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Polarography of Coumarins (Chromen-2-ones)

Yu.E.Orlov

The mechanism of the reduction of natural and synthetic coumarins at a dropping mercury electrode is examined. The
dependence of the half-wave potential on chemical structure is demonstrated by means of correlation equations and
guantum-chemical characteristics. The polarographic properties are interpreted in terms of other physicochemical charac-
teristics {optical, adsorption, polarisation, kinetics of important chemical reactions, microwave-spectroscopic, etc.).
Polarography can be applied in various fields of the chemistry of coumarins (in the study of adsorption, complex formation,
inhibition of chain oxidations, and the mechanism of organic reactions). A list of 200 references is included.
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I. INTRODUCTION

Coumarins are typical heterocyclic compounds, present
as structural units in the molecules of tanning agents,
antibiotics, phytocides, and a large group of polyphenolic
compounds®™®, Considerable interest in this group of
natural compounds arose from the specificity ' and the
breadth of their biological action®”. They have since
found wide application in analytical chemistry as lumines-
cent and other indicators?®, optical brightening agents in
the textile industry®, sensitisers in copying techniques”,
aroma-producing substances in foodstuffs, printing, and
perfumery industries®, organic reagents in laser techno-
logy®, toxic chemicals in agriculture®, and pharmaceuti-
cal preparations’”'® in medicine. In view of the specifi-
city of their physicochemical properties further application
of coumarins is envisaged in the production of organic
semiconductors, scintillation materials, quantum genera-
tors, vitamins, and various organic reagents.

Further investigation of the physicochemical properties
of these compounds is of great interest for expanding their
fields of application, studying the peculiarities of their
electronic structure, elucidating their biological role and
aspects of their biosynthesis, and revealing effective new
methods of preparation. Polarography has gained a
lasting position among other physicochemical methods of
examining organic compounds and enables a vast range of
theoretical and practical problems to be solved. Results
obtained by the polarographic investigation of coumarins
can be transferred to other heterocyclic compounds and
classes of organic substances.

A considerable number of papers have now appeared on
the polarography of coumarins, but there is no critical
review of existing achievements in this field with an indica-
tion of future lines of research. The present Review dis~
cusses not only the polarography of coumarins but also
aspects of that of other classes of organic compounds
(carbohydrates, cardiac glycosides, chromones, and
flavonoid compounds, cinnamic and hydroxycinnamic acids)
to the extent necessary for the interpretation of polaro-
graphic data and other physicochemical investigations on
coumarins.

II. MECHANISM OF ELECTRODE REACTIONS

A necessary condition for a heterocyclic compound to be
electrochemically active is that the ring should be conju-
gated and the compound polarisable. The most objective
criteria of the presence of conjugation are provided by
spectral data characterising the distribution of m-electron
density in the molecule and by the dipole moments. Thus
several workers have shown'"™*™*® that hydrogenation of
the C ) =C double bond in the 2-pyrone ring of coumarin
entails disappearance of fluorescence, characteristic
absorption bands, and reducibility at a dropping mercury
electrode', because of the disruption of conjugation in the
pyrone ring. The dipole moment together with the con-
jugation characteristic indicates also the degree of polari-
sability of the molecule'®*®, Dipole moments lying in the
range 4.0-8.0 D have been determined experimentally and
calculated by an additive vector scheme for several com-
pounds of the coumarin series’®™°, The dipole moment
of coumarin itself has been measured'® as 4.5 D.

Voitkevich showed® that increase in the dipole moment
of aliphatic and aromatic compounds is accompanied by
increase in their depolarising power at a dropping mercury
electrode. However, there may be departures from this
general rule, since electrochemical reduction and oxida-
tion depend on many factors and are complicated by
adsorption, protonation, dimerisation, solvation, etc.

In several cases the dipole moments of the electrochemi-
cally active group are more significant than that of the
whole molecule. Furthermore, the electrochemical acti-
vity of a molecule can be assessed more accurately from
the dipole moment not under static conditions, as is usually
done, but in an excited state?.

Several workers have shown that both coumarin itself
and its derivatives are reduced at a dropping mercury
electrode*”®*~* when various salts—lithium, ammonium,
and potassium chlorides, tetraethylammonium iodide and
its base, and also Britton—-Robinson buffer solutions—are
used as supporting electrolyte. Various media have been
employed—alcoholic (methanol, ethanol, and propan-1(and
2)-ols), aqueous alcohols, dimethylformamide, and ace-
tone.
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The subjects of investigation were natural coumarins series, whose principal polarographic characteristics are

of the coumarin (I) given in Tables 1-3. These show that coumarin deriva-
tives are reduced at a dropping mercury electrode in two
stages, producing in aqueous methanol two waves with
tetraethylammonium iodide, and one wave with lithium
chloride, as supporting electrolyte. A single wave is
obtained also in Britton—-Robinson buffer solutions. How-
ever, two reduction waves are formed in tetraethylammo-
nium hyd roxide used as base in the buffer mixture. The

an first wave at pH > 10 decreases in he1?ht with time,
owing to cleavage of the lactone ring!™>~%6%676277;

N\ +H.O
' J “Ho r \w /
N No/ /\OH Non

psoralen (II)

and angelicin (III)

The influence of the nature of the base, the substituent,
and the solvent on the kinetics of this process has been
investigated *®, Fission of the lactone rin% can be affec-
ted by daylight and by ultraviolet radiation”’

Table 1. Chemical structure and polarographic constants of compounds of the coumarin series*.

—Eyjp> Vis.ce)*, in %"D-l“‘ 3
A 572 mM- "
Compound Ry Ry R, Re R (C2Hs)4NI | LiCl # mg
I 1T 1 I 11
Coumarin H H H H H 1.40 1 1.97 | 1.30 | 4.20 3.70
6-Methylcoumarin H H CHj H H 1.42 11,92 1,78 ) 4.07 3.50
Umbelliferone (7-hydroxycoumarin) | H H H OH H 1.47 | 1.65 ] 1.88 1.30 1.01
4-Methylumbelliferone CH, H H OH H 1.64 | 1.74 | 1.74 1.77 1.54
Herniarin (7-methoxycoumarin) H H H OCH; H 1.44 11,94 1.77] 4.07 3.50
Coumarin-7-yl acetate H H H 0—C(O)CHs H 1.35|1.80 | 1.66 | 4.00 3.33
7-Isopentenyloxycoumarin H H H 0—-CH2—CH=%}({CH3)2 H 1.51 | 2,08 | 1.87 2.98 2.55
|
7-Geranyloxycoumarin H H H O—CH,—CH=CCH,—CH, CH— H 1.51 | 1.86 — 2.32 —
==C(CHs)2
CHs
Umbelliprenin (7-farnesyloxy- |
coumarin) H H H O(CH;CH=C~—CH,),—CH,CH= H 1,51 (2.05| 1.84 [ 3.38 3.10
=C(CHa)2
0—CH,
Hy
Famesiferol A (7-(8-hydroxy- OH
6,7,7-trimethyl-3-methylene- Hy
4,4,0])dec-2-ylmethoxy)- X
Soarmaimy Y imethoxy H| H H HC O H 186 — |1.90] 1786 | —
Aesculetin (6,7-dihydroxycoumarin) [ H H OH OH H 1.50 | 1.78 | — 0.51 0.73
Aesculin (6-glucosyl-7-hydroxy-
cer;cx':n;in)g] oWTTWERy H H OC,H1105 OH H 1.59 [1.74 | 4.70 | 1.48 2.07
Osthole (8-isopentenyloxy-7-
methoxycoumarin) H H H OCHg CH,CH=C(CHy),| 1.53 | 2.08 | 1.90 | 4.86 2,92
Fraxinol (6-hydroxy-5,7-
dimethoxycoumarin) | H OCH, OH OCHj H 1.53 1 1.93 | 1.8t 3.37 2.53
Fraxinyl (5,7-dimethoxycoumarin-6-
yl) acetate H oCH, | 0—C(O)— QOCH, H 1.4314.88] 1.70 ) 3.72 3.00
—CH, —o—cn
Farnesiferyl acetate 2
Hyf
H H H . Ry C",C—CH H 1,67 — — | 2.7 —
B¢ TH, o
CcH,
CH,
| H
Galbanic acid (7-(2-(4-carboxy-1,2- —O0—CH;y *
dimethylprop-1-enyl)-1,5 6-tri- H,C—C==C
methylcyclohexyloxy)coumarin) HOO(! (!H, (!-Hs
H H H H 4,70 1 1841 — 2,00 2.00

* Potential of dropping mercury electrode monitored potentiometrically *
**] = first wave; II = second wave.
*** With tetraethylammonium iodide as supporting electrolyte in 75% methanol.
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Table 2. Chemical structure and polarographic constants of compounds of the psoralen series*.

