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PREFACE

Conformations are different arrangements of atoms in a
molecule caused by free rotation around bonds. They are intercon-
vertible, but cannot be separated. The terms conformational iso-—
mer and rotamer are sometimes used instead of conformer. For any
open chain single bond connecting two Sp3 carbon atoms, there are
an infinite number of conformations possible, each of which has a
certain energy associated with it. A number of methods have been
used to determine conformations. These include X-ray, electron

diffraction, IR, Raman, U, NMR, microwave, photoelectron spectro

-scopy, optical rotatary dispersion, dipole moment, circular
dichroism measurements, etc. Some of these methods are
applicable only for solids. However, the conformation of a
molecule in the solid state is not necessarily the same as in

solution.

Recently, some simple polypeptides (hormones, antibiotics,
toxins, etc.) have been found to be biologically active and this
activity has been explained on the basis of structural conforma-
tion and hydrogen bonding behaviour of these molecules. Hydrogen
bonding occurs when the hydrogen atom of a proton donor group A-H
is involved in an inter or intramolecular interaction with a
proton acceptor group B. While A is an electronegative atom, such
as 0, N, F, S, Cl, etc., B is a localised site of high electron
density <such as a lone pair of electrons of an electronegative

atom, a 7T -electron orbital of a multiple bond etc. H-bonding



is a directionaldnc{specific interaction which is more localised
than weak intermolecular interaction such as repulsion, polariza-
tion, dispersion or charge transfer interactions. The strength
of H-bond is small (0.5-40 KJ mo!—l) in comparison with ordinary
chemical bonds (200-800 kJ mol-l). In hydrogen bonded gases and
liquids, due to frequent collisions of molecules, H-bonds are
continually breaking and reforming resulting in a rapid dynamic
equilibrium between the non-hydrogen bonded and H-bonded species.

Thus at room temperature, only a fraction of molecules may be in

the hydrogen bonded form.

Literature survey reveals that even for polypeptides and
proteins, meagre data are available regarding their conformations
in solutions. Since dipeptide can be considered as a model for
polypeptides and proteins, it was thought worthwhile to study the
conformation and hydrogen bonding behaviour of simple dipeptides
like N-acetyl amino acid N -methyl amides. From their infrared
spectra in the NH stretching region, quantitative estimation of
free and intramolecularly hydrogen bonded species in dilute solu-

tion can be established.

It has been shown that molecules likKe Z-dimethyl amino
benzoic acid (dimethyl anthranilic acid, DMA) have an intra-
molecularly hydrogen bonded Zwitterionic structure in the solid
state, while in 0014 solution predominant species are intra-

molecularly hydrogen bonded neutral species. Because of the

broad profile of the absorption band in the carbonyl/carboxylic



region, it was not possible, so far, to establish the nature of
other species in solution. With the advent of Fourier Deconvolu-
tion methods, it is now possible to separate closely overlapping
bands. In the present work, structural changes in DMA in a large
number of scolvents 1ike cyclohexane, carbon tetrachloride,

benzene, dioxane, etc. have been studied.

While the staggered conformations of ethane due to rotation
around C-C bond are well Known, conformational behaviour of a C-0
bond is less wunderstood and it is not clear whether rotation
around single C-0 bond in simple alcohols could give rise to
different hydroxyl stretching frequencies. Thus, in methancol all
the staggered conformations would be equivalent. However, in
higher straight chain alcohols, two differnt staggered confor-

mers, (trans and gauche) are possible. The slightly asymmetric

hydroxyl band profile of simple alcohols has been ascribed
either solely to the two conformers arising from rotation around
C-0 bond or rotation around both the C-0 and C-C bonds. Due to
strong overlapping,it was difficult to separate the band profile
with certainty. Such overlapping bands can be separated wusing
recent Fourier Deconvolution method. In the present work, the
asymmetric band profiles of free hydroxyl band of straight chain
aliphatic alcohols (ethanol to n-hexanol) in dilute solutions
have been separated by using Fourier Deconveolution technique.
From the ratio of the two rotamers, Ezggﬁ/gauche, (K>, at various
temperatures, 298-3280K,ZL H values for this transformation have

been calculated for various alcohols.



The work on conformational and hydrogen bonding behaviour of
dipeptides,lﬂdﬂmethyl amino benzoic acid and n—alcohols has been

divided into six chapters in the present work as outlined below.

The vast amount of reported infrared spectral data on dipep—
tides, N-acetyl amino acid {(glycine, L-alanine, L-leucine) N’-
methyl amides, in dilute solutions are summarized in Chnapter I
(1.1). The structural changes in DMA as manifested from dielectric
constant measurement as well as electronic and IR spectral
analyses and recent structural studies in the solid state and in
solution form are discussed in Chapter I (1.2)>. The present state
of wunderstanding of the rotational isomers of n-alcohols and the
various techniques by which the broad band profile of the hydro-—
xyl band was ceparated by earlier workers and their conclusions

are reviewed in Chapter I (1.3).

Bacsic concepts used in interpretation of infrared spectral

data to structural problems are elaborated in Chapter II. Thus,
Fourier transform infrared spectroscopy, integrated absorption
intensity, band shape, band resolution techniques including

Fourier Deconvolution, and Hydrogen Bonding, have been detailed
here. The experimental details on the preparation and purifica-
tion of compounds under investigation, spectroscopic measurements
and general methods of calculations, are included in Chapter III.
The results and discussion on dipeptides, DMA and n-alcohols are
elaborated in Chapters IV, VU and VI, respectively. This is

followed by conclusions and a collective list of references.



Papers published in connection with the present work are

added in Appendix.
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INTRODUCTION




1.1. CONFORMATIONAL BEHAVIOUR OF N-ACETYL
AMINO ACID NZ-METHYL AMIDE IN SOLUTION

It is Known that the properties of polypeptides are partly
determined by their conformational behaviour. Secondary and
tertiary structures of polypeptides and proteins play a definite
role in determinining their biological activityl—q. For
understanding conformations of polypeptides, model dipeptides such

as N-acetyl N -methyl amides of amino acids have been studied

since 1950,

A dipeptide model can be represented as,

H' 02

R! r|\11 v élz rR?
\C1/ Qj)\gﬁ -V

a\\\‘\\ >4

g1 X, Ny

r—22

=
the conformations of which depend wupon rotations around Ni—C(Q)

= 2
and C -C (Y. The conventions used regarding torsional
angles in the present work are according to the TUPAC-1UB

Commission on Biochemical Nomenclature.The torsional angles for

fully extended conformers are R = #/ = 180°.

The conformations of these molecules are generally
identified by using common physicochemical techniques such as
infrared, NMR spectroscopy, dipole moment measurements, optical
rotatory dispersion, circular dichroism etc. These investigations
are performed in solutions using an inactive solvent such as

carbontetrachloride at a wvery low concentration in order to



avoid self acsociation of the solute and to reduce solute-solvent

interaction.

One of the experimental techniquegfor conformational study
iz the measurement of dipole moments. The relative orientations
of the two amide linkages would determine the magnitude of their
total dipole moment. Howewver, the necessity to operate in an
inactive soclvent at a very low concentration of the solute, poses

considerable experimental difficulty.

NMR <spectroscopy can give very useful information about the
conformation which can be derived from the coupling constants (J)
for the HN- °XHC protons and for the HC—F)HC protons. The
latter can provi¢e information regarding the H-CX -C‘B—H dihed-

ral angle by using the Karplus relationship,
J= ACos®O + BCos®© +C

where A, B and C are constants and © is the dihedral angle. If
an appropriate account of the electronegativity of substituents
on a particular o< C-H- p H-C fragment is taken and reliable J
values are obtainedy, the method can be used to study rotational

isomers.

For the study of peptide conformations, the backbone confor-
mation is of great interest which can be specified by the angles,
ﬁJ and W for each residue. It can be seen that the experimen
-tal coupling constant JHN—°<C--H can be directly related to the

dihedral angle by a Karplus likKe relationship. The equations,

derived theoretically, are as follows



11.27 Cos“8 - 4.32 Cos 8 + 0.01 (trans):
HN. X HC = ===—mm——memmmm e

J
Thus)though the information about the torsional angles, Q

and ”f can be obtained from NMR studies, this method has
limitations because of the high concentration required for record
—-ing reliable spectra, which may give ricse to associated species.
Further) due to fast exchange of labile protons of NH groups,
various types of species with free and bonded NH groups can be
differentiated with difficulty for the compounds under investi-

R
gatians.

9J long range coupling in saturated systems is usually
observed when the protons are separated by four or five bonds and
the protons are located in a planar, zig—-zag arrangement. This
type of coupling has come to be referred to as coupling along a‘w’
path and appears to be independent of either the nature or hybri-
dization of the intervening atoms. The magnitude of this type of
coupling falls off rapidly as the two protons lose coplanarity

and is more commonly observed in unsaturated compounds.

Infrared spectrsocopy has been found to be very useful
technique to study the conformational behaviour of amide groups
in polypeptides. From the position of the infrared NH stretching
bands, it is possible to establish whether they are in the free
state or involved in an intramolecular hydrogen bonding and from

the frequency shift, further information about the strength of



such hydrogen bond and their conformations can be derived. The

information about the cis or trans nature of peptide bond can be

obtained from infrared spectrum. The amide 11 (S NH) and amide 111
(Y C-N) bands are useful for this type of investigation. In the
Ezgpﬁ_ configuration of the peptide linkage, amide II band is
found at ~ 1550 cm—-1 and amide III linkage at 1290 cm_l. In the
case of cis linKage, the amide II band is found at 1450 cm_1 and
amide III band at about 1330 cm—l. Thus)infrared spectroscopy is

a very useful tool to determine the conformers and estimate their

percentage.

Now let us review briefly the attempts made by earlier
workKers to determine the conformers in dipeptides and their

conclusions.

Infrared <spectra of dipeptides were studied by various
workers in the NH stretching region in dilute carbon tetrachlo-
ride solution (IE4M). Mizushima et. al.6 studied acety[
amino acid N’-methyl amides where amino acids were glycine,
alanine, wvaline, norleucine and proline. They observed two bands
at 3461 and 3421 cm_1 for acetyl glycine Nimethyl amide and three
bands at 3440, 3440 and 3420 cm_-1 for higher (alanine, valine,

etc.) derivatives above 3400 cm_l. Below 3400 cm—l, a broad band

at 2340-3300 cm_1 was found in all the comé@nds.
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OI R HZ
I
iy al x [l\JZ
C | CH 2
H| OZ
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| aéHc{ (2)

FIG. 1.

They ascribed the bands at 3440 and 3440 cm_1 to the free NH
vibrations of the extended form (Fig. 1a). They further suggested
that the NH bond in the first peptide linkage in these compounds
may form a weak hydrogen bond with the C=0 group in the second
peptide 1linkage and would exhibit a stretching frequency 1 ower
than that of the NH bonds in the second peptide linkage, free
from such hydrogen bonding (3440 cm_B. The bands at 3340-3300 and 3420
cm ! were ascribed to the intramolecularly hydrogen bonded and

free NH groups of the seven membered ring species, respectively

(Fig.1b).

Portnova7 et. al. studied alanine dipeptides where NZ—CH3
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group (Fig. 1b) was replaced by N2—CH.CH3. From area measruement
COOCH3
of the two bands at 3440 cm“1 due to uncoiled species (Fig. 1la),
which may be similar to the extended form of Mizushima et'alé and
at 3370 cm”l due to coiled species (Fig. 1b) similar to the seven
membered intramolecularly hydrogen bonded ring species, the con-
centrations of the two forms were calculated. They reported 74/
coiled form in methyl ester of acetyl alanine (DD) and 41% coiled
form in methyl ester of acetyl alanine (DL). A H and A S values
for this transformation were calculated from a temperature depen-—

dence study of this equilibrium. On the basis of NMR spectra8’9,

<

it wase concluded that pseudoaxial rotation of R in a seven

|
membered ring was preferred. The angles of rotation Q C(around N-

=34
c >, and

~

i

around (€<—02) were calculated from the BJLNCH
coupling constants by using Karplus equation and were found to be
240° and 1202 respectively. Thus Mizushima6 and Portnova7 found
two conformers,; fully extended free and intramolecularly hydrogen
bonded seven membered ring species in the compounds under

investigation.

Neeiio summarized his conformational studies on N-acetyl
(glycine, L-alanine, L-leucine etc.)> N’-methyl amides and a
series of slightly different compounds using IRll-lq, NMR  and
dipolemoment measurements. They observed NH stretching bands in
four regions 3440, 3440, 3414-25 and 3325-4¢ cm_l. Bands at 3440

and 3440 cm—1 were ascribed to free NH vibration of two possible

intramolecularly hydrogen bonded five (CS) (Fig. 2a) and seven



NN O
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(C7) (Fig. 2b) membered ring conformations. Bands at 3414-25 and
3325-44 cm_1 were ascribed to bonded NH frequencies of the C5 and
C7 rings,respectively. The C7 conformation is a ring structure
which is folded by an intramolecular hydrogen bond between H2 and
GI (Fig. 2Zb,c). The amide groups lie in two planes which make an
angle of 115°. When R is not a hydrogen atom, two different C7
conformations can exist according to the inclination of the

A X

C -R bond with respect to the intersection line of these two

I

planes. These two forms are called equatorial (Fig. 2b) with Q =

a ~

and 7 = 2307 and axial (Fig. 2¢) with & = 225° and ¥ = 130°

From NMR studieslo_14 of the compounds under investigation, bond

16

&)

angles Q = 105° and “F = 230° were obtained due to C7 (equato —

rial species).

Avignon and Huong15 succeeded in measuring the relative

amounts of C_ and C_, conformers in the case of N—acetyl glycine

S 7
N me thyl amide, the molar ratio of the C7 form being equal to
607,
Thus)the above workerslo_ls found mainly two conformers, C5
and C7, in the present compounds with negligible amount of free

non—hydrogen bonded species.

Efremov et.al.16 studied the same dipeptides of Mizushima et.

6 .
al. in non-polar (CC14) and weakly polar (CHCIS) media. The bands
in the region 3338-3340 cm_1 were ascribed to N2H2 bonds in the

intramolecularly hydrogen bonded C_, folded form (Fig. b)), as

6,7,10

7

assigned by the previous workKers In all cases on

Y
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passing from sclutions in CC]4 to those in CHCl3 s the intensi-
ties of these bande decreased with simultaneous increase in the
intensity of the band at 3440 cm_,1 which was ascribed to the NH
stretching band of the extended form (Fig. 1a). They assigned the
bands at 3420 cm—1 to the free NI-H1 of the intramolecularly
hydrogen bonded seven membered (C?7) form (Fig. 1b) which is in

agreement with those reported by Mizushima et.al.é. This assign-—

ment was confirmed by measurement of the integral intensities of

all  the NH bands of the above compounds at various temperatures
and concentrations. A rise in temperature of the soluticons in
0014 and CHCI3 led to an increase in the intensity of the bands

at 3440 and 3440 cm_l and decrease in those at 3350 and 3420 cm_l

Efremov et all6 ascribed the large width, high intensity and

comparatively low frequency of this band to a direct interaction
of the two amide groups in the folded form of the molecule.

10 11-15 .
Neel and coworKers had ascribed these very features of the
3420 cm—1 band to a five membered intramolecularly hydrogen

) 10 11-15
bonded NH <species. Thus,Neel and coworkers were the first to
assign the band at 3420 <:m—1 to C5 conformer.
: 17 s 18 :
Stimson et. al. and Maxfield et.al. studied N-ace tyl

derivatives of glycine, L-atanine and L-leucine N’-methyl amides

in dilute CHCl, solution (10—_4 M. The)’l?’18

3 found it difficult

to dissolve blocked glycine (N-acetyl glycine N’methyl amide) to

have concentrations greater than 5 x 10—6M in highly purified

6814. They did not observe any band in the region 3300-3370 cm—1

s6-16

in dilute CHC]3 solution, which was assigned by earlier workKers
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to the intramolecularly hydrogen bonded NH in the C7 equato-

rial conformation. In order to account for this discrepancy

-

theyl/ investigated the solubility of biocked glycine in CC]4 and
found that the solubility was enhanced in impure CCI4. The solu-
bility increased also with aging when purified solute and sol-
vents were used. They further observed that the sclubility of
blocked qglycine in CC]4 was enhanced by adding small amounts

(10~3M) of phosgene, hydrogen chloride and water. Addition of
these impurities also produced a we.ak broad band in the 3300
3370 cm_1 region of the spectrum. But they did not find any
absorption inthe region 3300-3370 cm—1 in CHC]3 solutions of
blocked <(glycine, L-alanine, or L-leucine) at concentrations
below 9 X 10_4M. A band at 3370 cm—1 found in the spectrum of N-
acetyl sarcosine N’methyl amide, however, can only be ascribed to
87 conformation.The absence of this band in dilute CHCI3 solu—
tions of blocked (glycine, L-alanine, L-leucine) indicated little

or no tendency to adapt C, equatorial conformation.

7

Smolikova et.al.l9 studied acetyl L—alanine/L—valine and L-

tert—leucine N’methyl amides in dilute CCI4 and C2Cl4 solutions.

The bands at 3440 and 3440 cm—1 were assigned to the free NH
stretching vibrations of all possible conformations of the dipep-
tide. They found that the extended conformers similar to intra-
molecularly hydrogen bonded C5 species (Fig.2a) were the most
common constituents in solution. In these conformers, however,
the frequency of the NlH1 band was modified by the varying proxi-

mity of the 0202 group; but the nature of this interaction was
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not clear. The intramolecularly hydrogen bonded folded C7
(axial, equatorial) conformation which has been reported by
= -1
earlier workers6 e from the presence of a band at 3300-3340 cm
=5

was not generally prevailaing in dilute solutions ¢ ™~ 10 ™M)
except in <cpecific structural situation with non-bulky side

chains (L-alanine and L-leucine derivatives).

Ginzburgzo studied <came dipeptides which were studied by

earlier workKers in dilute CCI4 solution. The bands at 3420 and

33240 cm ! were assigned to bonded NH groups in the intramole-

cularly hydrogen bonded five membered ring species NI—HI...O2

(CS) and seven membered ring species N2H2 ...01 (C7) respective—
Ty. In the glycine derivatives the band at 3445 cm_1 was
ascribed to free NH group in the intramolecularly hydrogen bonded
seven membered ring species. In alanine, leucine, etc. deriva-—
tives, the bands at 3445 and 34645 cm_l were assigned to the free
NH wibration in the intramolecularly hydrogen bonded seven

membered (07) and five membered (C_.) ring species, respectively.

S
They argued that the hydrogen atoms of the more highly branched
groups strongly repelled the hydrogen atoms of the NH bond,
stretching the latter slightly and lowering the NH frequency in

derivatives of alanine, leucine, etc.

Thus, it is evident from the reported work of simple dipep-—
tides 1like N-acetyl amino acid N’ -methyl amides in dilute carbon
tetrachloride that there is considerable controvergy on two

accounts. Firstly, whether the band at 3420 cm_1 arises from an

intramolecularly hydrogen bonded five membered (05) ring NH or
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free NH aroup of the folded/coiled intramolecularly hydrogen

bonded seven membered (C7) ring species which were considered the
= . 16,19,20

predominant species by Japaneseé, French10 S and Russian '’

workers from the 3300-3340 cm—1 band. Maxfield et.al.l8 clearly

eztablished a band in this region arising from impurities in
CC14. They also found that the solubility of some of these com-—
pounds in carbon tetrachloride was lower than 10—4M and the
preparation of solutions of 10_4M and higher concentration was
possible due to the presence of impurities in the solvent.

2
Hrubyhl on a perusal of the spectroscopic work had suggested the

need for additional work in this area.

1.2 STRUCTURAL CHANGES IN AMINO BENZOIC ACIDS

During the investigation of dielectric constants of benz-
betaines andNN-dimethyl anthranilic acid (DMA) in solution,

Edsall et. al.22 observed certain unusual propertie=s in the latter.

Unlike most of the Zwitterions, DMA was very soluble in alcohol,
acetone and benzene and quite soluble even in ether =and CClq. It
melted at 48°C giving a clear liquid which solidif:ed on cooling
and the solid so obtained showed all the properties of I~ original
substance. In contrast, most Zwitterionic acids melt between 200

and 200°C and decompose on melting. Dissociation constants in

23 : : .22 .
water and dielectric constant studies in benzene, ethanol and
water had indicated a Zwitterionic structure of DMA.

N,N dimethy] ﬁ -alanine, closely similar to DMA has been

reported to be present as a Zwitterion in the solid24 and exists

540-57 2547582 4(o43)
BEL
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a= a mixture of both dipolar and neutral species in chloroform,
n—butyl alcochol and benzene, with the former species predomina-
ti 9 in n-butyl alcohol and benzene and the latter in chloro-

form

It was Ffound by Uhlig and Doering26 that the electronic
spectrum and pK values of DMA in water-methanol mixture (9:1 v/v)
differed in a striking manner from those of anthranilic and N-

methyl anthranilic acid.

