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Abstract It was found that photolysis of N-acyl anthranilic

acid methyl ester is very sensitive to solvent nature. This

sensitivity was connected with the equilibrium between

intramolecular and intermolecular hydrogen bonding. Also

it has been established the glycyrrhizinic acid micelle for-

mation in water-methanol mixture with CMC about

0.5–1 mM. Solubilization of N-acyl anthranilic acid methyl

ester in glycyrrhizinic acid micelles decreases photoreaction

efficiency comparing with the homogeneous solvent.
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Abbreviations

AM1

UHF

Unrestricted Hartree-Fock semi-empirical

quantum chemical calculation method

CIDNP Chemically Induced Dynamic Nuclear

Polarization

CMC Critical Micelle-Formation Concentration

CPMG Carr-Parcel-Meiboom-Gill pulse sequence

used to investigate the spin-spin relaxation in

NMR

EPR Electron Paramagnetic Resonance

Spectroscopy

HFC Hyperfine Coupling Constant

GA Glycyrrhizinic acid

NMR Nuclear Magnetic Resonance Spectroscopy

MA3 N-acyl anthranylic acid methyl ester

MAR 2-(carboxymethyl phenyl) aminyl radical

T2 Nuclear spin-spin relaxation time

Introduction

Glycyrrhizinic acid (GA) is the object of investigation for

many researchers for some reasons: the biologically spe-

cific GA and its derivatives are widely spread [1, 2], also it

has been long known to possess antiviral activity, antitu-

mour, antidiabetic and other useful properties [3, 4].

The ability of GA to modify the properties of other

medicines has been assigned to complexing [5–7], which,

however, has no physicochemical foundation. In the lit-

erature, the opinion was put forward that at low

concentrations the cyclic dimeric structures can be formed

in GA through intermolecular hydrogen bonds possessing

a hydrophobic cavity [8]. The existence of the cavity

provides a way for the formation of host-guest complexes

typical of, e.g., cyclodextrin [9]. On the other hand, the

presence of both the hydrophobic (triterpene fragment)

and hydrophilic (two gluocoronide residues) parts (Fig. 1)

allows the assumption that GA and its derivative can form

micelles in certain conditions in both water and water-

alcohol solutions [7]. The recent physicochemical studies

on the interaction between GA and such medicines as

nifedipine and lapaconitine in water-alcohol solutions

allowed us to reveal the existence of the aggregates of

GA with medicinal molecules with stoichiometry 2:1 in

the GA concentration range of 10�3–10�5 M [10]. The

two steps observed in the curve of the dependence of

nifedipin solubility on GA concentration in solution
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indicate phase transitions which made the authors [11] to

assume the existence of the two types of associates: a

complex and a micelle. In these works, however, there is

no information on the composition of associates. There-

fore, it is stated that at present, the problem of the origin

of associates, formed by GA with biologically active

compounds, is not solved. In addition, the authors of this

work think it important to get information on the fact

whether GA solutions are ‘‘true solutions, gels, or

micelles.

Thus, the goal of this work is to use one of the most

popular experimental methods for studying supramolecu-

lar structures, namely, NMR spectroscopy, to investigate a

possible association of GA both in solutions and upon

interaction with organic molecules. The Chemically

Induced Dynamic Nuclear Polarization (CIDNP) method,

well-known to be rather productive for studying radical

processes [12], was used in combination with other

methods to study in detail both the structure of micelles

[13] and their effect on the reactivity of solubilized

compounds [14]. Recently, it has been also used to study

the influence of host-guest complexes with b-cyclodextrin

on the reactivity of the compounds included [15]. In the

present work, the combination of NMR and CIDNP

methods is used to investigate GA associations and to

establish its influence on the photolysis of N-acyl an-

thranylic acid methyl ester. In particular, it has been

studied both the influence of the nearest environment of

the nuclei of GA and ester on their chemical shifts and

the change in the of the nuclear relaxation times of GA

nuclei upon formation of a supramolecular structure over

the concentration range in which the GA micellization has

been assumed [11].

Experimental

Chemicals

Deuterated solvents D2O(99.9% D), CD3OD(99.5% D),

cyclohexane (99.5% D) (all by Aldrich) were used without

repurification. CD3CN(99.8% D) (Izotop) was preliminar-

ily distilled above P2O5 to remove remaining water and

various impurities. GA and N-acyl anthranylic acid methyl

ester (MA3) were kindly donated by Prof. Salakhutdinov

(Institute of Organic Chemistry SB RAS, Novosibirsk).