-Eyg V(s.c.e.)**, in Kp » /
A s mM-1 mg-2/3
Compound R, Rs (CoHi5)aNl L HA s72m g
I i 1 I n
Psoralen (furo[3,2-g]coumarin) H H 1.44 1.95 1.83 3.1 2.30
Bergaptol (5-hydroxypsoralen) OH H 1.43 —_ — —_ —
Bergapten (S-methoxypsoralen) OCHs H 1.45 1.86 1.85 3.34 2.85
Isoimperatorin (5-isopentenyloxypsoralen) O—CH.CH=C(CHj3), H 1.45 — — — —
Oxypeucedanin (S-epoxyisopentenyloxypsoralen) /O\
(O—CH:C—C(CHs)2 H 1.67 2.00 1.73 3.42 2.76
Xanthotoxol ( 8-hydroxypsoralen) H OH 1.50 2.00 1.79 3.20 2.38
Xanthotoxin (8-methoxypsoralen) H OCHs 1.38 1.85 1.66 4.12 3.57
Xanthotoxyl (psoralen-8-yl)acetate H O0—C(0)—CHs 1.35 — — 1.0 —_
Imp in (8-isop loxypsoralen) H 0—CH;—CH=C(CH3). 1.42 1.35 1.80 3.05 2.90
Isopimpinellin (5,8-dimethoxypsoralen) (OCHs CHs 1.45 1.81 1.79 -
Biacangelicin (8-(2,3-dihydroxy-3-methylbutoxy)- |
-meth len) —
$-methoxypsoralen OCH, O—CH:—CH—C(CH): | .41 | 1.93 - 2,00
OH
1.80
Cnidilin (5-isopentenyloxy-8-methoxyp ) O—CH,—CH=C(CHs), |OCHs 1.45 1.91 1.8 — —
Cnidicin (5 ,8-di-isopentenyloxypsoralen) (O—CHz —CH=C(CHs). |0—CH;—CH=C(CHj)2 1.41 1.86 1.78 — —
Alloimperatorin (8-hydroxy-S-isopentenylpsoralen) CH;—CH=C(CHa)» OH 1.56 1.80 - 1.37 1.30

* Potential of dropping mercury electrode monitored potentiometrically ®.

**1 = first wave; II = second wave.

*** With tetraethylammonium iodide as supporting electrolyte in 75% methanol,

Table 3. Chemical structure and polarographic constants of compounds of the angelicin series*.

oes
~Eya» V(s.ce)*™, in Kp
X% -1 mg2/3
Compound R, Rs Rs Re CollgreNI ) MA s72mM-1 mg
I n 1 I n
Angelicin (fuoro[ 2,3-#]coumarin) H H H H 1.48 1.89 1.80 2.41 1.50
Isobergapten (6-methoxyangelicin) H OCHg H H 1.55 1.94 1.86 2.70 2.20
Sphondin (5-methoxyangelicin) (OCHj H H H 1.45 1,90 1.88 4,12 8.57
Pimpineltin (5,6-dimethoxyangelicin) OCHy | OCHj H H 1.53 2.08 1.81 2.20 2.00
CH,
Oreosolone (5'-isopropenylangelicin) H H — <CH H 1.47 1.94 1.82 1.61 1.50
s
/CHy
Oreosolol (5'-(1-hydroxy-1-methylethyl)- H H OH—C— H 1.48 — — 2.20 —
angelicin) \CH;
/CH,
Methyl oreosolyl ether (5'<(1-methoxy-1- H H —C—OCH; H 1.48 — —_ 1.89 —
methylethyl)angelicin) \CHg
?H, (o] [¢]
I il
Peucenidin (5'-(1-acetoxy-1-methylethyl)- H H —C—O0—C—CH;, O0—C—-C—H 1.43 1.99 1.79 0.3 0. 90
4',5'-dihydro-4'-senecioylangelicin) (!:H; H,C—(“}—CHs
CHy O CH, o CHy
| I 4 Il /
Athamantin (4',5'-dihydro-4-isovaleryl- H H —C—0—C—CH,CH 0O—C—CH,CH 1,60 212 1.77 1.34 1.00
oxy-5'-(1-isovaleryloxy-1-methylethyl)- i AN AN
angelicin) CH, CH, CH,
H,C\
Libonatin (4'-acetoxy-4',5'-dihydro-5'- H H C—O0—C(0)—C—CH,| 0—C(0)—CH, 1.47 1.80 1.02 3.40
(2-methylbut-2-enoyl)angelicin) / Il
H,C H;C—C—H

* Potential of dropping mercury electrode monitored potentiometrically o,
**I = first wave; II = second wave.
**x With tetraethylammonium iodide as supporting electrolyte in 75% methanol.

Investigation of the kinetics and the mechanism of
cleavage of the lactone ring not only is of theoretical
interest in connection with the chemistry of lactones, on
whose physicochemical and kinetic characteristics very
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few data are available, but also is one of the most impor-
tant aspects of the chemistry of coumarins, since a con-
siderable number of their fundamental chemical reactions
(hydrogenation, azo-coupling, methylation, oxidation,
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halogenation, mercuration, and arsenation) are based on
preliminary cleavage of the lactone ring in alkaline medium
and are widely used for the identification'™%'%"~"2  quan-
titative analysis™ ™, preparative isolation'’™, and syn-
thesis ®°™ of these compounds. Experimental results
confirm that the lactone ring opens in alkaline medium.
The initial wave of coumarin is obtained when the solutions
are acidified to neutral pH'***. Reaction velocities at
high rates of cleavage of the lactone ring are determined
by oscillographic polarography *°,

The morphology of the waves from coumarin derivatives
and their relative heights exhibit several special features.
Waves due to hydroxycoumarins are diffuse, showing a
considerable tendency to coalesce owing to the small dif-
ferences in half-wave potentials caused by the formation
of intermolecular hydrogen bonds. The hydroxycou-
marins—i{raxinol and aesculetin—on polarographic reduc-
tion give an intense lemon-yellow coloration, the optical
density of the solutions remaining constant for a long
time'. Spectral investigations have shown that the for-
mation of coloured products is due to conversion of the
coumarin into a quinonoid system. Only one wave is
recorded with farnesiferol, clearly owing to the impossi-
bility of obtaining the second stage of reduction in tetra-
ethylammonium iodide as supporting electrolyte. With
the acylangelicins—peucenidin and libanotin—the second
wave is threefold the height of the first wave, as a conse-
quence of further reduction at the second stage of residues
of organic acids present in side-chains. These features
together with the considerable differences among half-wave
potentials for several coumarins—coumarin itself, aescu-
letin, umbelliprenin, farnesiferol, psoralen, xanthotoxol—
may form a basis for the identification and qualitative
analysis of coumarins.