Therefore in order to understand the abnormal behaviour of

1
the molecule, the present work was undertaken. On the basis of

infrared and electronic spectral studies in CCI benzene, cyclo-

4"
hexane, acetonitrile, dimethyl formamide, ethanol and water,
Tramer27 has reported that DMA is present as a mixture of intra-
molecularly hydrogen bonded neutral and Bwitterionic molecules in
these solvents. An unambiguous intramolecularly hydrogen bonded
structure was reported by Jose et.al.28 for DMA in the solid state
from the infrared spectral bands at 14460 and 1370 cm -1 which
were ascribed to the asymmetric and symmetric stretching modes of
coo~ group. The absorption at 1440 cm—lshifting on deuteration
was assigned to the NH+ stretching vibration. The considerable
shift of NH+ from the usual value of 2700 cm_1 indicated a wvery
strong hydrogen bond fnvolving charge transfer resulting in

Structure 1.
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FIG. 3.
The Zwitterionic structure in the crystal of DMA was
confirmed by x-ray study29. There was a strong intramolecular

¥

N —==H....0 hydrogen bond in which the N-0 distance was 2.497a°
with O-H distance of 1.4206° and the angle ONH being 16°. Jose et.
ai?o, however, observed that the infrared spectrum of DMA was
di fferent in 0014 solution from that in the solid state. They
observed prominant bands at 1720, 1445, 1232 and 1115 cm_‘ in
CCIq solution, characteristic of carboxylic acid group. PMR
StudiESBO of DMA in CCI4 solution showed a hydroxyl proton signal
at 15.255, which was concentration independent, suggesting that
the carboxylic proton was involved in an intramolecular hydrogen
bonding. Thus, they showed that in CCI4 there were essentially
two types of intramolecularly hydrogen bonded species of DMA, the
Zwitterion and the neutral (Fig. 3 I and II). They further

investigated the spectra in chloroform, benzene and dimethyl

sulphoxide and found a complex band profile in the region 1800-
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14600 cm—l suggesting that in solution there was a mixture of more
than the above two species. Due to the large breadth of the
band, graphical separation was not possible and the nature of
hese species in solution could not be established at that time.

L have reported a deconvolution

Recently, Kauppinen et. al.
procedure for band separation which was carried out conveniently

in Fourier space using a computer programme.

Zundel et. al. have reported similar studies on the proton
transfer between neutral and charged forms in a large number of

33,34 o

compounds including DMA in various solvents using IR
35 . .
NMR* spectroscopic techniques. They concluded that the proton

transfer in the equilibrium O-H...N == 0—...H+N was shifted to

the right hand side with increasing polarity of the solvent.

Studies in benzoic acid triethyl amine adducts36 have shown
that the nature of species in solution depended on the polarity
of the solvent. It was observed that in solvents of 1 ow
dielectric constant 1ike carbon tetrachloride and carbon
disulphide, only hydrogen bonded species were present while in
sclvents of high dielectric constant 1iKe dimethyl sulphoxide,

charge transfer hydrogen bonded species were found.

From the above studies, it can be seen that compounds
resembling DMA are present as both zwitterionic and neutral

species and the proportion changes with polarity of the scalvent.
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3 CONFORMATIONAL EQUILIBRIA IN n-ALCOHOLS

Methanol, the simplest of alcohols can have staggered and

ecliped conformation (Fig. 4a,b) due to rotation around C-0 bond.

staggeved

: : 37
The three low energy,.conformers are equivalent in methanol and
also in t-butanol (Fig. 5a). In the case of ethanol, however,

two different staggered conformations, trans (Fig.5b) and gauche
(Fig. Sc) are possible due to rotation around C-0 bond. It should
be mentioned that rotation around C-C bond is also possible

giving additional rotamers.

In an attempt to investigate the conformers due to rotation
around C-0 bond, various workKers examined their IR spectra in the
hydroxyl stretching region. It was found that while methanol and
t—-butanol gave a single symmetrical band, the other normal alco-
hols 1liKe ethanol, n-propanol etc. gave an unsymmetrical broad
band profile, which was ascribed to the presence of more than one
species as expected from conformational analysics. Several
attempts have been, therefore, made to study the broad band

profile and to determine the relative proportions of the rotamers

Though most of the earlier workKers were unable to detect the

second (low frequency) band because of the poor resoclution of
band
their instruments, it was noticed from the large halfawidth by
38

Brown et. al. o

Badger and Bauer39 were the first, who found two OH absor-
ptions for the primary alcohols in the vapour phase and suggested

that the additional absorption could be explained on the basis of
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rotational isomerism.

Sarrow40 and Flettq,1 who observed the infrared spectra of

primary alcohols in carbon tetrachloride solution, reported that

the hydroxyl bands in the fundamental region had a symmetric band

shape. However, asymmetric nature was reported by later
42-52 . . . .

workers . The corigin of this asymmetric profile of the free

hrdroxyl band thus became a matter of controversy. Intermolecu-

lar association was not found to be the cause, as the asymmetric
shapes of the hydroxyl bands were found to be concentration

independent.

OK i and Iwamuraqz, who studied the hydroxyl band of metha-
nol, ethanol, n-propanol and n-butanol along with other primary,
secondary and tertiary alcohols in dilute 0014 solution, found

the hydroxyl band of methanol to be symmetrical (Y = 3743.8 cm—l,

-1

)= 22 cm ). However, ethanol, n-propancl and n-butanol were
the
found to have a doublet structure. They were first to resolve

asymme tric  band profile assuming Lorentzian band shapes for the
hydroxyl absorption bands. They reported the two band positions
and half band widths in the above alcohols. The ratios of the
separated band areas (A high/A low ) were found to be 1.8, 2.6

and 2.2 for ethanol, n-propancl and n-butanocl, respectively.

Flynn et. al.43 studied the hydroxyl bands of alcochols and

obtained band area ratios of 7.7, 4.7, 6.9, 5.14 and 4.0 for
ethanol, n-preopanol, n-butanol, n-pentanol and n—hexanol

respectively, wusing graphical method for resolution.They found
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that methanaol «is0 Qgave an asymmetric band with intensity of
major band (0.278) and that of minor band (0.007) with the band
positions 3444.8 and 3668.1 cm_t respectively. They suggested
Fermi resonance between hydroxyl fundamental band and a combina-
tion (overtone) band arising from lower frequency vibration as a
poesible  explanation for  the doublet in aliphatic alcohols.
Piccolini44 showed that the asymmetric band shape of the first
overtone of OH stretching vibration of 2-propancl was retained in
the first 0D overtone region of deuterated 2-propanol and
questioned the explanation of Flynn. H944 suggested conformatio-
nal heterogeneity as a possible cause for the asymmetry of the
hydroxyl absorption in alcohols. The band area ratio, A high/A
tow, for ethyl alcohol found by Piccolini44 was 7.92 in the first

overtone region. The behaviour of cther primary alcohols like 1-

propanol, i-octanol etc. was found to be analogous to ethanol.

Dx1ton et.al.45 studied the hydroxyl bands of normal alcohaols
lilke methanol, ethanol and n-pentanol in dilute CCI4 solution in
the fundamental and first overtone region. They found symmetri-
cal bands at 3443 and 7122 cm_l with half band widths of 20 and 37

1 : . :
cr respectively for methanol while for ethanol the bands in the

fundamental region were doublets at 3436 and 3422 cm_'l with half

band widths of 20 and 12 cm_1 respectively. In the first over-
tone region, the doublets were at 7105 and 7082 cm_l with half
band widths of 45 and 22 cm-1 respectively for ethanol. For n-

pentanol, the band positions were 3438 and 3423 cm_1 with half

band widths of 23 and 14 cm_l in the fundamental region and 7110
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— -1 .

and 70846 com ! with half band widths of 45 and 25 cm in the
fir=t overtone region. They obtained the area ratios of 8 and S
in the fundamental region; 7.5 and & in the first overtone reqion

for ethanol and n—pentanol respectively by using graphical reso-

fution.
H H' g O
. \ e
Hy Ca, H HxC HzCal H
/— \‘O ~.H||
H H" H H
1 pad ]

FIG. 6.

Krueger and Mettee46 observed the fundamental hydroxyl stret
-ching band of 1-propanol in dilute CCI4 solution to be composed
of three components at 3638, 3832 and 3626 cm—l and ascribed them
to rotational icomers about the C-C and C-0 bonds (Fig. &) .
A1 though the conformer with the CH3 and OH groups trans to each

other was most heavily populated at room temperature, one of the

two conformers having gauche CH_, and OH groups, was found to be

3
thermodynamically most stable. A conformational equilibrium
scheme was postulated in whcih the most stable conformer had a
methyl CH interacting with one of the lone pairs of electrons on
the oxygen atom. They calculated the A H values from tempera-
ture studies on the basis of apparent peak heights. Based on

these results they ascribed the band of the most stable species

at 3427 cm to ;t———H...O intramolecular hydrogen bond between
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me thyl hydrogen and lone pair of electrons on oxygen atoms.

Saier et.a1.47 reported the hydroxyl band positions and half
band widths for methanol, ethanol, n-propoanol, n-butanol, n-
heptanol and n-nonanol. The asymmetric bands were resclved into
the component major and minor bandz by graphical resolution.
However, the position and half band width of the individual bands
were not reported. They showed that the asymmetry of the hydroxyl
band, which was concentration independent, occurred in the
deuterated species and in the first overtone vibration as well.
The low frequency component bands of certain primary and
secondary aliphatic alcohols, (except methanol and ethanol) were
attributed to the OH absorptions of hydroxyl aroups serving as a
proton acceptor in C-H...0 hydrogen bonds. They observed a
symmetric band for methanol and ethanol and the symmetry was
maintained at higher temperatures. They obtained the K (A 1ow/A
highd> walues at various temperatures and calculated A H values
which were found to be negative. They arqued that if minor band

was due to conformational isomerism, A H should have been

I

positive. Negative A H values were characteristic of some type
of complexation such as hydrogen bonding, «charge transfer, etc.
The source of minor band was thus ascribed to an intramolecular
interaction characterised by — A H.

Saier et. al.47 have discussed the various possibilities for

the source of minor band in the aliphatic primary alcohols 1ike

. 44
Fermi resonance ', the occcurrence of a hot band similar to that
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observed by Kraihanzel and westqs in their study of the acetyle-
nic CH stretching wvibration, conformational heterogenei—

42,44,45,49

t of the OH group with respect to the rest of the

molecule and the occurrence of an intramolecular interaction.
They also considered the observations made by many worker548’50_52
regarding the hydrogen bonding interactions of acetylenic qroups
with several different proton acceptors giving rise to a minor
band and short intermolecular C...0 distances (< 3.3 & obser-
ved in crystals suggesting hydrogen bonding between CH groups
and an oxygen atom. They came to the conclusion that the minor
band in aliphatic alcohols was due to intramolecular interaction
between methyl CH and OH groups.
54

Fruwert et.al. studied ethanol, n-propanol, n-butancl, etc.

in dilute CC14 solution (1.4 x 10_2M). They found hydroxyl bands

d

at 3639qh 3624 <:m—1 for ethanol, (area - 0.399 and 0.036 cm mole_l),
3642 and 3626 cm'—l for n-propanol, (area = 0.468 and 0.078 cm mole—l)
and 3642, 3(528~cm_1 for n-butancl (area = 0.38!1 and

0.072 cm mole_ls. They obtained the area ratios (A high/A Tow) of

1.1, 6.2 and 5.3 for ethanol, n-propanol and n-butanol, respectively.

Al though the spectra of methanol, ethanol, 2-propancl and t-
butanol have been analysed several times previously, Joris et.
al?a reexamined these spectra in order to compare the band shapes
and especially the results of his method of decomposi tion wi th
those reported in the literature. The band positions, area ratios
(AI/AII) and half band widths observed by them wesre comparable
42+

only to those obtained by OKi and Iwamura mainly because both
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of them employed Lorentz functions to describe the component
bands. The other investigators separated the experimental spectra
graphically into two symmetric bands43_45. The graphical separa-
tion method was found to be less satisfactory becauce the compo-
nent bands were assumed merely to be symmetric and not
necessarily represent the shapes of actual IR absorption bands.
They assumed that the OH frequency was determined primarily by
the rotamer type, i.e. immediate environment of the OH group, and
not by any other structural features of the molecule. According
55

to Joris ~, hydrogens of sp3 hybridized carbon atoms, lacKing

electronegative substituents, should be incapable of functioning

as proton donors in hydrogen bondin953’56. Therefore the
suggestion made by Saier et-alﬂ7 that a very weak C--H..O
hydrogen bond lowers the OH stretching force constant appeared

dubious. Thus the frequency shift of 12 to 13 cm_l

/H‘~
0 0
\\\\ /// \\\\H
(CHa),
free OH
in primary alcochols (except methanol and ethanol) under investi-
gation cannot be explained on the basis of C-—H..0 interaction.

This will become clear from the IR spectra of diolsS? where the

strong 0O--H---0 hydrogen bond did not significantly alter the
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frequency of the free OH bands (see the figure). Further, the
area ratios of the resolved bands were determined for all the
alcohols by them. The area ratio (A high/A low) for ethanol was

42
found to be 1.7 close to that obtained by OKi and Iwamura but

different from the values (7.743, 845, 11.154) cbtained by other
workKers,

Kolbe58 studied ethanol, n-proopanol, isopropanol, isobuta-
nol etc. in dilute CCl4 solution. He separated the asymmetric
band profile of hydroxyl band into two bands graphically and
obtained the area ratios, <(AI/AII), 2.7 and 3.5 for ethanol and
n-propanol, respectively. Further, he determined the band area
ratios (K) in alcohols at various temperatures and calculated the

AH walues, 6.2 and 7.6 kJ/mol for ethanol and n-propanaol ,

respectively.

In the matrix isolation studies of ethancol, Barnes and
Hal]am59 observed two «clear bands. They ascribed the high
frequency band (3442 cm—l) to gauche and low frequency band (3457

-1 o

cmo ) to trans rotameric species, which is according to its

statistical distribution.

Van der Maas et.al.éo’él, who attributed the asymmetric

nature of the hydroxyl band in primary alcohols to rotational
isomerism, have reported the hydroxyl stretching band of about 70
monchydric saturated alcohols in dilute CCI4 solution. The concen
-tration, (IO—IM), was somewhat higher compared to that used by
others. They reported band position, half band width and the

asymme try number, C</p . The rotational barrier enerqgy for OH
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group was 0.9 K cal/mol for methanoléz, < 1.2 K cal/mol for

W

ethanolé and 0.4 K cal/mol for long chain alcoholsé4. Though
rotation about the C-0 axis was not free, the barrier was easily
overcome at room temperature. Assuming the half band width and
integrated intencsity for different conformers to be identical, it
was possible to get a rough idea about the ratio in which they
occurred, if the band was resolved into its individual compa-—
nents. A highgr band width was the result of the presence of more
than one rotamer. They ascribed values of 21, 17 and 14.5 cm—1 to
the true half band width of primary, secondary and tertiary
alcohols which might be used to distinguish them.

Van der Maas et.al.éo have memtioned several causes for the

asymmetric band shape, suggested by earlier workerc. Thus)Fermi

44 . . .
Reconance . interaction of lone pair electrons on oxygen atom

with hydrogen on Y -carbon atom47’65_68

42’44’45’64f?q?;n be responsible for the asymmetric band

, and rotational
isomerism

shape.

The asymmetric band profile of straight chain aliphatic

alcohols was separated into three bands by Salzer et.al.75’76.

For
me thanol, they observed a single band at 3443 cm—1 with half band
width of 22.9 t:m_1 and for ethancl, two bands at 2434 and 23424
cm~l with 19.92 and 18.7 cm—l as their half band widths. For n-
propanol and higher alcohols,three bands were obtained which were

resclved graphically. The positions, half band widths and areas(8)

of the individual bands, were found to be 3641, 3432 and 3622 cm-!
J
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= -1
17.6, 17.12 and 15.3 cm 1, and 1087, 775 and 3465lmole cm

respectively, for n—-propanol.

Chitale et.al.?7 studied the conformations of n-propanol in
dilute CCI4 solution. They separated the profile using numerical
non—linear least square procedures. They found best agreement
with Lorentz functions, though they tried Gaussian as well as
Lorentz Gauss sum functions. This resolution showed that the
envelope of n—-propanol could be decomposed into two Lorentzian

components absorbing at 3437 and 3625 cm_1 with the half band
widths of 18 and 22 cm_l, respectively. The band area ratioc was

found to be 1.2.

Thus, though it is now well established that the complex
band profile has its origin in the rotational isomers, it is not
clear whether rotation around C-0 bond alcne is responsible

and/or rotation around the C-C bond is also important.

The main difficulty in resolving this band profile is the

strong overlapping, which does not permit the number, position of

the component bands and the half band widths to be determined
with any certainty to carry out a separation. Commonly employed
78,79

me thods for spectral decomposition are graphical separation

80,81
’

’

an analog computer (the Du Pont 310 Curve Resolver)
82-84

and
digital computer In the graphical separation (G) the band
parameters are arbitrarily assumed. Analog computer me thod

requires the Knowledge of band position and width and the sum of

the simulated curves should match the spectral band. In the non-
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linear least square curve analysis (L), where digital computer is
used, the bands are separated assuming Lorentzian band shapec and
arbitrary band parameters. Graphical separation and non-linear
least square curve analysis, as seen earlier, had given widely
different component band area ratios, (K = AI/ARII)>, Ffor ethanol

(L, l.?55 and G,Ilsq) and for n-propancl (L,l.277 and 6,4.743).

Since both these methods assume component band parameters,
the recsulte must be termed arbitrary. With the advent of Fourier
Transform Spectrometers and availability of software for
handling the spectral data directly, band deconvolution methods
have been found of increasing applications in band separation.
Though Fourier Deconvolution technique has been used in the
separation of a variety of complex bands, we found only Bacon and
Van der Maasgs, using a self enhancement procedure similar to
Fourier Deconvolution. We have used the above method for the
separation of the free hydroxyl band of ethanol, n-propoancl, n-
butanol, n-pentanol and n—-hexanol to determine correct band posi-
tion, and half band widths of the component bands necessary for
unambiguous band separation. From the component band areas thus
determined, the rotameric populations were calculated to obtain
reliable equilibrium constants and from their measurements at
various temperatures, thermodynamic quantity, A H, of the

rotameric change was extracted.
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2.1 FOURIER TRANSFORM IR SPECTROSCOPY86’87

Fourier Transform Infrared spectrometers use some form of

Michelson interferometer88’89 (Fig.7) where a beam of radiation is
divided into two paths and then recombined introducing a path
difference. The two beams interfere and the intensity variation

of the beam emerging from the interferometer can be measured as a
function of path difference by the detector. In the simplest
form there are two mutually perpendicular mirrors, one of which
moves along an axis perpendicular to its plane. The movable
mirror is moved at a constant velocity or placed at equally
spaced points for fixed short time periods and rapidly stepped.
Between fixed mirror and the movable mirror is a beam splitter,
where a beam from an external source can be partially reflected
to the fixed mirror(F) and partially transmitted to the movable
mirror (M), After the beams return to the beam splitter, they
interfere and are partially reflected and partially transmitted.
Because of the effect of interference,the intensity of the beams
at the detector and returning to the source depends on the

difference in path lengths between the two arms of the interfero-

meter. This variation in intensity provides the spectral infor-
mation of the source in a Fourier Transform Infrared
spectrometer. If we have a monochromatic source and a beam

splitter having S50/ transmission and 50X reflection, we can see
how the intensity of the beam at the detector varies with the
path difference when the movable mirror is held stationary at

different positions. The path difference between the beams 2(0M-
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GF) is called retardation (§ ). When the mirrors are equidistant
from the Dbeam splitter (zero retardation) the two beams are

perfectly in phase. At this point the beams interfere constructive

-1y (Fig. 8a> and the intensity of the beam passing to the
detector is the sum of the intensities of the beams passing to
the fixed and movable mirrors. I+ the movable mirror is dis—
placed by distance A /4, the retardation would be Asz. The
path lengths to and from the fixed and movable mirrors are
exactly one half wavelength different. On recombination at the

beam splitter’the beams are out of phase and interfere d@structive
-1y (Fig. 8b). At this point all the light returns to the source
and none passes to the detector. A further displacement of the
movable mirror by A/4 makes the total retardation A . The two
beams are once more in nhase on recombination at the beam split—
ter and a condition of constructive interference =zgain occurs.
For monochromatic radiation, there is no way to determine whether
the particular point at which a signal maximum is measured,

corresponds to zero retardation or a retardation equal to an

integral multiple of wavelengths.

