the fovmer resonance enabled its assign-
ment to C1, and the latter to C9

. 

Carbon 4 must be the unassigned methine resonance at 54.05 

ppm and possesses en upfield esterification shift of 3.3 ppm, comparable 

to that for C2, as expected from the above work (figures 3-6). 	However, 

examination of the LIS data (table 8) reveals that CA  has a. value of g Eu 
less than one third that for C2 which indicates that the bulky shift 

reagent is not symmetrically disposed about the plane of the H4-C4-0H 

bond. 

Although the geometry of the lanthanide-toxisterol complex 

is unknown, and the stereochemistry about C
A 
 is as yet undefined, it is 

possible to suggest (through the inspection of molecular_ models) that 

if the r4  hydrogen were on the p face (0, has, O7) i.e. '-72  and :1A , 
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were trans diaxial, the resultinggeometry (see figure 11) would produce 

steric crowding on the ot face (underside). This Tould cause the shift 

Figure 11. Suggested stereochemistry of Toxisterol 7,
21 

reagent to take up an asymmetric position with respect to the h,-O/-0H 

plane. 	The alternative structure with a 4 of hydrogen relieves this 

crowding (through inversion pt c4  and 'flip' of 	and would allow 

n more symmetrical complexntion of the lanthanide. 

It remains to assign the four olefinic resonances. 	Tt is  

difficult to find suitable models in the literature, and calculations 

using the substituent parameters of Stothers
23 

or Poberts24 fail to 

provide reasonable estimates for these absorptions. 	Of the two 

quaternary centres, C5  may be distinguished from 
C10  by its larger 

ester shift (-0.7 ppm), comparable to that for C
1, 

whilst that for the 

other quaternary olefinic resonance is -0.42 ppm. 	The LIS data support 
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thisassignment,withthevalueofg„obtainedfor 0,-being about z u 	D 
four times as large for C5  than Clo. 	The high field position of 

05  (122.8 ppm in 10) is ascribed to the structural strain produced 

at the A-111 ring junction by the fusion of the cyclopentane and cyclo-

hexane rings. 

Carbons 6 and 7 exhibit comparable ester shifts and LIS data, 

and hence it is difficult to distinguish between the two centres on 

this basis. 	However, it is possible to obtain an approximation to 	the 

chemical shift of C7  if the C6-C7  double bond is treated as an isolated 

unit. 	Data obtained
25 

from 4,4-dimethyl pent-2-ene (OH
3
.CH=CH-Bu

t
, 

where C4  is compared to 08  in the toxisterol), suggest C7  should resonate 

at da. 142 ppm. 	The assignments indicated in table 9 complete the 

identification of carbon resonances for toxisterol B21. 

5.2.3. Toxisterol B22. 

The 13C spectrum of Toxisterol B22 (10)  is generally very 

similar to that recorded for P,21 (2, see Table 9) and off-resonance 

spectra indicate the former compound is composed of the same combination 

of CH,-, -0H2-, .)01-1, )0- 	and sp
2 
 carbons as the latter. 	The 220 

YHz H spectrum has similar features to that of 9,vdth an allylic 

methyl group at 8.25 r  and a pattern of methyl group absorption at 
8-9-9-41 comparable to those of ergosterol. 	Two olefinic protons 

resonate at 3.84-c and 4.63-r : this system is first order with J 	= 
AX 

5.5 Hz, indicating the protons are in n. cis geometry. 	Irradiation 

of the allylic methyl group failed to produce any detectable HOP of 

the olefinic protons. 

Arising from these observations, it may he concluded that 

B22 has the same structural framework as 721 and is a stereolsomer of 

it, possessing different stereochemistry at Cg  and possibly 
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Assignment of the carbon resonances is again aided by resort to LIC 

data, obtained in a manner analogous to that for 9, and the values of 

the induced shifts extrapolated to equimolar Pu:sterol concentration 

are presented. in table 8. 

Comparison of the 
13

C spectrum with that of -is21 
and the 

model compounds (tables 9 and 1, respectively), enabled ready 

identification of the ergosterol side chain, together with C
11 

as the 

highest field methylene resonance, C12, 814-817  and the 813  quaternary 

absorption. 	Carbon 8 is identified as the second. quaternary to low 

field of C13  and the olefinic methyl group 819  to be the additional 

-CH, absorption at 19.08 ppm: both signals are at comparable positions 

to those recorded. for toxisterol B21. 	The Cia  angular methyl group 

is the highest field. methyl at a position typified for that carbon by 

the model compounds ergosterol and ergocalciferol, and not to lower 

field (+1.7ppm) as found for B21. 	This difference in chemical shift 

for. C18  between the two compounds provides strong circumstantial evidence 

that there is no intramolecular interaction similar to that found in B21 

in B22. 

It is now possible to identify the A ring sp3  carbons. 	The 

C3  hydroxyl function is of course the lowest field aliphatic resonance, 

and LIS data permits the distinction of Ci  and 82. 	The latter (82) 

is expected to absorb to low field of the former (81) carbon, for 

reasons discussed with 7121 and the model compounds and the assignments 

are made. accordingly (Table 9). 

The remaining aliphatic carbons must be 80  (methylene) and 

C, (methine) and Q (methine) and are confirmed by off-resonance spectra 

and comparison with B21. 	It is seen -that the chemical shift of 89  

(52.88 ppm) is close to that recorded. for B21 (31.52 ppm), whilst C 

at the AB ring junction has been displaced upfield 9.48 ppm with respect 

to the analogous carbon in B21. 	These differences most probably arise 

from the variations in sterecchemistry between the two toxisterols. 

it is interesting to note that although C4  is in a g position to the 
C
3 
hydroxyl function, it has an anomeously low LIC value (Table 9), a 
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situation similar to that found with 1321, for which it was concluded 

that the EuIII atom was situated in n markedly agsyll
m
etric position 

with respect to carbons 2 and 4. 

The four carbons of the skipped (Ilene system in the A and 

11 rings are initially separated into the individual double bonds by 

the offesonance spectra. 	
The A 5,10 

bond must be the two singlet 

sp
2 
resonances and are finally identified by the close agreement found 

with the chemical shifts for this unit in P21. 	Carbons 7 and 10 are 

the two remaining absorptions and comparison of these chemical shifts 

with those of 1321 (2) indicate that the lower-field resonance at 147.82 

ppm is 7.12 further downfield than its counterpart in 2, whilst that to 
high field is seen to be 3.41 ppm to higher field than its counter- 

part. 	The low field resonance is ascribed to 0
7 
 and the high field to 

010 for B21 and the observed changes in chemical shifts are consistent 

with similar assignments for B22. 	The chemical shift of c7  in P.21 

must be influenced by the strong interaction of its proton with those 

of the C
18 methyl group. 	Relief of this intramolecular force in B22 

by inversion of the stereochemistry at C
8 

will produce a larger effect 

at c
7 
 than C

6' 
and the differences found here substantiate such a 

proposal. 

