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The host–guest interactions play a very important role in chemical and biological processes. It
is therefore important to be able to characterize these complexes. Electrospray mass spectro-
metry can be used to characterize the complex formation. It provides information on the mass
and the charge of these ionic complexes. In this article, we show that the use of ab initio and
semiempirical calculations, in addition to the results obtained by electrospray mass spectro-
metry, reveal to be a promising tool for the study of these noncovalent complexes. In this
article, host–guest complexes formed by macropolycyclic polyammonium host molecules and
dicarboxylic acids are studied. (J Am Soc Mass Spectrom 2001, 12, 304–316) © 2001
American Society for Mass Spectrometry

The host–guest interactions play an important role
in many biological processes [1]. Macrocyclic and
macropolycyclic polyammonium synthetic mole-

cules have been shown to model the natural receptors
and to complex strongly and selectively a variety of
inorganic and organic molecules by electrostatic inter-
actions [1, 2]. The selectivity of the complexation de-
pends on the substrate and the macrocycle host cavity
sizes as well as on eventual specific interactions [3, 4].
The characterization of these complexes and the deter-
mination of stability constants have been first studied
by NMR, polarography, and acid–base titration [3–6].
Since the introduction of soft ionization, mass spectro-
metry can also be used to study host–guest complex-
ation using a few products and time [7–10]. The possi-
bility of detecting multiply charged ions in electrospray
mass spectrometry allows us to obtain complete infor-
mation on the mass and the charge of the ionic species
in the gas phase. In addition, electrospray mass spec-
trometry could maintain in the gas phase the interac-
tions between dianions and the ligand, and the tech-
nique is therefore considered a suitable method for the
detection of ionic species in solution [11–13]. The ques-
tion remains open whether the intensities of the signal
measured in electrospray mass spectrometry can be
linked to the relative concentration of the complexes in
solution [14, 15].

In a previous paper, we reported the analysis of
the behavior of two tris-macrocycles amines (chart 1)
with dicarboxylic substrates [2CO2–(CH2)n–CO2

2] by
electrospray mass spectrometry [16]. Thanks to the
soft ionization conditions, the electrospray source
should allow the interactions between diacids and the
ligand to be maintained in the gas phase. In this
paper, we have reported the influence of dicarboxylic
acid size (n 5 1– 4) and isomeric structures on the
extent of complexation and the competition between
two dicarboxylic anions of different size. Electros-
pray mass spectrometry provides information on the
mass and the charge of these ionic complexes. Their
relative stabilities in the gas phase can also be
evaluated using tandem mass spectrometry. Despite
this information, mass spectrometry tells nothing
about the structure of the complex and the different
sites of complexation and complementary techniques
revealed.

Quantum chemistry calculations have already been
used to model the reaction and complexation of several
molecules [17, 18]. We also present here the application
of the ab initio and semiempirical calculations on some
conformations of the complex ions. Good agreement
exists between the relative stabilities of the complexes
and their mass spectrometric behavior. This tool brings
some insights into the complex behavior in the gas
phase. The electrospray mass spectrometry technique in
conjunction with quantum chemistry calculations re-
veals to be a promising tool for the study of noncovalent
complexes.
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Materials and Methods

Theoretical Framework

The search for the lowest local minima of the potential
energy hypersurface E(Q), leading to the most stable
conformers, is very complex work when the number of
nuclear coordinate N is large. Very often, local minima
are found and their relative stabilities are determined
but it is rarely certain whether the global minimum is
among the structures obtained.

For each local minimum found, the zero point energy
(ZPE) should be added to its energy as well as correc-
tions due to the effect of the temperature on the
population of translational, rotational, and vibrational
excited states, determined from the partition functions
[19]. Thus the well-known thermal energies for transla-
tion and rotation are equal to 3/2 RT, the vibrational term
being a more complex function of the frequencies. In
addition to the energy terms, entropic ones are to be
considered. They do not vary like the energetic ones. For
instance, the translational entropy is the only term func-
tion of the pressure, of the form R ln(1/P). The transla-
tional and rotational entropies are less sensitive to the
temperature than the vibrational one. The thermochemis-
try analysis will be performed for all of the minima at
several values of the temperature and pressure. The DG
thus derived is the value at the beginning of the reaction
when all the species are the (T, P) conditions. Because this
value must be zero at equilibrium, the more negative it is,
and the more spontaneous the studied reaction is. The
problem of calculating the frequencies for large complexes
is a serious one. As a matter of fact, the optimization of
such structures often leads to minima characterized by so
small frequencies that their values become irrelevant,
sometimes even null or imaginary. This problem is even
more crucial when the frequencies are determined by
numerical procedures, as it is the case in AM1 [20]. Thus,
the matter of the impreciseness related to the problem will
be addressed.