I+ the mirror is moved at constant velocity, then the
signal at the detector will be found to vary sinusoidally, a
maximum being registered each time when the retardation is an
integral multiple of A - The intensity at any point where é =nA
i= equal to intensity of the source I (Y ). At other values it

is given by
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\/\A

&5=0 (Resultant intensity =1 (V)

[N [ ! Resuitant intensity = O

2

8 . ELECTROMAGNETIC WAVES FROM THE FIXED
MIRROR (SOLID LINE) AND MOVABLE MIRROR

( BROKEN LINE ) AT DIFFERENT VALUES OF THE
OPTICAL RETARDATION

a) ZERO PATH DIFFERENCE
b) PATH DIFFERENCE OF ONE-HALF WAVELENGTH
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Il(é)= 6. 5L (S)( 1+ ¢cos 2778/ A)

0.5 () ( 1+ 05 27T 5 §)

1t can be seen that Il(é ) is composed of a consant {(dc? compo-—
nent equal to 0.5 I ( V) and a modulated (ac) component equal to
0.5 1 (V) Cos Z7Ti;é. Only the ac component is important in
spectroscopic measurements and it is this modulated component
that is generally referred to as the interferogram {(é)

The interferogram from a monochromatic source measured with an

ideal interferometer thus is given by 1<§ > =10.5 I(ij) Cosl7rﬁé

Several factors 1like beam splitter efficiency, non—uniform
recsponse of the detector to various frequencies, non-uniform
rezponse Of the amplifiers affect the magnitude of the signal

measured at the detector.
The simplest equation representing the interferogram is

therefore

T(s) = B(o) cos 2o d

The parameter B (ij) gives the intensity of the source at a
wavenumber by as modified by the instrumental characteristics.
The spectrum B (i;) is calculated from the interferogram by compu-
ting the Fourier transform of I ( &) which accounts for the name
given to this spectrometric technique,Fourier Transform Spectro-
metry. Mathematically I ( &) may be said as the Reverse Fourier

Transform (F_l) of B (V).
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In most commercial Michelson interferometers, usually, the
moving mirror is scanned at a constant velocity V (cm/sec.).
Therefore, it is necessary to understand the way in which the
interferogram varies as a function of time I (t) rather than as a
function of retardation I (5 ). The retardation after t seconds

from zero retardation is given by § = 2Vt cm.

so that T({)= B(D)cos 2975 . 2Vt

For any cosine wave of frequency “f’ the amplitude of

the signal after a time t is given by
ACt) = A Cos 277 ft

where AO is the maximum amplitude of the wave. A comparison
shows that the frequency of the interferogram I1(t) corresponds to

radiation of wavenumber YV is given by,

£ (Uy=2um

The spectrum of a source of monochromatic radiation can be
easily determined from the amplitude and wavelength (or fre—
quency) which can be measured directly. However, if the source
emits several discrete lines, the interferogram is more complex

and digital computer is wusually required to perform the

transform.

When radiation of more than one wave number is emitted by
the source, the measured interferogram is the resultant of

interferograms corresponding to each wave number. For line sour-



39

ces, with very simple spectra, interferograms may be found that

repeat themselves at reqular interval of retardation. It can be
seen that at zero path differnce (ZPD) all the frequencies inter—
fere constructively and large signal intensity Known as centre-
burst is observed <(Fig. 9. At longer path length, the
destructive interference of the various frequencies results in

Tower intensity signals.

Instead of a single frequency, a band having Lorent
—zian profile yields sinusoidal interferogram (Fig.10) with an
exponential envelope. The narrower the width of the spectral
band, the greater is the width of the envelope of the interfero-
gram. Conversely for broad band spectral sources, the decay is

very rapid.

When the <source s continuous, the interferogram is

represented bn
+ o0

TS) = J B(D) s 2m 5854 T

[y ove)

The spectrum is represented by,

+o0
B(5) = f T) cos 2T 58 dS
—od
These two equations are interconvertible and are Known as a

Fourier Transform pair. I (&) being an even function, we can
write too
TCS) = 2 ( B (¥)cos 2T DEAT.

o
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I theory one can obtain a complete spectrum from 0 to + 00 <(in
cm_l) at infinitely high resolution provided the moving mirror is
scanned to infinitely long distance with retardation (J ) varying
between 0 to + 00 centimeters. If there are two frequencies (Fig.
11> Y| and Yy, separated by A Y, the twd cosine waves come in

phase after a retardation of (z&l/)_‘. To go through one

complete period of beat frequencz a retardation of (AJJ)_1 s
required. The smaller the separation between the frequencies,
targer is the retardation of the interferogram/ Amay = %Bj'

For resolution of one cm_l, the retardation should be at least

one cm.

Since the retardation has to be finite, we would examine how
this affects the desired spectrum. By restricting the maximum
retardation of the interferogram from infinity to (L) we are
effectively multiplying the complete sine wave interferogram
(Fig.12b) (between + o0 to - o0) by a truncation function D(x)> = |

lxl Ly D x) =0 x| > L (Box car function). When this
truncated interferogram (Fig.12c) is Fourier transformed so that,
& single line (Fig. 12a) in the original polychromatic spectrum
would generate into a band (Fiqg. 12d) which would have a hal+f
band width given by AYy; = 1.207/2L with a maximum of 21% side
lobes at interval of n/2 A where n = Iy, 2, 3. The amplitude of
these side lobes can be reduced to a certain degree and the
procedure is Known as apodization. WVarious apodization functicns
like trianqular, trapezodial, Bessel, Gaussian and cosine can be

used and each of this would result in its own line shape.
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Fig. 12 :+ Effect of restriction of the path difference

from infinite to finite values

a :  Sharp line.

b : Resulting interferogram at infinite path differnce.

c : The interferogram when the path difference is finite.

d : The resulting band from the truncated interferogram.

e 1 The interferogram multiplied by triangular apodization
function.

f : The band resulting from interferogram (e).
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The effect of trianqular apodization is shown in Fig.12e and
the resulting band in Fig.12f. Comparing the bands in Fiqg. 12d
and Fig.12f, it can be seen that the side lobes are reduced from
217 to 4.54 by using trianqular apodization and the half band

width has increased from 1.207/2L to 1.772/2L.

Happ-Genzel function recommended by the manufacturers of
several commercial FTIR spectrometers including Nicolet,are given
by A¢CS) = 0.54 + 0.46 Cos 2 77‘<S/A,wher*e A is maximum retarda-
tion in cms and is quite similar to triangular apodization

function.

ADVANTAGES OF FTIR

Most of the applications of FTIR spectroscopy are based
largely on the increased energy at the detector which may be 10-
100 fold compared to the dispersive systems, so that small amounts
of materials can be detected. This increased sensitivity is the
result of the following advantages, which are inherent in the

Michelson interferometer.

(1) : Multiplex (Fellgett) Advantaqe

All frequencies are measured simultaneously in an interfero—
meter. A complete spectrum can be obtained very rapidly and many
scans can be accumulated in the time taken for a single scan of

dispersive spectrometer.

(2) : Throughput ¢(Jacquinot) Advantaqe

The energy throughput in an interferometer is higher than
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the dispersive spectrometer, where it is restricted by slits, so
that a higher signal to noise ratio is achievable at a shor ter

time.

(3) : Connes Advantage

The frequency scale of an interferometer is derived from &
helium—neon laser, which acts as an internal reference for scans
so that the automatic calibration (accurate to 0.1 cm_l) is

achieved with much better long term stability.

(4> : Stray Light

Because of the modulation that takes place in an interfero-

meter, there is no stray light.
(35) : Resolution

Resolution is <constant in all the regions of the <spectrum
while it varies in a conventional spectrometer due to change in

dispersion.

{(é6) : Discontinuities

There are no discontinuities in spectral recording which are

common in dispersive spectrometers using gratings and filters.

A large variety of samples, whose infrared spectra are
difficult to record due to factors like large scattering and
therefore poor transmission, (7~ 5/ or less), can be analysed in
FTIR.

Many samples which have high absorption (opaque) so that

there is hardly any transmitted light, liKe coal, vulcanised
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products containing carbon black, can be analysed using photo-
acoustic cell in FTIR.

It is well Known that aqueous sclutions are difficult to
analyse in infrared spectroscopy due to strong absorption of
water. But these spectra can be recorded in FTIR using a CIRCLE
cell.

Transient species (short lived species) with life time of

about 0.02 sec. can be studied using FTIR where fast responding

detectors are used.

2.2 INTEGRATED ABSORPTION INTENSITYQO_‘?3

The integrated absorption intensity (B) is a quantity
having greater theoretical significance than molar extinction

coefficient as given by Lambert-Beer’s Law,

o = (Ver ) leg (To/1),

It is defined as

B = jko\y
= 2-303 Jéo\v
To determine the area beneath the absorption curve, the -integra-

tion should be taken over the entire band (which theoretically

ranges from -00 to + 0Q).

Since integrated absorption intensity is a measure of total

enerqgy absorbed by the group over the entire absorption range, it
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is a better criterion of band intensity than the molar extnction

coefficient. The integrated intensity can be determined by a
. ?4 :

number of methods such as that of Wilson and Wells by direct

integration, from absorption areas, etc. The Knowledge of the

shape of an absorption band facilitates the computation.

It has been shown that the peak height and the " band
width of the spectral band are dependent on the slit function.
Thus, »n increase in slit width reduces the peak height with
simul taneous increase of band width. However, the area of the
band remains unchanged. The integrated intensities are therefore
used to measure concentrations in the present studies A = BCL

Area of the band in cm_l,

where A

B = Integrated absorption intensity in mole_1 dm3 caz,
C = Concentration in gm mcle/litre,
L = Path length in cms.

2.3. THE SHAPES OF INFRARED ABSORPTION BANDS

The infrared absorption bands of liquids are in general much
broader (A>VUZ , [0to 100 cm_l) than those of gases and vapours
¢ o~ 10_1 cm—l). No single mathematical expression can describe
an infrared absorption band uniquely as both physical and instru-—
mental factors change the true band shape. Several attempts have

been made to derive empirical relation to fit IR absorption

bands. The bands are assumed to be symmetrical azbout the maxima.
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¢ Lorentz shape has been widely assumed
to apply to the profiles of infrared absorption bands of liquids.
Sheshadri and Jones95 have given the general Cauchy function as

) egp—

z P
X + 5

2 :
where a/b = absorbance and b = half of half band width. Hydrogen
bonding and solute solvent interactions have been found to induce
a Gaussian component in the band shape which may be represented

by,

Yo = 9 exp (= (¥-ve) un 2 /b7

d bL

2.4. BAND RESOLUTION TECHNIQUES

Quantitative analysis using infrared band areas requires the
separation of the bands closely spaced and overlapped. A complex
envelope consisting of two or more overlapping bands can be
separated by various methods.

(i) Graphical Separation

The method of the separation of band profile into. two
or more bands is based on the facts that the absorbances of two or
more species at a given frequency are additive and shape ofl each
absorption band is symmetrical about band maximum. However, this

requires the kKnowledge of the band positions and half band widths

of individual components. If one half of any band is free from
overlap, the reflection around its band maximum is possible and
the separation is fairly reliable. In the extreme case of band

overlap it is often difficult to decide on the individual band
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position and half band width making the graphical separation a

very unsatisfactory method.

(ii) Use of Analog Computer

The analog computers have been used for the purpose of
curve resolution in the form of an oscilloscope display commonly
Known as curve resoluersl. The general approach is to simulate the
component curves and then add them together for comparison with
the observed envelope. The operation is continued until the sum
of simulated curves matches the observed spectral curve. This is
however a wvery tedious method requiring again the Knowledge of

band position and width.

Ciii1) Use of Diqgital Computer : LORGAVS Programme

In all 3 parameters are necessary for reprecsenting a
Gaussian or a Cauchy profile, while a linear combination of these
functionse such as a sum function needs 4 parameters to be de -
fined. Further, for a system of N different bands would involve
optimization of 3N or 4N parameters which certainly is a formi-

dable task.

The wvarious optimization procedures developed so far fall

broadly in two categories :

(1> Direct grid search methods, and (2) Gradient methodsQé.
The direct search method, though effective, is very time consum
-ing. In the gradient search method which is used in this

LORGAVS  programme, the first derivative of the function with

respect to each variable are computed to guide the search. The
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least square procedure seeks to find particular values of para

-meters P. = P P which yield an optimum fit of the function
J

1* 2"
¥ KX, PJ) to a set of discrete data Yi versus Xi in the sense of

minimizing the unweighted sum of the squares of deviations as

1.
S= 2 (Y oxi o) - Mi ) = minimum.

The square of difference is minimized until it reaches or falls
below threshold determined by original measurement uncertainty
i.e. below a minimum defined by expression

8 ¢ sd? xmM
where Sd is the standard deviation of measurement and M is the

total number of ordinate points. A maximum significant fit s

said to be achieved when the quantity S approaches or equals Q.

A commonly used approach to solve a set of non—-linear simul-
taneous equations is to expand the function in Taylor seriesg7
which can be truncated at an appropriate stage to yield a

polynomial approximation. Such treatment is possible provided the
function is continuous and easily differentiable. The me thod
requires approximate estimate of parameters such as peak height,
position and band width. If the initially estimated parameters
are denoted as PJo, the method seeks'to find the corrections A,%

such that

The least squares procedure then calculates the set of correc-

tions which minimizes the least square criterion given by
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\ .
s =5 (_\{(li,PJo'*‘APJ)" (n)
{

The corrections will be small provided the initial estimates of
P.o are good and Y can be proximated by a truncated Taylor series
J

expancsion about PJ.o as

| oL
Y () Pow ) = Y (%, pjo)+ T (i) AT

!
where Y[J = ‘)ki /J FJ' are the partial derivatives of Y with
respect to parameters PJ and are evaluated at each Xi and with PJ

at PJO. The minimization then becomes
2.

S = 27 <\((~’)(", FJO)—j}__<(Y,JI)AfJ _«\(‘; /\, = Mminimum.
k J

If N is the total number of components in the spectrum, & set of
3N simul taneous normal equations are obtained for Lorent zian or
Gaussian profile by taking each C35/ 34 PJ' =0

In a matrix notation these equations can be written as A.AP = B
where the elements of A and B matrices are given by

AKL = s (Yi;;)(YiL,)

l

B - = (Y;KT)E\(; -~ \f(ii) r’ko)]

The indices K and 1 refer to component peaks. The inversion
procedure yields the correction vector & P which when added to

the initial estimate Pj, yield a refined set of estimates of PJ
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which are used for the next iteration. The procedure is repeated

until the corrections become very small.

The programme LORGAVS uses either Lorentizian or Gaussian
distribution equation. The two main features of the programme are
1) Rapid convergence to scolution, and (2> A character printer
plot output which enables viewer to observe the goodness of fit.
The error curve is also plotted. The respective band areas are
obtained using the optimized band parameters. It was qgenerally
observed that the programme LORGAVS converges to a solution even
if the initial estimates of parameters are appreciably deviating
from the true wvalues as it involves only three unknown

parameters.

(iv) Fourier Deconvolution

We had seen that separation of strongly overlapped closely
I¥ving bands i§ highly uncertain by both graphical and analog
computaticonal methods, as the individual band parameters required
for an effective separation cannot be made out from the overall
band profile. For a long time the need for a reliable me thod
which does not require the pre-knowledge of the band parameters
was felt. Fourier Deconvolution technique was first described by
Stone82 and more recently has been discussed in some detail in a
series of three papers by Kauppinen et. al.31’32’98
volution was developed for infrared spectroscopy by a group at
the National Research Council of Canada, which has much

experience in band shape analysis. This method provides a way of

computationally resolving overlapped lines that cannot be

. Fourier Decon-
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resolved instrumentally due to t! rinsic line width and
proximity. This does not increase the instrumental resolution but
the spectral resolution is improved by an enhancement factor
(i.e. the ratio of half band widths before and after deconvolu-
tion). The <spectra having moderate signal to noise ratio
(1000:1> can attain an improvement of 3 in the spectral resolu-

tion by this method.

The infrared band contour can be considered as the result of
a convolution of & sharp line with a Lorentzian/Gaussian line
shape. The removal of this line shape to enhance apparent resclu-
tion is called Deconvolution. The deconvolution is carried out
more efficiently from the interferograms as the mathematical
functions required to be used for the purpose are simple multipli
—~cations rather than complex functions required from frequency
spectra. However, Friesen et al99 have tried deconvolution in

frequency domain.

To examine what is deconvolution let us start with a single

Lorentzian band (Fig. 13a) with a line shape function

Eo(ﬂ): é/i
(5w o F

where 2 § is the width at half height. We had seen earlier that
the interferogram of such a band has the shape of decaying sine
wave (Fig. 13b>. If this interferogram is multiplied by a

function (exp 2 77 & x> where x is the path difference which can
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Fia. 13 : Fourier Deconvolution
a ¢ A Lorentzian band.
b : Decarying sine wave interferogram of (a).
c : The sine wave interferogram after multiplying
by exp 27¢|x|
d : The band resulting from interferogram (c).
e : The interferogram (c) multiplied by Bessel function.

f : The band resulting from interferogram (e).
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have a maximum value of L,it can be shown that we will get a sine
wave interferogram (Fig. 13c) which we had seen on Fourier trans
-form would give a spectrum (Fig. 13d) with half band width
1.207/2L and side lobes with ~v 214 maximum intensity. To reduce
these side lobes in the spectrum,the interferogram was multiplied
by apodization functions. Among the various apodization functions
available, we have used the Bessel function D(x)[l—(X/L)2]2 (Fig.
13e) which gives a band (Fig. 13f) with half band witdth 1.904/2L
and side lobes 7T -4.1%. These modified interferograms on Fourier
transform would give spectra with half band widths which are much
smaller than the original spectra and the ratio of original half

band width to final half band width is Known as Resclution enhance

-ment factor. In practice this is used as a variable to determine

the extent of deconvolution for a given value of initial band
width.
One very important feature of Deconvolution is that indivi-

dual band areas are not altered by the process. Thus quantitative
information can be taken from the spectra with enhanced resolu-

tion.
2.5 HYDROGEN BonDING!C00s101,102

In A-H..B type hydrogen bonding a specific covalent A-H
group interacts with an acceptor site B. The A-H bond is thereby
weakened but not broken. When the covalent A-H bond is broken to
form the anion A and the protonated base H—B+, we may no longer

have hydrogen bonding but an acid-base reaction with proton
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transfer.

The formation of a hydrogen bond A-H..B between a proton
donor acid and a proton acceptor base is determined by the
acidity of the former and the basicity of the latter. In con-
trast to the complete transfer of a proton in a conventional
Bronsted acid-base equilibrium, the formation of the hydrogen
bond results only in partial proton transfer, the proton remains
in the first potential minimum near A (Fig. 14a). Proton transfer
from A to B in a hydrogen bond A-H..B can occur along a potential
energy curve similar to one shown in Fig.14a and b by twa
mechanisms, quantum mechanical tunneling through the potential
barrier separating the two minima and/or direct transfer over the
barrier. The latter case «can be expected to occur with the
resulting formation of a proton transfer complex A_...H—B+ na
naon-polar solvent, whenever the acidity of the proton donor and/-
or  the basicity of the proton acceptor are sufficiently strong.
The transition from a hydrogen bonded complex to a proton

transfer complex is accompanied by appreciable changes in the IR

absarption spectra of the system. The disappearance of the A-H
bands and the appearance of the B+—H bands have been observed
in the IR <spectra of mixtures of some carboxylic acids wi th

p)’r-idinelo3 in CHC]B.

Two other factors, besides the acidity of the proton donor
and the basicity of the proton acceptor, can influence proton

transfer in a hydrogen bonded complex in solution. One is the
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polarity of the solvent and the other is the specific solva tion
of the proton transfer complex. The formation of the proton

transfer complex results in charge separation and hence should be

favoured owver the hydrogen bonded complex in solvents with in
—-creasing polarity The formation of proton transfer complexes is
accompanied by large increase in dipole moment because of the

charge separation. The dipole moments in the range 3-10 D are
probably due to the coexistence of hydrogen bonded and proton

transfer complexesloq.

Hydrogen bonding between a proton donor group A-H and an
acceptor site B (A-H..B) weakens the force constant of the A-H
stretching mode and shifts vibrational frequency to a lower
value. Stronger the hydrogen bond larger is the shift (AY) and
this is used to detect hydrogen bond formation. The anharmonicity
and rate of change of dipole moment (d /dr) associated with the
A-H stretching vibration increases on hydrogen bonding resulting
in an increase in the half band width and the integrated absorp

-tion intensity.

H-bond formation increases A-H deformation force constant by
constraining the deformation mode and shifts to higher frequency.

This shift is appreciably smaller than in A-H stretching mode.

The wibrational modes of the proton acceptor B are also
affected by H-bonding. But the frequency shifts are much smaller
than those of the donor A-H vibrations. New vibrational modes
corresponding to the stretching and bending of H...B bond are

found in the far infrared region (below 400 cm—l).
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0Of all the four changes, the change in the A-H stretching is

the most sensitive and therefore has been extensively used n

studying H-bond.



- e
X A T ——

e - - *
= . -ur-: Se——

e

S




3.1. N-ACETYL(AMINO ACID) N’-METHYL AMIDES

3.1.1. : Preparation and Purification

For preparation of N-acetyl(glycine, L-alanine, L-leucine)
N’ -methyl amide, the starting materials i.e. glycine, L-alanine
and L-leucine were Fluka Puriss/Purum grade chemicals. In each
case, amino acid ester hydrochloride was first prepared by
passing HC1 gas through amino acid dissolved in methanol at 65,
By using the method of Apple White and NiEman%Ps, acetyl deriva-
tives and their N’ -methyl/dimethy]l derivatives were prepared. N-
acetyl glycine N7 -methyl amide (AGMA) and N-acetyl L-alanine N’-
methyl amide (AAMA) were recrystallized at least five times from
an ethanol-ethyl acetate mixture (1:9). N-acetyl L-leucine N’-
methyl amide {(ALMA) was recrystallized from an ethyl acetate-
hexane mixture (1:1). N-acetyl glycine N’—dimethyl amide (AGDMA)
was purified with difficulty due to its high solubility in orga-
nic solvents and low melting point. It was recrystallized from
ethyl acetate-hexane mixture ¢(1:1) five times. In the case of N-
acetyl sarcosine N’-methyl amide (ASMA), sarcosine was synthe-
sized using chloroacetic acid and methyl amin9106. The purity of
all the N-acetyl (aminoc acid) N’ -methylamides was checked by

their melting points and microanalyses (Table TI).

