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Molecular recognition between Rebek’s cleft R and 4-(2-benzimidazolyl)-aminomethyl-2,6di-rm-butyl-phenol (Bi) is investigated by means of EPR spectroscopy. Their specific intermolecular interactions are distinguished from non-specific interactions represented by mere
protonation on addition of benzoic acid. Both interactions are related to intramolecular in
terconversions at the CQ-atom of Bi*, where a two-jump mechanism is found for free and
protonated Bi* and a two-site exchange for the complexed ligand. While NMR spectroscopy
indicates the existence of 1:1 and 1:2 receptor-substrate complexes, the faster time scale of EPR
spectroscopy allows to identify one 1 : 2 as well as three 1 : 1 associates and to elucidate their
formation conditions. Based upon the corresponding hf parameters, binding modes and sites
are proposed for the key-in-the-lock system.

Introduction
Molecular recognition is known as the specific
interaction between molecules complementary in
size, shape and form. Fundamental processes of
life, such as catalysis, regulation, and transport,
are based upon these intermolecular interdependen
cies. During the last two decades, a variety of com
pounds mimiking the essential attractive forces of
biological receptors and substrates has been imag
ined and realized. The domain is usually referred to
as Supramolecular Chemistry [1].
Due to the energetically weak intermolecular
interactions, i. e. hydrogen bonding and aromatic
7r-stacking, receptors and ligands are reversibly
bound, appearing as an equilibrium on a spectro
scopic time-frame. The association and dissociation
may be slow or fast compared to the time-scale of
the spectroscopic method applied. Rebek’s molec
ular cleft [2] proved to be a well suitable model
receptor for a combined magnetic resonance in
vestigation, taking advantage of its specific affinity
towards adenine or benzimidazole derivatives [3].
The heteroaromatic bases have been modified, in

* Reprint requests to Prof. Dr. H. B. Stegmann; Fax: +49
7071 29 5014, E-mail: stegmann@uni-tuebingen.de.

sites where they do not hinder the recognition pro
cesses, with 2,6-di-te/t-butyl-phenol labels to en
sure a maximum of stereochemical equality in their
diamagnetic and paramagnetic states. While the re
ceptor is found to be quite rigid [4] , the phenol
substituted substrates exhibit an internal flexibil
ity at their methylene carbon atom, cf. Fig. 1. The
spectroscopic observation of interconversion at the
Ca-atom allows to distinguish specific from non
specific interactions, e. g. lock-and-key interactions
from mere protonation by acids [5].
We will report here on the elucidation of the
interaction of 4-(2-benzimidazolyl)-aminomethyl2.6-di-rm-butyl-phenol (Bi) with either Rebek’s
cleft (R) or benzoic acid (BA), based upon two
interconversion mechanisms. Not only the types of
interaction can be characterized according to the ex
change model applied but also different stoichiometries and binding sites within the receptor-substrate
complex can be identified.
Experimental
The receptor R is well known [6 ], The syn
thesis of 4-(2-benzimidazolyl)-aminomethyl-2,6-di-terrbutyl-phenol (Bi) is described in ref. [7], Quinoxaline, 5-methylquinoxaline, 5,6-dimethylbenzimidazole,
2.5.6-trimethylbenzimidazole, 2 -methylbenzimidazole,
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Fig. 1. Rebek's molecular cleft (R) as re
ceptor and 4-(2-benzimidazolyl)-aminomethyl-2,6-di-te/Y-butyl-phenol (Bi) as
ligand.
Table I. Hf parameters of Bi*, Bi* + BA, and x Bi* + y R; [a] = mT.
Spe
cies

Para
meter

Bi*

3H/3
aH/3
aw
fl(2)
“ Hm
f 1 VMHz

Bi*H+ aH/3
3H/3
(aN+a(2 )Hm)/2
f/MHz
RBi, * aH/3

R B i2*

1.444
1.279
0.116
0.179
8.4
0.669
1.412
0.182
4.2

0.140
0.177
0.45
4.3

3H/3

1.474

aH/3

0.682

aw

0.176
0.177
0.55

aH/3
aH/3
3n
a(2>u
a
Hm
p(4:1)