Because the object of this study is a series of com-
plexes between a ligand L and one or several diacids Cn
HO2C–(CHx)n–CO2H (x 5 1, 2), let us recall some
energetic definitions. The interaction energy DEint is the

complex energy relative to the energy sum of its sepa-
rate partners characterized by their geometries in the
complex:

DEint 5 E~optimized complex!

2 E~ligand L//complex!

2 SE~diacids Cn//complex! (1)

E being the total electronic energy as defined above,
and often referred to as the internal energy, the term
“//complex” means “at the geometry it has in the
complex.”

The complexation energy DEcom is the complex en-
ergy relative to the energy sum of its separate partners
in their optimized geometries:

DEcom 5 E~optimized complex! 2 E~L//opt.)

2 SE~Cn//opt.! (2)

the term “//opt” means “at the geometry of the fully
optimized most stable conformation.” The difference
between DEcom and DEint is the deformation energy
DEdef of the interacting entities:

DEdef 5 E~L//complex! 1 S E~Cn//complex!

2 E~L//opt.! 2 S E~Cn//opt.! (3)

The thermal energetic corrections Eth(T) and the en-
tropic ones S(T,P) are added to the ZPE variation,
DZPE, and to the DEcom in order to give a free energy
term DG(T,P) depending on the temperature T and the
pressure P:

DG~T,P! 5 DEcom 1 DZPE 1 DEth~T! 2 TDS~T,P!
(4)

In the vacuum, the T and P effects are not considered
and DG(T,P) is replaced by DE(vac) which is the sum of
the first two terms in eq 4.

Computational Tools

All the calculations were performed with gaussian94
[21], on two computers, a Dec 8400 with eight proces-
sors, and a Dec 4100 with four processors.

One neutral ligand cage was optimized at the HF
level within the MINI-19 basis set [22, 23]. Its electro-
static potential map was determined at the HF/MIN-19
level. For all the systems, a full geometry optimization
was performed at the semiempirical level AM1 [20].
One trimer complex was optimized at the DFT B3LYP
[24] level, within the 6-31G basis set [25]. This calcula-
tion took 30 days in CPU time running in parallel on
two processors of the Dec 4100 with 43 Megawords of
central memory. In the following, these levels will be

Diagram 1.
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referenced to as AM1 and B3LYP, respectively. The free
energies are computed from the analytical frequencies
through the usual statistical mechanics formulas [19].

One calculation in the solvent was performed using
the self-consistent reaction field model labeled IPCM
[26] (Isodensity Polarized Continuum Medium). This
method is based on the PCM solvent model by Miertus
et al. [27] and considers a cavity which is well fitted to
the solute shape because it is defined by an electronic
density isocontour chosen by the user. In this work, the
relative dielectric constant and the isodensity contour
were chosen, respectively, equal to 80 and 5 3 1025

electron/bohr3.

Building of the Cage Molecules and Their
Complexes

The tris-macrocycle neutral ligand L initially consid-
ered was composed of two 12-membered saturated
rings each containing four nitrogens, here called nitro-
macrocycles, and linked together through two –CH2–
CH2–O–CH2–CH2– ether bridges attached to two oppo-
site nitrogens (see chart 1). This molecule was
constructed with the BUILDER module of the INSIGHT
program [28].

This structure geometry was first optimized at the
molecular mechanics level, using the classical force field
CFF91 [29]. The result was the starting point for the
geometry optimization at the HF/MINI-19 level. In
order to correctly chose the protonation sites, the elec-
trostatic potential (EP) map of this optimized structure
was calculated (Figure 1). The negative EP regions give
a good indication of the proton affinity sites. The most
negative potential value, around 2100 kcal/mol, corre-
sponds graphically to the most extended hatched region
and is found near a secondary amine nitrogen which is
N7 in chart 1. By reference to chart 1, a negative
potential appears at 280 kcal/mol on N1, N8, and N3.
From this result, the first protonation site can reason-

ably be considered on one of the secondary amine
nitrogens, N7 for instance. For the biprotonated system,
in order to decrease the electrostatic repulsion energy,
the second proton will be located on the farthest oppo-
site nitrogen N1. Two monoprotonated and biproto-
nated cage conformations were then optimized at the
AM1 level. The two biprotonated structures were opti-
mized with one proton on each macrocycle and are
denoted 2H1 and 2H2 in the following; they differ by
the torsions in the nitro-macrocyles. They are presented
in Figure 2. Let us point out that 2H2 looks like the
optimized neutral conformation. One of the monopro-
tonated ligand conformations looked like 2H1 and will
be noted H1. The other one does not resemble 2H2 and
will therefore be noted H3.

The complexes differ by their ligand conformation
and protonation state, as well as by the relative position
of the diacids(s) Cn. The first characteristic will be
referred to by the notation (Hi, i 5 1,2), in relation
with its resemblance with either 2H1 or 2H2. The
protonation state (mono or bi) will be indicated by the
number before the term Hi (Hi or 2Hi). The following
diacids were chosen: oxalic (C0), maleic (C2m), fumaric
(C2f), and adipic (C4). Their chosen relative position in
the complex was either in-between the rings and the
ether bridges, labeled “in”, or interacting outside one of
the rings, labeled “up” or “do”. Dimers, trimers, and

Figure 1. Neutral ligand optimized at the HF/MINI-19 level, and
EP contours at 2100, 290, and 280 kcal/mol. No hydrogens are
shown except those on the nitrogens.