Fure N-methyl acetamide was obtained from Analytical Fluka

grade sample by recrystallization from ethanol.

Merck reagent grade chloroform was washed with water five

times with vigorous stirring and dried over calcium chloride (2



64

days). It was then distilled twice and stored in dark. It was

finally dried over molecular sieves (Linde 4A) by Keeping over it

for an hour before use.

TABLE I : Melting Point and Micrcanalysis
m p.(OC) Observed % Calculated %
Cc H N Cc H N
1. AGMA 158 45.7 7.63 21.1 4é6.1 7.7 21.S
2. AAMA 182 50.5 8.37 19.0 50.0 8.3 19.4
3. ALMA 145 58.5 10.0 13.7 58.0 ?.45 15.0
4. AGDMA S0 48.5 8.51 17:3 50.0 8.3 19.4
5. ASMA 42 48.5 8.62 17.8 S0.0 8.3 19.4
3.1.2 : Spectroscopic Measurements
The <pectra were recorded on a PerKin—-Elmer Z21 Infrared

Spectrophotometer using an expanded scale (100 cm_l/ 8 cm) in the

range 3500-3350 cm

water

Calibration was checked using atmospheric

Slit programme (270 x 2),

amplifier gain 2.5, were used.

vapour and carbon dioxide bands.

supression 4,

Variable path

Operating parameters :
attenuator speed 1100 and

length cells with 4

cm path length (varying from 3.7 to 4.2 cm) made in NCL workshop
and similar to Perkin-Elmer standard variable path length cells,
were used for all measurements.

The spectrum of N-acetyl glycine N’ -methyl amide was
resolved into two component bands by using non-linear least
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square curve analysis (LORGAVS programme)Qé. For computational
work, the spectral envelope was digitized manually at uniformly
close intervals (2.5 cm_l) in the frequency range 3500-3350 cm—-l

The best band parameters (position, absorbance and half band
width) with minimum standard deviation as well as the areas of
the component bands with Lorentzian band shape (LORGRUS
programme) were obtained directly from the print outs. Since the
LORGRUS programme gave unsatisfactory results in the case of N-
acetyl L-alanine and L-leucine N’ -methyl amides, the broad NH
absorption band was resolved into three components by using
graphical method. The areas of the individual bands were then
measured by summing up the respective absorbance values and
multiplying by the common frequency interval. Appropriate wing

corrections were then applied.

In order to determine the concentratione of free and bonded
NH groups in these compounds, the integrated absorption intensi-
ties of free and bonded NH groups in N-methyl acetamide and N-
acetyl glycine N’-dimethyl amide respectively, were determined
from the band areas at a few Known low concentrations. The mean

integrated absorption intensity of NH group of N-methyl aceta-

mide, measured in dilute chloroform solution at three concentra-

tions (1-5 x 10—3 M), using procedures reported earlier107 gave a
3 3 -1 =2 :

value of 7.1 x 107 dm~ mol cm . This can only be compared

with the values reported for N-methyl acetamide in carbon tetra

. 108
—chloride (4.3 x 10> dm°> mol ! em™2 and 5.8 x 10° dm> moi !

-2.109
m ) ‘

c The free NH integrated absorption intensity (B) has been
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: 108 .
reported for a number of N-alKyl acetamides also in carbon
-8
tetrachloride which showed a variation of 20% (18-22 x 10
an? mor} 57! ile. 3.6-4.4 x 10° dm° mol ! em %>, so that its use

as a standard for measuring the free NH group concentration can

be justified.

The spectrum of N-acetyl glycine N’-dimethyl amide in

chloroform showed a strong band at 3405 cm_1 with a weak shoulder

at 3445 cm_1 ascribable to a small amount of free NH species.
Maxfield et. al.lB found only a single band for this compound in
chloroform. In carbon tetrachloride, however, two bands at 3440
and 3412 cm—1 for dimethyl“0 and 34640 and 3415 cm_l for
diethylll derivatiues,have been reported. N-acetyl amino acid
esterslll in dilute carbon tetrachloride solution exists as a
mixture of the intramolecularly hydrogen bonded five membered
ring and free species. Due to the weak nature of intramolecular

hydrogen bgnd, the extent of stabilization offered is small and a
certain amount of free species would be expected. The concentra-
tion of the free NH band was estimated to be 84 from band area

measurements and the integrated absorption intensity of the five

membered intramolecularly hydrogen bonded NH group was found to
3 3 -1 -2 .

be 14 x 10~ dm  mol cm which was used for further calcula-

tion.

3.1.3. Calculations of concentrations of variocus species

The concentration of the various free and intramoclecularly

hydrogen bonded NH species in N-acetyl amino acid N’ -me thyl
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amides were determined from their separated band areas using the
integrated absorption intensities of the free and intramolecular-
1 hydrogen bonded NH groups at 3440 cm_l in N-methyl actamide
and at 3405 cm—1 in acetyl qglycine dimethyl amide | respectively
using the equation B = A/CL, where A is the area of the band, C
is the concentration in gm mole/litre and L is path length in

cms.

o

Since two free NH groups would contribute twiceathe intensi-
ty of a free NH group (Fig. 1a) and intramolecularly hydrogen
bonded five membered ring species (Fig. 2a) would contribute one

free NH group intensity, following equations can be written :

Cr = %

Ca = G570
where CS ic the solution concentration, CI is the concentration
of intramolecularly hydrogen bonded <species and C_ s the

B

concentration of the bonded species. The CF (concentration of free
species) walues can be used as a check on the results since CF =
A B-

3.2. 2-DIMETHTYL AMINO BENZOIC ACID

3.2.1. Preparation and Purification

Z2-Dimethyl amino benzoic acid (dimethyl anthranilic acid,
DMA)Y  was obtained by the hydrolysis of the methyl ester of DMA
formed by the reaction of anthranilic acid with dimethyl sul -
phatezz. The sample was recrystallized from ether many times to

obtain a melting point of 48°C and the percentaqges of carbon,
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hydrogen and nitrogen weYefound to be 65, 6.9 and 8.4 respective-—
1y, from microanalysis. (The calculated values of the percentages
of carbon, hydrogen and nitrogen were 65.4, 6.6 and 8.5 respecti-
vely). The colvents used in the present work, cyclochexane, carbon
tetrachloride, benzene, dioxane, chloroform and acetonitrile were
laboratory or analytical reagent grade,while methanol was
spectroscopic grade. Reagent grade dimethyl sulphoxide was dried
over calcium hydride and vacuum distilled. All the solvents were
finally dried over Linde 4A molecular sieves before use. Heavy
water (99.97) was obtained from the Atomic Energy Commission,

Trombay, India.

3.2.2. Spectroscopic Measurements

Spectral measurements of DMA were carried out on Nicolet
408XB Fourier Transform Infrared spectrometer. Since water vapour
and carbon dioxide concentrations in the single beam path of FT
instrument have to be reduced to give at least 9?54 transmission
in their respective absorption region, the instrument was purged
by compressed air supply which was dried over molecular sieves
and freed from C02 at 80-100 1bs/sq. inch. Before the data
collection was initiated, the resolution (2 cm—l) and the number
of scans (100) were specified to obtain signal to noice ratio of

1lQ00:1. Once the interferrograms had been collected, the apodiza-
tion (Happ-Genzel function) and phase corrections were applied.
Interferrograms were then co-added and stored. The next step was

transformation of the data to a spectrum. First, the background
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spectrum was stored in a file. Then the spectrum of solvent under
similar conditions was ratioed against the background spectrum
and stored in a reference file. The spectrum of solution was then
similarly obtained in the same cell and ratioed against the
background spectrum and stored in a sample file. The traniittance

spectra were then converted into linear absorbance <spectra. The

solvent spectrum was then substracted from the solution spectrum.

The spectra of DMA were recorded in various solvents in the
reqion 1750-1&00 cm_% Since there are strong water vapour absor-
ptions in this region, the instrument was purged for sufficiently
long time to obtain nearly 954 transmission in this region. The
solution concentration of 0.06M was maintained in all solvents
i.e. carbon tetrachloride, benzene, dioxane, acetonitrile,
chloroform, dimethyl sulphoxide, methanol and 020 except cyclo—
hexane where solubility permitted only ~ 0.01M solution. The path
length was Kept constant at 0.01 cm. except 020 where it was
reduced to 0.0025 cm.

Deconvolution was performed for DMA spectra in various <ol-
vents using the original NRC programme adopted for use on Nicolet

SX systemsllz’lls.

The compiled programme IRD-CON:FTN (the
macro CON required to call the programme from FTIR)takeSa reqgion
of the absorbance spectrum stored in OFN file as defined by XSP
(starting point on X-axis) and XEP (end point on X-axis) and
creates an interferogram of only this region. The Deconvalution

is carried out by multiplying this interferogram by a function

and then transforming it back to give the Deconvaluted spectrum.
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There are two variables in the programme. The first variable VUFO
ic the half band width of the Lorentzian line being used for the
Deconvolution. The second variable UFj/is the resolution enhance-—
ment factor. All the points past a point L on the interferogram
are set to zero by the programme, where L is proportional to
VFO/VF1. Concentration of each solution was so adjusted that the
maximum absorbance in the spectrum was \{ 1. Since the number of
calculations were high, the files should not contain more than
512 data points. The variables UFO and UF1 were chosen to be 14-

and

ISCﬁxn Tine with normal carbonyl half band widthsAl.4 to 2.27
respectively. The areas under the original spectra and the decon-—
voluted spectra (as measured by the computer) were maintained the
same. No side lobes were allowed to be shown in the deconvoluted

spectra. The separated band positions were then used for determi-

ning the various structural species in DMA.
3.3 n-ALCOHOLS

3.3.1. Purification

The n-alcohols wused for the present work were Analar E.
Merck/B.D.H. <samples dried over molecular sieves (Linde 4A4) and
chromatographically tected. Sample purities were ethanal 9.7/,

n—propanol 99.74, n-butanol 99.8%, n-pentanol 99.0% and n-hexanol

b7 A

3.3.2. Spectroscopic Measurements

Spectral measurements on n-alcohols were carried out on the

same Nicolet 40SXB FTIR spectrophotometer as in the case of DMA,
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in carbon tetrachloride solution in the frequency range 3675-3575
cm_1 at variocus temperatures. No detectable change in the spec-—
trum of the soluvent was observed by heating to 298—3280k so that
the spectrum of solvent at 298% was used at all temperatures for
subtraction. Dilute <solutions of n-alcohols (K 0.011 M in
carbon tetrachloride were used in a variable path length cell
(0.8 cm). The path lengths were periodically checked using inter—
ference fringes. The cell was fitted with a nichrome heating covl

19 The

and the heating was controlled by controlling its voltage
emf degenerated in a emall silicon diode fitted inside the cofl
in contact with the solution was amplified and displayed Onn awn

electronic temperature indicator. This was pre—-calibrated with

the help of a calibrated standard thermometer to give reliable

temperature read out. The accuracy and reproducibility of this
device was found to be + 0.5 K in the temperature range 298 to
328%.

Fourier Deconvclution was carried out in the range 3475 to
3575 cm_1 using the same Nicolet programme described earlier. The
variable WUFO was chosen in the range 14-18 <:m_1 close to hal+f
band width of methanol. The variable UF1 was chosen 1.7 to 2 so
that the total band areas after deconvolution remained the same
as original band areas. With these parameters separation of the
band was obtained without any side lobes and other artifacts.
While the band positions could be easily read out from the decon-
voluted spectra, the band areas could not be determined due to

inadequate band separation. Therefore, after getting the clear
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positions of the component bands by deconvolJTng, they were
resolved graphically. The unoverlapped side of low frequency band
was reflected about the band maximum to generate its high
frequency side which was then subtracted from the deconvoluted
spectrum to obtain the second component band. The areas under the

graphically resolved bands were obtained by summing the In (To/T)

values and multiplying by the common frequency interval dVy qiven

by:
Y,
A=2 In (T$/'T )y du
Vi
V2
= 2303 A‘JZ log (To/T)y
Y, 10
where ))l and 1/2 are the graphical limits of integration.
The equilibrium constants (K) were calcylated at various
temperatures (298—3280k) assuming the integrated absaorption
intensities of the two component bands to be the same at every

temperature. The thermodynamic quantities were computed using the

Arrhenius relation
AG =—RTink = AH - TAS
AH and DS were obtained from the slope and intercept

respectively of the graph log k vs 1/T x 103 using the method of

lexst squares.
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CONFORMATIONAL ANALYSIS OF N-ACETYL

(GLYCINE, L-ALANINE, L-LEUCINE) N’-METHYL

AMIDE IN CHLOROFORM SOLUTION

4.1. RESULTS AND DISCUSSION

The infrared <spectra of N-acetyl glycine N’ methyl
amide (AGMA), N-acetyl L-alanine N’ methyl amide (AAMA) and N-
acetyl-L-leucine N’ methyl amide (ALMA) in dilute chloraform
solution (~5 x 10_4 M) are shown in Fig. 15, 14 and 17 respecti-
vely. While the glycine derivative gave two well defined NH
stretching bands at 3450 and 3418 cm_l, the L-alanine and L-

leucine derivatives showed mainly three bands at 3450, 3433 and

3415 cm—l. The last band in AAMA and ALMA appeared as a shoulder
1

to the band at 3433 cm . There is hardly any absorption below
3400 cmml. These results are in agreement with those of Maxfield
et.a!.la, who studied these compounds in the same salvent and

found no band below 23400 cm_1 at a concetration of ~ 10—4M.

However, they found two bands at 3420 and 3410 cm"1 for AAMA and
-\
m

three weak bands at 23425, 2415 and 340S5Ain ALMA in place of the

3415 <:m'—1 shoulder observed by us in both the compounds. Efremov

al.l6

et. + however, reported nearly identical three bands aboave

3400 cm_1 for AAMA in chloroform as found by us. In fact, for

most dipeptides only a single band at 3420 cm_l s repor-—

é4,16,20 .
ted™? ’ in dilute carbon tetrachlorode solution,in place of

the three weak bands reported by Maxfieldls.

Mizushima et.al.é, Neel10 and Efremov et.al.l6 had observed
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a band at 3300-3340 cm-1 in the same dipeptides in dilute carbon
tetrachloride solution (~ 10_4 M) in addition to the bands
observed above 3400 cm_l. This band was reported weaker in CH013
relative to that in CClqllj— and was ascribed to the seven-

membered intramolecularly hydrogen bonded NH conformers. These

8,13

sepcies were reported ’ to be as much as &40-75/% in qlycine, L-

alanine and L-leucine derivatives. Efremov et-al,l6 calculated

the concentration of the seven-membered ring species to be 30-20%
in the various N-acetyl —(amino acid)-N’-methyl amides in dilute
cholioroform solution. Ginzbur920 BEE recently reported a band in

this region for compounds studied in the present work in dilute

0014 solution ('\-/104 M). An association band was also located by

Maxfield et.al.l8 at higher (> 10_4 M) concentration for the same
compounds in this region. Smolikova et.al.l9 found hardly any band
in this region for tert-leucine and L-valine derivatives,

although a wvery weakK band was observed for L-alanine and

L-leucine derivatives in dilute CCI4 solution ( ~ 2 x {65 M.

In order to find out whether the band at 3340-3300 cm_l

reported for the title compounds was present in 10_4 M CC]4
solution, we tried to prepare such a solution of AGMA and found
that the maximum solubility was close to 5 x 10_6 M. Scheraga et.
al.l7 and Maxfield et.al.18 had also made a similar observation
and, further, had shown how the solubility was enhanced in impure
CCI4 containing conta-minants 1ike phosgene, HCl, water, etc. A
we ak broad band at 3370-3300 cm“l was also produced by these

impurities as well as by methyl amine from unsublimed AGMA. A
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lower solubility (< 2 x 10-_5 M) was also found in the case of the
L-alanine derivative by us. These results along with those of
SmolikKova et.al}9, clearly establish that the cpectra recorded at

10—4 M concentration in carbon tetrachloride by the various

-1
workers are suspect and that the band found in the 3340-3300 cm
reqgion in both N-acetyl-glycine (and L-alanine)-N’-methy] amides

is due to impurities in the solute solvent systems.

The two NH stretching bands in the title compounds at 3440-
3440 cm_1 (one NH band in glycine derivatives) are ascribed to
the free NH groups, as suggested by nearly all the workers.

.116 also assigned the band at 3440 cm_1 in carbon

Burges et. al
tetrachaloride and at 3450 cm.—1 in chloroform in glycine deriva-

tives to the free NH stretching vibrations. Though the bands at

3440 and 3440 cm_l were ascribed to free NH groups of extended
faorm (Fig. Ta) by Mizushima et.alé, Efremov et.al}é, Maxfield et.
31}8 and Smolikow.et.al.l9 in L-alanine and higher derivatives,

Neello and Ginzburg20 assigned these bands to the free NH group

of intramolecularly hydrogen bonded five and seven membered ring
species, respectively. In the absence of seven-membered intramole
—cularly hydrogen bonded species the latter assignment will have
to be modified. So both the bands are best assigned to free NH
of extended form.

With regard to the band at 3420-10 cm ', Mizushima et.al.®
14

and Efremov et. al. ascribed it to the free NH group of the

seven—membered intramolecularly hydrogen bonded folded form (Fiqg.
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1b). This assignment is untenable now, since it has been <shown
that the absorption at 3370-3300 cm_l ascribed by them to the
ceven-membered intramolecularly hydrogen bonded species is
actually arising from impurities except in the leucine deriva-
tives. Neel10 has ascribed the 3420-10 cm_1 band to an intramole-
cularly hydrogen bonded five-membered ring NH in the title com-

.lll

pounds in CCl,. Marraud et. al have found two bands at 3440

4
and 3440 cm-1 in N-acetyl amino acid esters in dilute CC}4 solu-
tion that are ascribed to the free and intramolecularly hydrogen

bonded five-membered NH ring species, respectively.

In order to establish the true nature of the absorptions at
3420 cm_g we recorded the spectrum of N-acetyl qglycine N’-
dimethyl amide (AGDMA) in dilute chloroform solution which showed
two bands at 3445 (weak) and 3405 cm_1 (strong)>. The latter band
at 3405 t:m—-1 is very close to 3420 cm-—1 and can only be ascribed
to an intramacliecularly hydrogen bonded five-membered ring NH and
therefore the band at ~, 3420 cm_1 in the precent compounds was
assigned to the above species. Further}the absence of 3420-10

-1 :
cm band in the spectrum of N-acetyl sarcosine N -methyl amide

which we have studied and has also been reported117 strongly,
supports the above assignment. Thus , the present studies
establish that there are only two types of species in dilute
CHCI3 solution of N-acetyl-(amino acid)-N’-methyl amides, the
intramolecularly hydrogen bonded five-membered ring species (Fiq.

2a) and a form containing only free NH groups (Fig. 1ad, also

called the non-hydrogen bonded conformation.



80

In order to determine the concentration of the molecular
species in solution} the spectra were resolved using LORGAVS
programme discussed in the experimental section. While AGMA spect
-rum could be separated clearly into two bands, (Fig. 15  we
found that the above programme could not resolve AAMA and ALMA
spectra in spite of using different values for half band width
and position. We believe that the closer proximity of the 3420

cm~! band to the 2440 cm™! band which is present in AAMA and ALMA

is responsible for the difficulty in achieving reasonable separa-

tioen. So, the graphical method was ucsed for the latter compounds
and the spectra were resolved into three bands. The areas of the
bands at 3440 and 3440 cm_l assigned to free NH groups were
calculated individually and then added to get the area of the
non—hydrogen bonded species. The concentrations of the free NH
band in the present compounds were determined using the inte—
grated absorption intensity (7.1 x 103 dm3 mole—1 cm_2) of the
NH band in N-methyl acetamide in chloroform salution (Fiqg. 18)
determined by us as explained in the experimental section. The
area of the band at 2420 cm—l was measured and the appropriate
wing correction was applied as explained in the experimental
section. From this area, the concentrations of intramolecularly

hydrogen bonded five membered ring species (near 3420 cm—l) were

determined wusing the integrated absorption intensity of the bon-

ded NH of AGDMA in chloroform solution (Fig.19)(14 x 103 dm3

-1 -2 . ;
mole cm ) as described in the experimental section. It can be

seen that the concentrations of the two species add up to the
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total NH group concentrations in all cases within < 107 which
chows the wvalidity of the assumptions regarding the use of

integrated absorption intensity.