5.2.4. Toxisterol B31 and benzoate ester (11 & 11a). 

This compound is chemically similar to the other toxisterols, 

and the nmr data confirm this to be true. 	Thus in the 220 ;,'Hz 
1
H 

spectrum, specific items of interest .are  the presence of an allylic 

methyl group at 8-3117, and a. two proton olefinic system as a pair of 

doublets at 3-62 and 3-91r, with J
X 
 = 6 Hz, comparable to that found 

A 
for 322.

13  
The - C spectrum is also very similar, both with respect 

to the pattern of chemical shifts observed and the composition of the 

molecule in tell., of carbon types (CH 3-, -CH2-,ipCH-, :IC- and sp
2
) 

as revealed by off-resonance spectra, 
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Consequently this toxisterol was deduced to be structurally 

identical with 17,21 and 7322, and must hence be a stereoisomer of these 

compounds. 	Although LIS data are not available it is possible to make 

a full assignment of the carbon resonances, withester shifts providing 

a indication of the 'A' ring. 

The ergosterol aide chain carbons C20—C28  are identified. 

readily by comparison with the model compounds and. the other toxisterols 

(tables 1 and 9). 	The C18 angular methyl group must be the higher '  
field of the two remaining methyl signals at 18.3 ppm, which is 4.2 ppm 

downfield from its position. typified by the model compounds and toxisterol 

B21. The allylic methyl group Cl, is also found considerably to low 

field (7.6 ppm) of the shift recorded for both of the other toxisterols; 

it is concluded that these changes must result from the changes in 

stereochemistry at C A  end C8  for this compoUnd with the other toxisterols, 

which accordingly modify the spatial interactions experienced by these 

methyl groups. 

Purther comparison with the model compounds and other 

toxisterols enables identification of C
11 as the highest field methylene 

resonance, C12'  the two quaternary carbons C13  and C8, and the 03  -  
hydroxyl bearing carbon. 	Carbons 15 and 16 in the D ring can also be 

distinguished as the remaining signals in the 20 — 30 ppm region, 

although absorbing upto 2 ppm to lower field than observed for 3321 end 

B22. Carbon 17, at the junction of the side chain with ring 1), is 

remote from the C. spire centre, and is thus expected to have a chemical 

shift similar to that found for the model compounds and other toxisterols 

and possess a. negligible ester shift: hence this carbon is assigned 

to tha methine resonance nt 54.2 ppm. 	In contrast to this, carbon 14, 

at the C/D ring junction is oC to 08  and hence its chemical shift may 

differ markedly from the value exemplified by the other toxisterols: 

the methine resonance. at 48.3  ppm has a negligible ester shift (which 

serves to separate it from neighbouring signals) and is accordingly 

assigned to C
12 	This latter position for Cil  is 7.5 ppm to high field.  

of that found in toxisterols E21 and T22 and demonstrates the marked 

dependence of this carbon chemical shift on the neighbouring structural 
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environment. 

The spa carbons in the A ring (0
1,02 and C 1 are now identified zi• 

from comparison of the spectra of the free alcohol and benzoate as those 

signals with large ester shifts (greater than 1 ppm). 	As discussed 

for other compounds, C2  is expected to absorb to lower field than Cl , 

and the larger ester shift (-2.23 ppm) observed for the resonance at 

34.00 ppm (10) confirms this assignment. 	Hence C1 must be the higher 

field methylene carbon as listed in table 9, with a smaller ester shift 

(-1.79 ppm. 	These large ester shifts separate these methylene carbons 

from the C9  absorption, and hence distinguish this carbon as the remaining 

methylene signal. 	Carbon 4 is ft to the C3  hydroxyl function and thus 

is expected to exhibit an ester shift comparable to that of. C2, i.e. 

2  - 3 ppm. 	Comparison of the chemical shifts for (11) and (11a) 

indicates C, must be the methine absorption at 59.73 ppm (11) with en 

esterification shift of -2.47 ppm. 	This is some 5 ppm to lower field. 

than the analogous absorption for B21, and 9 ppm lower than in P22, 

and must be a consequence of the difference stereochemistry at 04  and/or 

09  compared with the other toxisterols. 	These changes are of such 

magnitude as to bring this signal downfield into the region (56 - 59 

ppm) normally associated with C
14 
 and 017,and. underlines the need. for 

caution in the assignment of carbon chemical shifts, which can only be 

made unambiguously with the aid or corroborating information such as 

esterification shifts. 

The four olefinic carbons of the butadiene system in rings 

A and B cannot be assigned other than by comparison with the other 

toxisterols, and since all four shifts are within one ppm of those for. 

1321, the signals are identified. accordingly. 	The only absorption to 

show an appreciable esterification shift is that to highest field (0.54 

ppm for the 120.72 ppm signal), which is reasonable for a carbon in a Y 

relationship to the -OH function and confirms this to be carbon 5. 
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5.3. Experimental. 

Carbon-13 spectra were obtained. at 25.16 MHz using a varian 

Associates XL-100-12WG spectrometer in Fourier Transform mode. 	Deutero- 

chloroform, purified. by standing over potassium carbonate (anhyd.) and 

degassed with oxygen free nitrogen, was used as solvent, and solution 

concentrations were typically in the range 50 - 150 mg sterol/2.0 ml 

CDC13. 	Full proton decoupling was obtained by use of the Gyrocode 

decoupler with a noise bandwidth of 1 KHz centred 4 ppm downfield from 

TIIS, and a power of 4w, whilst off-resonance spectra were recorded with 

full proton decoupler power (12 w) centred 1 - 2 ppm to high field 
.o of Tire' . 	All spectra were recorded at 25 C. 
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Abstract—The "F NMR spectra of mono- and difluoroacetamide are used to derive the activation 
parameters for rotation about the C—N bond; it is not possible to obtain useful results for tri-
fluoroacetatnide. A total line shape analysis is used. 

Unusually large deuterium isotope effects upon the shielding of the 1°F nucleus are observed for 
N-deuterated derivatives. The magnitude of the isotope effect is different for mono-, di- and trifluoro-
acetamides, and in the mono-deuterated species the isotope effect is different for cis and trans 
rotational isomers. 