1.444
1.273
0.116
0.179
11.1

242
1.144
1.252
0.116
0.179
15.9

11.0

1.256

aw
a(2,Hm
p( 1 : 1 )3)
p(4:l)
f/MHz

aH/3
aH/3
aN
a(2,Hm
p(4:1 )

232

0.705
1.404
0.179

1.053

P( 1:1)
p(4:l)
f/MHz

R B iB*

222

aH/3

a(2)Hm

R B iA*

213

3.6

1.259
(+0.23)2*
1.054
(0 .0 0 )
0.141
0.177
0.49
0.33
4.8
(3.3)
1.462
(+0 .0 1 )
0.700
(0 .0 0 )
0.177
0.177
0.51
0.23
4.5
(4.8)
1.177
1.108
0.139
0.176
0.29
1.631
1.185
0.042
0.176
0.15

1.267
(+0.24)
1.057
(0 .0 0 )
0.141
0.177
0.48
0.36
5.9
(4.3)
1.450
(-0 .0 1 )
0.710
(0 .0 0 )
0.176
0.177
0.52
0.24
5.8
(6.4)
1.177
1.108
0.139
0.176
0.25
1.631
1.184
0.042
0.176
0.15

— Temperature T / K —
252
262
272
1.144
1.243
0.119
0.180
2 2 .2

0.742
1.362
0.178
21.3
1.267
(+0 .0 2 )
1.050
(+0 .0 1 )
0.139
0.178
0.57
0.34
6.3
(6 .0 )
1.441
(0 .0 0 )
0.729
(0 .0 0 )
0.178
0.178
0.43
0.25
8.3
(8.3)
1.174
1.115
0.146
0.176
0.29
1.624
1.203
0.041
0.176
0 .1 2

1.144
1.235

1.143

0 .1 2 2

0.124
0.181
37.5
0.779
1.330
0.179
47.0
1.245
(+0 .0 0 )
1.086
(0 .0 0 )
0.140
0.179
0.59
0.44

0.181
30.3

1.265
1.068
0.141
0.178
0.54
9.1
1.428
0.730
0.177
0.178
0.46
10.5

1.2 2 2

1 0 .1

(9.8)
1.429
(0 .0 0 )
0.738
(0 .0 0 )
0.177
0.179
0.41
0.29
14.5
(14.5)
1.158
1.093
0.146
0.175
0 .11

1.601
1.230
0.041
0.175
0.16

282

293

302

312

1.145
1.224
0.125
0.182
41.0

1.144
1.214
0.127
0.183
50.5
0.816
1.308
0.179

1.146

1.206

1.188
(0 .0 0 )
1.116
(0 .0 0 )
0.140
0.180
0.56
0.41
17.5
(15.5)
1.424
(0 .0 0 )
0.757
(0 .0 0 )
0.177
0.180
0.44
0.28

1.144
1.191
0.130
0.184
64.9
0.856
1.245
0.182
447
1.137
(-0.03)
1.141
(+0 .0 2 )
0.139
0.180
0.65
0.24
21.7
(25.5)
1.425
(-0 .0 2 )
0.775
(-0 .0 2 )
0.177
0.180
0.35
0.17
40.4
(50.0)

1.2 0 1

0.129
0.184
56.1

12 0

1.109
0.141
0.180
0.55
13.1
1.430
0.751
0.177
0.180
0.45
16.9

2 2 .2
(2 2 .2 )

1.132
1.108
0.148
0.175
0.13
1.598

1.167
(0 .0 0 )
1.129
(0 .0 0 )
0.140
0.181
0.65
0.31
17.9
(17.9)
1.427
(0 .0 0 )
0.763
(0 .0 0 )
0.177
0.181
0.35
0.16
32.3
(32.2)
1.123
1 .1 0 0

0.151
0.175
0.30
1.597

1.2 2 0

1 .2 1 2

0.041
0.175
0.18

0.041
0.175
0.24

1.12 0
1.12 0

0.155
0.176
0.33
1.588
1.197
0.044
0.176
0.26

11 Exchange frequency; 2) brackets refer to parameters obtained from simulations of the EPR spectra with receptor-substrate ratio
4:1 - deviations are traced back to the incertitude of multi-parameter fitting within the simulations of the EPR spectra; 3) Population
of the species at a receptor-substrate ratio 1:1 and 4:1, p( 1:1) and p(4:1) respectively.
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S u b fig l. BI*