1,73

1g (i /(g - )]

~-1.0

!
-1.70

Figure 1. Dependence of 1g[i?*/(iq — i)] on E for the
first wave of coumarin in 3% tetraethylammonium iodide
in methanolic (vol. %) solutions: 1) 12.5; 2) 25.0; 3) 37.5;
4) 62.5; 5) 87.5.

The linear concentration dependence of the limiting
current 142773035-3941-60 54 a]go the temperature coeffi-
cients (1.2-2.0% deg™) indicate a limiting diffusion current
of coumarin derivatives when they are reduced at adropping
mercury electrode. These relationships have been veri-
fied with various supporting electrolytes (lithium chloride,
tetraethylammonium iodide, Britton-Robinson buffer) in
aqueous, alcoholic (methyl, ethyl, propyl, and isopropyl),

- mic
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and aqueous—alcoholic solutions, in dimethylformamide
alone and mixed with water and with alcohols, and in ace-
tone. With the quaternary ammonium iodide a linear con-
centration dependence of the limiting current has been
established'* for both reduction stages in the concentration
range 0.1-0,001 mass %, which formed the basis for the
development of methods for the quantitative analysis of
coumarins in various materials***' 7'®_  The observed
limiting currents are consistent with the Ilkovi¢ equation™.
Capka?® used the diffusion coefficients of acetophenone
and benzophenone in comparing the limiting currents, and
reached the erroneous conclusion that coumarins undergo
two-electron reduction at the potential of the first wave.
Polarographic coulometry”™, with graphical analysis
of the voltage-current curves by means of the Heyrovsky '®
and Mairanovskii”" equations, has shown that the first
stage in the reduction of coumarins in various supporting
electrolytes takes place reversibly, with addition of a
single electron followed by slow dimerisation (Fig.1).
Cyclic polarograms obtained at a suspended drop also show
reversibility of the electrode process. The half-wave
potential becomes more negative with increase in the alco-
hol concentration. Fig.1 shows that this involves little
change in the reversibility.

fim f

x\

A
| SE—
@ %

20

l 1

!
/)

1
’0.0 h Y2

Figure 2. Dependence of limiting current of first wave
of coumarin on #’2 in solutions of ionic strength 0.39 at
different pH-values: 1) 3.29; 2) 3.79; 3)4.10; 4) 4.50;
5)5.02; 6)7.10; 7)8.36; 8)8.91; 9)10.36;, 10)11.2,

The half-wave potential at the first reduction stage
remains unchanged over the pH range 6—9. In the second
stage, recorded only in Britton-Robinson buffer solutions
containing tetraethylammonium hydroxide as base, the
half-wave potential depends on the pH, which can be
explained by polarography of cinnamic and hydroxycinna-
7878 acids, in whose reduction the dissociation of their
phenolic and carboxylic groups plays a considerable part®.
Therefore the first and second half-wave potentials of
hydroxycoumarins change with increase in pH. The
second stage in the cathodic reduction of still undecomposed
coumarin in the presence of tetraethylammonium hydroxide
is accompanied by reduction of hydroxycinnamic acids
formed by cleavage of the lactone ring in the coumarins.
The second wave is therefore complicated in character.
The half-wave potential of hydroxycinnamic acids, like that
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of cinnamic acids”*?%, is markedly dependent on pH, and
hence that of the second wave of coumarins also depends

on pH under the above conditions.

The occurrence of kinetic currents at acid pH values
(Fig.2, curves 2 and 5), the variation of the half-wave
potential over the pH range 4.1-6.0, the electronic struc-
ture, quantum-chemical calculations®, the basicity con-
stants®, and also the mechanism of formation of oxonium
salts®~® prove that coumarin molecules undergo protona-

tion:
VAYAN _#HE N\
( I \c=o T Ew/\czo: H .
No” No”

N/
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Thus coumarins exhibit a diffusion current at pH 4.10-
10.36; a coumarin wave cannot be recorded at pH < 3.29,
owing to superposition of the discharge of hydrogen ions

on the reduction of coumarin. Investigations of the depen-
dence of I on #'’? at various pH' indicate a kinetic current
over the pH range 3.29-4.10, whose magnitude is deter-
mined by the rate of protonation of coumarin., In alkaline
medium (pH > 10.3) the strength of the current is limited
by the rate of cleavage of the lactone ring. The second
reduction wave of coumarins and the wave of cinnamic
acids are not recorded at all in supporting electrolytes
that are more easily reduced than are tetra-alkylammo-
nium salts, whence Knobloch?®*?® wrongly concluded that
cinnamic acids are polarographically inactive.

Table 4, Half-wave potentials of model compounds polarographed in 75% methanol*,
—Ey,, Vis.ce.), in
. Britton-Robinson
Compound Structural formula 3% (CaHs)aNI 3% Lia buffer
1 i 1 it 1 1
Coumarin I\ AN
| ' Lo 1.40 1.97 1.3 — 1 1.67 (pHT.10) | —
N No”
3,4-Dihydrocoumarin I\ \l
s N I R I I
/No”
CH,
|
4,6-Dimethyl-2-pyrone “/ \\\
C=0 1.72 1.9% 1.90 2.20 — —
No/
HC
[¢]
Il
Chelidonic acid AN
H 1.40 1.96 — — 1.50(pH 9.15) | —
H00C” 07 \COOH
o]
| -
Hesperedin AN /C\l OlH
77 N—ocH 1.80 - - - -
N 3 : -
Cutn0y, /> N0 d
Cinnamic acid NN o
\)) L/ 1.38 1.85 1.67 - - -
NOH
cis-o-Hydroxy cinnamic acid N/
LAl R — — —
r J 1 <)) 1.40 1.97 1.99
N \on OH
trans-o-Hydroxycinnamic acid ( \"/ \l on
1.4% 1.89 1.86 — —_ —_—
\/\0H<0
ocH, §
AN
Kellin** I! |/\" H
) — 1.56 2.10 .57 1 — —
Lo \1 oGt ] 1.57 80
OCH,

*Dihydrocoumarin was prepared by hgflgg)genating coumarin in alkaline medium with molecular hydrogen
y

in the presence of a palladium catalyst

4,6-dimethyl-2-pyrone was synthesised from acetoacetic

ester®; and chelidonic acid was obtained by N. F. Komissarenko from Far Eastern lily of the valley
(Convallaria keiskei Mig.) in the Phytochemistry Laboratory of the Kharkov Chemical and Pharmaceutical

Scientific Research Institute.