The relative proportions of the two species in the titie
compounds (Table 1I)> show that the free form increases wi th
increasing bulkiness of the substituent at the 6% . Such a trend
has been reported in the case of a series of N—-acetyl—-Camino

10

acid)—-(glycine, leucine, valine, etc.)N’ dimethylamide by Neel .
This can be understcod since such a group could hinder the rota-
tion around the C-N bond and reduce the possibility of the c-0

and NH groups coming closer for intramolecular hydrogen bonding.

We had already seen above, that there is hardly any intramo-
lecularly hydrogen bonded seven—-membered ring species formed in
the dilute solutions of the present compounds, although such
cspecies could be stabilized by their stronger hydrogen bonding
interaction over that in the five-membered ring hydrogen bond. In
N—-acetyl sarcosine N’ -methyl amide (ASMA) (Fiqg.20), where the
formation of the intramolecularly hydrogen bonded seven-membered
ring <pecies is reportedé’lo, we have determined the concentra-
tion of this species using the integrated absorption intensity of
the +free NH qgroup (Table I1). We have found that thece are
present to the extent of 30-354, the remaining species having the
non—hydrogen bonded conformation. This raises the question as to

why the intramolecularly hydrogen bonded seven-membered ring

species are absent in the N-acetyl-(amino acid)-N"-methyl amides
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in solution. In a somewhat comparable instance, the diethylene
glycol monomethyl ether118 [CH3(OCH2CH2)20H], which could form
both five and eight-membered intramolecularly hydrogen bonded
species through a single hydroxyl group, the relative proportion
of the five and eight membered intramcleculerly hydrogen baonded
and free species were 62, 31 and &% respectively. The frequency
shifts for the five and eight membered intramolecularly hydrogen
bonded hydroxyl group were 40 and 195 cm_} respectively. It
would appear from the above frequency <hift that the intramolecu-
lar hydrogen bonding interaction in a seven membered ring of the
present compounds C AY = 100 cm_l) is far too small to stabilize

such species in the presence of the more facile <(entropy-wice)

five-membered intramolecular hydrogen bond.

4.2. COMPARISON WITH REPORTED NMR RESULTS

In order to see whether the two conformationes found by the

IR spectroscopic method are supported by NMR results, we compared

the reported 3JHNCH coupling constantll? of 7.5 Hz for N-acetyl-

L-alanine-N“-methyl amide in dilute chloroform solution (7 x 10-%
M) with those calculated for possible angles suggested by

different authc;rws\lzo—-123 for the above conformaticons using the

Karplaus-Bystrowv formulalzq.with A=9.4, B =1.1 and C = 0.4

(Table III>. A perusal of the data revealed that the observed
value could arise from a mixture of a five memered conformer with

Q = -180° (3.3 Hz) and non—-hydrogen bonded conformer with Q\= =

1207 ¢10.9 Hz), or a five membered conformer with § = -155° (7.5

Hz) and a non-hydrogen bonded conformer with Q = —840 (7.5 Hz)d.
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Table IIT

Predicted and observed proton coupling constants

for N-acetyl L-alanine N’-methylamide(Hz)

2
Five membered conformer
R 37 i I hin
Pullman and Maigreti22 -180 3.3 180 0.34 0.34
120
Cung et. al. -140 4.8 170 0.1¢ 0.248
Smolikova et.al.121 -150 8.4 150 .11 0.11
Non—-hydrogen bonded
Bystrov et.a1.8 - 40 3.3 -40 0.34 1]
_ 3 123
Renugopal Krishnan et.al. -120 10.% -40 a a
Maxfield et.al.18 -84 7.9 40 0.15 0.24
150 0.15 0.11
-150 8.4 70 0.11 0.28

Observed124 7.5 0.11 {0.03
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It was found from conformational enerqy calculations (see later)
that&:-—lSOo is not allowed with B carbon atom on the side
chain, so that the mean value of 7.5 Hz arises from conformers
having Q = -155 and -84°.

Davies et. 31.124 have shown that five bond long range
proton—-proton coupling existing between the C—H group of the
amino acid in peptide bond, and the methyl groups <(acteyl

and N-methy1) could be used to predict the torsional angles.

Although the observed 5J coupling constant for peptide bond 1

(0.1>Hzis close to 0.15 Hz for Q = -155° (C5 conformation) and
0.15 Hz for Q = -84° (non-hydrogen bonded conformatian), the
observed SJ coupling constant for peptide bond 2 (< 0.03) is

very different from the calculated ualues, 0.2 Hz (for CS confor
-mation) and 0.11-0.34 Hz {(for non-hydrogen bonded conformation).

Solkan and Bystrou125 have thecoretically calculated the

vicinal spin-spin interaction constants between 1H and 130 nuclei
in  a peptide fragment for various angles and have shown how
these, together with the 3JHNC H coupling constant, permit a
determination of the torsional angle unambigquously. Gavrilov,
Solkan and Bystrov126 have subsequently measured the vicinal
coupling constants 'HNC* ‘501, lHNC.< BC\6 and \ch N IBC’
of  AAMA in methanol (concentration = IM). Using the observed

3 : :
JHNCH coupling constant of 7.5 Hz in dilute chloroform, we have

read out from their graphs the three coupling constants for the
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four angles (Table IV) and compared them with their experimental

126. The agreement between the observed values and those

resul ts
o o
calculated for the Q angles —-140" and -80" are better than
° °
those for +40 and +90, although a much better agreement should be
expected. This <can be due to the higher concentration and the

relatively polar solvent used for the 130 studies.

Thus, in the case of N-acetyl L-alanine N’-methyl amide, by
comparing the various NMR 3JHN--CH coupling caonstants, torsional
angles, h, of -155° and -84° can be derived for intramalecularly

hydrogen bonded five-membered ring species and free non-hydrogen

3
bonded species,respectively. From H -C spin—-spin interaction
constant these angles are deduced to be -160° and -80° almost
matching with the above results. Now we will compare thece

results with those obtained by conformational energy calculations

to get additiconal subport.

4.3. COMPARISON WITH CONFORMATIONAL ENERGY CALCULATIONS

Several theoretical analyses of the conformations of blocked

single residues have been carried out127"430. Recently, Zimmerman

et. 31.131

have concluded from their con-formational enerqy cal-
culations that there are several low energy conformations for
N-acetyl (amino acid)-N’-methyl amide. The C7 equatorial conforma-
tien <(Fig. 2b) <& l"f : —840, 799> was calculated to have the
lowest energy. The intramolecularly hydrogen bonded C7 conforma—

tion, however, has been shown to be absent in the present com-

pounds, but conformations with Q = -84° and
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Calculated for 95 EHNCal3C’

O

CALCULATED AND OBSRRVED 13C

TABLE IX

..« “H VICINAL COUPLING

CONSTANTO FOR N-=ACETYL 1-ALANINE

NZMETHYLAMIDE (Hz)

-160
-80
+40

+80

wrved<o

Tnc i3k

0.5
2.8
o<

Thcant3c!

1.0
0.6
4.0

4.0

2.5

90



rf angle different from 799 such that an intramolecular hydrogen

bond is not formed, are possible. A look at the conformational
enerqgy map131 shows that variations in the angle within 40°-
150° would bring about only marginal change from the lowest
energy (1 Kcal). Thus a distorted C7 conformation without any
intramolecular hydrogen bond estimated to be S0% in the
L-alanine derivative ic satisfactorily explained by the energy
calculations. For the other significant conformer, ( & Y : ~-1500,

!

7209 the 3J coupling constant calculated as before gave a value

of 8.4 Hz, which is higher but with a value of Q = —1550, an
agreement with the reported value is possible. Thus both the
above non-hydrogen bonded conformers could represent 50/ of the

total conformational species in chloroform colution.

The other probable conformer based on conformational energy

o

calculation is the hydrogen bonded CS species ( Ql “f : — |80 )
%1800). However, for p carbon on the <ide chain this conforma-
12@ 121

tion is not allowed. Cung et. al and Smolikova et. al

have suggested CS5 conformation with (—1600, 1709 and with (-
1509, 150% for & and Y angles which would give calculated SJHNCH
coupling constants of 4.8 and 8.4 Hz,respectively. These are
much closer to the expected value of 7.5 Hz, so that contribution

from this species to the extent of S0X as obtained in the present

studies would meet the conformational energy calculations.

From the results obtained by NMR studies)it can be concluded

that the Q angles of -155° and -84° can be possible in intra-
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molecularly hydrogen bonded five-membered ring species and non-
hydrogen bonded species respectively, in the case of N-acetyl L-
alanine N”-methyl amide. The results obtained from conformational
energy calculations <support the above observations and the
probable Q and T’ angles for free non-hydrogen bonded species
are (—840, 60—1500) and for five-membered intramolecularly hydro-

gen bonded species (—1550, 160°) .



CHAPTER V
RESULTS AND DISCUSSION

2=-DIMETHYL AMINO BENZOIC ACID
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CHARACTERISATION OF THE VARIOUS STRUCTURAL SPECIES
OF 2-DIMETHYL AMINO BENZOIC ACID IN DIFFERENT SOLVENTS

RESULTS AND DISCUSSION

Infrared spectra of 2-dimethyl amino benzaic acid (di-
methyl anthranilic acid, DMA) in various solvents in the region
1800-1625 cm—1 at identical concentration (0.0&8 M) are chown in

Fig. 21-24(—)J).It can be seen that the band structure is the

simplest in cy¥clohexane (saturated soluticon ~ 0.01M) with the
carbonyl absorption at the highest (~ 1738 cm—l) frequency.
However, as the <solvent was varied to carbon tetrachloride,
benzene, dioxane, acetonitrile, chloroform, dimethy]l sulphoxide
and methancl, peak absorbancec continuously decreased with the

band profile simultaneously broadening out indicating additional

absorptions. A clear separation of the bands could not be
achieved even after taking considerably lower concentrations
(0.01 M.

Tramer27 had recorded the IR spectra of DMA in carbon tetra-
chloride and benzene solution. From the high value of C=0 stret-
ching frequency along with broad bands at 2450 and 2250 cm_l’ he
concluded that DMA exists as an intramolecularly hydrogen bonded
neutral species. Jose et. al.30 have also studied the spectra of
DMA in carbon tetrachloride, cyclohexane, benzene, chloroform and

dimethyl sulphoxide. They had observed bands <imilar to those

ocbtained by Tramerz? in carbon tetrachloride and from the FMR
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chemical shift of 15.25 & for the hydroxyl proton, they concluded

that the predominant species in carbon tetrachloride were the
intramolecularly hydrogen bonded neutral species. In the other
calvente the carbonyl bands had become broader indicating the

presence of additional species. With a view to investigate the

broadening of the carbonyl band,Fourier deconvolution was perfarmed.

The spectra after Fourier deconvolution are shown in Fiq.
21-24 (=-)1t ics evident that the deconvolution has resulted Iin a
fairly good separation of the bands so that their positions could
be located (Table U). It ie worth pointing out that no indica-
tion of additional bands was observed in the case of DMA in
cyclohexane on deconvolution. In carbon tetrachloride, benzene
and dioxane, there are two sharp bands at 1730 and 1718 with an
unresolved band at 1709 and a broad weak band at ~ 1675 cm_l. In
acetonitrile, chloroform, dimethyl sulphoxide and methanol)two
broad bands at 1709 and 1670-1650 cm_l with weak unresolved bands

at higher frequencies were observed.

From the unusually high value of 1738-1730 em™? for the

carboxylic carbonyl in non-polar solwvents like cyclohexane,
carbon tetrahcloride etc. it is evident that the carboxylic group
is in the unfavourable trans form stabilized by an intramolecular
hydrogen bond between the carboxylic hydroxyl and the lone pair
of electrons on the nitrogen of the orthodimethyl amino group
(Fig. 25a). The high value of C=0 stretching frequency (1731 cm_b

in carbon tetrachloride,compared to 1680 —-1700 cm_l expected
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: 32
for dimeric aromatic acids,was suggestwe1 of trans structure
of the carboxylic group. The multiple band structure for the
-1
hydroxyl stretching vibration at 2540, 2230, 2090, and 1950 cm

30
repcorted earlier in carbon tetrachloride’supported the involve-
ment of the hydroxyl group in strong intramolecular hydrogen

o . 133,134
bonding characteristic of double minimum potential type ? t

The chemical shift of 15.25§ in C014 for this hydroxyl proton in
the PMR spectrum also confirmed the presence of such species.
Thug,the predominant species in carbon tetrachloride are intramo-
lecularly hydrogen bonded neutral species (Fig. 25a). The 1ow
frequency bands at 1720 and 1709 cm_l in carbon tetrachloride
solution can be ascribed to the cis carboxylic acid group which

has a strong tendency to dimerise (Fig. 25b) and to the cis

carboxylic acid sclvated monomer (Fig. 25c). As the solvent was
made more polar, these species were found to increase. The weak
band at 14875 cm_x in carbon tetrachloride is very close to the
value of 1450 cm—-l ascribed to intramolecularly hydrogen bonded
zwitterionic species. These species were also found to increase

on going to solvents like dimethyl sulphoxide and methanal.

In benzene and Jiolqne , a strong band is observed at
1719 cm—1 which can be ascribed to dimeric species. Medium or
weal  bands at 1730, 1709 and 1470 cm_1 show the presence of

other species discussed above..

In chloroform and acetonitrile there is a strong band at

-1 )
1709 cm showing the presence of solvated monomeric cpecies with
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weak bande at 1728 and 1475 cm_1 due to other cpeciec. The
chemical shift of the hydroxyl proton obtained from PMR spectrum
of DMA in chloroform is nearlyiﬁime as that obtained in carbon
tetrachloride ( 15.25 é * which shows strong intramolecular
hvdrogen bonding between the hydroxyl and the dimethyl amino

group (Fig. 25a). The infrared spectrum of DMA in chloroform also
-1 5 ]
<howed medium broad bands at 2500 and 1900 cm | characteristic of

strong unsymmetrical hydrogen bonding of a double minimum poten-

133

tial type . Thus | intramolecularly hydrogen bonded neutral
species are present in chloroform and acetonitrile. The lowering
of C=0 <stretching frequency may be ascribed to the slightly

larger delocalization in the carboxylic group in these solvents.
From the deconvoluted infrared spectra,it can be seen that the
width of the band at 1709 cm-_1 in chloroform and acetonitrile was
larger compared to the bands in carbon tetrachloride, benzene and

dioxane.

In more polar solvents like dimethyl sulphoxide and methanol,
charge transfer takes place resulting in Zwitterions which would
form charge transfer intramolecular hydrogen bond (Fig.25d>. The
asymmetric stretching mode of such a carboxylate group could
absorb at 1670 cm-{ close to what has been observed in the

Zwitterionic intramolecularly hydrogen bonded solid DMA28 at 1650

-1
cm . In order to confirm the nature of thece species, the PMR
spectrum of DMA was recorded in dimethyl sulphoxide -dg (Fig.24)
which <chowed a hydroxyl proton chemical shift of 17.3 $ (with

respect to TMS), much higher than that found for the hydroxyl
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group in the neutral intramolecular hydrogen bond of DMA in
carbon tetrachloride. Such a high value could only be ascribed

+ -
to charge transfer hydrogen bend i.e. N ——H...0

Z2undel et. al.35 have studied the PMR spectra of DMA to see

the effect of various solvents on the proton polarizability. They

investigated the proton transfer between the two structures
OH...N (I> = 0 ...H'N <ID)

from the PMR chemical shifts in various solventse. They obtained
the values of 17.85, 17.72 and 17.048 $ in DMSO, CHSCN and CH2812,
respectively. In structure II, the hydrogen bonded proton was

lecs <screened by the electrons than in structure I and hence the

chemical <chift of the hydroxyl proton was found at lower Ffield
with increase in the polarity of the solvent. BrzezinskKi and
Zundel34 have observed similar behaviour in a closely related
compound) N,N dimethyl 5-R anthranilic acid—-N oxide}in similar

salvents.

The IR spectrum of DMA showed a single band near 1400 cm_1

in the aromatic region in organic solvents. However, in 020 a
doublet at 1408 and 14813 cm_1 has been observed (Fig. 27). The
medium broad band at 15685 cm—1 isc very similar to the band in the
spectrum of the sodium salt of DMA in the solid statel35 wi th
absorption bands at 1405, 1585 and 1540 cm_l. As doubling could
arise from conjugative effects, the band near 1545 cm_.1 has been

ascribed to the carboxylate groups of the zwittericnic species of

DMA which is solvated and not involved in intramolecular hydrogen
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bonding (Fig. 25e). It is worth noting that the strong solvating

power of water in relation to dimethyl sulphoxide and methanoI)is

capable of ©breaking the strong intramolecular charge transfer
hydrogen bond between the CO0  and N+(CH3)2H groups. This is
largely due to the ability of water to solvate both the above
groups while the other two solvents could solvate only one of
them.

From the above studies)it can be concluded that predominant
species in cyclohexane and carbon tetrachloride are intramolecu-—
larly hydrogen bonded neutral species. As we change the solvent

to benzene, dioxane, chloroform and acetonitrile,these species Qo

on decreasing with simultaneous increase in the intramolecularly
hydrogen bonded charge transfer species. In dimethyl sulphoxide
and methanol, intramolecularly hydrogen bonded charge transfer

species are predominant. In 0207the zwitterionic species without

any intramolecular hydrogen bonding are found to be predominant.
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CHAPTER VI e
—~RESULTS AND DISCUSSION

n—ALCOHOLS
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CONFORMATIONAL EQUILIBRIA IN SIMPLE PRIMARY ALCOHOLS

RESULTS AND DISCUSSION

The infrared spectra of ethanol, n-propancl, n-butancl, n-
pentanol and n-hexanol in dilute carbon tetrachloride solution «
0.011 M) in the range 3675 to 357S cm-_l are given in Fig. 28-32.
The free hydroxyl band of ethanol ¢0.0044 M), n-butanol (0.011
M), n-pentanol (0.0098 M™M> and n-hexanol ¢(0.0082 M) and their
deconvoluted and separated band spectra at 303°K are shown in
Fig. 28, 20, 21 and 32’respectiuely. The hydroxyl band of n-
propanol (0.0092 M) and the deconvoluted spectra with band sepa-
ration at two temperatures 303 and 328°K are given in Fig. 29.
It is clear that except in the cace of ethanal, the band posi-
tions ¢ VY high frequency and Y low frequency) and to a qgreat
extent half band widths are clearly established by the spectral
deconvolution, for carrying out unambiguous band separation. In
the case of ethanol/even with variations in the half band width
parameter between 15 and 20 cm_l and enhancement factor of 1.5-2,
no clear separation could be effected. However, the two bands
obtained after deconvolution are considerably sharper than the
original spectrum to effect a satisfactory separation. It was
found during deconvolution that the uncsymmetrical band profile of
the above alcohols could be separated into two bands only and no
more, for  all reasonable values of half band width and enhance-—
ment factors, without developing side lobes and other artifacts.

In the case of methanol, Fourier deconvolution with similar
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parameters did not produce any splitting of the band. ThusJ the
present results clearly establish that unsymmetrical band profile
of 'n—alcohols consists of two bands,ascribable to two rotational
izomers resulting from rotation around the C-0 bond. Many earlier

worlers have separated the hydroxyl band of primary alcohols into

. . . 78-84
two bands wusing graphical/non-linear least square curve
analysis, but due to the assumption of arbitrary band parameters
) £675
their results were unreliable. Some workers have separated the

band profile into three components and postulated rotation around
<

£ =G bond to explain their results. In vieww of the uncertain-—
ties involved in the resoclution of the unsymmetrical profile of
the parent spectra, it is difficult to attribute much

significance to these separations and possibility of additiconal

ol
rotamers from rotation around C -C bond.

In Table VI, the typical band areas for the two rotamers
of ethanol, n-propanol, n-butanol, n-pentanol and n—-hexanol at
various temperatures’ 303—3280K, are given. Two/three concen-—
trations were taken for each alcchol and mean values of areas are
reported.The positions, half band widths of the component bands
and mean equilibrium constants at 303K are given in Table VII
with reported parameters for comparison. The A H values
obtained from a plot of log K vs 1/T x 103 (Fig. 33> are also
given in this table along with reported values. An examination of
the various band parameters shows that the high frequency band of
n—propanol to n—hexanol (363%2-40 cm_l) is decidedly higher than

. =1
3637 cm of ethanol, though the low frequency band is nearly the
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same in all (3827-28 cm—l). The low frequency band had a higher

half band width (22-24 cm—l) compared to the high frequency band

(20 cm_l). The present band positions and half band widths are

quite close to those of OKi and Iwamuraqz, but generally diffe-

rent from those of others. Since these parameters are crucial
for the curve resolution, even small changes in them can alter
the band area results. Thus’using non-linear least square analy-
: -1
sis it band position and half band widths of 3437, 18 cm and
-1 deteymined
34625, 22 cm ‘A{or n-propanol were considerably different from
those obtained in the present case. This also resulted in a K
value of 1.2 7 as aqgainst 1.76 found from Fourier Deconvolution

method used in the present work.