INTRODUCTION 

RECENT work in this laboratory' has indicated the existence of long-range substituent 
effects upon the barrier to rotation about the C—N bond in ring-substituted N,N-
dimethylphenylacetamides. In common with many previous studies of such energy 
barriers2  the temperature variation of the 1H NMR spectrum of the N—CH3  groups 
was studied, and the thermodynamic parameters obtained by line shape analysis in the 
region between slow and fast exchange.3  It has become desirable to study the long-
range effects in the more interesting series of ring-substituted phenylacetamides, 
XC,114CH,C(0)NH2, but the rapid relaxation of the hydrogen spins due to the 
quadrupolar IAN nucleus causes such a degree of broadening of the N—H lines in the 
spectrum that it is not possible to study the effects of temperature variation without 
recourse to heteronuclear (N—H) spin decoupling or '5N  enrichment". 

Work to date has always concentrated upon the NMR spectrum of the N-sub-
stituents, but the protons of the ocCH2  group would be of use in such studies if they 
were involved in long-range coupling with the N—H protons, since such coupling may 
be stereospecific and reflect the cis or trans relationship between the coupled species. 
Unfortunately such long-range couplings between protons are not usually resolvable; 
however, if there is a fluorine atom substituted on the cc-carbon the variation of the 
much larger F—H coupling, FCH2.C(0)NH2, with temperature may yield the neces-
sary information. In a preliminary study, it was decided to examine the 13F spectra of 
the title compounds in order to measure the barriers to rotation about the C—N bonds 
in these compounds. It was also decided to study N-deuterated derivatives in an 
attempt to consider isotope effects upon the magnitude of the barrier and the 13F 
NMR spectrum. 

EXPERIMENTAL 
NMR measurements were carried out with a modified Varian HA-100 NMR spectrometer operating 

at 94.1 MHz in extended-lock mode with automatic phase correction.' Materials were dissolved in 
dimethylformamide, together with hexafluorobenzene as an internal standard for locking purposes. 
Chemical shifts were measured by the frequency difference technique using a Beckmann frequency 
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counter. Temperature was varied using a standard Varian Associates variable temperature probe and 
controller; measurements are believed to be accurate to within +1°C, the range being calibrated 
using the normal techniques employing ethylene glycol and methanol. The fluorinated amides were 
prepared from the corresponding ethyl fluoroacetate and ammonia by standard procedures ;6  their 
identity and purity was established by comparison with the literature, by spectroscopic studies and by 
microanalysis. 

RESULTS AND DISCUSSION 

Monofluoroacetamide: 
Figure 1 shows the 19F NMR spectrum of this compound, dissolved in dimethyl-

formamide, at several temperatures; (a) is in the region where rotation about the 
C—N bond is slow, (b) where rotation is of intermediate rate and (c) where rotation is 
fast. The changes were observed to occur in a variety of solvents (e.g. methanol, 
chloroform, methylene dichloride and dimethylsulphoxide) at similar temperatures, 
but no attempt was made to evaluate the thermodynamic parameters in these situations. 

Figure la shows the expected triplet (J = 47 Hz) due to geminal spin–spin coupling 
between H and F in the CH2F group. The component lines of the triplet are further 
split into doublets (J = 4.5 Hz) due to coupling to just one of the N—H protons, the 

FIG. 1. The 19F NMR Spectrum of Fluoroacetamide under conditions of (a) slow, (b) 
intermediate and (c) rapid exchange. 
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coupling to the other being too small to resolve (<0.3 Hz). It is impossible to say 
unequivocally which of the two N—H protons (cis or trans to the CH2F group, 

0 
/ 

FCH2.0 	H (t) 
\ / 	is involved in the coupling; Akiyama et (11.7  assume that in 

N 
\ 

H(c) 
trifluoroacetamide the trans coupling is the larger, but if the double-bond order of 
the C—N bond is large (as indicated by the high barriers to rotation usually observed 
in such situations2) the four-bond F—H coupling may be of the `allylic' type, in which 
case the assignment could well be reversed.8  Under rapid rotation conditions (Fig. lc), 
the doublet structure (J = 4.5 Hz) changes to a triplet (J = 2.25 Hz); this is due to 
averaging of the long-range couplings and hence the spectral variations in the region of 
intermediate rotation (e.g. Fig. 1b) should be analysable to yield the thermodynamic 
activation parameters for the rotation process. If these lines are considered to arise 
from the X components of the ABX sub-spectra of the total spin system, the changes 
under these intermediate conditions are as predicted by the work of Forsen et al. ;9  the 
outer lines (of separation 4.5 Hz) diminish in size without changing their position, and 
in their centre a third line develops and increases in intensity to form the triplet 
(J = 2.25 Hz) due to equal (averaged) coupling between the fluorine and the N—H 
protons. At high temperatures, the fine structure disappears, although the width of the 
lines does not diminish; this may be due to the onset of intermolecular exchange of the 
N—H hydrogen atoms, or may arise from the increased efficiency of the 14N quadru-
polar relaxation process at high temperatures.1° 

The density matrix method, using the DENSMAT program of Forsen et al.9  was 
used to simulate the spectra at a variety of temperatures in the intermediate exchange 
situation (33 to 71.5°) and to evaluate the thermodynamic parameters for activation of 
the rotation process, quoted in Table 1. 

Difluoroacetamide 
At low temperatures the doublet (J = 54.5 Hz) due to getninal H—F coupling 

showed a doublet fine structure (J = 2.0 Hz), which changed to a broadened triplet 
(J = 0.75 Hz) at higher temperatures. The spectrum in the intermediate-exchange 
situation was analysed by DENSMAT and the thermodynamic parameters derived are 
quoted in Table 1. 

. 	Trifluoroacetamide 
Although at low temperatures the 19F spectrum showed a doublet splitting 

(J = 1.65 Hz) due to stereospecific long-range coupling to one of the N—H protons, 

TABLE 1. ACTIVATION PARAMETERS FOR ROTATION ABOUT THE C—N BOND IN FLUORO-AMIDES 

Compound 	 zlEa(kJmole-') 	AH(k./ mole-') 	ilS(J deg-i mole-') 

Monofluoroacetamide 66.1 640 —17.2 
Difluoroacetamide 81.2 78.3 -1-6.3 
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the change to a triplet structure on increasing the temperature was not well behaved 
and could not be analysed by the procedures used for the other amides. The separation 
of the outer lines does not remain constant and this probably reflects significant inter-
molecular exchange, as indicated by the work of Akiyama et a1.7  

To summarise, analysis of the fluorine signal gives a satisfactory method of 
establishing rotation barriers in fluorinated amides and some data are shown in 
Table 1. The presence of two fluorines on the a spa carbon atom (in difluoroacetamide) 
causes a significant increase in the rotation barrier for the C—N bond, compared with 
the monofluorinated molecule; it seems probable, then, that such studies in a-X-
fluoroacetamides may give information about the effects of a-substitution upon the 
C—NH2  rotation barrier. The change is large enough to indicate that long range 
substituent effects in ring-substituted phenylfluoroacetamides may also be studied 
using this technique. 