Figure 2. Biprotonated cages 2H1 (a) and 2H2 (b) whose geom-
etries were optimized at the AM1 level. No hydrogens are shown
except those on the nitrogens.
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one tetramer were considered with C0 and C4. Only
dimers were investigated for the maleic and fumaric
acids.

The labels and the composition of the complexes are
summarized in the Appendix.

Electrospray Mass Spectrometry Conditions

The synthesis of the macrocycle L and the solutions’
conditions have been described previously [16]. Posi-
tive ESI mass spectra were obtained using a VG Plat-
form (Micromass, Manchester, UK) quadrupole mass
spectrometer. Samples were introduced in the ioniza-
tion chamber at atmospheric pressure through a stain-
less steel capillary. The solvent used was water 1
formic acid. The flow was fixed at 0.02 mL/min. A gas
flux (N2) acts as nebulizing gas (15 L/h). The voltage
difference applied between the capillary and the coun-
terelectrode is 3 kV. A drying gas curtain is produced
by a N2 flow at 250 L/h. The ESI interface was heated to
80 °C. The voltage applied to the sampling cone was
fixed at 7 V. Scanning was performed from m/z 200 to
1000 in 10 s. Positive ESI mass spectra MS/MS were
obtained on a VG Quattro triple quadrupole mass
spectrometer. The collision energy was fixed at 5 eV in
the collision chamber and the pressure of the collision
gas (Ar) was 5 3 1023 mbar. Daughter ion scanning
was obtained between m/z 80 and 900.

Experimental Results

Influence of the Length of the Dicarboxylic Acid on
the Extent of Complexation

The positive ESI mass spectrum of a solution at pH7
containing equivalent concentration (2 3 1023 M) of
tris-macrocycle L and dicarboxylic acids [Cn 5 HCO2–
(CH2)n–CO2H], shows three peaks corresponding to
complex formation between the ligand and the diacids
(Figure 3). Two peaks correspond to dimers singly (L 1
Cn 1 H)1 (for n 5 0, m/z 576) and doubly charged
(L 1 Cn 1 2H)21 (for n 5 0, m/z 288), one peak corre-
sponds to a trimer doubly charged (L 1 2Cn 1 2H)21

(for n 5 0, m/z 333). The spectrum with C0 also con-
tains one peak corresponding to the double protonation
(L 1 2H)21 (m/z 243). For n Þ 0, peak corresponding to
the monoprotonated ligand (L 1 H)1 is also observed.

Table 1 shows, for different sizes of dicarboxylic
acids (n 5 0 – 4), the ratio of complexed ions (C) on
noncomplexed ions (NC). From these results, the size of
the dicarboxylic acid has a large influence on the
complexation yield. The peak intensities of the complex
ions decrease when the size of the dicarboxylic acid
increases and the tris-macrocycle L appears to have the
best complementarity with oxalic acid. In addition, the
number of protons required for the observation of the
complex ions with one or two acids depends on the size
of the dianions. In the case of oxalic acid, the most

Figure 3. ESI positive ion mass spectrum of a solution of a 50/50 mixture of the tris-macrocycle
ligand L and the oxalic acid (n 5 0) in a solution of water/acetonitrile with formic acid. The voltage
applied to the sampling cone was 7 V.
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intense signal is obtained for the associations (L 1
Cn 1 H)1 and (L 1 2Cn 1 2H)21. For adipic acid, the
biprotonated dimer (L 1 Cn 1 2H)21 gives us the most
intense signal. These observations set up a question: can
the ligand complex the diacids at two sites? Each site
depending on the dicarboxylate size.

There are different hypotheses to explain how the
diacids are complexed by the ligand. One oxalic acid
molecule can be complexed inside the cavity because of
its size. The second diacid should then be complexed
outside the cavity. In the case of adipic acid, complex-
ation should preferentially occur only outside the cavity
by the two carboxyl groups. In order to test the influ-
ence of the dicarboxylic acid size on the complexation
selectivity, a solution containing two acids of different
size (oxalic and adipic acids) with the ligand was
analyzed. The spectrum shows six peaks corresponding
to the complexation of each acid to form four dimers
singly (L 1 Cn 1 H)1 and doubly charged (L 1 Cn 1
2H)21, and two trimers doubly charged (L 1 2Cn 1
2H)21. In addition, a new seventh peak was detected at
m/z 361, corresponding to a doubly charged ion in
which one oxalic acid and one adipic acid are com-

plexed by the ligand (L 1 C0 1 C4 1 2H)21. Table 2
summarizes the ratio of complexed ions (C) to noncom-
plexed ions (NC) for the different complex ions ob-
served in this spectrum. The observation of Table 2
shows that the most abundant complex ion is the mixed
ion in which both oxalic and adipic acids are complexed
(L 1 C0 1 C4 1 2H)21. Moreover, the complexation
yield increases considerably for adipic acid upon mix-
ing with oxalic acid [in particular the abundance of the
(L 1 C4 1 2H)21 ion strongly increases].