331.0

T = 293 K

Fig. 2. EPR spectra of free Bi*, x Bi* + jR , and Bi* + BA at T = 293 K below and T = 243 K on top. Arrows indicate the interdependencies with
respect to equilibrium ratios and temperature.
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5-nitrobenzimidazole, lead dioxide, benzoic acid,
dichloromethane, and deutero-chloroform for NMR spec
troscopy are commercially available. Lead dioxide was
further dried in vacuo. Benzoic acid was recrystallized
from toluene. CH 2 CI2 was redistilled and stored over
molecular sieve. Stock-solutions of the diamagmetic phe
nol in CH 2CI2 and CDCI3 were prepared, containing sub
strate concentrations between 1 and 10 mM. The radical
Bi* was generated by monovalent oxidation of the phenol
with PbCK Radicals could be generated before or after
addition of the interacting compound, i. e. either R or BA,
without differences in the resulting spectra. Deoxygena
tion was achieved by bubbling argon through the samples.
All EPR spectra were recorded on a Bruker ESP 300E
spectrometer. NMR spectra were registered on a Bruker
AC 250 (250 MHz 1 H) spectrometer. Computer simula
tions of the EPR spectra were carried out on a personal
computer, using a program fully discussed in ref. [8 ].

Results
The hf structure of free Bi* at T = 293 K is
dominated by a large triplet splitting due to two
spectroscopically equivalent /3-protons (a(2)n^ =
1.179 mT), cf. Subfig 1 in Fig. 2. The smaller hf
components arise from two meta protons (aHm(2) =
0.182 mT) and a /3-nitrogen, aN = 0.125 mT. Tem
perature lowering leads to line broadening of the
central hf component, as illustrated for T = 243 K
in Subfig 2. The development of the hf parameters
with temperature is given for a range between 222
and 322 K in Table I.
Addition of a 5-fold excess of benzoic acid, BA,
to free Bi* at T = 293 K results in an increase of
aN = 0.179 mT and a decrease of a(2)H/3 to 1.062 mT,
attributed to a species Bi*H+. The nitrogen splitting
is now in the order of magnitude of the meta pro
tons splitting constants. The /3-protons still appear
spectroscopically equivalent, though the lines of the
triplet center are broadened even at room temper
ature, as illustrated in Subfig 3. With decreasing
temperature, a quartet pattern is observed as the
two /3-protons become spectroscopically inequiva
lent (an/3 = 0.73 mT; an/? = 1.38 mT), see Subfig 4
for T = 243 K. From the corresponding data in Ta
ble I, it can be seen that the neither the nitrogen nor
the meta protons coupling contants are significantly
altered on temperature variation. Though only their
average value could be determined, aN and a(2)Hm
have to be equal within the experimental linewidth
due to the hf pattern observed. The low and high

Table II. Association constants Ka, free complexation
energies ^\G for the receptor R with different substrates
and basic pKu values as measured in CDCI3 .
Substrate
Quinoxaline12’
5-Methylquinoxaline
Imidazole(2)
Benzimidazole(2)
5,6-Dimethylbenzimidazole(4)
2-Methylbenzimidazole(4)
2,5,6-Trimethylbenzimidazole(4)
5-Nitrobenzimidazole(4)

AG
pKa
KA
[103 /M] |kJ/mol] (BH+)(1)
23
4
10 0 0

55(3)
15
7.5(3)

-24.4
-2 0 .2
-33.6
-26.5
-23.4
-21.7

0.56
6.9
5.5

2
8
2

19

(l) Basic pKa values from ref. [14], 2-aminobenzimidazole pKa =
3.4; <2) published in ref. [15]; (3) second association constant
[Ka]= 1/M2;(4) averaged association constant Ka = \/Kai K\2 -