** With 3% tetraethylammonium iodide as supporting electrolyte kellin has a third wave with E,/, = ~23.35 V.
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Various model compounds have been examined** in
order to interpret the mechanism of polarographic reduc-
tion of coumarins at a dropping mercury electrode. The
results (Table 4) show that polarographic activity is due
to the presence of the conjugated chain CH :CH.CO.O in the
2-pyrone structure. This chain disappears on hydrogena-
tion of the C @ : Cw double bond, in contrast to chromones,
which have an O :C.CH :C.O chain in the 4-pyrone struc-
ture. Coumarins containing substituents having double
bonds that are either isolated from or only slightly con-
jugated with the 2-pyrone ring (farnesan in umbelliprenin,
isopentenyl in imperatorin and osthole, ester groups in
athamantin) do not show the enhanced electrochemical
activity of these groups observed in peucenidin and libano-
tin,

Chromatographic, mass-spectral and spectral (ultra-
violet and infrared), and combined chromatographic and
mass-spectrometric examination of the products of elec-
trolysis at a dropping mercury electrode and at a con-
trolled potential on a macroelectrode'*, as well as pre-
parative electrolysis®®"®®, show that the electrode reaction
results in formation of dihydrocoumarin and dimers of
coumarin. Other compounds have also been detected in
preparative electrolysis, which may be products of hydro-
genation by hydrogen 96,91 formed during electrolysis and
of subsequent reaction of the products with radicals and
with the electrode material %,

In contrast to chromones and chalcones, coumarins
exhibit intense infrared absorption bands due to the car-
bonyl group'™*** and diminished reactivity towards cat-
ionic reactants ®, so that it may be concluded that this
group is more weaklg/ protonated in coumarin derivatives
than in chalcones2/2°%°71%2 " flayonoid compounds 2272%103 7111
and chromones 2231912 whose half-wave potentials
depend on the pH and which produce a catalytic current?2®’
257 Such a current has been observed**”*® with kellin,

a pharmaceutical preparation. Chromones are geneti-
cally so close to coumarins in chemical structure that con-
version of 4-hydroxycoumarins into 2-hydroxychromone is
observed®:

T i
NN AYA

I\/Loé=o < \/lLo/[ou

Reducibility at a dropping mercury electrode is observed
also with other classes of compounds containing a 2-pyrone
ring (cardiac glycosides) 3 7,

The results of the investigations enable schemes to be
postulated for reduction at a dropping mercury electrode—
for coumarins

dihydrocoumarin
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and for chromones

Q [
v X isomerisation
comera e
P a——

(¢4 0O
chromanone

chromanol

The same mechanism of reduction has been suggested by
Stradyn'?® and by Perrin® in fundamental reviews on the
polarography of heterocyclic organic compounds.

Carbohydrates present in side-chains in coumarins,
cardiac glycosides, flavonoid compounds, and chromones
are not reduced at a dropping mercury electrode, since
their reduction requires the presence of a carbonyl form,
which cannot be produced in solution owing to the absence
of ring—chain tautomerism in the glycosidic state®’™, In
the case of furochromones 3112 (kelloglycoside) the intro-
duction of the carbohydrate residue converts a single-wave
into a two-wave polarogram. The polarograms of kellin
and the glycoside in various supporting electrolytes are
quite complicated, containing diffusion and catalytic waves.
In acid medium the electrode process is complicated by
formation of protonated complex compounds (oxonium
salts), and in alkaline medium by cleavage of the 4-pyrone
ring, so that kinetic currents may also be observed.

The reduction of coumarin derivatives at a dropping
mercury electrode is accompanied by adsorption pheno-
mena4#2:118-120 dggending on the structure of the electrical
double layer 7272,

. CHEMICAL STRUCTURE AND HALF-WAVE POTEN-
TIAL

One of the most important tasks of the polarography of
organic compounds is to find relations between chemical
structure and half-wave potential, since knowledge of this
correlation will enable the electrochemical activity of
organic compounds to be assessed, to a certain extent the
mechanism of electrochemical processes, their kinetics,
the structure of the products of electrolysis, and also
several important physicochemical constants (ionisation
potential, electron affinity, redox potential of biochemi-
cally important systems), defined directly or indirectly in
terms of the half-wave potential, which have played some
part in assessing the results of quantum-chemical calcu-
lations on the molecules of benzenoid aromatic compounds 2~
123 Such relations can be gauged in several ways—(i) by
qualitative and semi-quantitative comparison of half-wave
potentials with the electronic structure of functional
groups, with conjugation, steric, and inductive effects
4765124 (ji) by means of correlation equations*2°7'%  (iii)
by quantum-chemical methodg 12! 7123:1%0-131 ' anq (iv) from
the relation between the half-wave potential and other
physicochemical constants (refraction, dipole moments,
ultraviolet and infrared spectra, mass spectra, and
microwave spectroscopy—nuclear magnetic and electron
spin resonance) containing considerable information on the
chemical structure of the molecules?®™ 72152 __on which

24,25,
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several reviews have been published?®# 1927136  phogideg

individual chapters in special monographs ™% ’f“, devoted
to a detailed examination of the relation between half-wave
potentials and chemical structure.

In order to trace a correlation with the structure of
coumarins and to reach conclusions on the influence of sub-
stituents on the half-wave potential, the Reviewer has
selected series both of naturally occurring compounds and
of products of chemical reactions*’. Such comparison
cannot be based on published values, since half-wave poten-
tials have been obtained by different workers under differ-
ent conditions (different supporting electrolytes, solvents,
and apparatus). The individual values may be contradic-
tory even under the same conditions, and several com-
pounds when tested did not exhibit any polarographic activ-
ity (derivatives of 4-hydroxycoumarins)®"*®,

Table 1 gives the chemical structure and the half-wave
potentials of derivatives of coumarin, psoralen, and angeli-
cin. Only the values for the first wave, corresponding to
a reversible process, were used for the comparison.
Table 1 shows that alkylated coumarins, containing donor
substituents, are reduced with greater difficulty than are
the corresponding unsubstituted compounds. The 2-pyrone
ring in the coumarin system is reduced more readily than
is 2-pyrone itself, because of conjugation with the aroma-
tic benzene system.

The fusion of a furan ring with the coumarin system in
psoralen and angelicin derivatives hinders reduction of the
furocoumarins owing to the donor influence of the furan
heteroatom, Introduction of ester substituents lowers the
half-wave potential of the corresponding hydroxy-com-
pounds (umbelliferone, fraxinyl, xanthotoxyl, and peuceni-
dinyl acetates, libanotin, and athamantin). Coumarin
ethers exhibit the considerable electron-donating activity
of the radicals, reflected in more negative half-wave
potentials. The lengthening of the unconjugated chain in
geranyl- and 7-farnesyl-oxycoumarins produces no change
in the half-wave potential of 7-isopentenyloxycoumarin.
This proves the absence of steric hindrance by groups to
reduction of the C @ :C double bond in benzo-2-pyrone,

Among simple coumarins the highest reduction potential
is shown by farnesiferol A, probably because of the speci-
fic conformation of the farnesyl group, causing steric
hindrance to reduction of the C ) : Cw double bond at a
dropping mercury electrode'?*"*"*%  The half-wave
potentials of 5-mono- and 5,8-di-substituted psoralen
derivatives lie in the narrow range from -1.41 to -1.45V,
with the exception of xanthotoxol and alloimperatorin, in
which the 8-hydroxyl produces a displacement of electron
density owing to conjugation with the carbonyl of the 2-
pyrone through the heteroatomic oxygen. Angelicin deri-
vatives substituted at position 5 or in the furan ring have
values between —1.43 and -1.48 V; the 6-substituted
derivatives have more negative half-wave potentials.

Correlation equations have been used to find a quantita-
tive relation with chemical structure, and half-wave poten-
tials have been compared with the energy of the lowest
vacant level. Naturally occurring coumarins contain sub-
stituents mainly in the benzene ring, at a considerable
distance from the reactive centre—the C () :Cw double
bond—that undergoes electrochemical hydrogenation. It
is therefore advisable to use the Hammett equation, repre-
senting the inductive and mesomeric influence of substitu-
entg 22712571295139,:140 ' 056 application has been described
in detail by Zuman'?"*%%,  According to its physical
meaning the Hammett equation is applicable mainly to
benzenoid compounds, but several workers have shown
that it can be used for heterocyclic compounds 222%:126:141
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Its application requires accurate knowledge of the position
of a substituent with respect to the reaction centre, a
problem that is made more difficult by the location of sub-
stituents and centre in different rings.

