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SUMMARY 

A series of unhindered, crypto- and hindered phenols has been chromatographed 
on thin layers of cellulose impregnated with the three simple amides: formamide, 
N-methylformamide and N,N-dimethylformamide, respectively. Plots of RM values 
DS. the logarithm of the impregnation coefficient of each amide are used to discuss the 
mode of alignment of the phenol on the amide surface and to discuss the mechanisms 
by which the phenols are retarded by the amide. In addition to the primary mechanism 
of hydrogen bonding between the phenolic proton and the carbonyl oxygen atom a 
second mechanism involving the 7~ electrons and the N substituents is proposed. The 
importance of this second mechanism on the retardation of hindered phenols is 
discussed. 

INTRODUCTION 

Hydrogen bonding is thought to play a predominant role when phenols are 
chromatographed on simple amide surfaces. For the most part it is considered that 
the hydrogen bond is formed as a result of acceptance of the phenolic proton by the 
oxygen atom of the carbonyl group. This contention is supported by evidence from 
infrared spectroscopy and nuclear magnetic resonance spectroscopyl-4. Additionally, 
FRANCE has suggested that formamide can take part in hydrogen bonding by donating 
the hydrogen atoms of the amino group to the phenolic oxygen atom. For this same 
substrate, formamide, HE~~MANISKO lists two further types of solute-substrate inter- 
actions, namely dipolar interactions and the influence of dispersion forces. The part 
played by these unspecified dipolar forces of the substrate is considered to be equal 
in magnitude to either hydrogen bond acceptance or hydrogen bond donation. This 
is not unexpected because the existence of hydrogen bond propensities in any mole- 
cule presupposes the dipolar character of that molecule. It is probably for this reason 
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that no attempt has been made to separate hydrogen bond interactions from other 
dipolar interactions in interpreting the chromatographic behaviour of polar solutes 
on simple amide surfaces. 

The purpose of the present communication is to attempt the evaluation of the 
nature of the dipolar interactions, other than the hydrogen bond mechanism referred 
to above, which occur between phenols and simple amides, viz., formamide, N-methyl- 
formamide and N,N-dimethylformamide, when these are supported on cellulose in 
liquid-liquid thin-layer chromatographic systems. 

In order to bring about such an evaluation it was necessary to choose a mobile 
phase in which no interaction with the substrate occurs and in which solvent-solute 
interactions are limited to dispersion forces. Hexane was considered to be suitable 
for this purpose. 

EXPERIMENTAL 

The purification of the mobile phase, the stationary phases and the disperse 
medium, acetone, has already been described, as have the preparation of the amide 
solutions (1.0-6.0 M) in this medium, and the preparation of the phenolic solutions798. 

Cellulose (IS g MN 300 HR) was homogenised with solutions of the appropriate 
amide in acetone (70 ml) and the resultant slurry was used to coat 5 clean giass plates 
(20 cm x 20 cm). The chromatoplates were air dried for 15 min, spotted with solutions 
of the phenols, and chromatographed in our double saturation chamber (i.e. using 
the polythene bag technique)D. 

‘The phenols ‘were visualised as yellow spots on a pink background by spraying 
the layers with alkaline potassium permanganate solutionlo. 

RESULTS 

The results are quoted in Tables I-III. The values quoted represent the mean 
values of at least five determinations from plates carrying spots of 2,6-di.methyl- 
phenol as an internal standard, The values for the individual phenols and those for 
the internal standard are reproducible to _4 0.01 RF units. 

DISCUSSION 

It is accepted that phenols belong to one of three classesll viz., 
(a) true or unhindered phenols, i.e. those in which the phenolic group is free 

from any steric restraint to interact with proton acceptors, 
(b) crypto-phenols or partially hindered phenols, i.e. those phenols bearing 

either a single large qrtko substituent or two smaller ovtho substituents which sterically 
hinder interactions with proton acceptors, and 

(c) hindered phenols, i.e. those phenols with bulky ortho substituents which 
are capable of preventing any interaction between the phenolic group and proton 
acceptors. 