Deuterium isotope effects 
Attempts were made to study the effect upon the barrier of replacing the NH 

protons by deuterium; unfortunately the coupling between the fluorine and the D 
nuclei is too small to be of use, and even in the absence of rotation (i.e. at very low 
temperatures) the19F spectra of the N,N-dideuterofluorinated amides appear with only 
slightly broadened lines. It was, however, observed that a significant deuterium isotope 
effect occurs upon the shielding of the fluorine and it was decided to study the mono-
deuterated analogues for comparable effects; by adding one drop of D20 to a dilute 
solution of fluoroacetamide in a suitable solvent, the spectra of mono-, di- and un-
deuterated materials may be studied simultaneously. Figure 2 shows the 19F NMR 
spectra for mono-, di- and trifluoroacetamide recorded in this way, and Table 2 lists 
the chemical shifts of the 19F nuclei (relative to the undeuterated species) of the various 
compounds in a variety of solvents. 

The deuterium isotope effects are additive and large. For example, in dichloro-
methane at 94.1 MHz the 19F signal of mono-N-deuterofluoroacetamide occurs at 
13.3 Hz to high field of the non-deuterated material and that of the di-N-deutero 
compound occurs at 27.0 Hz to high field. The magnitude of the 'isotope shift' only 
depends to a small extent upon the solvent in which the observation is made; for 
monofluoroacetamide, the shift is 12.4 Hz per D in methanol, 13.5 Hz per D in 
dichloromethane and 12.5 Hz per D in dimethylformamide. Apparently, hydrogen 
bonding ability and polarity of the solvent have little effect upon the size of the 
isotope effect. 

The magnitude of the isotope shift does depend significantly upon the number of 
fluorines in the molecule, however. On average it is 12.8 Hz per D in monofluoro-
acetamide, 5.9 Hz per D in difluoroacetamide and 3.3 Hz per D in the trifluoro 

a 

derivative. Apparently, in a molecule of general formula F—C—C(0)NH2(D2), 

b 
the deuterium isotope effect upon the shielding of F depends upon the nature of a and 
b; further studies will be necessary in order to evaluate the form of this dependence, 
but the implication may be that it arises from the dependence of a through-bond 
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FIG. 2. The 19F NMR spectra of mixtures of un-, mono- and di-deuterated amides: 
(a) monofluoroacetamide, (b) difluoroacetamide and (c) trifluoroacetamide. 

TABLE 2. "F DEUTERIUM ISOTOPE SHIFTS OF THE FLUORO-AMIDES 

Compound 
Methanol 

NHD 	ND2  
Dichloromethane 
NHD 	ND2  

Diemthylformamide 
NHD 	ND2  

FCH2-CO•NHD cis 12.75 14.1 13.75 
trans 11.75 12.5 11.5 

FC1-12.CO-ND, 24.75 27.0 25.0 
F,CH•CO•NHD cis 5.6 6.6 5.3 

trans 6.4 6.0 
F,CH•CO-ND, 11.8 12-6 11.2 
F2C-00-NHD cis singlet 3.0 2.6 

trans 3.9 3.4 
F2C-CO-ND, 6.9 6.1 

All shifts are in Hz at 94.1 MHz and 33°C, and are to high field of the undeuterated material. 

perturbation to the environment of the fluorine as has recently been discussed for other 
substituents.11  It is also significant that in the mono-deuterated species the cis and 
trans isomers about the C—N bond show different isotope effects. Thus, in the mono-
N-deutero fluorinated acetamides the components of the 19F signal consist of a singlet 
and a doublet which are not centred at the same position; this is due to a chemical 
shift between the species in which the deuterium is cis with respect to the alkyl group 
and that in which it is trans. This phenomenon has been observed previously in the 
case of trifluoroacetamide1  and if the assignment of that work is accepted, then it may 
be deduced that in the case of monofluoroacetamide the D trans isomer occurs 1.6 Hz 
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to low field of the D cis; in the case of di- and trifluoroacetamide the D trans isomer 
absorbs to high field of the D cis isomer, by 0.7 Hz and 0.9 Hz respectively. 

A possible origin for the effects observed in the present work could lie in the 
different hydrogen-bonding abilities of N—H and N—D bonds, which would cause 
different solvation in hydrogen-bonding solvents. The experimental results are so 
similar in a variety of solvents, however, (CH,C12, CI-130H, HC(0)N(CH3)2  and 
(CH3)2C=0), that this suggestion seems to be untenable. A further possibility might 
lie in different averaging about the zero-point in the potential-energy surface for 
rotation about the C—N bond, even in a fixed (non-rotating) conformation. * It is felt, 
however, that the dependence upon the nature of the C-substituents and the stereo-
specificity of the effect in the mono-N-deuterated molecules demand some other 
explanation. 

There are similarities between these observations and the much larger vicinal 
deuterium isotope effects reported for fluoro-olefins.12  In cis 1,2-difluoroethylene for 
example, replacement of H by D causes a shift to high field of the vic trans 16F signal by 
0.418 ppm; in trans 1,2-difluoroethylene replacement of H by D causes a high field 
isotope shift of 0.293 ppm of the vic cis 19F signal. In 1,1-difluoroethylene the trans 
isotope effect is 0.260 ppm, while the cis isotope shift in the same molecule is 0.210 
ppm. Thus, the magnitude of the isotope effect decreases with the number of fluorine 
atoms in the group (CFH > CF,) and trans effects are bigger than cis. These trends 
are paralleled by the longer-range (four-bond) isotope shifts in the fluorinated 
amides, although the extra bond (or distance) involved causes marked attenuation. A 
common origin is indicated, but theories of such isotope shifts are not well-developed.13  