The assignments of the bande to specific rotamers were
based on the early work of OKi and lwamuraqz, who arqued that the
hydroxyl frequency in alcohols depended on the disposition of the
0-H bond with respect to the < C-H and = C-alkyl bonds
(Fig.5). Thus)the 3637-40 cm—l band in the present alcohols was

ascribed to the trans conformer in which the O-H bond is gauche

to the two methylene C—-H bonds and the band at 3627 cm_.1 to the

two gauche conformers in which the O-H bond is gauche to the =X C-

H and << C- alkyl bonds. Since trans conformer frequency is
somewhat lower than the frequency in methanol (3643 cm_l), it is
quite likely that the O-H group makes an angle different from s0°
with respect to the « -methylene C-H bonds. These assignments

. 4q
of OKi and Iwamura 2are generally accepted by others though



Kolbe58 prefers the assignment of the high frequency band to the

qauche conformer to agree with their statistical distribution.

Some <support to the present ascsignment comes from the spectra of

secondary alcohols, 1like 2-propanol, which have band profiles
-1 ;

separable into components at 3427 and 3417 cm , corresponding to

the expected conformers in which the O-H bond is gauche to < C-H

and %' C-alkyl and two C-alkyl bonds, respectively.

The above assignments are in line with the observations of

136 137

Krueger et. al and Bellamy et. al who found that NH/OH

stretching frequencies in amines/alcohols were higher when =< —-CH

bonds were lying trans to the lone pair electrons. The CH bonds
Z

in turn had also shown lower frequencies. McKeanng had found

support to the lower CH stretching frequenciecs when they lie

trans to oxygen/nitrogen lone pair in the form of bond lengthen—
ing. Bond length calculations of a few selected nitrogen com-—
pounds like CH3NH2, (CHS)ZNH etc. using dissociation energies had
shown their lengthening. In the context of the present alcohols,
me thanol would have two CH bonds lying Eﬂiﬂi to the oxygen lone
pairs in both its conformers giving rise to high frequency for OH
bond. In the primary alcohols, the trans form would have two CH

bonds trans to the oxygen lone pairs while the gauche form would

have one CH bond only trans to the oxygen lone pair. Thus) the

higher frequency of the trans form relative ta the qqauche form

can be understood.

From Table VII, it can be seen that the trans species in

these alcohols predominate to the extent of 1.4:1 over the qauche
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as against statistical distribution of 1:2. The revercal in the
rotameric population can be ascribed to the larger separation
between the 0-H and C-alKyl substituent in the E:igi<species than

in the gauche form where they are much closer and could cause

139
steric repulsion. Further, microwave spectrum of ethanol

cshowed predominance of trans conformer over the qauche cspecies.

Bakkelqo has recently determined 3JHC.OH coupling constants

from PMR studies of a series of alcohols including ethanol in
dilute CC!4/CFC13 salution ¢ 0.01 M) and arrived at rotameric

population. In the «case of ethanol, he found the predominant

conformer to be qgauche with 654 population (statistical value) as

against the infrared results which showed the trans cpecies to be

predominant to the extent of &24. Bakk9140 in fact, suggested the

revercal aof the present infrared ascsiaonments of bands of 24637 and
3427 cm_1 to 52323 and gQauche cpecies, recpectively to agree with
the PMR results. He felt that reliable values of rotameric
concentrations could not be obtained from band separation of the
unsymmetrical broad hydroxy! band profile. He had, however,
found that the rotameric population calculated from 3JHC.OH coup-—

ling constants in 2-propanol (gauche 75 %) was in reasconable

agreement with infrared results (gauche 43%) based on the assign-

ment of 34827 cm-_1 band to gauche species in which the 0O-H bond

lies between the C-alkyl and C—H bonds as in ethanol.

The rotameric populaticons in the secondary alcoholse obtained

from NMR and IR studies do not differ but in the primary alcohols
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the conclusione are not in agreement. In the case of ethanol the
rotameric population of trans species is found to be 627, from the
present IR studies as against 45X 9329@9 species calculated by
Bakkelqo from NMR results. To understand this discrepancy in the
rotameric populations derived from NMR 3JHCOH coupling constants,
one will have to look into the assumptions made by Bakkelqo wi th

regard to the possible conformations of ethanol and other alco-

hols.

It is assumed that the rotation around the C-0 bond recsults
in staggering of the O-H bond with respect to the C-H/C-C bond in
a dihedral angle of P (Fig. 95S). We feel that in the gauche
species of ethanol and other n-alcohols, 0-H may be making dihed-
ral angles much smaller than 60° and 1800, with the methylene C-H
bande to avoid steric interaction with the CH3/alkyl group. This
can be checked by assuming various dihedral angles in the gauche
species and using Karp]us141 equation,

3J4cOH = A + B cos B8 + C cos 28

where 3JHO.CH is the wicinal proton—-proton coupling constant

1
for H-C-0-H fragment andIB is the dihedral angle between the
planes H-C-0 and C-0-H. The values of A, B and C were calculated

from the 3JHC.OH coupling constants reported by Hammakar142,

(11.46, 1.95 and 12.3Hzfor dihedral angles of 0, &0 and 180?
respectively) for di-t-butyl carbinol. These &4, B and C wvalues

calculated as described above were 5.4, -0.35 and 6.55,

respectively. Using these values the coupling constants for 8
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angles of 30 &40 and 150° were calculated as follows

J°7 = 5.4 - 0.35 x cos 30 + 4.55 x cos &0 = 8.37

N

Hz

Jé&0 = 5.4-0.35 x cos 40 + 6.55 x cos 120 = 1.99 Hz

J = 5.4-0.35 x cos 150 + &.55 x cos 300 = 8.978 Hz

From these wvalues the coupling constant for the two qauche

conformations with 8 angles of 30° and 150° can be calculated

P
n

= 8.372 + B8.978
2

= 8.675 Hz

The coupling constant for trans conformation can be deduced from

2 J&0
Jg = - = 1.95 Hz
2
140 . :
Bakke had recorded the PMR spectra of ethanol in dilute CCI

4
solution (< 10_2 M) and obtained 3JHCOH coupling constant of 5.1
Hz. This is the average value for the trans and the two qQauche
conformers of ethanol. If T and G represent their concentra-
tions, then S.1 =T x 1.95 + G x 8.675 and 1 = T + G.

From the above two equations we get 53X trans and 474 qauche

form which are in general agreement with IR results. The above
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calculations show that by suitable choice of angles in the ?épgii
3 .
species and using Karplus equation the observed ~JHCOH coupling

constant of S.1 Hz can be matched.

We have attempted an exercise to calculate the population of
trans species by assuming various dihedral angles in the qauche

species in the case of ethanol as shown in Table VIII.

Dihedral angles Population of
n deywes trans species %
40 180 39
45 165 50
35 155 53
30 150 53
25 145 52
15 135 47

Thusy for dihedral angles less than 600, the population of
the trans species increases and the trend looks such that IR and

NMR  results come closer.Thﬁvvbmassignments made on the basis of

infrared spectra need not be reversed as suggested by Bakkelqo.
Some refinements and improvements can be made in the dihedral
angles, so as to match the NMR results with IR assignments,as in

secondary alcohols.

Similar calculations were made by Rader144 and Fraser et.

145

al assuming dihedral angles of 40° and 180° for the gauche

conformation of ethanol. They obtained 33X and 39% trans species

respectively’which are comparable to those found by Bakkelqo.
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The rotamer equilibrium constants obtained for the wvarious
alcohols as can be seen from Table UII,aPe closer to those report
-ed from non-linear least square curve analysis using arbitrary

band parameters and Lorentzian band shape (1.2-2.6) and is much

smaller than those determined graphically using arbitrary band
parameters (2.7-11.0). It is interesting to note that general
agreement was obtained with the results of Oki and Iwamura 42,
whose assumed band parameters of ethanol, n—propanal, and n-—
butanol were closer to those determined by the deconvolution
me thod. The rotameric equilibrium constants of the various
normal alcohols from ethanol to n—hexanol in the present study

varied only marginally from one another (Table UII)’thus confir-
ming that sterically unhindered straight chain substituents do
not affect the conformational equilibria arising from rotation

around the C-0 bond to any appreciable extent.

The wvariation of k with temperature in the range 303-328%
are given in Table IX. It can be seen that the Kk values increacse
with temperature. Same type of trend has been observed by Fruwert
et. al.68 in the temperature study of n-alcohols. The variation

of band areas with temperature is shown in Table UI. The band

areas are found to decrease with temperature.

The observed A H wvalues can only be compared with the
results obtained on ethanol and n-propanocl by Kolbesewho ascribed
the higher frequency band to gauche (opposite to our assignment)
and obtained values of 4.3 and 7.4 KJ/mol respectively. Micro-

wave spectral investigations report a difference of 1.3 and 1.2
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Table IX
Temperature dependence of equilibrium

constant (K> in n—-alcohols

Temp . (K) 303 308 313 318 323 328
Ethanol 1.65 1.77  1.87 1.85 1.92 2.04
(0.0066M)
n-Propanol 1.72 1.86 2.16 2.17 2.34 2.43
C0.0092 M)
n—Butanol 1.5 1.78  1.82 1.85 1.89 i.¢
(0.011 M)
n-Pentanol 1.53 1.5 1.64 1.71 1.75 1.84
(0.0098 M)
n—Hexanol 1.48 1.64 1.4 1.71 1.76 1.84

(0.0082 M)
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KJ/mol between the gauche and trans isomers in ethanol139 and n-
propan011:3 respectively. We are not aware of any A H wvalue
reported for other alcohols studied by us. A H value of 8.9
KJ/mal has been Peported68 for n-octancol in carbon tetrachloride.
While intramolecular hydrogen bonding between C-H and the lone
pair electrorson oxygen has been suggested for the formation of

the gauche form, the possible difference in the hydrogen bonding

interaction between the solvent CC!4 and the rotamers (Cl...H-0Q)
has also been suggested58 for the stability of the trans confor-
mers. However, only a detailed A H study of rotameric equilibria

in other types of alcohols can offer a satisfactory explanation.

qu%ihe present study has confirmed that the broad hydroxyl band
profiles in primary alcohols are the results of rotational
isomerism of the C-0 bond. In straight chain alcohols, the high
frequency ££§ﬂ§ conformer predominates over the gauche conformer
approximately to the extent of 1.4:1 with an enthalpy difference
of ~ 7 kKJ/mol, suggesting little hindrance to ratation around C-0

bond from a CH2 chain.
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In the present work, we have studied the conformational
behaviour of three types of molecules i.e. dipeptides, 2-dimethy]
amino benzoic acid and n-alcchols in dilute solutions. The dipep-—
tides,N-acetyl (glycine, L-alanine, L-leucine) N’-methyl amides
are present as fully extended free form and intramolecularly
hydrogen bonded five membered ring species in dilute chloroform
soluticn (IO_QM). The populations of free non-hydrogen bonded
species were found to be 38, 47 and &5 per cent for N-acetyl
gl¥cine N -methyl amide, N-acetyl L-alanine N7-methyl amide and
N-acetyl L-leucine N’-methyl amide, respectively. It can be seen
that the percentage of free fully extended form increaces as the

5%
bulkKiness of the substituent on C is increased.

The controversy regarding the solubility in carbon tetra-
chloride and the existence of the seven membered ring species in
N-acetyl glycine, L-alanine, L-leucine N‘-methyl amide could be
settled by the present work. We found that solutions of concen-—
trations greater than IO—SM could not be prepared in carbon

tetrachloride)though in most of the earlier work solutions of the

-4
crder  of 10 M have been claimed. In agreement with the latest
results of Maxfield et.al, such solubilities were possible due to
impurities in carbon tetrachloride. The band ascribed to the

seven membered intramolecularly hydrogen bonded species, probably,

has ite origin in impurities in the solvent as shown by Maxfield
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et al. In chloroform, we could not find any band in the region
3370-3300 cm_1 ascribable to the seven membered intramolecularly

hydrogen bonded ring species.

The present results on the conformaticnal population in
N-acetyl L-alanine N’-methyl amide were compared with PMR results
and conformational energy calculations to qive the probable Q and
Y angles of (-155°, 1609 and (-84°, 40-150°) in intramolecular

five-membered and non-hydrogen bonded free species respectively.

Earlier studies of 2-dimethyl amino benzoic acid (dimethyl
anthranilic acid, DMA) in various solvents had shown that the
predominant species in CC]4 were intramolecularly hydrogen bonded
neutral species. The wvarious other species in solution could not
be recognised as the band in the carbonyl region was broad and
could not be separated. In the present work, using Fourier Decaon-
volution method, this broad band was resolved into component
bands and the possible additional species ascribable to these

bands were determined.

In cyclochexane and carbon tetrachloride predominant species
were intramolecularly hydrogen bonded neutral species giving rise
to & strong band at 1731 cm—1 suggesting trans structure of the

carboxylic group. The low frequency bands in carbon tetrachloride

showed the presence of other species likKe dimeric species, sol -
vated monomeric species and intramolecularly hydrogen bonded
Zwitterionic species. In benzene and dioxane dimeric species

were predominant <(strong band at 1720 cm-l) along with other
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cspecies mentioned above. In chloroform and acetonitrile, solvated
monomeric species were predominant which can be seen from a
strong band at 1709 cm_l. The medium or weak bands showed the
presence of other species in these solvents. In dimethyl sulpho-

-1 .
xide and methanol, a strong band at 1470 cm was assigned to

intramolecularly hydrogen bonded Z2witterionic species. Other
species were also found in small amounts. In Dzolthere were
exclusively non-intramolecularly hydrogen bonded solvated

Zwittericonic species.

The intramolecular hydrogen bonding in the neutral DM& mole-
cule was unsymmetrical in nature ,as indicated by the absorption

in the IR spectrum at 2540, 2230, 2090 and 1950 cm—1 in carbon

tetrachloride solution, characteristic of double minimum poten-
tial type (Hadzi type I). This was confirmed from the PMR
spectrum where the hydroxyl proton chemical shift was found at

15.25 S (with respect to TMS) in the same solwvent.

The asymmeiric broad band profile in the hydroxyl stretching
region of n-alcohols in dilute carbon tetrachloride solution was
ascribéd to several causes like Fermi resonance, intramolecul ar
hydrogen bonding between methyl C-H bond and lone pair of elec-—
trong on oxygen atom, conformational heterogeneity etc. The last

factor has been subsequently found as the most probable explana-

tion for this asymmetry. The broad band was therefore recsolved
by many worKers using graphical or non-linear least square curve
analysis method. The band parameters l1ike band position and half

band width wused for this separation were arbitrarily chosen by
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different workers giving rise to divergent results. We have used
Fourier Deconvolution method where no band parameters were
assumed to resolve the broad band unambiguously in the cace of a
few n—alcohols. The band positions could be established by decon-
volution method and the separation therefore did not involve any

uncertainty.

The high frequency band in all the alcohols was assianed to
trans species by comparing with the single symmetrical band of
methanol and low frequency band to the qgauche species. Assuming
the same integrated absorption intensity for these trans and
ggugh? bands, the equilibrium constant was determined at various

temperatures and A H values (~ 7 KJ/mole) for gauche—trans con-—

version in solution were calculated. The observed A H values
were compared with those obtained by Kolbe for ethanol and n-
prapancl.

The present results give trans:gauche ratio of 1.4:1 in all
alcohols. These results did not agree with those reported from

NMR  studies for ethanol according to which there were &5% qauche

and 35%Z trans species. We have explained this discrepancy in the

NMR  results in terms of the possible changes in dihedral angles
in the qauche conformer. We found that these angles could be
smaller than 40° and 180° in contrast to what are normally
assumed to avoid steric interaction with the CH3/alkyl group of

=
the substituent on C . Assuming the dihedral angles of 30 and

1509 and using Karplus equation, we arrived at 47/ gauche and S3%
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trans species in general agreement with IR results.

Thus, usefulness of Fourier Deconvolution for separating
strongly overlapping bands has been established in the present
work and its applications in other areas are likely to be much

larger.
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IR Spectra and Conformational Behavior of
N—Acetyl-(Gchine, L-Alanine,
~Leucine)-N'-Methylamides in Chloroform*

LAKKAL L JOSE, ANAGHA A. BELHEKAR, and MANGALA
AGASHE, National Chemical Laboratory, Pune 411 008, India

Synopsis

tching bands of N-acetyl (giycne, Lealanine, L-leucine)-N'-methylamides in dilute
olution have shown that these dipeptides are present as a mixture of intramolecularly
1-1x¢ ‘rmui five-membered ring species and nonhydrogen bonded species. Integrated absorp-
sity measurements revealed that the concentration of the intramolecularly hydrogen
tes decreased from 62% in glycine to 35% in the L-leucine derivatives.

oper

INTRODUCTION

-methylamides of amino acids have been studied as model
; Im determining polypeptide conformation since 1950. From the ir
retching bands ub.suva.d at 3460-3440, 3420, and 3360-3300 ¢m ™! in
¢ carbon tetrachloride (107 *M) Mizushima et al.' and Efremov et al.?
neluded that these exist as a mixture of the intramolecularly hydrogen-
nded seven-membered ring species (Ifg. 1, middle) (3360-3300 and 3420
and fully extended species (Iig. 1, top) (34603440 cm” i
Portnova et al,;” who investigated dipeptides of the type RCON(Rl)
-CH(CH,;)CON(R,) - CH(CH,)COOCH,, where R = C;H,CH,0, CH;, R,
H, CH,;, R, = H, ClI 1., also came to a similar concluslon regardmg the nature
pecies in solution. \ul‘ and Ginsburg® who obtained the same spectra for
Vemethyl-N-methylamides of glycine, L-alanine, etc., ascribed the 3420 ecm ™!
littonal intramolecularly hydrogen-bonded five-membered ring species.

crences in the spectral interpretation led IHrubyf to suggest ad-
I work in this area.

ield et al.” and Smolikova et al.® recently found that in very dilute
tion of chloroform and carbon tetrachloride the band at 3360-3300 ¢cm ~ !
sent or very weak. Maxfield et al. further showed that a band in this
don could arise from impurities in the solute-solvent systems. In the
nt study, we have checked the previous results and taking into account

¢ previous assignments arrived at a final picture. In addition, we determined
formational population using the integrated absorption intensities

the free NH stretching band of N-methylacetamide and the intramolecu-
+ hydrogen-bonded  five-membered NH ring of N-acetyl-glycine-N'-
amide, a1 procedure that has been successfully employed in determin-

mmunication No. 41056.
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Fig. 1. Conformations of AAMA.

ing conformational equilibria in halo alcohols.” The results are compared w ith
nimr coupling constants!'®!! obtaincd under similar conditions and conforrna-
tional energy calculations.'®

EXPERIMENTAL

Materials

Larting materials were Fluka Puriss/Purum grade chemicals. In eviery
he amino acid ester hydrochloride was fivst prepared by passing HC (3as
thron .wﬁ; amino acid dissolved in methanol h()luLl()n at 0°C. Then, using tthe

thod of Apple-White and  Neiman,'™  the  corresponding  N-acet yl-
.\'!n‘.«i}\.;, I/dimethyl  derivatives  were  prepared.  N-acetyl-glycine-1V'-
methylamide (AGMA) and N-acetyl-L-alanine-N’-methylamide (AAMA) w.ere
vecrystallized at least five times from an cthanol ethyl acetate (1:9) mixtu-re.
Voncetyl-e-leucine-N-methylamide (ALMA) was recrystallized similarly froom
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TABLIE

Melting PointCand Microanalysis

Observed % Calculated %

mp S S i —

(“C) ¢ I N 6 I N
I AGMA 1568 45.7 7.63 21.1 46.1 7.7 21.5
2 AAMA 182 50.5 8.37 19.0 50.0 8.3 19.4
3 ALMA 165 58.5 10.0 13.9 58.0 9.65 15.0
14 AGDMA 50 48.5 8.51 17.9 50.0 8.3 19.4
5 ASMA 62 48.5 8.62 17.8 50.0 8.3 19.4

an ethyl acetate hexane (1:1) mixture. N-acetyl-glycine-N’-dimethylamide
(AGDMA) was purified with difficulty due to its high solubility in organic
solvents and low melting point. It was crystallized from ethyl acetate hexane
mixture seven times. In the case of N-acetyl-sarcosine-N'-methylamide
(ASMA), sarcosine was synthesized using chloroacetic acid and methylamine. '
The purity as checked by melting point and microanalysis are shown in
Table 1.

Analytical Fluka grade N-methylacetamide was recrystallized from ethanol
three times before use. All materials were dried under vacuum before prepar-
ing the solutions by direct weighing. Reagent grade Merck chloroform and
carbon tetrachloride were washed with water at least five times by vigorous
stirring and were dried over calciumn chloride (2 days), and twice distilled and
stored in dark. An hour before use, activated molecular sieves (Linde 4A) was
added for final drying.

Instruments

Infrared spectra were recorded on a Perkin Elmer 221 infrared spectropho-
tometer using an expanded scale (100 em ™', 8 em) and a slit programme
(970 x 2). Variable pathlength cells with 4-c¢m pathlength were employed for
all measurements. The integrated absorption intensities were determined by
measuring the band areas and applying the necessary corrections'® as de-
scribed earlier.'® The band separation was done either using a graphical
method or a computer programme adopted before.?