In one paper Zuman*® stated that the Hammett equation
must be used for coumarin derivatives substituted in the
benzene ring, but the Taft equation 2263 for those sub-
stituted in the pyrone ring; yet no information is available
on how to control the position of a substituent. Several
workers have shown that the orienting effects of substitu-
1%r;t’;s“depend on the electron density on the carbon atoms'*’

Published molecular diagrams of coumarin, psoralen,
and angelicin2’**** and those calculated by the Reviewer
using the LCAO-MO method to the Hiickel approximation
suggest that the orientation of substituents can be repre-
sented by

0 (0] (0]
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The test compounds cannot be regarded as belonging to a
single reaction series, for they are based on different
structures—coumarin, angelicin, and psoralen—although
all the compounds are reduced at a dropping mercury
electrode by the same mechanism. Furthermore, the
influence of a substituent in a given ring changes with its
orientation relative to the heteroatoms., In view of these
considerations, some of the natural coumarins having
tabulated values of 0 were divided, on treatment of their
half-wave potentials, into the reaction series

(@) coumarin, 6-methylcoumarin, umbelliferone,
4-methylumbelliferone, herniarin, coumarin-T7-yl acetate

(b) aesculin, aesculetin, fraxinol, fraxinyl acetate

(c) psoralen, xanthotoxol, xanthotoxin, xanthotoxyl
acetate.
For other compounds either tabulated values of ¢ are not
available or the Hammett equation is inapplicable.
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Figure 3. Correlation of half-wave potentials of reaction
series (@) with Hammett o constants for: 1) p-OH;
2) p-OCHs; 3) m-CHs; 4)H; 5)p-OCOCHa.

The results plotted in Figs. 3 and 4 show that reaction
series (@) and (c) satisfy the Hammett equation. Depar-
tures from the correlation can be explained by absence of
additivity, between the electrochemical activity of the
coumarins at the dropping mercury electrode and the ¢
values, resulting from intra- and inter-molecular hydro-
gen bonding, adsorption, dimerisation, and solvation
effects.
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The Reviewer has assessed the rigour with which the
Jaffé correlation 2512614 jg gatisfied only on reaction
series (a), for which the principal correlation parameters
have the values n = 0,974, p = 0,13, and S = 0,058. The
positive value of p indicates that the reaction is electro-
philic in character: i.e. the introduction of electron-
donating substituents retards hydrogenation of the double
bond, whereas electron-accepting substituents accelerate
it (respectively more and less negative half-wave poten-
tials). The small p for series (@) indicates the low pola-
rity of the transition state. Values of 0 have been taken
from the paper by McDaniel and Brown %,
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Figure 4. Correlation of half-wave potentials of reaction
series (¢) with Hammett o constants for: 1) m-OH; 2)H;
3) m-OCHs; 4) m-OCOCHs;.
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Coumarin has 11 molecular orbitals, of which 6 are
bonding and 5 antibonding. All 12 7-electrons can be dis-
tributed among bonding molecular orbitals to form a
closed system, The energies of delocalisation and of
aromatisation for coumarin are respectively 3.368 and
0.5758F1. Of the 14 molecular orbitals in the psoralen
molecule 8 are bonding and 6 are antibonding; the 16
mobile m-electrons of psoralen also occupy all the bonding
orbitals and form a closer electron system. Thus the
compounds studied form closed electron shells with 8, 12,
and 16 7-electrons. The Hiickel rule is inapplicable to
them, since the 2-pyrone ring is not a regular polygon
owing to the presence of the carbonyl group, and the 4% + 2
m-electrons rule is not satisfied.

The polarographic activity of organic compounds
involves the donation of electrons from the highest occu-
pied level and the acceptance of electrons by the lowest
vacant level, sothat the half-wave potential is a linear
function of the energy of these levels, and can be mea-
sured by the electron affinity or the ionisation potential**°”
132;146 " Thig provides a ready explanation of the satis-
factory correlation of this potential with various physical
and chemical ™31 %7192 properties of organic compounds.

A theoretical basis for the possibility of correlating
half-wave potentials with the energy of the lowest vacant
orbital was first provided by Maccoll 18 This depen-
dence for the coumarin, psoralen, and angelicin series
(Fig.5) shows that half-wave potentials may be predicted
for furocoumarins. Departures from this dependence
exhibited by acetylated derivatives and diols (aesculetin)
in the coumarin series can be explained by insufficient
allowance in quantum-chemical calculations for exchange

tHere B represents the resonance integral used in
quantum-chemical calculations ',
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interaction between adjacent groups and interaction of
groups with the solvent or by distortion of the potentials
by adsorption, solvation, protonation, and dimerisation of
intermediate products.
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Figure 5. Correlation of energies of lowest vacant orbi-

tals £ and the polarographic half-wave potentials for the
coumarin series (4): 1) coumarin; 2) umbelliferone;

3) fraxinol; 4) fraxinyl acetate; 5) umbelliferone acetate;
and for the psoralen and the angelicin series (B):

1) psoralen; 2) angelicin; 3) xanthotoxin;, 4) sphondin;

5) begapten; 6) isopimpinellin.

IV. PHYSICOCHEMICAL PROPERTIES AND HALF-WAVE
POTENTIAL

It is of great theoretical and practical interest to find
the interrelationship between the polarographic charac-
teristics and the physicochemical properties of organic
molecules, for the reasons outlined below.

1. It will become possible to assess the relation
between the half-wave potential and chemical structure—
more precisely to understand how this potential reflects
features in the electronic structure of molecules (induc-
tive and mesomeric effects), conformational characteris-
tics (steric effects), the distribution of electron density,
the polarisability and polarity of molecules, electrochemi-
cal activity, reactivity, and in several cases also the bio-
logical action of the substance.

2. Comparison of half-wave potentials with redox
potentials will give information on the reversibility of an
electrode process, and sometimes polarography may
become an independent method for determining redox
potentials, since it is more sengitive than the potentiomet-
ric method and can be applied over a wider composition
range of the medium (quinones, vitamins).

3. Comparison of half-wave potentials with spectral
characteristics will permit estimation of the degree of
homolysation of molecules'®™**® and the parameters in the
equation relating these potentials with the energy of the
orbitals, with some indication of the mechanism of elec-
tron transfer in the electrochemical step.

4, Comparison of half-wave potentials with dipole
moments and refractions enables the electrochemical
activity of individual functional groups or structural units
of the molecule to be estimated, and also the direction of
the polarisation vector to be assessed.
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5, The relation between the diffusion-current constant
(from the Ilkovi¢ equation) and the molecular mass
enables the latter to be evaluated, and also to some extent
the degree of sphericity of the molecule (which occurs in
the main condition for the Stokes—Einstein equation to be
satisfied).

6. Comparison of half-wave potentials for the oxidation
of organic compounds with mass-spectral characteristics
(ionisation potential, peak appearance potential) will
enable the ionisation potential to be evaluated.

7. Comparison of the half-wave reduction potentials
with the energy of the longer-wavelength band of the donor
(charge-transfer complex) will enable the electron affinity
to be evaluated.

8. Comparison of half-wave potentials for polarographic
oxidation and reduction will enable the alternance and non-
alternance of hydrocarbons to be assessed.

Undoubtedly we could still find quite a few important
aspects of the theoretical and practical applicability of the
correlation of polarographic characteristics with other
physicochemical characteristics of the molecules.

The Reviewer has compared half-wave potentials for
the polarographic reduction of coumarins with (i) the
energy of the longer-wavelength ultraviolet absorption
band, (ii) the dipole moments, (iii) mass-spectral charac-
teristics, (iv) the chemical shift in the nuclear magnetic
resonance spectra, and (v) the electron affinity, besides
comparing the diffusion-current constants in the first wave
of coumarins in 5% tetraethylammonium iodide solution
as supporting electrolyte with the molecular mass.