Phillips and Wray14  have recently offered an explanation for the difference between 
cis and trans substituent effects upon 19F shielding in fluoroolefins. This work suggests 
that the difference arises from the fact that in such systems there is vicinal delocalisa-
tion of sigma electrons, characterised by a negative long-range double-bond order for a 
cis arrangement of bonds and a positive long-range bond order for a trans arrange-
ment.15 .16  Pople and Segall° point out that qualitatively this corresponds to anti-
bonding (or repulsion) between cis atoms and bonding (or attraction) between trans. 
The origin of the finite bond order lies in the non-zero value of a direct bond integral, 
fl, between non-formally bonded substituents, the magnitude of which depends upon 
the proximity of the interacting species ;16  since C—D bonds are considerably shorter 
than C—H bonds17  the long-range bond orders will diminish upon deuteration and 
this may be sufficient to cause the observed increase in the shielding of vicinal fluorines 
observed in the deutero-fluoroethylenes. Presumably in the case of the four-bond 
effects observed in the N-deutero-fluoroacetamides, the perturbation is directly to the 
environment of the carbon atom, but is relayed to the fluorine and hence attenuated; 
it will be interesting to observe the magnitude of the isotope effects upon the shielding 
of the carbon nucleus, but such data are not presently available. 
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The Structural Dependence of the Inductive Effect. Part VII.1  Effects 
of 1-Substituents upon Geminal Proton—Fluorine Spin—Spin Coupling 
Constants (VF.) 
By Martyn H. Pendlebury, Lawrence Phillips,' and Victor Wray, Organic Chemistry Department, Imperial 

College of Science and Technology, London SW7 2AY 
A detailed empirical analysis has been made of the nature of 1-substituent effects upon 2JFn  in situations where the 
nuclei are bonded to carbon and to silicon. The non-additivity of such effects is explained in terms utilised 
previously by us in connection with nuclear shielding and a useful, simple, expression is given which enables VHF 
to be calculated in terms of the. Huggins electronegativities of the substituents. 

CONSIDERABLE attention has been given recently to 
theoretical and empirical descriptions of 2  Jim  in a 
variety of systems. Sternhell has reviewed the subject 
comprehensively,2  and a successful theoretical rationalis-
ation has been given by Pople and Bothner-By.3  More 

1  Part VI, L. Phillips and V. Wray, J.C.S. Perkin II, 1972. 
536. 

2  S. Sternhell, Quart. Rev., 1969, 23, 236.  
• J. A. Pople and A. A. Bothner-By, J. Chem. Phys.. 1965, 42, 

1339. 
4  J. A. Pople, J. W. McIver, and N. S. Ostlund, J. Chem. 

Phys., 1968, 49, 2965. 
5  G. F.. Maciel, J. W. McIver, N. S. Ostlund, and J. A. Pople, 

J. Amer. Chem. Soc., 1970, 92, 4151, 4497. 
o P. D. Ellis and G. E. Maciel, J. Amer. Chem. Soc., 1970, 92, 

5829. 

recently, Maciel and his co-workers have made use of 
Finite Perturbation Theory 4  to calculate Vim  in a 
wide variety of systems," and several empirical analyses 
have also appeared.343  

In contrast, relatively little attention has been paid 
▪ P. D. Ellis and G. E. Maciel, 	Phys., 1971, 20, 433. 
• G. E. Maciel and K. D. Summerhays, J. Amer. Chem. Soc., 

1971, 93, 520. 

• 	

M. J. Lacey, C. G. Macdonald, A. Fross, J. S. Shannon, and 
S. Sternhell, Austral. J. Chem., 1970, 23, 1421. 

" P. J. Chivers and T. A. Crabb. Tetrahedron, 1970, 26, 3389. 
22 P. J. Halls, R. A. Y. Jones, A. R. Katritzky, M. Snarey, and 

D. L. Trepanier, J. Chem. Soc. (B), 1971, 1320. 
11 G. Swaelens, M. Anteunis, and T. Travernier, Bull. Soc. chin:. 

beiges, 1970, 79, 441. 
13  M. Anteunis, G. Swaelens, and J. Gelan, Tetrahedron, 197!, 

27, 1917. 
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to 2JFE  although there have been several attempts 10,14-16 
to calculate this parameter for simple situations using 
both Finite Perturbation Theory 4  and the Sum Over 
States ' method." The various methods give widely 
varying results for even the simplest of molecules, 
CH3F, depending upon the form of the wavefunctions 
utilised, and only the results of Ditchfield and Snyder 14  
are in reasonable agreement with experimental data. 
All calculations are in accord with the earlier suggestion 
by Pople 18  that the Fermi-contact mechanism dominates 
the coupling, and the calculated contribution of 17% 
of the observed total arising from the spin–orbital mech-
anism has been verified by later work.14  There has as 
yet been no theoretical study of the influence of sub-
stituents upon 2Jrrp, and the empirical descriptions of 
the observed trends are rather imprecise. 

Arison et a/.19  have studied the effect upon 2JEF  of 
varying the substituent X in compounds of the type 
CHF2X, and have shown that the magnitude of this 
parameter increases markedly with increase in electro-
negativity of X. Substituent effects are non-additive 
however, as may be seen from the fact that successive 
replacement of hydrogen in CFH3  by fluorine causes a 
non-linear increase in UHT: 

CH,F 20 CH2F2  21  CHF3  22  
2 T TIF 	46.3 	50.4 	79.7 

Frankiss 23  observed that in compounds of the type 
SiHFXY, 2J1TF  also increases with increase in the 
electronegativity of the substituents X and Y and 
thereby deduced that the sign of the coupling must be 
the same as in the analogous carbon compounds. He 
commented, however, that the situation is by no means 
simple since substituent effects are not additive. 

We have observed interesting variations in 2JErp as a 
result of substituent changes in several related series of 
molecules (see later), and decided to examine the possi-
bility of obtaining a generally applicable qualitative 
picture of substituent effects upon this parameter. 

EXPERIMENTAL AND RESULTS 
Monofluoro-, difluoro-, bromofluoro-, chlorofluoro-, and 

1-fluoro-l-methyl-acetamides, -N-methylacetamides, and 
-NN-dimethylacetamides were prepared by the standard 
procedure from the appropriate methyl or ethyl ester and 
amine. Many of the compounds are new, and the details 
of synthesis will be described elsewhere. 19F and 1H 
N.m.r. spectra were recorded with a Varian HA-100 
spectrometer operating in field-frequency locked mode. 
Dilute solutions (ca. 5% w/v) of each compound in deuterio-
chloroform were studied at normal probe temperature 
(31 °C) and line positions were measured, in spectra recorded 
using 100 Hz sweep width, with a frequency counter. The 

14  R. Ditchfield and L. C. Snyder, J. Chem. Phys., 1972, 56, 
5823. 

13  H. Nakatsuji, I. Morishima, H. Kato, and T. Yonezawa, 
Bull. Chem. Soc. Japan, 1971, 44, 2010. 

le  A. D. C. Towl and K. Schaumberg, Mol. Phys., 1971, 22, 49. 
17  Y. Kato and A. Saika, J. Chem. Phys., 1967, 46, 1975. 
12  J. A. Pople, Mot. Phys., 1958, 1, 216. 
12  B. H. Arison, T. Y. Shen, and N. R. Trenner, J. Chem. Soc., 

1962, 3828. 

values of 2.Tirp were taken directly from the spectra, which 
are first-order in nature, and are reported in Table 1. 