In the previous article [16], one explanation has been
proposed to explain the increase of the complexation
yield of adipic acid in the presence of oxalic acid. This
explanation can be found in the gas phase dissociation
of the mixed complex ion (L 1 C0 1 C4 1 2H)21

which could lose one oxalic acid to generate the ion
(L 1 C4 1 2H)21. To test this hypothesis, the mixed ion
(L 1 C0 1 C4 1 2H)21 was submitted to collision in-
duced dissociation (CID) after its selection in the first
mass spectrometry stage of a triple quadrupole. The

Figure 4. Fragment ion spectrum of the (L 1 C0 1 C4 1 2H)21 ion at 5 V/charge collision energy
in a triple quadrupole.

Table 1. Relative abundances of ions corresponding to the
complexed (C) and noncomplexed ligand (NC), in the positive
spectra of solutions containing the ligand L and different
dicarboxylic acid [Cn 5 HCO2–(CH2)n–CO2H]

Complex C/NCa

(L 1 C0 1 H)1 0.3
(L 1 C0 1 2H)21 0.1
(L 1 2C0 1 2H)21 0.4

(L 1 C1 1 H)1 0.06
(L 1 C1 1 2H)21 0.04
(L 1 2C1 1 2H)21 0.1

(L 1 C2 1 H)1 0.03
(L 1 C2 1 2H)21 0.02
(L 1 2C2 1 2H)21 0.03

(L 1 C4 1 H)1 —
(L 1 C4 1 2H)21 0.07
(L 1 2C4 1 2H)21 0.01

aC/CN denotes the ratio of the intensities of the indicated complex ion
to the sum of the noncomplexed species.

Table 2. Relative abundances of ion corresponding to the
complexed (C) and the noncomplexed ligand (NC) in the
positive ion spectra of solutions containing the ligand L and
two dicarboxylic acids (oxalic and adipic acids) (a) and the
ligand L and each acid alone (b)

Complex C/NCa

(a)
(L 1 C0 1 H)1 0.4
(L 1 C0 1 2H)21 0.05
(L 1 2C0 1 2H)21 0.3
(L 1 C4 1 H)1 0.01
(L 1 C4 1 2H)21 0.5
(L 1 2C4 1 2H)21 0.2
(L 1 C0 1 C4 1 2H)21 0.7

(b)
(L 1 C0 1 H)1 0.3
(L 1 C0 1 2H)21 0.1
(L 1 2C0 1 2H)21 0.4

(L 1 C4 1 H)1 —
(L 1 C4 1 2H)21 0.07
(L 1 2C4 1 2H)21 0.01

aC/NC denotes the ratio of the intensities of the corresponding complex
ion to the sum of the noncomplexed ionic species.
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fragment spectrum represented in Figure 4 shows two
peaks corresponding to the dimer (L 1 C4 1 2H)21

and the doubly charged free ligand (L 1 2H)21. This
observation support the hypothesis of the formation of
the ion (L 1 C4 1 2H)21 in the gas phase from the loss
of one oxalic acid from the trimer (L 1 C0 1 C4 1
2H)21. The preferential loss of one oxalic acid in the gas
phase instead of one adipic acid puts doubt on the
hypothesis of the complexation of the oxalic acid inside
the cavity of the ligand. If the oxalic acid was com-
plexed inside the cavity, why does it leaves the complex
before the adipic acid? Perhaps the complementarity
between the ligand and the substrate does not depend
only on the size of the ligand cavity and on the length
of the substrate, but also on some cooperative effects or
on the rigidity of the ligand. In order to test the effect of
the rigidity of the acid on the complexation, the next
section shows the ESI mass spectra of two rigid cis and
trans unsaturated diacids.

Isomeric Selectivity of the Complexation

Equimolar solutions of two unsatured isomeric diacids
(maleic and fumaric acid) were mixed with the ligand L,
and analyzed by positive ion ESI. Figure 5 shows that
only the cis isomer (maleic acid) can be complexed by
the ligand L (Figure 5a). In the case of the trans isomer
no complexation was observed. In this case, a full
selectivity of the ligand for the cis isomer is observed
but cannot be explain by mass spectrometry.

In the next part of the article we present quantum
chemistry calculations which can bring some insights
into the questions emerged from the mass spectrometry
spectra.