The mechanism of MA3 photolysis was studied using both

individual solvents and D2O/CD3OD mixtures of various

water volume fraction (u). To study GA associations and

its influence on MA3 photoreaction, the D2O/CD3OD

mixture with u = 0.8 was used.

Experimental methods and equipment

All NMR experiments (including photo-CIDNP and the

measurement of relaxation times) were performed using an

NMR Bruker DPX200 spectrometer supplied with a photo-

probe and a temperature adapter. An excimer Lambda

Physics EMG101 (XeCl, 308 nm, 100 mJ) laser was used

as a light source. The coefficient of energy transfer from

the laser to a sample was, for our experimental set-up, in

the range of 25%. Relaxation times were measured at 25�C.

The experiments on photo-CIDNP were carried out at room

temperature. The photo-CIDNP was recorded using both

the time-resolved [16] and quasi-stationary [17] variants of

pulse trains. The T2 relaxation was measured by means of a

Carr-Parcel-Meiboom-Gill (CPMG) sequence of the type:

p(90�)�(s�p(180�)�s)n�acquisition, where s = 2 ms, and

n was varied from 0 to 4028 [18].

Sample preparation

The MA3 concentration was 1 mM in all experiments. The

GA concentration was varied from 0.2 mM to 2.5 mM.

The GA solutions were prepared according to the following

scheme: first, GA was dissolved in CD3OD and then D2O

was added to a volumetric ratio of u. To reach equilibrium

upon association the GA solutions were heated to 50�C and

mixed up using a magnetic stirrer for several hours. All

NMR samples were bubbled by argon for 15 min just

before an experiment.

Quantum chemical calculations

The estimation of signs of hyperfine coupling constants in

radical intermediates was made by using the HyperChem

Fig. 1 1H NMR spectra of 1 mM MA3 in various solvents: (a) in

CD3CN; and in D2O/CD3OD mixtures with different water volume

fraction u: (b) 0, (c) 0.1, (d) 0.3, (e) 0.5, (f) 0.8. Arrows indicates

signals of H(4) protons of MA3
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v.7 (Hypercube Inc.). Calculations were performed by

AM1 UHF method by the next sequence: firstly, a geom-

etry optimization and then single point calculation to

evaluate the sign of spin densities at protons under study.

Results and discussion

The study of MA3 photolysis mechanism

Since the aim of the present study was to determine the

influence of GA association on the reactivity of molecules

included in associates, the first problem was to choose the

compound whose reactivity depends substantially on the

environment of a given compound. The N-acyl anthranilic

acid methyl ester (MA3) was taken as this compound.
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First, it was established that the chemical shifts of MA3

aromatic protons change substantially in the NMR spec-

trum depending on the medium used. Figure 1 shows the

NMR spectra of MA3 in various solvents.

As follows from the Fig. 1 the transition from acetoni-

trile and methanol to water, causes a substantial change in

the NMR spectrum: (1) the narrowing of the range of

chemical shifts of aromatic protons; and (2) the signal of

H(5) proton is observed only in acetonitrile.

The position of the H(5) wide line in the range of

10.8 ppm (Fig. 1a) unambiguously indicates the appear-

ance of the intramolecular hydrogen bond between NH and

carboxyl group oxygen in the MA3 molecule, which can

lead to the formation of energetically advantageous six-

membered cycle. In other solvents this signal is unob-

servable due to the participation of NH group in the

exchange processes with the hydroxyl protons of methanol

and water protons. On the other hand, the observed nar-

rowing in the range of the chemical shifts of MA3 aromatic

protons with increasing water content in a solution testifies

to a change in the electron density distribution in an aro-

matic ring. Chemical shifts of H(4) protons are most

sensitive to used media. It is assumed that these changes

can be assigned to the shift of equilibrium toward the MA3

structure in which the intramolecular hydrogen bond is

replaced by the intermolecular one with solvent molecules

with an increase in water concentration. A similar

assumption was made previously for parent 2-amino-ace-

tophenone and its derivations including 2-acetamido-

acetophenone [19]. Moreover it was found that shift from

intramolecular to intermolecular hydrogen bonding drasti-

cally affects on photophysical properties of 2-acetamido-

acetophenone [19]. It allows to propose the same influence

on photochemical activity of MA3 with varying of water

content in water-methanol mixture.

