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Investigation of the Electronic Structure of .
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Quantitative Analysis of the FT-IR Spectra
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HIGH resolution FT-IR spectra of some catecholamine

neurotransmitters namely, dopamine, norepiriephrine_ and
epinephrine are reported and compared to that of the parant
compound, catechol. The spectra are presented and analyzed in a
comparative study aiming at the understanding of intramolecular
interactions that exist in this class of compounds. Substituent effects
are analyzed, and discussed. Quantitative assignments and
interpretation of the type and extent of interaction are facilitated via ab
initio MO vibrational computation.

Catecholamines(!) are neurotransmittres(® that have been found in many
human tissues(®). Their action is controlled by the central nervous system in a
manner that seems critical o mankind(*). Several reviews exist that summarize
the physinlogicai(ﬁ) and the biochemical!”) characterization of catecholamine
neurotransmitters(8-13), Although the IR- spectra of catecholamines were
reportcd(“) long time ago yet these spectra are of low resolution and are in
general i!l—interpreled(14). In most cases, the reported IR-spectra are qualitatively
presented and discussed . '

In the present work the high resolution IR spectra of the studied
catecholamines are presented and analyzed in a comparative study aiming at the
understanding of intramolecular interactions that exist in this class of
compounds. Analyzing substituent effects on aparent skeletal structure, which
has been taken to be catechol, can trace structural similarities and differences.
The strategy that has been followed in the present analysis is to compare the

-

-



134 AA. SAMARKANDY et al.

band positions and intensities of some selected functional groups, in the studied
catecholamines, to those of catechol. Quantitative assignments and interpretation
of the type and extent of interaction are facilitated via ab initio' MO vibrational
computation. ‘

Experimental

All compounds studied in the present work are of analytical grade and were
used without further purification.

The high resolution FT-IR spectra were all measured for a 0.5 % KBr discs
using a high resolution Shimadzu FT-IR 8201 PC instrument.

Method of calculation

All quantum mechanical vibrational analysis carried out in the present work
were performed at the ab initio LCAO-MO level of theory(}3) using a minimal
STO-3G basis set16). The G94w program was used through out the present
work(17), Equlibrium qeometries and other ground state properties at this level
of theory were extracted from the work of Hilal et al(18),

Results and Discussion

The electronic interactions that we are concerned with may be considered as
substituent electrenic effect on the system concerned. In particular, we will focus
our attention on the type and extent of intramolecular interactions that may exist
between the two polar groups that characterize catechclamines, namely the -OH
and -NH, groups. Such substituent effect can be transmitted by several distinct
mcchanisms(lg), the most important of which are:

1)1, effect: the induction effect of polar group transmitted by diminishing relay
along a system of o- bond

2) The F effect: the field effect of a polar group transmitted through space to a
site where it affects a measurement.

3) The resonance effect R: which results from the interaction of substituent

Egypt. J. Pharm. Sci,, 39, No. 1-3 (1998)



THE STRUCTURE OF CATECHOLAMINE NEUROTRANSMITTER. I1I 135
!

orbital of suitable symmetry with the x orbitals of the unsaturated nucleus
and can lead to charge transfer either to or form the substituent.

4) The r orbital effect: the repulsion of the filled x orbitals of the nucleus caused
by substituent induced xt* mixing; no CT is induced.

5) g and g effects: the disturbance of the x system of the nucleus by the 15
and F effect of the substituent.

1- FT-IR spectrum of catechol

Figure 1 presents a high resolution FT-IR spectrum of catechol measured for
a KBr pellet of 0.5 % catechol. The spectrum shows 35 peaks all are well
resolved. This spectrum has been well characterized and all bands have been
assigned. In the present discussion we will restrict ourselves to some finger print
absorptions that will be traced in all catecholamines. These vibrations and their
assignments are given in Table 1.

The O-H region of the spectrum shows two strong absorptions at 3450 and
3325 cm'L. The former is sharp and more intense. These absorptions are assigned
to O-H stretching vibrations which has been shifted by about 300 cm™ from
their standard values. This shift implies hydrogen bonding. Theoretically, ab
initic STO-3G vibrational analysis has predicted two bands at 3736 and 3723
emL It s apparent that the theoretical model predicts the strong coupling
between the O-H streiching vibrations satisfactorily yet, it is not able to detect H-
bonding in catechol. However, the intensity ratio of the two peaks is predicted
correctly (~1.3). The aromatic C-H vibrations appear as a complex structure in
the 3051- 2723 cm™! region with moderate intensity. Theoretically, one single
absorpiion at 3700 em™! accounts for the ring C-H stretching in poor agreement
with the experimental observation. Nevertheless, the O-H bending and the C=0
stretching modes are strongly coupled and responsible for the absorption in the
1400 - 1280 cm’! range in much better agreement with the experimentaliy
observed absorption.