In a chromatographic system, however, the above simple picture can be compli- 
cated by the presence of a mobile phase which can interact with the solutes and in 
interpreting the chromatographic process this mechanism must be constantly borne 
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in mind. In the present investigations we have therefore used a mobile phase, hexane, 
which belongs to the N class of solvents12 (i.e. it is unable to form hydrogen bonds 
with either the solutes or with the substrate so that its interaction will be limited to 
the solvation of the solute molecules) ‘s8. Its lack of interaction with the stationary 
phases is commented on below. 

Using hexane as the mobile phase we have chromatographed members of each 
of the three classes of phenols on thin layers of cellulose impregnated with simple 
amides : formamide, N-methylformamide and N,N-dimethylformamide. Each amide 
has been studied over a range of increasing impregnation coefficients. 

The results in Tables I-III show that as the number and size of the nuclear 
substituents are increased the Rp values are increased, i.e. there is an increased degree 
of solvation of the non-polar part of the molecule by the mobile phase, thus confirming 
our previous observations concerning the chromatographic behaviour of the methyl- 
ated phenols*. 

Over and above this effect, however, the results clearly show that the migration 
pattern of the compounds is dependent upon the class to which the phenol belongs, 
so that the unhindered phenols are retarded to a greater extent than the crypto- 
phenols, which, in turn, are retarded to a greater extent than the hindered phenols. 

Fig. I shows that plots of the RM values VS. the logarithm of the concentration 
of the amide in the solvent used for the preparation of the chromatolayers are es- 
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scntially linear thus proving the validity of the equation 

73 

XM = log a--& kiM + log /is (1) 

This confirms our observations for the homologous series of methylated phenols8 
and for a series of indanoW3. 

These plots show that for the most part the RF values obtained when formamide 
is used as the stationary phase are considerably higher than those obtained when 
either N-methylformamide or N,N-dimethylformamide are used as the stationary 
phases, the values for the last two being, for the most part, little different from each 
other, i.e. the order in which the Rp values change with the nature of the amide em- 
ployed is: formamide > N-methylformamide > ‘N,N-dimethylformamide. 

The large drop in RF value on changing from the formamide to the N-methyl- 
formamide substrate could be explained on the basis of the inductive (and hyper- 
conjugative) release of electrons from the methyl group, increasing the electron 
density on t,he carbonyl oxygen atom and so increasing the strength of the hydrogen 
bond between it and the phenolic proton. However, such an explanation seems to us 
to be unlikely because the additive inductive effects of the two methyl groups in 
N,N-dimethylformamide would lead one to expect a change of similar magnitude in 
Rp values on changing from the N-methylformamide to the N,N-dimethylformamide 
substrate. This is contrary to the experimental evidence. Furthermore, it is unlikely 
that hydrogen bonding of the type referred to above plays much part, if any, in the 
retardation of the hindered phenols 14915. Because of the lack, in these compounds, 

r_-..-_-____-_ .-_ .__ 

I 3.5Dicthyl 

r -.--_.- __.___. __. 
2-n-Pmpyl-d-methyl 

- .-----_. _-._. 
J-Methyl-S-iwpropyl 1 

i 
7 

L I 
Pp 

I 

.o 

/ 

. ..A. 
/R 

I 

P+-- 
a/’ 

p’ 
iv _.,, /mm i 

__I L 
*A ,,I,_ ,H” I _ _ . . ~. -_..._ . ..--_ _ .._. 

J. Clwonratog., 48 (1970) 67-77 



74 R. J. T. GRAHAM, J. DALY 

of such a hydrogen bond mechanism which can be influenced by the N-substituents, 
an alternative explanation must be sought. This we believe is forthcoming from a 
consideration of the structure of the stationary phases and points to a retarding 
mechanism in addition to the acceptance of the phenolic proton by the carbonyl 
oxygen. 