1. Half-wave Potential and Ultraviolet Spectra of Cou-
marins

Comparison of half-wave potentials with ultraviolet
absorption band energies is based on the identity of pri-
mary physicochemical steps in an electrochemical reaction
and in photoexcitation. Watson and Matsen™§ used
Macecoll's relation'®® to show that for many compounds the
dependence of the half-wave potential on the energy of
transition of an electron from the highest occupied to the
lowest vacant orbital can be established directly:

—Ey, =1/, hv+const. ,

where v is the frequency of the longer-wavelength absorp-
tion band.

A defect in most papers in this field is non-observance
of the dimensions of the units in which E,/; and Ay (v) are
expressed. The former is measured in volts, and the
latter in nanometres. 1If both parameters are expressed
in electron-volts, the values of Ei/; will partly take into
account also the mechanism of reduction at the dropping
mercury electrode, since E)/; will have to be multiplied by
the number of electrons involved in the electrochemical step.

Grabovskii'® showed that the relations between the
reduction potential and the energy of the electron transition
may assume different forms depending on the nature of the
substituent and the electron transition. There may be
other approaches to a physical explanation of the correla-
tion between half-wave potential and ultraviolet spectral
data.

1 This reference appears to be in error (Ed. of Trans-
lation).
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Several substances undergoing an electrochemical
reaction at a dropping mercury electrode form charge-
transfer complexes with components of the supportin%
electrolyte and act as acceptors, so that the relation”*

hw=I—E,+C

holds for them, where Av (in eV) is the energy of charge
transfer, ID (eV) the ionisation potential of the donor, EA
(eV) the electron affinity of the acceptor, and C a constant.
As several workers have shown, a linear dependence
exists between /v and EA, as between Av and ID, and since
the reduction half-wave potential of an organic molecule
most often corresponds to EA,'™ this potential should vary
linearly with the energy of the longer-wavelength absorp-
tion band. On the other hand, the frequency of variation
in the variable dipole moment P is described by the for-
mula'®

P=P,cos (2nvt),

(in which P, is the constant dipole moment of the molecule,
v the frequency of vibration of the molecule, and f the
time), which shows that the frequency depends on the
dipole moment. In several cases the half-wave potential
is a linear function of the dipole moment®”™ go that a
linear relation should exist between this potential and the
energy of the corresponding absorption band.

The spectrum of coumarins contains 4—6 strong absorp-
tion bands (molar extinction coefficients 3000-30000).

The bands are due to 7—7* transitions™ 2, but n—7* tran-
sitions may also occur (masked by m-7* transitions). The
polarographic reduction of naturally occurring coumarins
at a dropping mercury electrode is due, by analogy with
other organic compounds, to the presence of a system of
delocalised 7 electrons in the 2-pyrone ring, and is accom-
plished by passage of electrons from the electrode to the
lowest vacant level in the molecule.

The long-wavelength bands corresponding to 7—m* tran-
sitions characterise the energetic state oi the functional
part of the molecule (containing the conjugated 7-electron
system), which is also electrochemically active, so that it
is the energy of such a band that must be compared with the
half-wave potential. The ultraviolet band energies of cou-
marins were obtained (in electron-volts) from the corre-
sponding Am values by means of the classical Bohr fre-
quency rule v = kc/X = €, — €,.'® Relative energies of
polarographic reduction of the molecules of coumarins €
can be determined as the product of the polarographic half-
wave potential E,/; and the number of electrons » taking
part in the electrochemical step. The half-wave poten-
tials of the first, reversible wave are usually taken in
finding the correlation of spectral and polarographic char-
acteristics, as in the present case.

A linear dependence of the half-wave potential of the
first wave on the longer-wavelength ultraviolet absorption
maximum has indeed been established for the series—
coumarin, psoralen, and angelicin—with the potential
falling as the band energy increases?!. However, since the
correlation is based on the energy of the whole band corre-
sponding to 7-7* transitions predominantly of the C : Cu
double bond, not of part of it, the whole energy of polaro-
graphic reduction of the double bond must obviously be
taken, i.e. the half-wave potential of the second wave,
corresponding to the sum of the electron affinities of the
coumarin molecule and of its radical. It is probable that,
as in polarography, the transfer of electrons in a spectro-
scopic experiment takes place in stages (transfer of the
first electron followed by that of the second, and so on).
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The polarographic and spectral characteristics found by
the Reviewer for naturally occurring coumarins show
(Table 5) a deviation of 0,4—0.5 €V from a linear relation
only with five compounds (angelicin, acetylumbelliferone,
imperatorin, 4-methylumbelliferone, and xanthotoxin):
with all the remaining compounds a precise correlation
between optical and electrochemical characteristics is
observed, which enables half-wave potentials in the cou-
marin series to be calculated from the energy of the
longer-wavelength absorption band,

Table 5. Electrochemical and optical characteristics of
naturally occurring coumarins.
Compound | —Eyy V l €,eV | Am, nm hv, eV

Coumarin 1.97 3.94 309 4.00
6-Methylcoumarin 1.92 3.84 320 3.88
Umbelliferone 1.84 3.68 324 3.83
Acetylumbelliferone 1.80 3.60 310 4.00
Fraxinol 1,93 3.86 308 5.03
Osthole 2.08 4.16 321 3.87
Aesculin 1.74 3.98 333 3.73
Acetylfraxinol 1.88 3.76 312 4.00
Psoralen 1.95 3.90 292 4.25
Angelicin 1.89 3.78 289 4.30
Aesculetin 1.78 3.56 347 3.60
Isopimpinellin 1.84 3.62 308 3.95
Imperatorin 1.85 3.70 299 4.15
Bergapten 1.86 3,72 309 4.00
7-Isopentenyloxy coumarin 2.08 4.16 322 3.86
Sphondin 1.90 3.80 303 4,10
Umbeltiprenin 2.05 4.10 309 4.00
Cnidicin 1.86 3.72 308 4.06
Cnidilin 1.91 3.82 308 4.06
Xanthotoxin 1.85 3.70 298 4.16
Xanthotoxol 2.00 4.00 306 4,06
4-Methylumbelliferone 1.74 3.48 315 3.93
Farnesiferol 1.86 3.72 322 3.86

2. Mass-spectral Characteristics and Half-wave Potentials

Electron bombardment of coumarin produces molecular
iong'®7'%*  whose measured appearance potential was
corrected for the contact potential of the nickel-molyb-
denum system (the ion source)'®™. This can be accepted
as the ionisation potential, which in the Reviewer's experi-
ments was around 4.0 €V. The correlation of spectral,
mass-spectral, and polarographic data enables spectral
characteristics to be used to find ionisation potentials, and
the equality of the latter to the half-wave potentials as a
criterion of the degree of homolysation of the molecule'*’
155 and the consequent possibility of formation of a charge-
transfer complex, since the half-wave potentials can be
used to find electron affinities®.

3. Electron Affinity and Half-wave Potential

Since half-wave potentials are often used to estimate
electron affinities, it was of interest to compare these
quantities. Experimental determination of electron affi-
nity is usually based on the examination of charge-transfer
complexes, the theory of which was developed by Mulli-
ken'®®, or on polarography'®®*%®, The Reviewer has
calculated electron affinity 4 by Scott and Becker's
method ' based on the equation

A= —a? —(mﬁ_ '% N) B,
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obtained from approximate quantum-chemical calculations,
in which of = -9.878 eV, B° = 2,110 eV, m'? is the
Hiickel coefficient of the highest occupied orbital or of the
anion, 7 is the number of m electrons in the neutral mole-
cule, and N is a constant.