TABLE 1 
Values of UHF for the substituted acetamides, N-methyl- 

X 

grPtnm 	Pe, n nri 
XCHF• 

2  hur(calc.)/ 	CONH, 
Hz 	J/Hz 

ir^,-t..hylacet2-mides 
XCHF• 	XCHF• 

CONHMe 	CONMe, 
J/Hz 	J/Hz 

H 46.6 46.5 47.0 47.0 
Me 48.4 49.6 50.6 49.6 
Br 49.9 51.0 51.3 
Cl 50.8 51.6 51.8 51.4 
F 54.1 55.2 53.4 54.6 

DISCUSSION 
We have made a compilation of coupling constants 

involving fluorine which will be published elsewhere,24  
and in order that our data may be discussed in context 
we list in Table 2 values taken from this work for typical 

TABLE 2 
Typical values of Um- in molecules XYCHF 
X Y 2JHr/Hz Ref. 
F F 79.5 22 
F OR 69-75 24 
F Cl 63 a 
F SO,CF, 69.5 b 
F P(OMe)CF, 50-4 c  
F R 52-62 24  
Cl Cl 53.5 a 
R OR 50-57 24 
R NR,, NO2  42-54 24 
R Cl 47-53 24 
R SR, Svi 43-49 24 
R Br 48-52 24 
F H 50.4 21 
R 
H 

I
SF, 

47-48 
46 

24 
d 

Cl Si' 46-48 24 
R R 43-55 24 
R PCI2  46.7 e 
R H 45-50 24 
R m  Si m 43-4643-46 24 

45-46 R Ge' 24 
H H 46.3 20 
H SiMe, 46.8 f 

R = alkyl or.substituted alkyl. 
a G. Levi and M. Chalaya, Compt. rend., 1967, 264(B), 857. 

R. A. Mitsch and J. E. Robertson, J. Heterocyclic Chem., 1965, 
2, 152. c H. Goldwhite, R. N. Haszeldine, and D. G. Rowsell, 
Chem. Comm., 1965, 83. d  H. J. Emeleus and B. W. Tatters-
hall, J. Inorg. Nuclear Chem., 1966, 28, 1823. e J. Dyer and 
J. Lee, J. Chem. Soc. (B), 1970, 409. 1G. A. Olah and G. D. 
Mateescu, J. Amer. Chem. Soc.. 1971, 93, 781. 

ranges of VHF  observed in a wide variety of molecules 
of the type XYCHF. It is apparent that, qualitatively 
at least, 2Jur  does increase with increase in the electro-
negativity of the groups X and Y; the Figure illustrates 
this in a plot of the data of Table 2 against the sum of the 
Huggins electronegativities of the groups X and Y (for 
composite groups, the electronegativity of the atom 
bonded to the coupling fragment is used). The data 

20 T. R. Krugh and R. A. Bernheim, J. Chem. Phys., 1970, 52, 
4942. 

21  M. Barfield and J. D. Baldeschwieler, J. Chem. Phys., 1964, 
41, 2633. 

22  S. G. Frankiss, J. Phys. Chem., 1963, 67, 752. 
23  S. G. Frankiss, J. Phys. Chem., 1967, 71, 3418. 
24  J. W. Emsley, L. Phillips, and V. Wray, Progr. N.M.R. 

Spectroscopy, in the press. 
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suggest that p-substituent effects (i.e. from groups 
vicinal to the coupling H and F nuclei) must be sig-
nificant for if one of the substituents is an alkyl group 
(and the other remains constant) the observed value of 
2JEfF  may vary considerably as a result of structural 
variation within that group. 

If a range of compounds is chosen with the object of 
minimising such p-effects (i.e. the substituents are single 
atoms or simple groups such as CH3  or OCH3), the 
correlation is still non-linear and curves markedly with 
apparent discontinuities. Table 3 lists data for such a 
series of molecules. 

TABLE 3 
Values of 2JHE. (Hz) in specific molecules; experimental 

results and values calculated by using e quation (3) 
Ref. Structure Ex + EY * 2 jny 	bs. 

22 CHF3  7.8 79 .5 
a CHF2OMc 7.4 74 .4 
b CHF2C1 7.05 63 •0 
C CHF,Me 6.5 57 .2 
b CHFC1, 6.3 53 .6 
21 
d 

CH2F2 
CHFC1•CHC12  

6.1 
5.75 

60 .4 
49 .o 

CHFBrMe 5.55 50 .5 
f MeCHF•CH2I 5.2 48 .0 

MeCH2F 4.8 47 .5 
20 CF11, 4.4 46 .3 

H 6.1 	51.4 

F 

* The values for the electronegativities were taken as 
follows: F 3.90, OR 3.40, Cl 3.15, Br 2.95, C 2.60, H 2.20 
(M. L. Huggins, J. Amer. Chem. Soc., 1953, 75, 4123). 

Footnote b, Table 2 s  Footnote a, Table 2. ° D. D. 
Elleman, I,. C. Brown, and D. Williams, J. Illot. Spectroscopy, 
1961, 7, 303. a  R. R. Dean and J. Lee, Trans. Faraday Soc., 
1968, 64, 1409. • J. W. Coomber and E. Whittle, J. Chem. 
Soc., 1965, 6661. 1G. Olah, J. M. Bollinger, and J. Brinich, 
J. Amer. Chem. Soc., 1968, 90, 2587. ° L. D. Hall and J. F. 
Manville, Chem. and Ind., 1967, 468. 

If our data on fluorinated amides XCHFC(0)NR2  are 
examined in a similar way by plotting 2  Jul,  (listed in 
Table 1) vs. Ex, a linear graph results. In this situation, 
one group has been held constant [X = CHFY, Y = 
C(0)NR2] while the other is varied and we shall show 
later that this is a general observation for analogous 
situations. 

It is interesting to note the effect of making the same 
substituent change in different molecules; in Table 4 
the change in the value of 2  JEEF(A2JHF) which occurs 
when an alkyl group is replaced by fluorine, is shown for 
four pairs of molecules. It is apparent that the mag-
nitude of the change in 2jEfF  on going from XYCHF to 
ZYCHF devends not only upon the electronegativity 
difference between X and Z but also upon the nature of 
the group Y. 