Two possible structures may be written for the amides. 

In the first of these, the essentially covalent structure, we would suppose that dipolar 
interactions with the phenols (other than the hydrogen bond mechanism referred to 
above) would be of little significance. However, structure II, which results from 
delocalisation of .the electronic system of the amide, contains polar centres which will 
be of importance in interacting with the phenols, in addition to the hydrogen bond 
interaction which occurs between the phenolic proton and the carbonyl oxygen atom. 

We therefore suggest that the amide molecules lie flat on the surface. The 
phenolic molecules may approach them either perpendicular to the surface or parallel 
to’it. We discount the former of these two because FRANC has shown that Rp values 
of phenols obtained from paper’ impregnated with formamide were identical with 
those obtained from paper impregnated with acetamide. This suggests that the 
methyl group on the carbon atom does not sterically hinder the approach of the 
phenolic molecule to the oxygen atom as would be expected (trials with molecular 
models) if the phenolic group approached perpendicular to the amide. Thus the 
phenolic molecule must lie parallel to the amide surface and we suggest that it lies 
as illustrated in III below. with the aromatic ring lying over the a or R, group of the 
dipolar form of the amide with the hydrogen bond formed between the phenolic 
proton and the carbonyl oxygen atom as shown (III) : 

Such an arrangement would exclude the possibility of the proton on the car- 
bony1 group from interacting with the phenolic oxygen atom as suggested by FRAN@ 
but would accord with FRANC’S observations concerning the identity of the RF values 
obtained on a formamide substrate with those obtained from an acetamide substrate. 

Our view on the alignment of the phenol with the amide surface is in accord 
with the evidence obtained by other workers based on the nuclear magnetic resonance 
behaviour of amides. Thus the observed high energy barrier to internal rotation about 
the carbon-nitrogen bond not only proves the predominance of structure II over 

J. Clwomalog., 48 (1970) G7-77 



MOLECULAR STRUCTURE AND CHROMATOGRAPHLC BEHAVIOUR. XVII. 75 

structure I at ordinary temperatures but also indicates the non-equivalence of the 
substituents on the nitrogen atomlO-lO. Thus for formamide and N,N-dimethyl- 
formamide the R, group is trn%s to the carbonyl oxygen atom so giving rise to tram 
and cis conformers. For N-monomethylformamide distinct tram (IV) and cis (V) 
isomers exist, z&.20. 

e 

NMR stuclies17-10 have been carried out on pure N,N-dimethylformamide and 
on this compound diluted with different solvents,’ either non-aromatic solvents or 
aromatic solvents (including phenol), No chemical shifts occurred in the methyl 
group resonances, compared with the pure amide, when the non-aromatic solvents 
were used as diluents. The significance of this is that it indicates no interaction between 
the positive end of the dipolar amide molecule and the diluent-and because the 
mobile phase cannot form a hydrogen bond with the carbonyl oxygen atom of the 
amide, i.e. it is an N type compoundlz- our assumption that our aliphatic mobile 
phase, hexane, is without interaction on the stationary phase is fully justified. This 
stresses its suitability as a mobile phase in a chromatographic system in which inter- 
actions occurring between the solutes and the mobile phase are to be studied. On the 
other hand, the use of the aromatic solvents as diluents for the amidel0J’ resulted 
in marked chemical shifts of the resonances of the two non-equivalent methyl groups. 
The origin of this aromatic induced shift (ASIS) was attributed to the positive end of 
the molecular dipole of the amide (i.e. the nitrogen atom) lying above or below the 
aromatic ring of the diluent, with the negatively chargecl carbonyl oxygen atom lying 
as far from the centre of the ring as possible. The orders of the shifts for the resonances 
of the two non-equivalent groups were such that the authors concluded that the 
centre of the aromatic ring lay over the R, (or a) methyl group with the R, (or p) 
methyl group lying along the edge of the ring. Similarly, the ASIS shifts for the 
methyl resonances of the cis and tmm isomers of N-methylformamide with aromatic 
solvents again indicated that the aromatic solvent is preferentially associated with 
the methyl group in the a position, i.e. with the trnns isomePO. All this evidence is in 
favour of our proposed mechanism of the alignment of the phenols on the amide 
surface. 