RESULTS AND DISCUSSION

The spectra of N-acetyl-glycine(L-alanine, L-leucine)-N’-methylamides in
dilute chloroform solution (= 5 X 10~ ‘M) are shown in Figs. 2-4. While the
glycine derivative gave two well-defined bands at 3450 and 3418 ecm !, the
L-alanine and L-leucine derivatives showed mainly three bands at - 3450,
— 3433, and - 3415 em ™', The exact position of the last band could not be
determined as it appeared as a shoulder 1o the band at 3433 em ' There is
hardly any absorption below 3400 ¢cm ', These results are in agreement with
those of Maxficld ¢t al.,” who studicd (hese compounds in the same solvent
and found no band below 3400 cm ' at a concentration of 10 “'M. However,
they found two bands at 3420 and 3410 for L-alanine, and three at 3425 3415,

25, ¢
and 3405 in leucine in place of the 3415-cm ' shoulder observed by us.
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Fig. 4. NH stretching bands of ALMA.

Liremov et al.,* however, reported nearly identical three bands above 3400

cn” ! for AAMA in chloroform as found by us. In fact, for most dipeptides
only a single band at 3420 cm ™! is reported"*% in dilute carbon tetrachloride.

Mizushima et al,' Neel,* and Efremov et al.,* however, had observed a
bund at 3300-3360 cm ™! in the same dipeptides in dilute carbon tetrachloride
solution (= 107*M) in addition w the bands observed above 3400 ecm ™', This
band was reported weaker in chloroform relative to that in carbon tetrachlo-
ride where the seven-membered intramolecularly hydrogen-bonded NH species
ascribed to this band were reported® to be as much-as 60-75% (glycine,

-alanine, L- lu.cme) Efremov et al.? calculated the concentration of the

seven-membered ring species to be 30--20% in the various N-ac etyl-(amino
acid)-N'-methylamides in dilute chloroform solution. Guubuxg’ recently re-
ported a band in this region for compounds studied in the present work in
dilute carbon tetrachloride (= 107 "M ). An association band was also located
i the same region. On the other hand, Smolikova et al. found hardly any
bar 1(1 in this region for tert-leucine and L-valine derivatives, although a very
vcak band was observed for L-alanine and L-leucine derivatives in dilute
";xr‘xm tetrachloride solution (- 2 X 1075M).

In order to find out whether the band at 3300-3360 cm ™! reported for the
title compounds was present in 10 *M carbon tetrachloride solution, we tried
to prepare such a solution of AGMA and found that the maximum solubility
was close to 5 X 107°M. Maxfield et al.” have also made a similar observation

\‘, further, had shown how the solubility was enhanced in impure carbon

strac nu‘ld(, containing contaminants like phosgene, HCI, water, etc. A weak
broa J band at 3370-3300 em ™! was produced by these impurities as well as by

wethylamine from unsublimed AGMA. A lower solubility (< 2 X 107°M) was
also fo mr! in the case of the L-alanine derivative by us. These results, along

ith those of Smolikova et al., clearly establish that the spectra recorded at
concentration by the various workers are suspect and that the band

nd in the 3360-3300-cm ™" region in both N-acetyl- -glycine(and vL-alanine)-
“-methylamides is due to impurities in the solute-solvent systems.
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Of the two NIH stretching bands in the title compounds, 3460-3440-cm !
bands are clearly due to free NH groups, as suggested by nearly all the
workers. With regard to the band at 3420-10 ¢em ™', Mizushima et al. and
ISiremov et al. ascribed it to the free NH group of the seven-membered
intramolecularly hydrogen-bonded folded form. This assignment is untenable
now since it has been shown above that there is no absorption at 3370-3300
em ! oaseribed to the seven-membered intramolecularly hydrogen-bonded
species in these compounds in chloroform. Neel® have ascribed the 3420-10-
cm ' band to an intramolecularly hydrogen-bonded five-membered NH ring
in the title compounds in carbon tetrachloride. Marraud et al.'” have found
two bands at 3460 and 3440 cm ' in N-acetyl amino acid esters in dilute
carbon tetrachloride solution that are ascribed to the free and intramolecu-
larly hydrogen-bonded five-membered NH ring species. Further, the absence
of the 3420-10 cm™" in the spectra of N-methylated N-acetyl-(amino acid)-
N’-methylamides® strongly supports the above assignment. Thus the present
studies establish that there are only two types of species in dilute solution of
N-acetyl-(amino acid)-N’-methylamides, the intramolecularly hydrogen-
bonded five-membered ring species (Fig. 1, top) and a form containing only
frec NH groups (Iig. 1, bottom), also called the nonhydrogen-bonded confor-
mation.

In order to determine the concentrations of the two different species, we
separated the free and intramolecularly hydrogen-bonded bands in the spectra
and used the integrated absorption intensities (B) of the free and intramolec-
ularly hydrogen-bonded NH groups at 3460 em ' in N-methyl-acetamide and
at 3405 em ™' in AGDMA, respectively, for converting the band areas to NH
sroup concentrations. The free NH integrated absorption intensity measured
for a number of N-alkylacetamides' in carbon tetrachloride showed a varia-
tion of B values (18-22 X 1073 cm? mol ! s, 3.6-4.4 X 10% dm® mol~!
cm”?) when alkyl was varied from methyl to isobutyl, so that its use as a
standard for measuring the free NH group concentration can be justified
(within 20%). The mean integrated absorption intensity of the NH group of
N-methylacetamide measured in dilute chloroform at three concentrations
(1-5 X 107°M) using procedures reported earlier'® gave a value of 7.1 X 10°
dm® mol ! em~2 This can only be compared with the values reported'® ¥ in
carbon tetrachloride (4.3 X 10® dm® mol "' em~2, 5.8 X 103 dm® mol~!cm ™2
respectively).

The spectrum of AGDMA in chloroform showed a strong band at 3405
em ™! with a weak shoulder at 3445 cm ™! ascribable to a small amount of free
NH species. Maxfield et al.” found only a single band for this compound in
chloroform. In carbon tetrachloride, however, two bands each at 3460 and
3412 cm ! for dimethyl,” and 3460 and 3415 cm ', for the diethyl?! deriva-
tives have been reported. N-acetyl amino acid esters in dilute carbon tetra-
chloride solution as shown carlier'? exists as a mixture of the intramolecularly
hydrogen-bonded  five-membered rving and free species. Due o the weak
intramolecular hydrogen bond, the extent of stabilization offered is small and
a certain amount of free species would be expected. The concentration of the
free NH band in AGDMA was estimated to be 8% from band area measure-
ments and the integrated absorption intensity of the five-membered intramo-

)
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lecularly hydrogen-bonded NH group was calculated from the band areas to
be 14 x 10° dm” mol ™' em ™% (Table 1I).

Using the two integrated absorption intensities (B) of the free and five-
membered intramolecularly hydrogen-bonded NH groups, the concentrations
of the free (Cy) and the intramolecularly hydrogen bonded (C,) NH groups in
the title compounds are calculated from band areas (A) using the equation:

B=A/Cl

where [ is the pathlength (4 cm) and C is the concentration in g mole/L. The
values thus obtained are given in Table I1. Knowing that the free species (A)
having two free NH groups would contribute twice the intensity of a free NH
group and that the intramolecularly hydrogen-bonded five-membered ring
species (B) would contribute to one free NH group intensity, and one bonded
NH group intensity, the following equations can be written:

Ci =0y
Ci=Cs—Cy

where Cg is the solution concentration. The C,. values can be used as a check
of the results since

Cp = 2C, + C,

It can be seen that the concentrations of the two species add up to the total
NH group concentrations in all cases within < 10%, which shows the validity
of the assumptions regarding the use of integrated absorption intensity. The
relative proportions of the two species in the title compounds show that the
free form increased with increasing bulkiness of the substituent at the CA.
Such a trend has been reported in the case of the series of N-acetyl-(amino
acid): (glycine, leucine, valine, etc.)-N’-dimethylamide by Neel." This can be
understood since such a group could hinder the rotation around the C—N
bond and reduce the probability of the C—OQ and NH groups coming closer
for intramolecular hydrogen bonding.

We had seen above that theve is har-dly vy iniramoiecularly hydrogen-
bonded seven-membered ring species formed in the dilute solutions of the
present compounds, although such species could be stabilized by their stronger
hydrogen-bonding interaction over that in the five-membered ring hydrogen
bond. In ASMA, where the formation of the intramolecularly hydrogen-bonded
seven-membered ring species is reported,' we have determined the concentra-
tion of this species using the integrated absorption intensity of the free NH
group (Table I). We found that these are present to the extent of 30-35%, the
remaining species having the nonhydrogen-bonded conformation. This raises
the question as to why the intramolecularly hydrogen-bonded seven-mem-
bered ring species are absent in the N-acetyl-(amino acid)-N’-methylamides in
solution. In a somewhat comparable instance, the diethylene glycol-mono-
methyl-ether® [CH(OCH,CH,),0H], which could form both five- and
eight-membered intramolecularly hydrogen-bonded species through a single
hydroxy! group, the relative proportion of the five- and eight-membered
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TABLI LT
Predicted and ()h served Proton Coupling Constants for AAMA

%
¢ :lel Y 1 11
Five-membered (onfonnu
Pullman md Muigret® - 180 3.3 180 0.34 0.34
Cung et al.’ =160 6.8 170 0.19 0.26
Smolikova et al.*! =150 8.4 150 0.11 0.11
Nonhydrogen bonded
Bystrov et ul.* 60 3.3 - 60 0.34 0
Renugopulkrishnan et al,*’ -120 10.9 - 60 0 0
Maxfield et al? - 84 7.5 60 0.15 0.34
150 0.15 0.11
- 1560 8.4 70 0.11 0.26
Observed'? 7.5 0.11 <0.03

intramolecularly hydrogen-bonded and free species were 62, 31, and 6%,
respectively. The frequency shifts for the five- and eight-membered intra-
molecularly hydrogen-bonded hydroxyl group were 40 and 195 cm™!,
respectively. It would appear from the above that the intramolecular hydro-
gen-bonding interaction in the seven-membered ring of the present compounds
(Av =100 em ™) is far too small to stabilize such species in the presence of
the more facile (entropywise) five-membered intramolecular hydrogen bond.

Comparison with Reported NMR Results

In order to see whether the two conformations found by the ir spectroscopic
method are supported by nmr results, we compared the reported *J HNCH
coupling constant'! of 7.5 Hz for N-methyl-L-alanine-N’-methylamide in di-
lute chloroform (7 X 107°M) with those calculated for possible angles sug-
gested by different authors®*" for the above conformations using the
Karplaus-Bystrov formula'® with A = 9.4, B = 1.1, and C = 0.4 (Table III).
A perusal of the data revealed that the observed value could arise from a
mixture of a five-membered conformer with ¢ = —180° (3.3 Hz) and nonhy-
arogen-bonded conformer with ¢ = —120° (10.9 Hz), or a five-membered
conformer with ¢ = —155° (7.5 Hz) and a nonhydrogen-bonded conformer
with ¢ = =84° (7.5 Hz). It was found from conformational energy calcula-
tions (see later) that ¢ = —180° is not allowed with 8 carbon atom on the
side chain, 'so that the mean value of 7.5 Hz arises from conformers having
¢ = —155 and —84°.

Davies et al.'® have shown that five-bond long-range proton-proton cou-
pling existing between the C*H group of the amino acid in peptide bond, and
that the methyl groups (acetyl and N-methyl) could be used to predict the
torsional angles ¢ and . Although the observed %) coupling constant for
peptide bond 1 (0.1) is close to 0.15 for ¢ = 5° (C, conformation) and 0.15
for ¢ = —84° (nonhydrogen-bonded (()nl’(nnmu()n) the observed *J coupling
constunt for peptide bond 2 (< 0.03) is very different from the calculated
values = 0.2 (for Cy conformation) and 0.11-0.34 (for nonhydrogen-bonded

conformationy
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TABLE IV
Calculated and Observed ™ C..."" H Vicinal Coupling Constant for AAMA
"HNC '"HNC™ P "HCUNM(C
Calculated® for ¢
- 160 2.6 0.5 1.0
- 80 0.8 2.8 0.6
+ 40 7.0 <0 4.0
+90 0 4.0 4.0
Observed? <1 1.9 2.5

Solkan-and Bystrov? have theoretically calculated the vicinal spin-spin
interaction constants between 'H and 'C nuclei in a peptide fragment for
various ¢ angles and have shown how these, together with the *J HNC*H
coupling constant, permit a determination of the torsional angle unambigu-
ously. Gavrilov, Solkan, and Bystrov® have subsequently measured the
vicinal coupling constants 'HNC® '¥C’, 'HNC® C#, and 'H*CN"C’ of
AAMA in methanol (concentration = 1M). Using the observed *J HNCH
coupling constant of 7.5 Hz in dilute chloroform, we have read out from their
graphs?® the three coupling constants for the four ¢ angles (Table IV) and
compared them with their experimental results.?” The agreement between the
observed values and those calculated for the ¢ angles —160 and —80° are
better than those for +40 and + 90, although much better agreement should

be expected. This is definitely due to the higher concentration and the
relatively polar solvent used for the *C studies.

Comparison with Conformational Energy Calculations

Zimmerman et al.'® have concluded from their conformational energy
calculations that there are several low energy conformations for N-acetyl-
(amino acid)-N’-methylamide. The C, equatorial conformation (¢, ¢: —84°,
79°) was calculated to have the lowest energy. The intramolecularly hydro-
gen-bonded C, conformation, however, has been shown to be absent in the
present compounds, but conformations with ¢ = —84° but ¢ angle different
from 79° such that an intramolecular hydrogen bond is not formed are
possible. A look at the conformational energy map'? shows that variations in
the ¢ angle within 60°-150° would bring about only marginal change from
the lowest energy (1 kcal). Thus a distorted C, conformation without any
intramolecular hydrogen bond estimated to be — 50% in the L-alanine deriva-
tive is satisfactorily explained by the energy .calculations. For the other
significant conformer (¢, ¥: —150°, 70°) the *J coupling constant calculated
as before gave a value of 8.4 Hz, which is higher but with a value of
& = —155°, an agreement with the reported vaiue is possible. Thus both the
above nonhydrogen-bonded conformers could represent 50% of the total
conformational species in chloroform solution.

The other probable conformer based on conformational energy calculation
is the hydrogen-bonded C; species (¢, ¥: —180°, 180°). However, for  carbon
on the side chain this conformation is not allowed. Cung et al.?* and Smolikova
et al.?! have suggested C, conformation with (=160°, 170°) and with (—150°,
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1507) for ¢ and ¥, which would give calculated *J HNCH coupling constants
of 6.8 and 8.4 1z, respectively. These are much closer to the expected value of
7.5 Hz, so that contribution from this species to the extent of 50% as obtained
in the present studies would meet the conformational encrgy calculations.
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Abstract  Foure

acid to anumber o

icconvolution has resolved the broad carboxylic bands in 2-dimethylamino-benzoic
Invidual bands which helped to identify the various species in solution. While neutral

species with or without an intramolecular hydrogen bond predominate in non-polar solvents. the
Zwitteriome species with or without an intramolecular hydrogen bond are the maim species in polar
solvents, The strong solvating power of water was able to break the strong intramolecular charge transfer
hydrogen bond present in 2-dimethylamimo-benzoie acid

INTRODUCTION

Some years ago, onc of us [ 1. 2] showed that dimethyl-
anthrantlic acid has an intramolecularly hydrogen
bonded Zwitterionic structure in the solid state, later
confirmed by X-ray crystallographic analysis [3],
while in solutions of cyclohexane, carbon tetrachlor-
ide ete, the predominant species were intramolecularly
hydrogen bonded neutral specics. Because of the
broad profile of the absorption at 17501625 cm ™!, it
was not possible to separate the bands and establish
the nature of the various other species in solution at
that time. Recently, KAUPPINEN et al. [4,5] have
reported a deconvolution procedure for band separ-
atton which was carried out conveniently in Fourier
Space using a computer program. In view of the
unusual structural behaviour of dimethylanthranilic
acid and the conflicting results [6-8] on the nature of
species in solution, we have examined its i.r. spectra in
a variety of both polar and non-polar solvents includ-
g water (heavy) and using the Fourier deconvolution
technique separated the bands and established the
various structural species in solution. Proton magne-
tic resonance spectra were used to support some of the
structural features and hydrogen bonding behaviour.

EXPERIMENTAL

2-Dimethylamino-benzoie acid

{A)

dimethylanthramlic  acid
s prepared and purified as before [1]. Cyclohex-
b bon tetrachlonide. benzene, dioxane, chloroform and
acctonitrile were Jaboratory or analytical reagent grades,
while methanol was spectroscopic grade. Reagent grade
dimethyl sulphoxide was dried over calctum hydride and
vacuum distilled. All solvents were finally dried over zcohites
before use. Heavy water (99.9%) was supplied by the Atomic
Ln Commission, Trombay. India.

The spectra were recorded on a Nicolet 60 SXB Fouricr
spectrometer at 2em”? resolution and co-adding
100 scans to obtain a signal to noise ratio of 1000 to 1. Since
t ion of inlerest 1750-1600 ecm ™' has strong water
wir absorptions, the instrument was purged for an hour
al averaged interferograms were apodised

translor:

*NCL Communication No. 4369.

with a Happ Genzel function prior to phase correction and
Fourier transformation. Deconvolution was performed with
Nicolet programmes [9.10] IRDCON.FTN and macro
CON based on the algorithm of KAupPINEN et al. [4, 5]. The
parameters VFO, the width at hall height of the line shape
function and VFI, a resolution cnhancement factor were
chosen (VFO = 14-18, VF1 = 1.4-2.2) such that the total area
under the original spectra and deconvoluted spectra were the
same and there were no negative lobes or other artifacts.
The solution concentration of 0.06 M was maintained in all
solvents except cyclohexane where solubility permitted only
0.01 M. The path length was similarly kept constant at
0.01 cm except in water where it was reduced to 0.0025 cm.

The PMR spectra were taken on a Bruker 90 Mhz FT-
NMR Spectrometer using TMS as standard.

RESULTS AND DISCUSSION

Spectra of DMA in various solvents in the region
1800-1625 cm ™" at identical concentration (0.06 M)
and path length (0.01 cm) are shown in Fig. 1. It can be
seen that the band structure is the simplest in cyclo-
hexane (saturated solution~0.01 M) with the car-
bonyl absorption at the highest (1738 ¢cm™'). Ho-
wever, as the solvent was varied to carbontetrachlor-

10
08
g 0.6
H
<
2
2 04
0.2
1800
Wavenumber (¢m™')
Fig. 1. Lr. spectra of 2-dimethylamino-benzoic acid in: 1,
cyclohexance ( ). 2. carbon tetrachlonide ( ). 3. benzene
(= ---) 4. dioxance ( ). S.acctonitrile (- -- ) 6. chloroform
(- )k 7. dimethyl sulphoxide (o) methanol
(FEm=sit).
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ide, benzene, dioxanc. acctonitrile, chloroform, dim-
cthyl sulphoxide and methanol, peak absorptions
continuously decreased with the band profile simul-
tancously broadening out indicating additional
absorptions. As a clear separation of the bands could
not be achieved even after taking considerably lower
concentrations (0.01 M), a band deconvolution was
tried. to obtain the spectra shown in Fig. 2. It is evident

1.0

Wavenumber (cm™)

Fig. 2. Fourier deconvoluted i.r. spectra of 2-dimethylamino-

benzoic acid in: 1, cyclohexane (——); 2, carbon tetrachlor-

ide ( ): 3. benzene (----): 4, dioxane (- ~-); 5, acctonitrile

(=== =) 6, chloroform (-- - ---): 7, dimethyl sulphoxide (- - - - ). 8,
methanol (----=).

CHALAKKAL 1. JOSE et al.

that the deconvolution has resulted in a fairly good
separation of the bands so that their positions could
be located (Table 1). It is worth pointing out that no
indication of additional bands was observed in the
case of cyclohexane on deconvolution. In carbon
tetrachloride, benzene and dioxane, there are two
sharp bands at 1730 and 1718 with an unresolved
band at 1709 and a broad weak band at 1675cm ™', In
acetonitrile, chloroform, dimethyl sulphoxide and
methanol on the other hand. there are mainly two
broad bands at 1709 and 16701650 cm ™' with weak
unresolved bands at higher frequencies.