In fact the changes in NMR spectrum are accompanied

by the change in the reactivity of MA3 upon its photolysis

in solutions. Thus, photo-CIDNP is not observed during

irradiation of MA3 solutions in acetonitrile. At the same

time, the nuclear polarization is observed in D2O/CD3OD

mixtures which indicates the radical decay of MA3. Fig-

ure 2 shows the photo-CIDNP spectra in D2O/CD3OD

mixtures.

The chemical polarization is registered on both aromatic

protons and the protons corresponding to those of the acyl

group. The main polarization in the region of aromatic

protons is observed at the initial compound whose intensity

(as follows from Fig. 2) depends substantially on the sol-

vent used. In this case, the presence of several polarized

different products, containing an acyl fragment, indicates a

homogeneous decay of MA3 in the reaction of photo-

deacylation. The aminyl radical (MAR), resulting from

MA3 photo-decay, is sure to be the partner of the acetyl

radical in a radical pair.

1

2

3

4

N

OCH3O
H

5

.
MAR

To analyze polarization one should know the magnetic-

Fig. 2 1H photo-CIDNP spectra of 1 mM of MA3 in D2O/CD3OD

mixtures with u: (a) 0 and (b) 0.8
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resonance parameters of radicals in a pair. For the acetyl

radical these parameters are well known [20], whereas the

attempts to find parameters of MAR radical EPR spectrum

was failed. Nevertheless the values of magnetic-resonance

parameters of parent 2-(carboxyphenyl) aminyl radical are

known: g = 2.00345, a(1) = 0.210 mT, a(2) = 0.811 mT,

a(3) = 0.182 mT, a(4) = 0.627 mT [21]. One might

assume that additional methyl group cannot change dras-

tically the spin density distribution in MAR comparing to

2-(carboxyphenyl) aminyl radical. Follows to CIDNP the-

ory the ratio of the polarization intensities of different

protons of MA3 should be close to ratio of hyperfine

coupling constants (HFC) values of the same protons in

MAR. The expected ratio is 1.15:4.45:1:3.44 which is close

to experimental ratio of 1.4:6.8:1:3.4 for 1–4 protons

positions, respectively. That indicates that assumptions of

MAR as intermediate in radical process is righteous. The

signs of HFC were estimated using semi-empirical

quantum-chemical calculations (UHF AM1). Table 1

summarizes the calculated HFC signs of the MAR radical

and the experimental signs of the polarization of corre-

sponding protons at the initial MA3.

As follows from the Table 1, the CIDNP signs at the

initial MA3 correspond to spin density distribution in the

aminyl radical resulting from MA3 photo-deacylation. The

value of g(MAR) should be near to the same of 2-(carb-

oxyphenyl) aminyl radical, whereas g(CH3CO) = 2.0005

[20]. Therefore, at g > 0, according to the existing rules

[12, 22], the polarization signs observed at the product of

the geminate recombination (initial MA3) corresponds to

the photo-decay from the triplet state. The mechanism of

photolysis describing the polarization observed can be

represented as (Fig. 3)

Another interesting peculiarity of the system under

study is a symbate change in both CIDNP intensity and the

chemical shifts of corresponding protons with increasing

water volume fraction in mixture solution. The dependence

of both the relative changes in the chemical shift of the

H(4) proton and the relative intensity of its polarization on

water volume fraction in the D2O/CD3OD mixtures is

demonstrated in Fig. 4.

The changes in the chemical shifts of MA3 and its

reactivity upon transition from acetonitrile to water-meth-

anol mixtures can be explained as follows. If the MA3

Table 1 HFC signs at aromatic protons of MAR and CIDNP signs of

MA3

Proton position 1 2 3 4

HFC sign + � + �
CIDNP sign + � + �

Fig. 3 The photolysis mechanism of MA3
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molecule in acetonitrile solution is not subjected to photo-

decay due to the presence of the intramolecular hydrogen

bond then in the presence of water this bond can be broken

due to protonation of a nitrogen atom. In this case, an

increase in D2O concentration can cause the shift in equi-

librium toward the formation of intermolecular hydrogen

bonds between NH and D2O. This unambiguously

describes the tendency of changes in both chemical shifts

and reactivity. The linearity of the above-mentioned

changes is due to the fact that photo-decay is observed in

the case of molecules bound by intermolecular hydrogen

bonds only. This is in fair agreement with photophysical

results of [19] where it was found extremely fast nonra-

diative decay of excited states of 2-amino-acetophenone

derivatives in aprotic solvents and weak decay rate in

protic solvents. The fast nonradiative decay prevents the

photodecomposition while weak decay increases proba-

bility of photochemical reaction.