We now use this proposed alignment to explain the order of RIJ value change 
on the three amide surfaces. Under these circumstances, it is suggested that a loose 
complex can be formed by the interaction of the aromatic ring with the R, or a group 
probably as a result of hydrogen bonding between the hydrogen atoms of the R1 
substituent and the z electrons of the aromatic ring. In the case of formamide there 
will be a single hydrogen atom which could take part in this interaction. The positive 
nature of the nitrogen atom, however, will oppose the normally expected drift of 
electrons from the proton to the nitrogen atom consequent upon their different 
electronegativies. Hence the n complex either will not be formed or will be a relatively 
weak one. In the case of both the N-methylformamide and the N,N-dimethylform- 
amide the greater inductive effect of the methyl group relative to the hydrogen atom 
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will have two effects : firstly it will tend to reduce the residual positive charge on the 
nitrogen atom and secondly this electronic release will result in residual positive 
charges on each of the three hydrogen atoms of the trams methyl group to give 
three points of attachment to the z electrons of the aromatic ring. This results in 
the formation of stronger complexes between the phenols and each of these sub- 
strates than those formed with formamide and hence rationalises the lower Rp 
values obtained on these substrates compared with those obtained when formamide 
is the substrate. However, it must be stressed that by using the model proposed by 
us only one of the two methyl groups of N,N-dimethylformamide can take part in 
the formation of the mcomplex with the aromatic ring. Therefore on changing from 
the N-methylformamide substrate to the N,N-dimethylformamide the presence of 
the second methyl group on the nitrogen atom will have little additional effect on the 
RF values. This is found to be so in the case of the unhindered and the cryptophenols. 

For the hindered phenols, however, there is a reasonable difference in the Rp 
values, obtained from N-methylformamide compared with those obtained from 
N,N-dimethylformamide. This can be rationalised by considering the relative magni- 
tudes of ,the three mechanisms concerned. Firstly the phenolic proton-carbonyl 
oxygen hydrogen bond will have a high order of magnitude, secondly the jrc complex 
interaction will be of intermediate magnitude and thirdly the inductive effect of the. 
second methyl group in N,N-dimethylformamide, as it affects the strength of the 
zs complex,,will be of a low order. In the case of the unhindered phenols and the crypto- 
phenols this last effect will therefore contribute negligibly to the total interaction 
energy of ‘the system and hence the variation in Rp values between the N-methyl- 
formamide and N,N-dimethylformamide wilxbe small. By definition, hindered phenols 
either will not form the phenolic proton-carbonyl oxygen hydrogen bond, or if they 
do so it will be a very weak bond. Hence in these compounds the formation of the 
z complex can be regarded as being the primary, rather than the secondary, mecha- 
nism of retardation. Because the magnitude of the strength of such an interaction 
is considerably smaller than that of the proton-oxygen hydrogen bond it will be 
more susceptible to the influence of the inductive effect of the second methyl group 
and hence the Rp values for the hindered phenols will be significantly lower on N,N- 
dimethylformamide than they are on N-methylformamide. This is shown to be so. 

CONCLUSIONS 

Whilst the primary interaction between phenols and amides is shown to be 
of importance in the chromatographic separation of these compounds it has been 
shown that interactions between thenelectrons of the aromatic ring and the substit- 
uents on the nitrogen atom of the amide are significant as retarding factors. This 
latter type of interaction plays a substantial part in the retardation of hindered 
phenols where the primary hydrogen bond mechanism is either weak or non-existent. 
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