Theoretical Results

Geometrical Considerations

The cage presents the shape of a tweezer pair able to
rock around the ether bridges. The dimensions of the
two “jaw”-like cavities are not the same because the
distance N1–N5 and N3–N7 (chart 1) can be signifi-
cantly different, as seen in the case of the biprotonated
system (Figure 2). The vibrational motions related to the
macrocyle and ether bridge conformational changes are
characterized by very low frequencies. For instance, for
the two AM1 optimized 2Hi, i 5 1, 2, there are 11 or 12
frequencies lower than 100 cm21 related with those
deformations.

All the tertiary amine nitrogens linked to the ether
bridges presents a very small pyramidalization, their
lone pair being oriented toward the inside of the cavity.
Thus, any proton put on one of them could not point to
the exterior of the ligand cage.

As to the complexes, the position “in” of the Cn
corresponds to an interaction between one L ether
oxygen and one of the carboxylic hydrogens. With the
maleic acid, a second ether–carboxylic interaction is

observed because of the diacid folded conformation.
For the oxalic and the adipic acids, secondary interac-
tions occur between the second acidic function and the
ligand but this is not observed for the fumaric acid. The
position “up” can lead to a considerable deformation.
For C0, it consists in turning the two carbonyl oxygens
face to face, i.e.,

in order to present them both to the protonated nitro-
macrocyle. For C2f, the acidic hydrogen is twisted by
180° away from the carbonyl oxygen, i.e.,

in order to avoid unfavorable contacts between the
hydrogen and the ligand (Figure 6). For C2m and C4,
the deformation is related to the torsions of the back-
bone, in order to provide the best interaction with the
ligand macrocycle.

Numerical Impreciseness on the Thermochemistry

For most systems involving the ligand L, the lowest
numerically derived AM1 frequencies were imaginary
(one or two values) though the hessian did not present
any negative eigenvalue. This is due to the numerical
precision of the calculation. Two ways of determining
the thermochemistry of the complex formation were
then considered; either one neglects these imaginary
frequencies in the vibrational Eth(T) and S(T,P) deriva-
tion or one transforms them into real ones. The differ-
ence between the two results is denoted errvim in Table
3:

errvim 5 Eth(real v) 2 TS~real v! 2 @Eth(im v! 2 TS~im v!]

(5)

Thus, apart from the error due to the harmonic approx-
imation implicit to the statistical derivation of the
vibrational partition function, there is an impreciseness
of about 1–5 kcal/mol on the calculated thermic correc-
tion Eth(T) 2 TS(T,P) due to numerical errors on the
frequency determination. However, the various free
energies are relative quantities, i.e., imply energy dif-
ferences, for which a partial cancellation of errors

Diagram 2.

Diagram 3.
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Figure 5. ESI positive ion mass spectra of (a) a solution of a 50/50 mixture of the tris-macrocycle
ligand L and the maleic acid and (b) a solution of a 50/50 mixture of tris-macrocycle ligand L and the
fumaric acid in a solution of water/acetonitrile with formic acid. The voltage applied on the sampling
cone was 7 V.
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happen. For instance, the impreciseness errvim on the
formation free energy of 2H2 2 C0up 2 C0in or 2H2 2
C4up 2 C0in is equal to 2.52 or 21.33 kcal/mol. These
values are somewhat smaller than errvim.

The Complexes Formation: Temperature and
Pressure Effects

A pressure decrease from Pi to Pf always has an
unfavorable influence on a complex formation, via the
translational entropic term, [R ln(1/Pf) 2 R ln(1/Pi)]
for a dimer. On the contrary, a temperature decrease
lowers all the entropic terms, and particularly the
vibrational one, through the sensitive value of the
partition functions. Tables 4 and 5 present the free

formation energies Df G calculated for several T and P
conditions, for monoprotonated and biprotonated com-
plexes. It appears, for instance, that the P decreases
from 1 to 1026 atm and can be compensated by a T
lowering from 273 to 173 K because the Df G(C7) values
lie in between the Df G(C1) and the Df G(C2) ones. The
Df G changes when passing from a monoprotonated to
a biprotonated system are different for the up and the in
dimers. For C0, dDfG(up) 5 [DfG(Hi 2 C0up) 2 DfG(2Hi 2
C0up)] ranges from 5 to 7.5 kcal/mol, whereas dDf G(in) is
much smaller, about 1 to 2 kcal/mol. The monoprotonated
species do not favor the in or up position of the oxalic acid,
whereas the biprotonated ones show a large preference for
the up position. For C2m and C2f, dDf G(up) ranges from 2 to
5 kcal/mol and dDf G(in) from 20.1 to 24 kcal/mol. These
variations do not obey simple rules because several impor-
tant terms are involved in the complexation, the interaction
energy DEint and the deformation energy DEdef. The first
term is a favorable negative contribution but the second one
is a positive unfavorable one. Some values of DEint and DEdef

are presented in Table 6. For instance, the interaction be-
tween (LHn)n1 and C2m in the “in” position is larger for the
monoprotonated complex than for the biprotonated system
by 2.5 kcal/mol. Similarly, this stronger interaction induces a
greater deformation but DEdef only varies by 0.3 kcal/mol.
The better interaction between the partners in H2 2 C2min
by reference to 2H2 2 C2min can be understood on the basis
of the complexes geometry shown in Figure 7. In the bipro-
tonated system, one ether oxygen is oriented toward the
protonated nitrogen of the “up” macrocyle but this is not the
case in the monoprotonated complex. In this latter case, the
ether oxygen is more free for an interaction with the C2m
carboxylic hydrogen. As to the xH2 2 C2fin complexes, the
interaction energy is somewhat higher for the biprotonated
system but the deformation energy variation becomes more
important.