Table 6.

Compound n Mg (Ref.12) —A eV —Eyav
Coumarin 12 1.2391 3.70 1.40
Herniarin 12 4.1903 3.80 1.44
4-Methylumbelliferone 12 4.2000 3.93 1.61
Psoralen 16 1.1200 3.65 1.44
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Figure 6. Relation between half-wave potential and
electron affinity of coumarins: 1) coumarin; 2) herniarin;
3) 4-methylumbelliferone; 4) psoralen.

The calculated results are given in Table 6. The
graphical relation between the two quantities shows (Fig. 6)
that the polarographic half-wave potential varies linearly
with the electron affinity of the coumarins.

4. Dipole Moments and Half-wave Potentials

Data on the dipole moments of coumarins are extremely
limited, but the Reviewer's attemgts to calculate them by
quantum-chemical methods *"*%"% gave overestimates.

For most substances the wave is considered® to move
to less negative potentials with increase in the dipole
moment. The present case constitutes an exception to the
general rule (Fig.7), which merits special examination.

5. Nuclear Magnetic Resonance and Half-wave Potential

The fine structure of an organic molecule is charac-
terised by the chemical shift and the spin distribution con-
stant, which is why n.m.r. spectroscopy'™”"™ finds such
great use for confirming the conformations of molecules,
the distribution of electron density on the atoms, found by
other physicochemical methods (spectroscopy, dipole
moments) and by quantum-chemical methods. Compari-
son of polarographic and n.m.r. results is of the greatest
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interest, since it enables the electrochemically active
units of the molecule, i.e, the sites of lowest electron
density, to be determined.
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Figure 7. Relation between half-wave potentials and
dipole moments (determined according to Debye) for cou-
marins: 1) coumarin; 2) coumarin-6-sulphonic acid;

3) 6-methylcoumarin; 4) 6-aminocoumarin; 5) 6-nitro-
coumarin,

1 |
6.20 630 640 §.ppm

Figure 8. Relation between half-wave potential and
chemical shift for coumarins: 1) coumarin; 2) fraxinyl
acetate; 3) herniarin; 4) 7-hydroxyisopentenyloxycou-
marin,

Nuclear magnetic resonance data for coumaring 27277

show that the Cw : Cw double bond is the site of lowest
electron density, and the 2-pyrone carbonyl group the site
of maximum electron density, in agreement with quantum-
chemical calculations’?”™* and the vector diagram of the
dipole moment of the coumarin molecule. This is con-
firmed by the comparison of half-wave potentials and
chemical shifts plotted in Fig. 8.

6. Diffusion-current Constants and Molecular Mass

Increase in molecular mass entails a decrease in the
diffusion-current constant (Fig.9). This provided a
method for estimating the molecular masses of coumarins,
and also for estimating the constant from the latter, which
is very important in calculating the number of electrons
and interpreting the mechanism of electrode reactions.

V. METHODS OF POLAROGRAPHIC ANALYSIS

The polarographic method of analysis is widely used for
coumaring 337139541 746548,51,54,575175 and the related chro-
mones "%, The techniques employed are based on dis-
playing the depolarising ability of these compounds at a

dropping mercury electrode in the cathodic potential range.

Novel physicochemical properties of coumarins detected
in this way are of the greatest interest.
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Investigation of the mechanism of the chain autoxidation
of sulphites revealed that naturally occurring coumarins
have a considerable inhibiting effect*®. A linear depen-
dence exists between the duration of inhibition and the con-
centration of the coumarins (within the range 10™*~107°M),
which can be used in quantitative analysis. Different
coumarins have different ranges of linearity. The inhibi-
ting effect is detected from the change in the rate of fall
of the maximum oxygen content in the presence of a sul-
phite by polarography with 0.01% potassium chloride solu-
tion as supporting electrolyte. The sensitivity of this
method of analysis (10”7 M) is hundredfold that of methods
based on the electrochemical reduction of coumarins
(107°M). It will give good results in the analysis of
polarographically inactive coumaring (dihydrocoumarin,
4-hydroxycoumarin derivatives) and of coumarins that have
poorly developed polarographic waves (hydroxycoumarins).
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Figure 9. Dependence of Kp on molecular mass for the

coumarins: 1) coumarin; 2) 6-methylcoumarin; 3) xan-
thotoxin; 4) psoralen; 5) isobergapten; 6) 7-isopentenyl-
oxycoumarin; 7) fraxinol; 8)imperatorin; 9) fraxinyl
acetate; 10) pimpinellin; 11) farnesiferol; 12) athaman-
tin,

A very urgent problem in the chemistry of coumarins
is the determination of molecular mass. Hitherto it has
been found via the diffusion coefficient by the use of diffu-
sion currents, which is time-consuming and not always
accurate. The molecular mass can be determined experi-
mentally by polarography using a standard compound.
This gives a formula, based on the Ilkovi¢ and Stokes—
Einstein equations'*, from which diffusion coefficients
are absent*" 7%

, )
o (mw; My ) '

4, 4
I3 Cst

’

where My is the molecular mass of the test coumarin,

Ist and Ik (in HA) are the limiting currents of standard and
test coumarin solutions, Mgt is the molecular mass of the
standard coumarin derivative, cgt (mM) is the concentra-
tion of the standard coumarin solution, and cx (%) that of
the test solution. The relative error of the determination
is #2.5%. The method developed by the Reviewer is far
simpler than the mass-spectral method with respect to
equipment and more reliable than Rast's method. The
methods of analysis of coumarins are applicable also to
other classes of organic compounds, and have entered the
USSR State Pharmacopoeia ',
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The use of chromatographic methods—paper, thin-
layer, and gel—for the preliminary separation of mixtures
of coumarins and chromones extends the possibilities of
polarography in the investigation and the analysis of these

-1
compounds %177 180,

VI. APPLICATION OF POLAROGRAPHY TO THE
CHEMISTRY AND BIOLOGY OF COUMARINS

1. Kinetics of Cleavage of the Lactone Ring

As already mentioned, the kinetics of cleavage of the
lactone ring is not only of practical interest, from the
point of view of finding optimum conditions for the analy-
sis, synthesis, and isolation of coumarins, but also of
theoretical interest, since by analogy with benzoic esters
the determination of rate constants should permit estab-
lishment of a scale of the values of 0 required for the
correlation of chemical structure with the physicochemi-
cal properties of coumarins.

The polarographic method is absolute in recording the
lactone form of coumarin in solution, since the cleaved
form—hydroxycinnamic acid—is not established in several
supporting electrolytes. Other methods (spectrophoto-
metric, conductometric, potentiometric) enable relative
measurements to be made®~%, An oscillographic tech-
nique enables measurements to be made at high rates of
fission of the lactone ring.