TABLE 4 
Change in 2lirp(A2jr/F) on replacing an alkyl group by 

fluorine 
Structure Structure A2.im'[(1)-(2)ii (1) 2imr/FIZ (2) 2  JRF/Hz Hz 

R*CF.,H 67.2 CF3H 79.5 22.3 
134-CC1FH 49.0 CF2C1H 63.0 14.0 
R:CMeFH 48.0 MeCF,H 57.2 9.2 
R*CH,F 47.5 CH2F2  50.4 2.9 

R* = Me; Rj.  = CHCl2; R: = CHII. 

These observations are reminiscent of those made 
previously concerning substituent effects upon nuclear 
shielding,25  and the approach used in our analysis of 
shielding data may easily be applied to the present 
problem even though the number of analysable data is 
relatively small. 

It is unnecessary to give the method of analysis in 
detail, since its basis is fully documented elsewhere.2.26  
Four different series of molecules of the type XYCHF 
were chosen, with X = F, Cl, CH3, or H, respectively, 
while the group Y is variable; for each series 2  fro  was 
plotted against the Huggins electronegativity of Y(Ey) 
to give satisfactorily linear graphs. Each graph has its 
own characteristic slope which depends on the group X, 
and may be defined by equation (1). 

2brr = 45.63 + Sx(Ey - 1.98) 	(1) 
In turn, a plot of Sx vs. Ex is linear, and may be 

expressed by equation (2). 
Sx  = 8.45(Ex  - 1.98) 	(2) 

Substitution of (2) into (1) gives a useful expression 
(3) for 2  f ru,  in terms of Ex  and Ey. This expression 

2  fru  = 78.76 + 8.45(ExEy) - 16.73(Ex  Ey) (3) 
enables 2  JEfF  for the molecules listed in Table 3 to be 
calculated to a satisfactory degree of precision ( ±2.1 Hz 
r.m.s.); the calculated values are compared with 
experimental data in Table 3. 

We may now examine the relevance of this treatment 
to our data on fluorinated amides listed in Table 1, by 
using it to estimate a group electronegativity for 

25  L. Phillips and V. Wray, J. Chem. Soc. (B), 1971, 2068. 
25  L. Phillips and V. Wray, J.C.S. Perkin II, 1972, 214. 

Um. calc. 
76.8 
68.7 
64.6 
55.7 
57.2 
49.2 
51.8 
50.7 
48.9 
46.8 
46.1 

53.1 
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C(0)NRR'; a value of 2.5 on the Huggins scale enables 
the coupling constants, 2  JET, in Table 1 to be calculated 
to a satisfactory degree of precision, as shown in the 
relevant column of this Table. This is a reasonable 
figure, since Wells 27  gives values of 2.6 for CH3  and 
2.8 for CO2H. 

TABLE 5 

Observed and calculated values [equation (4)] of 2kno  
in compounds of the type XYSiHF 

Compound • 2JILF81 obs./1-1z 	Ref. 	2JliFe1  calc.JHz 
SiF2H 
	

96.2 	 a 	 98.1 
SiF2HSH 	 75.2 

	
b 
	

70.0 
SiF2HMe 	 67.5 	 23 

	 70.0 
(MeSiFH)20 
	68.2 	 23 

	 65.4 
Ge1-12-SiF2H 	54.5 	 57.0 

	

53.0 	 54.9 

	

53.2 	 e 
	 54.9 

SiF2H-SiF21-1 	52.0 	 d 
	 54.9 

SiF2SH-SiF2H 	54.9 	 b 
	 54.9 

Me2SiFH 
	 52.1 	 23 	 55.2 

SiH3-SiFHC1 	51.5 	 50.5 

	

43.2 	 44.9 
SiFH2•SiFliz 	45.0 	 44.9 

* The values for the electronegativities of Si, S, and Ge were 
taken as 1.90, 2.60, and 2.00, respectively (F. A. Cotton and G. 
Wilkinson, ' Advanced Inorganic Chemistry,' 2nd edn., Inter-
science, New York, 1966, p. 103). 

• R. B. Johanneson, J. Chem. Phys., 1967, 47, 3088. 6  K. G. 
Sharp and J. L. Margrave, Inorg. Chem., 1969, 8, 2655. • D. 
Solan and P. L. Timms, Inorg. Chem., 1968, 7, 2157. a  J. E. 
Drake and N. P. C. Westwood, J. Chem. Soc. (A), 1971, 3300. 
• J. E. Drake, N. Goddard, and N. P. C. Westwood, J. Chem. 
Soc. (A), 1971, 3305. f J. E. Drake and N. Goddard, J. Chem. 
Soc. (A), 1970, 2587. 

The form of equation (3) leads to some interesting 
conclusions; for a series of compounds XYCHF in 
which the group X is held constant and has an electro- 

27  P. R. Wells, Progr. Phys. Org. Chem., 1968, 111. 
28  D. Seyferth and K. V. Darragh, J. Org. Chem., 1970, 35. 

1297. 

negativity of 1.98, changing the nature of group Y 
should have no observable effect upon 2JHF, which 
should stay constant at ca. 45.6 Hz. Moreover, if 
Ex < 1.98 then 2  J-Hp should increase with a decrease in 
the electronegativity of Y. There is, in fact, some 
evidence to support this suggestion for when the group 
X is SiIv (Ex  = 1.90) the value of 2LIF  for molecules in 
which Y = Cl, CH3, or H actually does increase slightly 
in this order rather than decrease. (For Et3SiCHFCI, 
UHF  = 45.5; 28  for C13SiCFHMe, 2  Lip = 46.0; 29  and 
for Me3SiCH2F, 2JHF = 46.8 Hz.30) 

It was mentioned earlier that Frankiss 25  has observed 
a similarity in the effects of substituents upon 2  JHF  when 
both nuclei are bonded to carbon or silicon. Table 5 
lists values of 2  fru,  in compounds of the type XYSiHF, 
and by using the same procedure as outlined above for 
XYCHF it is possible to derive equation (4), which may 
be used to calculate 2  fin,  for the compounds in Table 5 
to a satisfactory degree of precision (r.m.s. ±2.4 Hz). 

2JHF8i = 49.08 7.85(ExEy) - 9.03(Ex  Ey) (4) 
In summary, we now understand (qualitatively at 

least) the effects upon 2  jr[p of substituents directly 
bonded to the same atom as the H and F nuclei. It is 
inevitable however that there are anomalies and these 
probably arise from the influence of substituents which 
are upon adjacent atoms in the molecule, i.e. p or y 
effects; this question will be examined elsewhere. 

We are indebted to Wilkinson Sword (Research) Ltd. for 
a maintenance grant (to M. H. P.). 