field quintets are still centrosymmetric, which is
also valid for free Bi*.
When receptor R is added to a sample of Bi*,
the spectra obtained depend strongly on the receptor-substrate concentration ratio. At a receptorsubstrate ratio of approximately 1:2, a superposition
of the hf structures of free Bi* and two other species,
denoted RBij * and RBi 2 *, has to be assumed. On in
creasing the receptor concentration up to a ratio 1; 1
the signal of free Bi* disappears, and only the sig
nals of RBi| * and RBi 2 * are detected, whose room
temperature EPR spectrum is presented in Subfig 5.
The spectrum shows strong line broadening of the
central hf components together with the loss of the
centrosymmetry of the low and high field quintets.
That is, the symmetric 1:3:4:3; 1 intensity distribu
tion of the quintets is disturbed by broadening of
the high field lines in the low field quintet and vice
versa. At lower temperatures, T = 243 K, the dis
tinct signals of the two species appear, indicated by
narrowing of the central lines. RBi| * and RBi2 * can
be characterized by the hf parameters given in Ta
ble I. Both nitrogen coupling constants are found
to be increased compared to free Bi* (a ^ R B ii* ) =
0.140 mT; aN(RBi2*) = 0.179 mT). The popula
tions p of the species, at a receptor-substrate ratio
1:1, vary with temperature. While at 222 K 55 %
RBi2 * are found in the sample, R B ii* is preferred
to 65 % at 312 K.
Further addition of R to the sample (receptorsubstrate ratio approximately 4:1) at T = 293 K
gives rise to the spectrum presented in Subfig 7.
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The two former species are still present in the sam
ple. However, two new hf structures, corresponding
to RBiA* and RBiß*, are superimposed. A mixture
of 4 different species is hence present in the sam
ple. Their interpretation can be achieved with the
data gvien in Table I. Temperature variation reveals
that their populations, p(4:1), are correlated to those
of R B ii* and RBi2* at the same ratio, but they do
not exhibit line broading effects. The spectrum at
T = 243 K is illustrated in Subfig 8 . While RBiA*
presents an intermediate nitrogen coupling constant
(aN = 0.150 mT), aN of RBiß* is found to be re
markably small (0.041 mT). The species RBi| * and
RBi2* are the main components contributing to the
experimental signal at 222 K, whereas with temper
ature increasing the populations of the new species
RBiA* and RBiß* grow.
In Fig. 2, the interdependecies of Bi*, x Bi* +
^ R, and Bi* + BA are summarized by means of
their EPR spectra. Spectra recorded at 243 K are
shown in the top row at 293 K in the bottom row.
Each subfigure consists of the experimental spec
trum above and the simulated below. Double arrows
indicate reversibility.
Within the spectroscopic time scale of NMR,
only averaged signals of the free and the complexed
species can be observed [3, 4], Systematic concen
tration variation of receptor and substrate is the com
mon method to determine association and dissocia
tion constants (KA and KD) and is usually referred to
as NMR-titration [9], The data evaluation and cal
culation of the constants is comprehensively dealt
with in ref. [10]. The estimation of second and third
association constants is described in refs. [11 - 13].
Table II presents the association constants of
quinoxaline and benzimidazole derivatives together
with their free complexation energies zAG as found
in the literature and measured within this work (sol
vent CDCI 3).
Quinoxaline compounds form 1:1 complexes, as
indicated in Table II by the existence of one asso
ciation constant KA. For benzimidazole derivatives
however, two association constants are observed,
revealing a strong tendency towards 1:2 complexes.
For the methyl and nitro substituted benzimidazole
compounds, the accuracy of the experimental data
has not been sufficient to determine both the first and
the second association constant. Therefore only an
averaged KA = v//K^7 Ka 2 could be obtained. Within
the higher order N M R spectrum of Bi, the chemical
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shift differences could not be attributed unequivo
cally. No association constants could hence be de
termined for this compound.
Discussion
When exposed to different types of intermolecular interactions, the intramolecular dynamics of
Bi* exhibit characteristic features. Specific models
have to be applied to ensure the interpretation of the
corresponding EPR spectra. The description of the
isomerization at the Ca atom of free Bi* is based
on a two-jump model fast within the experimentally
accessible temperature range. In consequence, the
two /3-protons appear spectroscopically equivalent,
though slowing of the interconversion is observed
below 243 K. Non-specific interactions, i. e. proto
nation by addition of benzoic acid, do not influence
the isomerization process in a fundamental manner.
Due to the activation energy of the process, ob
tained by treatment of the data according to Arrhe
nius (a plot of the logarithmic exchange frequencies
In f vs. the receiprocal temperature 1/T), the sym
metric isomerization has been traced back to a rota
tion around the C a-Caroxyi-bond, when investigating
analogous systems [3], [16]. A nitrogen inversion
could be excluded in this respect, as no signals from
diasteromers have been detected which would have
resulted from slowing the inversion. The activation
energy according to Arrhenius is determined to be
Ea = 13.2 ± 0.5 kJ/mol (3.1 ± 0.1 kcal/mol) for free
Bi*. Non-specific interactions, i. e. protonation by
addition of benzoic acid, do not influence the iso
merization in a fundamental manner. Nevertheless,
coalescence is revealed at 268 K, the inequivalence
of the /^-protons below 243 K. An activation en
ergy is calculated to EA = 23.1 ± 0.9 kJ/mol (5.4 ±
0.2 kcal/mol) for Bi*H+. The higher activation en
ergy of the two-jump within Bi*H+allows hence the
observation of coalescence and the low temperature
splitting zAa.
The appearence of specific receptor-substrate in
teractions, i. e. jcBi* + y R, alters the interconversion
process. The spectroscopic exchange of the non
degenerated conformers, R B ii* and RBi2*, has to
be described by a two-site model which consists of
two sets of hf parameters including different pop
ulations of each species. An obvious indice for the
non-symmetric isomers is found to be the loss of the
centrosymmetry of the high and low field quintets,
as illustrated in Subfigs 5 to 8 .
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According to the McConnell-Heller relation [17]
a\ = f(cos2 Ox) for /3-nuclei, a two-jump causes the
exchange of the positions of two nuclei defined by
their hyperconjugation angles 6\, thus their cou
pling constants, while the dihedral angle 0\ for
a third nucleus remains, in both conformers, the
same with respect to the 7r-orbital. For Bi*, the third
nucleus is obviously the nitrogen atom, while the
splitting constants of the /3-protons exchange. The
degeneracy of the isomerization applies also for the
populations of the species. Extension of the model
to a two-site mechanism simply means removal of
this degeneracy; the nitrogen atom has now two
preferred positions, hence two splittings can be ob
served at temperatures sufficiently low. In conse
quence, 4 different coupling constants correspond
ing to the /3-protons are found. As the existence of
R Bij* and RB 12* results from the presence of the
receptor, both species have to be attributed as two
different complexes. An Arrhenius plot yields acti
vation energies of Ea {2 1} = (11.1 ±0.6) kJ/mol and
E a {12} = (15.5 ± 0.5) kJ/mol for the corresponding
reactions ( 1) and (2 ).
RBi*i + Bi —>
■RBiBi*