Thus, the revealed sensitivity of NMR spectra and MA3

photolysis to the effect of a medium allows us to employ

MA3 as a probe for the nearest environment which can be

useful for studying the formation of supramolecular

structures (micelles, host-guest complexes).

The study of GA association

Figure 5 shows the NMR spectra (the methyl protons res-

onance region) of GA solutions with increasing GA

concentration from 0.5 to 1.5 mM.

As follows from the figure, an increase in GA concen-

tration in solution causes a substantial line broadening

which is unambiguously related to the acceleration of spin-

spin relaxation (T2) of the given protons. It is known that in

liquids a change in the rate of nuclear T2 relaxation

depends on the change in the rotation correlation time of

the particle to which the nuclei under study belong [23].

The rotation correlation time depends, in turn, on the par-

ticle size which can vary substantially upon association of

GA molecules. Therefore, in the present paper, the

dependence of the T2 relaxation rate of GA methyl protons

on its concentration has been studied by pulse methods.

Using, in this case, the most popular CPMG pulse

sequence, it was revealed that the time-dependence of the

integral intensity of echo signal is difficult to describe in

terms of a single exponential decay even at very low GA

concentrations of the order of 0.25 mM (Fig. 6).

At the same time, this dependence is well described by

the biexponential function

AðtÞ ¼ P1 � expð�t=T21Þ þ P2 � expð�t=T22Þ

In the literature there are many examples [24, 25] of

observing biexponential relaxation in the studies on the

association of monomeric compounds into micelles, clus-

ters and liquid crystals, etc. Nevertheless unambiguous

interpretation of the biexponential dependence of relaxation

rate on time is absent. One of the most widely used expla-

nations is related to the difference in the relaxation rates of

the protons belonging to the same type and located either in

an associate or at its periphery [24]. Another explanation

can be assigned to the difference in the relaxation rates of

the protons belonging to the same type and located in an

associate and solution in the non-associate state. In this

case, the relaxation times T21 and T22 refer to the protons in

a solution and the associate, and P1 and P2 are the proba-

bilities to find a molecule in the non-associated (mainly

monomer) and associate states, respectively [25]. The latter

holds for the case of slow exchange between the states [23].

ϕ

Fig. 4 Relative chemical shift (�) of H(4) aromatic protons of MA3

and its CIDNP intensity (d) in mixture D2O/CD3OD as a function of

water volume fraction Fig. 5 1H NMR spectra of CH3 groups of GA in the D2O/CD3OD

(u = 0.8) at the different concentrations GA: (a) 0.5 mM, (b)

1.0 mM, (c) 1.5 mM
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In our experimental conditions, a fast part of the time

dependence of echo signal corresponds to the relaxation

with times shorter than 10 ms. Assuming that the charac-

teristic time of the exchange of GA molecules between the

associate and solution corresponds to long times (a corre-

sponding exchange rate being smaller than 102 s�1), the P1/

P2 ratio for each GA concentration can be determined. In

this case, taking into account the dependence of correlation

times on particle size, it is reasonable to attribute long

relaxation times to molecules in solution and the shorter

ones should be assigned to associates. This makes it pos-

sible to determine a change in GA molecules distribution

between the non-associated and associated forms with

respect to GA concentration.

Figure 7A shows the P1 and P2 dependences on GA

concentration. Using these dependences one can easily

construct the dependence of GA concentration in various

forms on the initial GA concentration (Fig. 7B). The

concentration of non-associated forms will describes as

½GA�non�Ass ¼ P1 � ½GA� and that of associates as

½GA�Ass ¼ P2 � ½GA�=M where M is the association number.

Comparing (Fig. 7B) with the available literature data [25–

27] indicates that the GA associates correspond to micelles

when the non-associated forms are mainly present in a

solution with the concentration being below the critical

micelle-formation concentration (CMC), in this case about

0.5–1 mM, and above this concentration, only the micelle

concentration increases whereas the concentration of non-

associated forms remains practically unchanged.