Table 7. Rate constants (M ™' s™') of cleavage of the lac-
tone ring of coumarin in various media,

Solvent
compound conen., LioH NaOH KOH (CsHs)e NOH
| vol.%

Water 100.0 0.338 0.347 0.388 0.130
Methanol 25.0 —_ 0.227 — —_
Methanol 30.8 — 0.101 —_ —_
Methanol 50.0 0.073 0.069 0.082 —
Methanol 70.0 — 0.020 —_ —
Ethanol 19.0 — 0.146 — —
Ethanol 30.8 — 0.131 —_ —
Ethanol 50.0 0.132 0.124 0.129 —
Ethanol 70.0 - 0.056 — -
Propan-1-ol 19.0 — 0.162 — —
Propan-1-ol 30.8 — 0.075 — —
Propan-1-ol 50.0 0.032 0.0838 0.054 0.059
Propan-1-ol 70.0 — 0,062 — —
Propan-1-0l 96.0 — 0.645 — —
Propan-2-ol 19.0 — 0.266 — —
Propan-2-ol 30.8 — 0.124 — —_
Propan-2-ol 50.0 0.106 0,124 0.108 0.131
Propan-2-ol 70.0 —_ 0.116 — —
Dimethylformamide 50.0 0.035 0.036 0.047 —

Application of polarography *® and colorimetry "2***2 to

isomolar series'® shows that coumarin reacts in equi-

molecular proportions with a base. The reaction is of
the second order "%, The investigations have been made
in aqueous—alcoholic solutions in the presence of various
bases—ammonium, lithium, sodium, potassium, and
tetraethylammonium hydroxides—and reaction rate con-
stants have been determined for various concentrations of
the alcohol (Table 7). The reaction does not take place
in purely alcoholic solvents (methanol, ethanol, propan-
1(or 2)-0l). The rate constant increases with decrease in
the mole fraction of the organic solvent and in the induc-
tive effect of the substituent but with increase in the
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strength of the base. The more negative the half-wave
potential of coumarin, the more difficult is cleavage of the
lactone ring, All the researches show that this process
depends on many factors and involves water molecules.

2. Complex Formation in the Coumarin Series

Polarograph& is widely used to investigate complex
formation"®*"*_ The first polarographic study of the
formation by aesculetin of complexes with copper, gold,
tin, and rhodium salts has been made by the Reviewer.
Copper salts give stable complexes, but the process is
protracted, taking place in several stages with formation
of a mixture of complexes differing in chemical structure,
as chromatography ' *#°*% and spectroscopy '**® have
shown. Earlier spectral results'®” are dubious in view

of the close similarity in physicochemical properties of the
components of the aggregate complex.

The presence of a complex is established polarographi-
cally from the difference between the half-wave potentials
of metal and coumarin. The stoichiometric ratio of
copper and aesculetin in the complex has been deter-
mined'®, The other complexes—with rhodium, gold, and
tin—have only been identified polarographically during
their formation.
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Figure 10. Dependence of the duration ¢ of inhibition by
coumarin of the chain autoxidation of sodium sulphite on
its concentration c,

3. Inhibition of Chain Reactions

A form of chain reaction is the autoxidation of sul-
phites®~'** which can conveniently be investigated by a
polarographic method, since the reaction is studied by
measuring the concentration of oxygen in the solution. The
Reviewer has been the first to use polarography to investi-
gate this reaction. Coumarins exert a considerable
inhibiting effect'® (Fig.10), which consists in significant
retardation of the rate of autoxidation by interaction of the
added coumarin molecules with radicals appearing during
the reaction. The inhibiting effect becomes stronger with
increase in the molecular mass of the coumarin, in the
degree of branching of the molecule, and in the number of
phenolic groups.
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The mechanism of this reaction, involving ion-radical
processes, models redox processes occurring in the living
organism. Therefore the useful pharmacological action
of many medicinal and biologically active compounds,
including coumarin derivatives, is accompanied by a harm-
ful inhibiting effect on redox processes in healthy cells of
the organism. In the case of pathological processes
(cancer) the inhibiting effect may be of positive value:
indeed several coumarins are used for the treatment of
malignant diseases'®®. Detailed investigation of the
mechanism of the inhibiting effect of coumarins (based on
mathematical equations and models) will help to reveal the
biological functions of coumarins in plant and animal
organisms at a higher level, and thereby establish a more
exact model of the dependence of pharmacological action
on chemical structure.

The formation of hydrogen peroxide during the autoxi-
dation of sulphites has also been shown by a polarographic
method—from the increase in height of the second oxygen
wave—which has permitted a more thorough investigation
of the mechanism of this reaction. On this basis it is
possible to study the mechanism of the aging of coumarins,
and also to develop methods for their accelerated aging,
enabling the useful life of coumarin preparations to be
predicted.
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Figure 11. Adsorption isotherms for xanthotoxin on
silica gel with: I) column chromatography; II) thin-layer
chromatography (primed numerals) and different mobile
phases: 1) chloroform; 2) acetone; 3) methanol.

4. Adsorption Phenomena

The investigation of adsorption phenomena at the mer-
cury-solution interface is one of the most important
fields in the electrochemistry and the physical chemistry
of surface phenomena, permitting a more profound and
detailed interpretation of polarographic investigations.
The occurrence of adsorption phenomena in solutions of
coumarins has been established '"’*2 from the character of
the electrocapillary curves and the Gibbs adsorption iso-
therms '8*1? plotted from data obtained by means of 2
dropping mercury electrode. Coumarin is desorbed on
the negative branch of the electrocapillary curve. Adsorp-
tion phenomena supplement certain information on electro-
chemical reactivity, and also model exchange processes
at biological membranes. In combination with column
chromatography, furthermore, the polarographic method
enables adsorption isctherms (Fig.11) to be obtained for
coumarins °67
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A new method of ?lotting the adsorption isotherms of
organic compounds *, based on thin-layer chromatography,
involves measurement of the difference between the dis-
tances advanced by the solvent front and by the substance
Alf,

5. Solubility of Coumarins

The great sensitivity of the polarographic method and
the possibility of electrochemical reduction in the most
diverse media enable it to be widely used to determine the
solubility of coumarins by polarographing saturated solu-
tions after dilution with the appropriate solvent,

Table 8. Solubility of coumarin in various solvents at
20°C (c is the content of the substance in grams per 100
ml solution).

Solvent l ¢ Solvent [ ¢
Methanol 15.10 Butanol 6.35
Ethanol 8.30 Pentanol 4,10
Propan-1-ol 5.80 Dioxan 39,40
Propan-2-ol 7.20 Acetone 44 .40

At the same time the solubility was determined refrac-
tometrically* %%, Table 7 shows that the solubility
increases with the number of carbon atoms in the alcohol
molecule,
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Figure 12. Dependence of spasmolytic action of couma-

rins (according to results obtained in the Pharmacology
Laboratory of the Kharkov Chemical and Pharmaceutical
Scientific Research Institute) on the half-wave potential:

1) coumarin; 2) umbelliferone; 3) 4-methylumbelliferone;
5) aesculin; 6) aesculetin.

6. Half-wave Potential and Biological Activity

The biological activity of organic molecules can be
assessed from a combination of pharmacological, bio-
chemical, and physicochemical investigations. Consider-
able progress can be made in this field by the application
of polarography according to the following scheme: (i)
comparative estimation, based on the half-wave potentials,
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of oxidation and reduction, ionisation potentials, and elec-
tron affinities, parametrising the principal physicochemi-
cal and biological properties of organic molecules; (ii)
comparative assessment of the quantum-chemical parame-
ters and the degrees of homolysation of organic molecules
by comparing the polarographic half-wave potentials with
quantities— energy of longer-wavelength absorption band,
refraction, dipole moments—obtained by other physico-
chemical methods; (iii) experimental determination of
inhibiting effect on chemical models and enzyme systems
from the duration of inhibition found from the fall in wave
height; (iv) determination of metabolic products; (v)
comparative study of chemical and electrochemical stabil-
ity of pharmacologically important units in the molecules;
and (vi) determination of resorptive adsorption capacity.

We have compared the half-wave potentials with the
spasmolytic activities of naturallg occurring coumarins
(Fig.12) from Khadzhai's results'®. The greater the
electron density of the 2-pyrone ring in the coumarin sys-
tem the greater the spasmolytic activity (e.g. the activity
of simple coumarins is far lower than that of furocoumar-
ins, which applies also to the half-wave potentials).

A polarographic method has been used also to study the
photo-oxidation of furocoumarins®® in the living organism
from the consumption of oxygen.
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