RBii + Bi* (1) EA{12}

R B ii* + Bi <— RBiBi* —> RBii + Bi* (2) Ea{2i>
where RBiBi* = R Bi2*
Referring to the populations of the species RBii *
and R B i2*, cf. Table I, shows that the populations
deviate from each other instead of approaching
equipartition, when the temperature increases. The
addition of an excess of R to the sample (final ratio
~ 4:1) does not affect the isomerization rate be
tween RBii* and RBi 2*, but gives instead rise to
two new species RBiA* and RBiß*, which appear
slow on the time scale and whose populations are
correlated to R B ii* and RBi 2*. None of the species
can be attributed to free Bi*, as superimposed spec
tra of Bi* with RB ii* and RBi 2* can be obtained
as well. In consequence, they have to be interpreted
as other possible lock-and-key complexes of Bi* in
the receptor.
This phenomenon can only be explained by tak
ing the NMR results into account: While quinoxaline compounds are known to form 1:1 complexes
with R by two-point chelating of the intracyclic
nitrogen atoms via hydrogen bonding and by ad
ditional 7r-stacking interactions [15], [18], benzimi
dazole derivatives present a second association con

stant, see Table II, corresponding to a second bind
ing mode. On comparing Kai to Ka 2, the affinity
towards the formation of a 1:2 complex is smaller
than of a 1:1 complex. Though no N M R determined
association constants are yet available for jc Bi* +
>’ R, the existence of 1:1 and 1:2 complexes can be
assumed for reason of analogy.
Therefore RB ii* and RBi 2* should be attributed
to a 1:1 and 1:2 complex respectively, based upon
the population increase of RBi|* with increasing
temperature as well as upon comparison of the dif
ferent activation energies EA{12} and Ea{21} of both
species. The 1:1 complex is more stable, indicated
by Ea{ 12} > Ea{21}1 or expressed in terms of NMR
results: Kai > Ka 2 which correspond to the com
plexation energies zAG. With increasing tempera
ture the percentage of the 1:2 complex decreases,
whereas that of the 1:1 complex increases. Note:
Due to experimental conditions, the oxidation with
lead dioxide is assumed incomplete, the fraction
of the diamagetic species is hence still important.
When in this respect a 1:2 stoichiometry observed
by EPR spectroscopy is considered, two ligands
bound to the same receptor have either both a dia
magnetic state, i. e. the complex is not visible by
EPR, or dia- and paramagnetic states for statisti
cal reasons. Thus, at lower temperatures, the asso
ciation is favored, the probability for 1:2 binding
grows, as at an initial 1:1 receptor-substrate ratio
there are actually more binding sites than ligand
molecules, remember R presents two binding sites.
On addition of receptor up to a 4:1 ratio, new ge
ometries of 1:1 complexes are realized, when the
number of receptor molecules exceeds the number
of ligands. The species RBiA* and RBiß* can now
be observed. It should be mentioned that intermolec
ular equilibria are superimposed on the molecular
conformation changes observed. The first binding
provides activation energies leading to distinct sig
nals of free and bound ligand. The second associ
ation however possesses activation energies in the
order of magnitude where dynamic interdependen
cies between 1:1 and 1:2 complexes might be rec
ognized.
Assuming now that the rearrangement within the
complex is slow compared to the association and
dissociation of a second ligand, as might be the
case because the activation energy of the intercon
version process within free Bi* is found to be in
termediate between those of R B ii* and RBi 2*, no
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re-orientation takes place. Only RBi2* and R B ii*
are observed, the latter similar bound and hence
oriented to allow re-association without former re
arranging.
With increasing receptor concentration the prob
ability of 1:1 binding grows, the life time of the
species is prolonged and as a consequence, the lig
and re-orientation can be observed. As only dis
tinct signals of all 1:1 complexes are detected, the
corresponding energy barriers are too high to al
low the observation of averaged signals, hence ex
change within the experimental temperature range.
On account of the population interdependence of
the species, they have to be nevertheless related.