From the unusually high value of 1738-1730 ¢m !
for the carboxylic carbonyl in non-polar solvents like
cyclohexane, carbon tetrachloride etc., it is evident
that the carboxylic group is in the unfavourable trans
form stabilised by an intramolecular hydrogen bond
between the carboxylic hydroxyl and the lone pair
clectrons on the nitrogen of the ortho-dimethylamino
group (Fig. 3, A). The multiple band structure for the
hydroxyl stretching vibration at 2540cm ™' etc. re-
ported earlier [1] in carbon tetrachloride supported
the involvement of the hydroxyl group in strong
intramolecular hydrogen bonding. The chemical shift
of 15236 for this hydroxylic proton in the PMR
spectrum had confirmed the presence of such species.
The band &t 1720 cm ! which grows in intensity as the
solvent was varied to benzene and dioxane could arise

Table 1. Carboxyl bands of 2-dimethylamino-benzoic acid in solulion

Solvents Frequency incm”~

1. Cyclohexane 1738 m
2. Carbon tetrachloride 1731s 17225 1710 m 1677 mb
3. Benzene 1730m 1720 1708 w 1675 wb
4. Dioxane 1729m 1719 1709 sh 1680 mb
5. Chloroform 1727 m 1709 vs 1672 mb
6. Acetonitrile 1729 w 1708 vs 1675 mb
7. Dimethyl-sulphoxide 1729 w 1703 m 1663 s
8. Mecthanol 1728 w 1705 m 1685 sb
9. Water (heavy) 1565 m

0 0 0

| | I s

(‘\o \0/“ @C.\O/H

|
A N/CM, N/cu,
CH \(‘H
! ! CH, CH,
A B C
i I
Ar O
. 14 » _CH,y
PN
CH, CH, CH, H
D E

Fig. 3. Dimethylanthranilic acid structures.



Deconvolution study of 2-dimethylamino-benzoic acid

from the carbonyl of the stable cis carboxylic group
(Fig. 3, B) which has a strong tendency to dimerise. As
the polarity of the solvent was increased these dimers
could break down and form intermolecular complexes
with the solvent and the carbonyl of such a carboxylic
group (Fig. 3, C) could absorb at 1709 cm~'. These
complexes could predominate in solvents like acetoni-
trile. chloroform cte. In more polar solvents like
dimethyl sulphoxide and methanol, charge transfer
takes place resulting in Zwitterions, which would form
a charge transfer intramolecular hydrogen bond
(Fig. 3, D). The asymmetric stretching mode of such a
carboxylate group could absorb at 1670 cm ™!, close to
what has been observed in the Zwitterionic intra-
molecularly  hydrogen DMA  at
1650 cm ™', In order to confirm the nature of these
species, the PMR spectrum of DMA in dimethyl
sulphoxide-d,, was taken which showed a proton with
a chemical shift of 17.308 (with respect to TMS), which
is much higher than that found for the hydroxyl group
in the neutral hydrogen bond of DMA in carbon
tetrachloride. Such a high value could only be ascribed

bonded  solid

+ -
to a charge transfer N—H --- O hydrogen bond.
Brzezinski and ZUNDEL [11] have observed similar
behaviour in a closely related compound N,N-
dimethyl 5-R anthranilic acid N-oxide in similar sol-
vents.

The spectrum of DMA in water (heavy) showed a
doublet in the aromatic region (1606 and 1613 cm ™)
and medium broad band at 1565 cm ™! which is very
similar to the spectrum of the sodium salt of dimethyl-
antranilic acid in the solid state (1605, 1585 and
1560 cm ™). In organic solvents on the other hand,
DMA had shown only a single aromatic band near
1600 cm ™', As the doubling could arise from conjuga-
tive effects, the band near 1565 cm ™! has been ascri-
bed to the carboxylate group of the Zwitterionic
species of DMA which is solvated and not involved in
intramolecular hydrogen bonding (Fig. 3, E). It is
worth noting that the strong solvating power of water

901

in relation to dimethyl sulphoxide and methanol was
capable of breaking the strong intramolecular charge
transfer hydrogen bond between the COO™ and
N *(CH,),H groups. This is largely due to the ability
of water 1o solvate both the above groups while the
other two solvents could only solvate one of them.

SUMMARY

The present studies thus establish that dimethylan-
thranilic acid which as an intramolecularly hydrogen
bonded Zwitterionic species in the solid, is capable of
taking both free and intramolecularly hydrogen bon-
ded, neutral and Zwitterion structures in solution. The
relative proportion of the various structures is depen-
dent on the nature of the solvent, the neutral forms
predominating in non-polar solvents and Zwitterionic
species in polar solvents. Fourier deconvolution was
found very useful in separating overlapping bands
with similar half band widths in condensed phase.
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Conformational Equilibria in n-Alkanols
Infrared Spectral Deconvolution of the Unsymmetric Hydroxyl Band Profilet

A. A. Belhekar, M. S. Agashe and C. . Jose

National Chemical Laboratory, Pune 411 008, India

The uncertainty in the separation of the asymmetric profile of the hydroxyl band of normal alcohols has been
overcome by the use of a Fourier deconvolution technique which determined component-band parameters to
carry out the band separation unambiguously. The nearly similar rotamer population of trans : gauche of 1.6 : 1
in the n-alcohols showed that the n-alkyl chain does not hinder the rotation around the C—O bond. The enthalpy
change of gauche—trans conversion in solution (ca. 7 kJ mol~') was much larger than the torsional barrier in the

gaseous state.

Fhe asymmetric profile of the free hydroxyl band of aliphatic
alcohols i solution is the subject of much controversy being
variously attributed to rotational isomerism,'~® Fermi
resonance'® and intramolecular hydrogen bonding.'!'? Sys-
matic studies® of deuterated compounds have ruled out
1 oresonance as a possible explanation. Intramolecular
vdrogen bonding between C—H and O, a controversial
has not found favour with many.>? Strong experi-
n pport for rotational isomerism as a possible cause
hac come from the nearly symmetric profiles of the hydroxyl
of methanol and t-butyl alcohol in which rotamers due
to rotation around the C—0O bond are identical. Though it is
now well established that the complex band profile has its
1in in rotational isomers, it is not clear whether rotation
around the C—O bond alone is responsible and/or whether
1on around the C—C bonds is also important. Thus, the
vdroxyl-band profile of n-propanol has been resolved
to two bands by some workers'=7?'% and into three by

ain problem with this band profile is the strong
bping which does not permit the number and the posi-
{ the component bands and the half-band widths to be
nined with any certainty to carry out a separation. Two
Is have generally been used for band resolution. In the
hical separation (G)'+***¢ the band parameters are arbi-
y assumed. In the non-linear least-squares curve analysis
* the bands are scparated assuming Lorentzian band
pe and arbitrary band parameters. These methods give
y diflerent component band area ratios (K = B,/B,,
¢ By and By are band arecas of the high- and low-
y components, respectively) for ethanol (L: 1.7;% G:
and n-propanol (L: 1.2'% and G: 4.7'°).

> both these methods assume component band param-
1e results obtained must be termed arbitrary. With the
of Fourier transform spectrometers and availability of
re for handling the spectral data directly band decon-
volution methods have found increasing applications in band
Though Fourier deconvolution has been used in
ation of a varicty of complex bands, we found only
Van der Maas'® using a self-enhancement pro-
r to Fourier deconvolution, to separate the
i profile of allylic alcohols. In the present work,
carricd out Fourier deconvolution of the [ree
yl band of cthanol, n-propanol, n-butanol, n-pentanol
! n-hexanol to determine the correct band positions and
! band widths of the component bands neccessary for
unambiguous band separation. From the component-band

t N.CL Commn. No. 4784,

arcas the rotameric populations were calculated to obtain rel-
1able cquilibrium constants, and from their measurements, at
various temperatures, the thermodynamic quantity, AH, of
the rotameric change was extracted.

Experimental

Analytical grade Merck/B.D.H. samples dried over molecular
sieve, Linde 4 A, and chromatographically tested were used.
Sample purities were: ethanol, 99.7%; n-propanol, 99.7%; n-
butanol 99.8%; n-pentanol, 99.0%; and n-hexanol, 97.9%.
The analytical grade Glaxo tetrachloromethane was dried
over molecular sieve. Dilute solutions <0.011 mol dm™?
were used in variable-pathlength cells (0.8 cm) having a’
heating device and temperature-monitoring diode connected
to a display unit.'* The temperatures were controlled within
+0.2°C in the range 25-55°C.

100 co-added interferograms were collected at 2 cm ™!
resolution on a Nicolet 60 SXB FTIR spectrometer to obtain
a signal-to-noisc ratio of ca. 1000: 1. The signal-averaged
interferograms were deconvoluted as detailed before,'® in the
range 3675-3575 cm ™! using half-band widths (VF0) varying
between 14 and 18 cm ™! and resolution enhancement factor
(VFI1) 1.7-2, such that the total band areas aflter deconvolu-
tion remained the same as before (VFO and VFI are program
variables). Good separation was obtained without any side
lobes and other artifacts. After the deconvolution the bands
were separated graphically using the band positions, now
precisely located, and reflecting one half of each band, which
was not overlapped, at the band centres. Care is taken to see
that the two separated bands add up to the total band
profile. The band areas were measured using the expression
B = 2303 log(/,/I) with appropriate limits. The half-band
widths were obtained by multiplying the hall-band widths in
the deconvoluted spectra with VF1. The ratios of the isomers
(K = B,/B,) were calculated at various temperatures
assuming the integrated absorption intensitics of the two-
component bands to be the same at every temperature. These
ratios were plotted against 1/T to obtain AH from Arrhenius
cquations using a least-squares fit.

Results and Discussion

A few typical spectra from the large number of hydroxyl
stretching-band spectra of ethanol, n-propanol, n-butanol, n-
pentanol and n-hexanol taken at three concentrations (in
the range 0.006-0.011 mol dm " %) in tetrachloromethane at
temperatures 303-328 K, are given in fig. 1-3. Thus, the free-
hydroxyl band of ethanol (0.0066 mol dm~*) and its decon-
voluted and separated band spectra are shown in fig. 1. The
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Fig. 1. Ethanol hydroxyl band (——); deconvoluted (= = = -).

hydroxyl band of n-propanol (0.0092 mol dm™?) and the
deconvoluted spectra at two temperatures are given in fig. 2;
n-butanol, n-pentanol and n-hexanol hydroxyl bands at con-
centrations of 0.011, 0.0098 and 0.0082 mol dm ™3, respec-
tively, at 303 K and their deconvoluted spectra are presented
in fig. 3. It is clear that, except in the case of ethanol, the
band positions (v, and v;) and to a great extent the half-band
widths, are clearly established by the spectral deconvolution
for carrying out unambiguous band separation. In the case of
cthanol, even with variations in the half-band width param-
cter between 15 and 20 em ™' and an enhancement factor of
1.5-2, no clear separation could be effected. However, the two
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Fig. 2. n-Propanol hydroxyl and deconvoluted bands: ( ) 303
K;(----)328K.
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Fig. 3. Hydroxyl and deconvoluted bands: n-butanol 303 K
( ); n-pentanol 303 K (- - - -); n-hexanol 300 K (- -+~ ).
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bands are considerably sharper than the original spectrum to
effect a satisfactory separation. It was found during deconvol-
ution that the asymmetric band profile of the above aicohols
could be separated into two bands only, for all reasonable
values of half-band width and enhancement factors, without
developing side lobes and other artifacts. In the case of meth-
anol, Fourier deconvolution with similar parameters did not
produce any splitting of the band. Thus the present results
clearly establish that the asymmetric band profile of n-
alcohols consists of two bands ascribable to two rotational
isomers resulting from rotation around the C—O bond
Many earlier workers have separated the hydroxyl b
primary alcohols into two bands using graphical/non-lir
least-squares curve analysis, but owing to the assumption of
arbitrary band parameters their results were unreliable. Some
workers®'? have separated the band prolile into thr
ponents and postulated rotation around the C,—C, bond to
explain their results. In view of the uncertainties involved in
the resolution of the asymmetric profile of the parent spectra,
it is difficult to attribute much significance (o these separa-
tions and the possibility of additional rotamers from rotation
around the C,—C,bond.

In table 1, the typical band areas for the two rotamers of
cthanol, n-propanol, n-butanol, n-pentanol and n-he 1 at
various temperatures 303-328 K, are given. The positions,
half-band widths of the component bands and mean i
librium constants at 303 K are given in table 2 with reported
parameters for comparison. The AH values obtained from a
plot of log K vs. T (fig. 4) are also given in this table along
with reported values. An cxamination ol (he various band
parameters shows that the high-frequency bands of the n-
alkanols from n-propanol to n-hexanol (3639-3640 cm ™) are
decidedly higher than the 3637 em ™! band of ethanol, th
the low-frequency band is nearly the same in all case
3628 cm™'). The low-frequency band has a higher he
width (22-24 cm ') compared with the high-frequency
(20 cm™"). The present band positions and half-band widths
are quite close to those quoted by Oki and Iwamura.’ but

¢ com-
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Fig. 4. Plot of log K vs. 10* K/T for: (@) cthanol, ((7J) n-propanol,
(A) n-butanol, ( x) n-pentanol, (O) n-hexanol.
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Table 1. Temperature dependence of rotamer band areas (cm ') in n-alcohols

303K 308 K 313K 318 K 323 K 328 K
ethanol (0.0066 mol dm ~?)
16.% 16.8 16.1 15.2 140 142
10.2 9.5 8.6 8.2 73 69
n-propanol (0.0092 mol dm *)
238 235 229 22,6 225 224
134 12.6 10.6 10.4 9.6 92
n-butanol (0.011 mol dm~?)
251 25.0 24.7 24.4 24.2 2
15.2 14.0 13.6 13.2 12.8 11.6
n-pentanol (0.0098 mol dm ™)
244 243 239 238 235 232
159 15.3 14.6 139 134 12.6
n-hexanol {0.0082 mol dm ™?)
17.9 17.1 17.3 17.3 16.9
109 104 10.1 98 9.2

turn also showed lower frequencies. McKean and Ellis'®
arce crucial for the curve resolution, even small changes found support for the lower CH stretching frequencies, when
1 can alter the band-area results. Thus, one of the the CH bonds lic trans to the oxygen/nitrogen lone pair,

using non-lincar least-squares analysis obtained in the form of bond lengthening. Bond-length calculations
i positions and half-band widths of 3637, 18 cm™' and of a few selected nitrogen compounds such as CHyNH,,
25,22 ¢cm ! for n-propanol, which were considerably dif- (CH,),NH ete, using dissociation encrgies had shown

from thosc obtained in the present case. This also lengthening in these bonds. In the context of the present alco-
m a K value of 1.2 as against 1.76 found from the hols, methanol would have two CH bonds lying trans to the
deconvolution method. oxygen lone pairs in both its conformers. In the primary alco-
assignments of the bands to specific rotamers were hols, the trans form would have two CH bonds trans to the
on the carly work of Oki and Iwamura,' who argued oxygen lone pairs, whereas the gauche form would have one

t hydroxyl frequency in alcohols depended on the dis- CH bond only trans to the oxygen lone pair. Thus, the higher
position of the O—H bond with respect to the «C—H and frequency of the trans form relative to the gauche form can be
+C-alky! bonds (fig. 5). Thus, the 3637-3640 cm ™' band in understood.

sent alcohols was ascribed to the trans conformer in The temperature studies on the rotamers showed that at
the O—H bond is gauche to the two methylene C—H room temperature (25°C) the trans species in these alcohols
. and the band at 3627 cm ™" was ascribed to the two predominated to the extent of ca. 1.6: 1 over the gauche,
e conformers in which the O—H bond is gauche to the which is ncarly the opposite of what is expected statistically
«C—11 and «C-alkyl bonds. Since the trans-conformer fre-

quency is somewhat lower than in methanol (3643 cm ™), it is R R R

likely that the O—H group makes an angle different H H

0° with respect to the a methylene C—H bonds. These

cnts of Oki and Iwamura are generally accepted by
though Kolbe® prefers the assignment of the high-
uency band to the gauche conformer to agree with their
stical distribution, Some support to the present assign-
t comes [rom the spectra of secondary alcohols' which H H H
d profiles separable into components at 3627 and

1}

Juanc

trans gauche gauche

2 H

3017 em ', corresponding to the expected conformers in i

which the O—H bond is gauche to «C—H and «C-alkyl and

to two C-alkyl bonds, respectively. R; R, R R, R, R,
e above assignments are in line with the observations of H

K e al,'” who found that the NH/OH stretching fre- gauche gauche trans

a n amines/alcohols were higher when «CH bonds Fig. 5. Rotamers around the C—O band in alcohols. Top, primary;

were lying trans to the lone-pair clectrons. The CH bonds in bottom, secondary.

Table 2. Hydroxyl band and thermodynamic parameters of n-alcohol rotamers

Av,fem ™! K AH/kJ mol !
vfem ™! v/em™! H L found reported found reported
3637.0 3627.0 21.0 20.0 1.65 1.7 1.8, 8.0° 6.8 6.3
771107 2.7¢
propanol 3639.5 3627.5 200 23.0 1.76 26 4.7°62/ 9.8 7.6*
35412038
a-butanol 1640.0 3628.0 19.0 220 1.59 22269 5.3/ 5.9
kNG
1639.0 3627.0 17.0 220 1.49 5.0 5.1° 6 -
3639.5 3627.0 18.0 235 1.47 4.0° 6.8 -

Ref. (3). ¥ Ref. (6). © Ref. (10). 7 Ref. (4). * Ref. (13).* Ref. (11).



(1:2). The reversal in the rotameric population can be
ascribed to the larger separation between the O—H and «C-
alkyl substituent in the trans species than in the gauche form
where they are much closer and could cause steric repulsion.
Further microwave spectra of cthanol' showed predomi-
ance of the trans conformer over the gauche conformer.
Bakke?” has recently determined *J(HCOH) coupling con-
stants from nuclear magnetic resonance studies of a serics of
alcobols including cthanol in dilute CCl,/CFCly solution
(0.01 mol dm™?) and arrived at a rotameric population. In
the case of cthanol, he found the predominant conformer to
be gauche with 65% population (statistical value), against the
infrared results, which showed the trans species to predomi-
at 62%. Bakke, in fact, suggested the reversal of the
atinfrared assignments of bands at 3637 and 3627 cm ™!
ins and gauche specics, respectively, to agree with the
NMR results. He felt that reliable values of rotameric concen-
trations cannot be obtained from band separation of the
asymmetric broad hydroxyl-band profile. He found, however,
that the rotameric population calculated from 3J(HCOH)
coupling constants in propan-2-ol (gauche 75%) was in rca-
ble agreement with infrared results (gauche 63%), based
¢ assignment of the 3627 ecm ™! band to gauche species
ich the O—H bond liecs between the C-alkyl and C—H
bonds as in cthanaff

Our results on ethanol and other n-alcohols also arrived at
the predominance of the trans species (trans/gauche = 1.6) in
solution and the question of unreliability of infrared results
no longer exists. To understand this discrepancy in the rota-
meric populations derived from NMR 3J(HCOH) coupling
stants and infrarcd hydroxy! bands, one would have to
ook into the assumptions made with regard to the possible
conformations of cthanol and other n-alcohols.

It is assumed that the rotation around the C—O bond
results in staggering of the O—H bond with respect to the
C—H/C—C bond at a dihedral angle of 60° (fig. 5). We feel
that in the gauche species of ethanol and other n-alcohols,
O—1I may be making dihedral angles much smaller than 60°
and 180" with the methylene C—H bonds, to avoid steric
mteraction with the CHy alkyl group. We had found that
g dihedral angles of 30° and 150° in the gauche
ies (and using the Karplus equation) the observed
“J(HCOH) coupling constant of 5.1 Hz would yicld predomi-
nantly trans species in agreement with infrared results.

The rotamer cquilibrium constants obtained for the
vanious alcohols, as can be seen from table 2, are close to

hose reported from non-lincar least-squares curve analysis
arbitrary  band parameters and Lorentzian band
: -2.6) and much smaller than those determined
JA6100 ysing arbitrary band parameters (2.7-

graphically
11.0). Tt s interesting (o note that general agreement was

obtained with the results of Oki and Iwamura,' whose
assumed band parameters of cthanol, n-propanol and n-
butanol were closer to those determined by the deconvolu-
von method. The rotameric equilibrium constants of the
us normal alcohols from cthanol to n-hexanol in the
sent study varied only marginaily from one another (table
2) thus confirming that sterically unhindered straight-chain
substituents do not aflect the conformational equilibria
ansing from rotation around the C—O bond to any appre-
ciable cxtent

ved AT values can be compared with the results

on cthanol and n-propanol by Kolbe,® who
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ascribed the higher-frequency band o gauche (opposite to
our assignment) and obtained values of 6.3 and 7.0 kJ mol "
Microwave spectral investigations report a difference of 1.3
and 1.2 kJ mol™! between the gauche and trans isomers in
ethanol'® and n-propanol,?’ respectively. We are not aware
of any AH value reported for other alcohols studied by us.
AH values of 8.9 kJ mol™' have been reported?? for n-
octanol in tetrachloromethane. While intramolecular hydro-
gen bonding between C—H and the lone pair of clectrons on
oxygen has been suggested® for the formation of the gauche
form, the possible difference in the hydrogen-bonding inter-
action between the solvent, CCl,, and the rotamers
(CI---H—O0) has also been suggested® for the stability of the
trans conformer. However, only a detailed AH study of rota-
meric equilibria in other types of alcohol can offer a satisfac-
tory explanation.

The present study has confirmed that the broad hydroxyl-
band profiles in primary alcohols are the result of rotational
isomerism of the C—O bond. In straight-chain alcohols, the
high-frequency trans conformer predominates over the
gauche conformer approximately to the extent of 1.6: 1 with
an enthalpy difference of 7 kJ mol ™" suggesting little hin-
drance to rotation around the C—O bond from such a chain.
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