Fumaric acid forms much less stable complexes than
maleic acid. This is mainly due to its lower complex-
ation energy DEcom with the ligand. On one hand, the
interaction energy is smaller with C2f. For instance,
DEint(C2m,up) 5 223.1 kcal/mol, whereas DEint(C2f,up) 5
216.6 kcal/mol. This can be qualitatively explained by the
fact that C2m has two interaction sites with the cage, due to
its cis conformation, whereas C2f has only one. On the other
hand, the deformation energy can be much higher for C2f.

From Table 5, it is not possible to make any distinc-
tion between the trimer’s formation. Tetramers are also
obtainable under certain conditions but are obviously
more sensitive to the pressure factor. Some (T,P) con-
ditions, C5 and C6 for instance, are very unlikely to
produce stable complexes. It also appears that the
complexes with C2m are stable under most (T,P) con-
ditions.

On the basis of the formation energies, one investi-
gated monoprotonated complex with C2f, H2 2 C2fin,
is easier to form than H2 2 C0up. Nevertheless, all the
other complexes involving C0 are produced easier than
H2 2 C2fup.

Figure 6. Biprotonated complex with the diacid in the “up”
position: (a) C0 and (b) C2f.

Table 3. Error errvim (kcal/mol) due to the imaginary
frequencies obtained in AM1 (see text), calculated at T 5 298.15
K and P 5 1 atm. The number nim of imaginary frequencies
obtained for each presented system is given in parentheses. The
(first) imaginary frequency is given in cm21

Complex errvim (nim) 1st vim

2H1 20.784 (1) i55.02
2H2 23.326 (2) i59.91
2H2 2 C0in 22.405 (2) i59.90
2H2 2 C0up 2 C0in 20.803 (1) i53.38
2H2 2 C0in 2 C0up 22.315 (2) i67.22
2H2 2 C4up 2 C0in 24.656 (3) i70.78
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Relative Stability of the Complexes

Among the two optimized monoprotonated ligands, H3
has the lowest internal energy; it is 1.38 kcal/mol lower
than H1. The DZPE correction is very small (20.13
kcal/mol) as well as the thermic term DEth(T) 2
TDS(T,P) that lies around 10.3 to 10.8 kcal/mol for the
range of (T,P) conditions. Among the two optimized
biprotonated ligand, the most stable conformation is
2H1, which is 3.822 kcal/mol lower in internal energy
than 2H2. The DZPE correction is also negligible
(20.053 kcal/mol) and the thermic term DEth(T) 2
TDS(T,P) very small, in the range of 0.03 to 0.4 kcal/
mol for the selected (T,P) conditions. Tables 7 and 8
present the relative free energies of all the monoproto-
nated and biprotonated complexes. The lines with zeros
appearing in the tables correspond to the most stable
conformer of a group. For instance, the trimer with two

oxalic acids was studied in four arrangements: 2H1 2
C0up 2 C0in, 2H2 2 C0up 2 C0in, 2H2 2 C0in 2
C0up, 2H1 2 C0up 2 C0do, the last one being the most
stable. For the biprotonated dimers, all the arrange-
ments with the diacid up are the most stable, by about
2 to 6 kcal/mol, except for the fumaric acid for which
the difference between the up and in positions is very
small.

Tables 7 and 8 emphasize that there can be several
energetically accessible complex arrangements. It is not
possible to investigate all these structures and this
study is focused on a few of them.

Interaction Energies

In all the investigated biprotonated complexes, the
interaction between the C0 in the “up” position and its

Table 4. Free formation energies DfG, in kcal/mol, calculated at the AM1 level, at different temperature and pressure conditions,
labeled Ci, i 5 1,7 as follows: C1 5 (T 5 298.15 K, P 5 1 atm), C2 5 (T 5 273.15 K, P 5 1 atm), C3 5 (T 5 223.15 K, P 5 1
atm), C4 5 (T 5 173.15 K, P 5 1 atm), C5 5 (T 5 223.15 K, P 5 1024 atm), C6 5 (T 5 223.15 K, P 5 1026 atm), C7 5 (T 5
173.15 K, P 5 1026 atm). The DfE(vac) is the sum of the complexation energy and the ZPE contribution (see text). In all the
complexes, the cage is in its monoprotonated structure