From the populations collected in Table I, the
stability of RBiA* can be estimated. It does not al
low however the direct association of a second lig
and without former re-arrangement which is slower,
causing the ligand not to participate in the stoichiometry exchange. On raising the temperature,
1:1 complexes are favored. The maximum and min
imum found in the population development depend
ing on temperature coincide with the coalescence
region of the exchange between R B ii* and RBii*.
Therefore, the extreme values are either artifacts due
to the complexity of the EPR spectra and their in
terpretation when fewer lines can be distinguished,
or they are real on assuming that at that temperature
range, 273 - 293 K, enough substrate molecules
are able to cross the barrier between the 1:2 and
1:1 complex; thus RBii* is more populated. As the
activation barrier of re-orientation within the com
plex is higher than that of association and disso
ciation of the second ligand, the species populat
ing RBii* do not yet contribute to the populations
of the other 1:1 complexes, which implies a non
equilibrium situation. As the stability of the third
1:1 complex RBiß* is quite low, indicated by its
small population, a rather unfavorable complex ge
ometry must be reached by complexation. With fur
ther increase of the temperature, above 293 K, all
1:1 complexes are more and more probable and the
species tend to equipartition.
The information provided by N M R spectroscopy
could be refined by the faster EPR time resolu
tion: one 1:2 and 3 diffferent 1:1 complexes could
be identified. For the characterization and binding
modes, a closer look on the coupling constants, particularily on the nitrogen coupling constants, has to
taken.
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It has been demonstrated in refs. [5], [18] that
the nitrogen coupling constant acts as a suitable
probe for sterical and electronic influences from
interacting molecular units or substituents. Particu
lar substituents and protonation have been reported
to decrease electron density at the nitrogen atom,
leading to a larger coupling constant, wheras the
increase of electron density causes a decrease of
aN- In case of a-aminomethyl-phenoxyls, this inter
dependence has been traced back to a generalized
anomeric effect between the aroxyl moiety and the
nitrogen atom [19].
On considering hence the nitrogen splitting
within RBi 2*, a clear increase is found, compared to
free Bi*. In consequence, the exocyclic nitrogen is
interpreted to accept a hydrogen bond from the car
boxyl group of the receptor, which weakens electron
density at the nitrogen and enlarges its splitting con
stant. Therefore, Bi* is assumed to be attached by
the carboxyl groups of R via two hydrogen bonds,
one to the exocyclic nitrogen and one to the intracyclic nitrogen, where the latter acts as hydrogen
donor, as illustrated in Fig. 3. As a consequence, R
provides two equivalent binding sites, and due to
such geometry the association and dissociation of a
second ligand can proceed without re-arrangement
of a ligand within the complex, taking into account
that re-arrangement is supposed to appear slower
on the EPR time scale than docking of a second lig
and. Removal of the second ligand leads to the first
l:lcomplex to be observed. Thus, RB ii* is likely
to be bound to R in the same way as RBi2*, allow
ing easy re-association. As RBiA* does not partici
pate in a spectroscopic exchange, second binding is
hindered, a different complex structure is formed.
The populations at low temperatures, collected in
Table I, indicate an energetically favored confor
mation. Two-point chelation of Bi* via hydrogen
bonding to the intracyclic nitrogen atoms is hence
proposed for RBiA* as illustrated in Fig. 3. The ex
ocyclic nitrogen in contrast is no longer fixed to the
receptor, reflected also by the temperature depen
dence of aN significantly stronger than within the
other species.
The remarkably small nitrogen coupling (aN=
0.041 mT) as well as the energetically unfavorable
conformation of RBiß*, which can be seen from
the population, might be accommodated with the
exocyclic nitrogen acting as as hydrogen donor to
one of the imido oxygens of the receptor. The de-
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Fig. 3. Binding sites of Bi* in R.