In general, two strong bands can be directly associated with the phenolic
group. These are the v, and a deformation of the COH, viz., V(OH)- It was
suggcstedm that these modes interact and result in a strong absorption profile in
the 1350 - 1200 cg_r“n“_‘1 range. However, analysis of the spectra of anisols led to
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i
the conclusion that it is better to assign the 1350 cm™! band to the V(oH) While
the one at 1200 cm™! may be safely assigned to the v _,. This last assignment has
been adopted throughout our analysis of the spectra of catecholamines.

2- FT-IR spectra of catecholamine hormones

Figure 2 presents the high-resolution FT-IR spectrum of dopamine measured
for KBr pellet of 0.5 % dopamine. The broad strong absorption profile in 3350 -
3100 cm’! region is due to N-H and O-H stretching vibrations. The vy

! one is

stretching is assigned to the 3230 cm! absorption whereas, the 3344 cm”
due to O-H stretching. Comparing v(oy) in dopamine with that reported in Table
1 for catechol, indicates that V(OH) is shifted to lower wavenumbers by at least
100 cm"l. Furthermore, the frequency of the N-H stretching (3230 emly is
considerably low as compared to that of free N-H stretching (3500 cm’l). These
observations lead to the conclusion that there exists appreciable intramolecular
interaction between the OH and NH; groups in dopamine. Here electronic and
asymmetry effects play a major role in determining the extent of interaction. To
investigate this point a little bit further, and exploring the nature of interaction,
let us examine what happens to aromatic C-H stretching. In the case of catechol,
a complex profile in the 3000 - 2800 em! range account for the aromatic C-H
stretch, the more intense of which is at 3051 cm™!. The corresponding profile in
dopamine covers almost the same range with the most intense absorption at 3041
cm’!, almost at the same position as that in catechol. This might suggest that the
interaction between the OH groups, in one hand, and the ethylamino group, in
the other hand is a through-space interaction. That is, in dopamine the
predominant interaction is an F-effect the field effect of the polar groups
transmitted through space and affect the frequency of the stretching vibrations of
the OH and amino groups. Table 2 presents the theoretical IR parameters
computed for dopamine at the ab initio STO-3G level of theory. As expected, the
STO-3G frequencies are all high as compared to those observed experimentally.
This is a general trend for minimal basis sets. Nevertheless, the present
calculations predicted the observed IR pattern satisfactorily. The coupled IR
intensities are in much better agreement with the experimentally observed ones.
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TABLE 1. Comparison between the theoretically computed and experimentally
observed FTIR spectal characteristics of catechol.

Experimental heoretical Assignment and Description
v, cm’ 1%T v, cm’!
I, KM/mol

3450 21.87 3736 11.06 O-H stretching
3325 28.62 3723 14.91 O-H stretching
3051 47.96 Aromatic C-H stretching
2979 53.34 3708 29:48 |

2854 56.87 |

2723 58.40

1363 28.89 1360 57.57 S(oH)

1166 32.10 1191 28.16 V(c=0)

1469 34.50 1492 50.51 Aromatic vic=c)
1602 55.61 1587 84.78

TABLE 2. Theoretically computed IR characteristics of Dopamine.

— Intensity > Force constant® Assignments
1158 767 171 v co)
1261 1461 - 2.08
1291 2.58 1.8
1365 28.47 1.71 38(0OH)
1374 12.11 1.51 e
3567 I 1017 800 v (N-H)
3612 | 3.16 8.19 v (oH)
3696 | 3.9 8.93

¥in KM/mol in m dyne/A :

_Now let us turn our attention to a slightly complex case, namely, that of
norepinephrine. Figure 3 presents the high-resolution FT-IR spectrum of
norepinephrene measured for KBr pellets of 0.5 % norephinesphrene. The finger
print regions show the same general features as those observed in the spectrum
of dopamine. Two sharp strong intensity peaks at 3265 and 3232 em™! are
observed and may be attributed to the NH and OH stretching modes. A rather
complex profile is observed to cover the 3000 - 2470 cm'l range. This profile
n;ay solely be assigned to the aromatic and the aliphatic C-H stretching
vibrations. Careful examination of this spectrum reveals the following:
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1) The vy is little affected by the presence of the OH group in the B carbon
of the ethylamino group. Thus, in dopamine this vibration appears at 3230
cm! at almost the same position as that observed in the case of
norepinephrine. Furthermore, its intensity is reduced but slightly as compared
to that of dopamine; the intensity ratio is 0.88.

2) The OH stretching vibration is shifted by 80 cm! to the short wavenumber
side, and retains its intensity.

3) The aromatic C-H stretching profile although covers the same frequency
range yet its intensity pattern is quite different as compared to that
observed in the case of dopamine. Thus, the first band in this profile
appears in the spectrum of dopamine at 3041 eml with 12 %
transmittance in comparison with a 3037 cm’! (44 % transmittance). This
reduction in the intensity is a direct consequence of the B-OH substitutions.