Complex DfE(vac)

DfG(Ci)

C1 C2 C3 C4 C5 C6 C7

H1 2 C0up 26.37 15.92 14.89 12.83 10.74 16.91 18.95 15.49
H2 2 C0up 24.63 19.53 18.30 15.84 10.02 19.93 111.97 18.13
H1 2 C0in 26.52 17.37 16.17 13.78 11.38 17.86 19.90 16.13
H2 2 C0in 24.62 18.34 17.20 14.95 12.69 19.03 111.07 17.45
H2 2 C2mup 213.95 21.64 22.65 24.68 26.75 20.60 11.44 21.99
H2 2 C2min 216.68 21.27 22.57 25.18 27.81 21.10 10.94 23.06
H2 2 C2fup 23.02 110.92 19.74 17.35 14.96 111.44 113.48 19.71
H2 2 C2fin 28.71 13.00 12.06 10.16 21.78 14.24 16.29 12.98

Table 5. Free formation energies DfG, in kcal/mol, calculated at the AM1 level, at different temperature and pressure conditions,
labeled Ci, i 5 1,7 as follows: C1 5 (T 5 298.15 K, P 5 1 atm), C2 5 (T 5 273.15 K, P 5 1 atm), C3 5 (T 5 223.15 K, P 5 1
atm), C4 5 (T 5 173.15 K, P 5 1 atm), C5 5 (T 5 223.15 K, P 5 1024 atm), C6 5 (T 5 223.15 K, P 5 1026 atm), C7 5 (T 5
173.15 K, P 5 1026 atm). vac means DfE(vac) and is the sum of the complexation energy and the ZPE contribution (see text). In all
the complexes, the cage is in its biprotonated structure

Complex

(T,P) conditions

vac C1 C2 C3 C4 C5 C6 C7

2H1 2 C0up 212.21 20.53 21.47 23.38 25.32 10.70 12.75 20.57
2H2 2 C0up 29.66 11.17 10.29 21.47 23.27 12.62 14.66 11.49
2H1 2 C0in 27.55 15.62 14.51 12.28 10.04 16.37 18.41 14.79
2H2 2 C0in 26.29 16.93 15.81 13.58 11.34 17.67 19.71 16.09
2H2 2 C2mup 218.54 27.45 28.35 210.14 211.98 26.06 24.01 27.23
2H2 2 C2min 214.51 21.22 22.31 24.51 26.73 20.42 11.62 21.98
2H2 2 C2fup 25.78 16.95 15.87 13.72 11.55 17.81 19.85 16.31
2H2 2 C2fin 25.75 17.05 15.97 13.82 11.65 17.90 19.95 16.40
2H2 2 C4up 210.03 12.18 11.22 20.76 22.78 13.32 15.36 11.97
2H2 2 C4in 28.34 14.90 13.88 11.75 20.43 15.84 17.88 14.32
2H1 2 C0up 2 C0in 219.21 14.96 13.01 20.94 24.95 17.23 111.31 14.55
2H2 2 C0up 2 C0in 218.32 14.28 12.46 21.22 24.97 16.95 111.03 14.54
2H2 2 C0in 2 C0up 217.65 17.03 14.99 10.90 23.25 19.06 113.15 16.26
2H1 2 C0up 2 C0do 221.24 11.88 20.01 23.83 27.70 14.34 18.42 11.81
2H2 2 C4up 2 C4in 220.77 13.09 11.31 22.44 26.31 15.72 19.91 13.19
2H2 2 C4up 2 C0in 219.54 16.24 14.15 20.13 24.46 18.04 112.12 15.05
2H2 2 C4in 2 C0up 219.12 13.88 12.11 21.57 25.34 16.60 110.68 14.17
2H2 2 C4up 2 C4in 2 C0do 228.79 14.89 12.37 22.91 28.35 19.35 118.47 15.91
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partner, be it the ligand alone 2Hi or a dimer (2Hi 2
Cn), is characterized by a DEint of about 216 to 217
kcal/mol (Table 6). For the C0 in the “in” position, the
DEint range is somewhat larger, about 29 to 212
kcal/mol, the mean value being smaller than for the
“up” position. The same tendency is observed for C4,
the DEint(“up”) ranging from 224 to 225 kcal/mol and
the DEint(“in”) from 219 to 223 kcal/mol. The defor-
mation energies are greater for the systems involving
C4, about 8 to 10 kcal/mol larger than for C0. Finally,
the complexation energies DEcom are 212.99, 210.54,
and 210.72 for the dimers 2H1 2 C0up, 2H2 2 C0up,
and 2H2 2 C4up, respectively, and 28.22, 27.19, and
29.49 kcal/mol for the dimers 2H1 2 C0in, 2H2 2
C0in, and 2H2 2 C4in, respectively. For the mixed
trimer formation, if C4 is put in the “up” position C0
will be at the “in” one and vice versa. Thus, on a
qualitative level, one should compare the DEcom for
2H2 2 C4up and 2H2 2 C0in on one hand, and that for
2H2 2 C4in and 2H2 2 C0up on the other hand. In the
first case, C4 is better attached to the ligand than C0 by