crease of the splitting constant is thus explained by
increase of electron density at the nitrogen atom.
The interpretation of all species emerging on in
vestigation of the system x Bi* +y R is summarized
in Fig. 3. Spectroscopic exchange is observed be
tween RBij* and RBi2*, which implies the associ
ation and dissociation of a second ligand. The 1:1
complexes RBiA* and RBiß* are bound to the recep
tor via different binding modes. Their interdepen
dencies to the former species RBii* and RBi2* are
always slow on the EPR time scale. A re-arrange
ment within the complex is assumed.
Conclusion
The substrate Bi* was exposed to specific
and non-specific intermolecular interactions, rep
resented by Rebek's cleft and benzoic acid. The in
tramolecular interconversion proved to act as a char
acteristic probe for the mode of interaction. Con
formational isomerization was found of symmetric
type within free Bi* and Bi*H+ and of asymmet
ric type within complexed RBix* (x = 1, 2, A, B).
The corresponding EPR spectra exhibiting spectro
scopic exchange were interpreted in terms of a twojump for the degenerated and a two-site model for
the non-degenerated isomers.

While data obtained from NMR-titrations proved
the existence of 1:1 and 1:2 receptor-substrate com
plexes, EPR spectroscopy allowed the distinction
between one 1:2 and three different 1:1 complexes.
Based on the analysis of the nitrogen coupling con
stants in particular, the binding modes and sites of
the key-in-the-lock could be elucidated. Addition of
benzoic acid to Bi* leads to protonation at the exocyclic nitrogen atom, not altering the degenerated
isomerization of the free species. Within the com
plexes, two-point binding is likely to be established
to the exocyclic and one of the intracyclic nitrogens,
R B ij* and R B i2*, where within the latter two lig
ands bind to R. Spectroscopic exchange was found
to be of two-site type. Chelation of both intracyclic
nitrogen atoms was proposed for RBiß*. A hydro
gen donation of the exocyclic nitrogen to the imido
oxygen of the receptor, leading to a strong decrease
of aN, was assumed.
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