The above observation lead to the conclusion that F-effect is still operative
between the two polar OH and NH, groups. The predominant interaction is a
through-space transmittance of polar effect which has but negligible effect on the
aromatic ring. The presence of the OH group in the ethylamino side chain
affects, on the other hand, thc ring vibrations. This effect is reflected in a
considerable reduction in band intensity. This is through bond interaction an 1
effect which is inductive in nature. The polar OH group transmits this inductive
effect by diminishing relay along a framework of the aromatic ring. The presence
of a C-H group prevents any conjugative interaction between the OH group and
the aromatic ring and thus rules out the possibility of a resonance interaction (R).
The theoretically computed IR characteristics of norepinephrine is given in Table 3
at the ab initio STO-3G level of theory. Figure 4 presents the high resolution
FT-IR spectrum of epinephrine measured for a KBr pellets of 0.5% epinephrine.
In the finger print region, the spectrum shows one very sharp absorption at 3329
em’! that overlap strongly with another less intense absorption which appears as
a shoulder in its short wavenumber wing. These can safely be assigned to v(Np)
and v(gy)- The aromatic v(c.y) profile appears as usual at 3000 cm™l. The
features of aliphatic C-H stretch seem different from those obser~ed for dopamine
and for norepinephrine. Thus, although v(c.i) aliphatic covers aimost the same
range in all three catechol amines, yet the intensity pattern seems quite different;
in epinephrine, this aliphatic V(C-H) appears more intense and broad. This is a
consequence of the 1 inductive effect of the methyl group which is transmitted
through the amino into ethyl o-frame. The presence of the N-methyl group does
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not only affect the aliphatic C-H stretching vibrations but also shifts V(NH) tO
frequencies that overlap with vop). The spectrum of epinephrine is therefore
similar to those presented before with minor differences, which can be accounted_
for on the basis of the local action of the methyl group. The STO-3G
theoretically computed IR characteristics of epinephrine are given in Table 4.

It is interesting to analyze the behavior of the angle bending mode v(op) and
the ring stretching v(c.o) which are highly characteristic for the phenolic
structures. Table 5 presents the band positions and intensities of V(oH) and
v(C-0) in all compounds studied. It is remarkablc to notice that in all the
recorded specira V(OH) has a value of 1350 = 10 cm! whereas, "(C-O)) has a
value of 1200 = 10 cm’l. These values are typical and elaborate upon our
pervious conclusions concerning the type and extent of intramolecular
interactions in the studied catecholamines.

In phenol a highly characteristic band near 1350 + 20 cm™! is observed
and assigned to v(c=C) of the aromatic ring(m). This vibration may couple to the
OH deformation and therefore intensifies and shifts to higher frequencies. In
substituted phenols this band may shift up to 1660 cmL. Inspection of the IR
spectrum of catechol (Fig. 1) show several combination bands in the 1600-1300
cm™! range, two of which has been safely assigned(zz) 10 V(c=C) these are the
1467 cm™! (34 % T) and the 1602 em’! (55 % T) absorptions.

These assignments have been confirmed by the ab initio STO-3G calculations
carried out in the present work. The relative intensity ratio of these two peaks has
also been predicted nicely by the MO resuits (c.f. Table 1). it is surprising to
notice that in all of the studied catecholamines the v(c=C) absorption appears in
almost the same position, that is 1590 =10 el (35 = 10 % T). Furthermore,
the band structure in the 1600 - 1400 cm™! region is almost the same in the
studied compounds. Table S lists the band structure in this range, in the studied
catecholamines together with the assignments of the characteristics of the v(c.c)
in each case. The theoretically computed characteristics of the v(c.c) band
structure in the studied catecholamincs are gathered in Table 6. The agreement
between the theoretical results and the experimental observations is rather good.
In fact, this region of the spectrum has been predicted nicely by the STO-3G
basis. This prediction, in fact, enabled the safe assignments for the v(c.c) in this
region which is highly crowded by combinations and perhaps overtones.
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TABLE 3. Theoretically computed characteristics of Norepinephrine as calculated

using the STO-3G basis set*. -

vem' Intensity I Force constant Assignments

1183 28.69 | 1.21 V (Cc-0)

1273 3.65 | 2.49

1291 16.25 : 162 5 (OH)

1353 11.18 | 2.03

1374 | 9.8 | 1.48

3581 j 231 | 8.13 T

3580 | 479 : 8.05. V' (OH)

*See footnote in table (7).

TABLE 4. Theoretically computed IR characteristics of epinephrine as calculated
using the STO-3G basis set*.

vem' | intensity . Force constant Assignments
1206 1| 1099 I 155 ViC-O)
1291 ; 18.84 | 1.62

! 1342 | 14.2 | 22 3(0H)

i 1357 i 879 ' 1.82

I 1378 | 3.54 ! 2.31

é 3540 | 'l"'40 i 767 ‘f'vaH_)_

i 3561 5 12.01 310 VioH)

*See footnote in table (2,

TABLE 5. Comparison between § (OH) and v(c_() in the IR spectra of the studied

compounds.
5 (OH) veo, | Intensity. %7
Compound Intensity , % T
Catechol 1363 29 1186 32
Dopamine 1344 37 1207 26
_ 1357 41 1207 . 50
Norepinephrine '
Epinephrine 4. 1350 | 35 1203 .38 <
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