Comparing the dependence of a molar fraction of GA

molecules in the micellar state on the total GA concen-

tration (Fig. 7A) with the similar dependences available in

the literature [28] for various association numbers, one can

conclude that GA forms micelles with small association

numbers (near to 4). Indeed, these dependences are smooth

and without sharp changes in a molar fraction in the CMC

range only for such cases. It is worth noting that this is in

agreement with the earlier assumptions of the existence to

low-sized (dimeric) structures [7, 11].

The study of the influence of GA association on MA3

photo-reaction

To elucidate the influence of GA micelle-formation on

MA3 photo-reaction, the ability to solubilize of MA3 in

GA micelles was studied. Figure 8 shows the transforma-

tion of NMR spectrum of the aromatic protons of MA3

with increasing of GA concentration.

Comparing Figs. 8 and 2 indicates that an increase in

GA concentration in the NMR spectrum causes shifts of the

signals of H(4) aromatic protons of MA3 that are similar in

their character to those observed with decreasing u in

Fig. 6 Spin echo intensity dependences on time of CH3 protons of

GA at different concentrations (d) 0.25 mM and (�) 1 mM in D2O/

CD3OD mixture (u = 0.8). Solid lines corresponds the best fitting

curves

A BFig. 7 (A) Mole fraction of

associated (d—P2) and non-

associated (�—P1) forms of

GA dependence on initial GA

concentration. (B)

Concentration of GA in

associated (d) and non-

associated (�) forms of GA

versus initial GA concentration
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homogeneous D2O/CD3OD solutions. This is accompanied

by a substantial broadening of MA3 lines (Fig. 8) which is

unobservable in homogeneous solutions (Fig. 2). The latter

indicates an increase in the relaxation rate of MA3 protons

with increasing GA concentration (above 1 mM) which can

be assigned to the fact that the MA3 molecules are

involved in the micelles formed by GA. In this case, the

solubilization of the MA3 molecule in the micelle on the

one hand, removes water from its nearest environment

which causes the shifts of lines in the NMR spectrum and

on the other hand, increases the rotational correlation time

of the MA3 molecule as compared with a homogeneous

solution. The latter shortens relaxation times and leads to

the broadening of lines in the spectrum.

Since the influence of GA on the MA3 NMR spectra due

to MA3 solubilization in GA micelles was established then

the influence of GA on the photochemical activity of MA3

can be studied. Figure 9a shows the dependence of the

polarization intensity of aromatic MA3 protons on GA

concentration.

Comparing Figs. 9a and 7A a relationship between the

polarization intensity of aromatic MA3 protons and a molar

fraction of GA molecules in the micellar state can be

found. Actually, the solubilization of MA3 in a micelle

leads to a substantial change of its nearest environment. As

compared with the hydrophilic environment in a homoge-

neous solution, in the micelle, the MA3 molecule is in the

hydrophobic environment which, in turn, favors the

reduction of the intramolecular hydrogen bond. In our

opinion, this is the cause of the change in the polarization

intensity with varying GA concentration. To verify another

possible ways of the action of GA on MA3 photolysis

which leads to a change in the acidity of a medium, the

photolysis of MA3 in the same experimental conditions but

in the presence of acetic acid of a similar pK value was

performed. Figure 9b shows the MA3 polarization inten-

sity versus concentration of the added acetic acid. A

comparison between Figs. 9a and 9b demonstrates that the

observed change in the polarization intensity upon MA3

photolysis caused by GA concentration cannot be assigned

to the increase in the acidity of a medium. This also con-

firms the assumption of the influence of GA micelle-

formation on the reactivity of solubilized compounds.

The present study demonstrates that combination of

different experimental methods gives some achievements

in supramolecular chemistry. By NMR (including relaxa-

tion measurements) the micellization and solubilization (or

inclusion) phenomena can be detected and CIDNP method

allows detect their influence on chemical reactivity of

molecules solubilized in micelles (or included in host

molecules) comparing to homogeneous solution. Thus, the

GA micelle-formation in water-alcohol solutions was

observed with cmc about 0.5–1 mM. For MA3 photolysis

the dependence of reactivity both on different homoge-

neous solvent composition and on solubilization in GA

micelles due to the equilibrium shift between intra- and

intermolecular hydrogen bonding was found.
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