[3/2245 Received, 1st November, 1973] 

29  J. Dyer and J. Lee, Spectrochim. Acta, 1970, 26A. 1045. 
3°  E. S. Alexander, R. N. Haszcldine, M. J. Newlands, and 

A. E. Tipping, J. Chem. Soc. (A), 1970, 2285. 
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Structures of the Toxisterols2. t  X-Ray Crystal Structure of Toxisterol2-A 
3,5-Dinitrobenzoate 

By ANTHONY G. M. BARRETT, DEREK H. R. BARTON,* MARTYN H. PENDLEBURv, LAWRENCE PHILLIPS, RICHARD A. 
RUSSELL, and DAVID A. WIDDOWSON 

(Chemistry Department, Imperial College, London SW7 2AY) 

and CHARLES H. CARLISLE and PETER F. LINDLEY* 
(Crystallography Department, Birkbech 	 Street, London WC1E 711 X ) 

Summary The structures of toxisterol,-A, -B, and -C have 
been determined by spectroscopic and chemical evidence 
supplemented by an X-ray crystallographic study of 
toxistero12-A 3,5-dinitrobenzoate. 

ToxisrEnots are substances of undetermined structure and 
of reputed biological activity originally described about 
50 years ago.' Only one toxisterol (toxistero12-A) has been 
properly characterised before.' All toxisterols have a u.v. 
maximum near 250 nm. We report the isolation, character-
isation (Table) and structure determination of three such 
compounds, toxisterols2-A, -B, and -C. 

0.4% citric acid at room temperature fur 22--- 25 h gave a 
resin. Repeated chromatography over alumina (Grade II) 
gave (from 40 g of resin) toxistero12-A as 3,5-dinitro- 
benzoate (1110 mg):, -B (50 tug and 	as benzoate (410 
mg)]. We have not vet located the fourth possible stereo-
isomer. 

'H N.m.r., u.v.. and i.r. data, which need not be detailed 
here, showed that all three tuxisterols2  had the 22(23)-trans-
double bond intact and contained a cyclic heteroannular 
diene system of the type -CH 	C=C -(Me)-. Since the 
C_.18  methyl group was also present in all compounds the 
vinylic methyl was presumed to he the original C_,, methyl. 

TABLE 

Toxisterols2  
A (V) 

M.p. 
Oil 

[cc.ai 
(CHCI3) 
--157° 

(c) 
250(21,000). 

Other derivatives 
p-Phenylazobenzoateb ni.p. 124. 	126° 

Acetate 	.. 103-105° 25(1(20.000)r.  Benzoate ni.p. 114 	108' 
3,5-Dinitrobenzoated 173-174° —1 232(28,011()a p-Nitrobenzoate m.p. 1112- 	164' 
13 (V1) 	.. 107-- 1011° -169 253(22,0(10)c 
C (VII) 	.. Oil -1- 17 250(17,000)a 
Benzoate 	.. Oil 1-133 228(25.000)° 

235(22,000) 
250(17,000) 

a I n cyclohexane. b Lit.,' m.p. 125-126'. c EtOH. d Lit.,' in.p. 171-172°. 

Irradiation (Phillips HPli 125 W type 57203 B/00) of 
ergosterol (I) in degassed ethanol containing 5(), water and 

The "C n.m.r. spectra were especially helpful and showed 
that an 'extra' quaternary carbon was present. 

f The subscript 2 indicates that the compounds are derived from ergosterol rather than cholesterol (subscript :3). 
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that these compounds were 1,2,3-trisubstituted benzenes 
with one of the substituents being methyl. 

Accepting the data at their simplest level of interpretation 
and using the plausible hydrogen atom transfer depicted in 
the Scheme, then structure (IV) seems reasonable for the 
toxisterols2. This permits four stereoisomers about C-4 and 
C-8. The relationship of the configuration at C-3 (un-
changed) and that at C-4 was established by 'H n.m.r. 
spectroscopy. The configuration at the C-8 spiran centre 
was determined by the Nuclear Overhauser effect in the 
proton n.m.r. spectrum between the C-I 8 methyl group and 
the C-7 vinyl hydrogen (observed for the A isomer, but not 
for the B and C isomers). 

Toxisterols2-A, -B and -C can therefore be represented by 
formulae (V), (VI), and (VII) respectively. The complete 
structure of toxistero12-A was also determined independ-
ently by an X-ray crystallographic study of the derived 
3,5-dinitrobenzoate. 

Crystal data: C321-1„ 0,,N2, monoclinic, a = 6.358(1), 
b = 21.808(3), c = 12.259(2) A, 13 = 102.81(1)°, space group 
P21  (C4, No. 4), De  = 1.18 cm-3, Z = 2. it(Cu — K,-= 
6.6 cm-'). 

X-Ray intensity data were collected using Ni-filtered Cu 
radiation on a Hilger-Watts Y290 automated four-circle 
diffractometer. 1856 Independent reflections for which 
I > 3cr (I) were measured over the range.0 < 0 < 70°, and 
were corrected for Lorentz and polarisation effects; no 
correction was made for absorption. Several attempts to 
determine the structure using direct methods of phase 
determination were unsuccessful. The structure was 
eventually solved with extreme difficulty using a vector 
verification technique' to locate the 3,5-dinitrobenzoate 
unit, followed by iterative Fourier syntheses to find the 
remaining atoms. The structure has been refined using a 
partial full-matrix method to give a conventional R value 
of 0.056 with all non-hydrogen atoms treated anisotropically. 

The figure is a stereo-drawing of the sterol portion of the 
molecule viewed along the crystallographic y axis, and 

""- 
-4( 
"4.4 	/."-- 

- 	\ 

FIGURE. A stereo-drawing of toxistero12-A, showing the configuration at the Spiro carbon atom C-8. 
is the oxygen atom of the 3,5-dinitrohenzoate group which has been omitted for clarity. 

The shaded atom at C-3 

Treatment of toxisterol,-A with CHCI,-HC1 afforded 
smoothly a benzene derivative (II), m.p. 	 :cOn  
—55° (all otjr, in CHC13). Treatment of toxisterol'-B and 
-C in the same way gave a different benzene (Mk m.p. 
69-71°, [a]p 	6-0'. The n.m.r. and i.r. data showed 

clearly shows the spiro-configuration at C-8. The methyl 
hydrogen atoms have been placed in calculated. positions 
but the remainder were located from a difference Fourier 
synthesis. 

(Received, 28th November 1974; Com. 1444.) 
1 	Westerhof and J. A. Keverling Buisman. Rec. Tray. chim.. 1956, 75, 1245; and references there cited. 
2  P. B. Braun, J. I-fornstra, and J. I. Leenhouts, Philips Res. Repts., 1969, 24, 85. 