3.53 kcal/mol; in the second case, C0 is more tightly
linked than C4 by 1.05 kcal/mol. On a more quantita-
tive level, partial dissociation free energies DdG are
calculated and presented in Table 9 for the two mixed
trimers 2H2 2 C4in 2 C0up and 2H2 2 C4up 2 C0in.
These results reinforce the qualitative point of view:
when C4 is up and C0in, C0 leaves the complex first but
the situation is reversed if C4 is in and C0up. Let us
point out that the trimer 2H2 2 C4in 2 C0up is slightly
more stable than 2H2 2 C4up 2 C0in (Table 8).

AM1 Versus Ab Initio Comparisons

The trimer 2H1 2 C0up 2 C0in was optimized at the
DFT B3LYP/6-31G level, starting from the AM1 opti-
mized geometry. The interaction energies were calcu-
lated at the B3LYP level, for the AM1 and B3LYP
optimized geometries, and compared with the AM1
interaction energies. Interactions energies for the mono-
protonated dimers H2 2 C0in and H2 2 C2fin were
also calculated at the AM1 optimized geometries within
the RHF/MINI-19 level. The results are presented in
Table 10.

At the frozen AM1 geometry, the interaction energy
is always more important, from 1.5 to 4.3 kcal/mol by
dimer interaction, except for H2 2 C2fin. Thus, all the
previous AM1 DEint and their related quantities
(DEcom,DG) should be more negative or less positive,
except for the monoprotonated complex with C2f.
Moreover, the geometry has also a large influence on
DEint, particularly for the dimer interaction (2H1 2
C0up) 2 C0in. In the trimer, the C0 are closer to the
ligand and, in position “in”, several distances become
significantly smaller inducing much more negative
DEint. Thus, it must be kept in mind that the AM1
results are qualitative.

Figure 7. (a) Biprotonated and (b) monoprotonated complex
with C2m in the position “in”.

Table 6. Interaction DEint and deformation DEdef energies
(kcal/mol) calculated for the AM1 optimized complexes, at the
AM1 level. For the trimer and tetramer complexes, dimer
interactions were also considered, depending on the way to
group, in parentheses, the partners

Interacting partners DEint DEdef

H1 2 C0up 213.54 16.55
H2 2 C0up 211.88 16.47
H1 2 C0in 29.26 12.28
H2 2 C0in 212.12 16.60
H2 2 C2mup 218.84 13.57
H2 2 C2min 223.35 15.18
H2 2 C2fup 211.72 17.54
H2 2 C2fin 210.34 10.65
2H1 1 C0up 216.85 13.86
2H2 1 C0up 216.70 16.16
2H1 1 C0in 29.67 11.45
2H2 1 C0in 211.72 14.53
2H2 1 C2mup 223.11 13.57
2H2 1 C2min 220.82 14.88
2H2 1 C2fup 216.64 110.11
2H2 1 C2fin 211.13 14.44
2H2 1 C4up 225.06 114.34
2H2 1 C4in 222.97 113.48
(2H1 2 C0in) 1 C0up 216.05 /
(2H1 2 C0up) 1 C0in 28.49 /
2H1 1 C0up 1 C0in 225.29 14.56
(2H2 2 C0in) 1 C4up 224.67 /
(2H2 2 C4up) 1 C0in 210.97 /
2H2 1 C0in 1 C4up 236.03 115.03
(2H2 2 C0up) 1 C4in 220.83
(2H2 2 C4in) 1 C0up 215.78
2H2 1 C0up 1 C4in 237.01 116.14
(2H2 2 C4up) 1 C4in 220.59
(2H2 2 C4in) 1 C4up 224.42
2H2 1 C4up 1 C4in 245.52 122.99
(2H2 2 C4in 2 C4up) 1 C0do 210.37
(2H2 2 C4in 2 C0do) 1 C4up 224.17
(2H2 2 C4up 2 C0do) 1 C4in 219.47
2H2 1 C4in 1 C4up 1 C0do 256.20 124.68
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Comparison Between Theorical Results and Mass
Spectra

Quantum chemistry calculations allow us to propose
different stable geometries for the different complex
ions observed in mass spectrometry. The stabilities of
the complexes depend on the temperature and pressure
conditions. In view of the calculation level used
(semiempirical AM1 level), the values of the complex
stabilities provide qualitative information about differ-
ent proposed geometries. To compare the relative sta-
bilities of the complexes, one also needs to know the
experimental conditions to which the ions are submit-
ted in the mass spectrometer. The problem is that,
during the mass analysis, the ions undergo different
conditions of pressure and temperature. Indeed, in the
electrospray source, the ions are for the first time
nebulizing in a region of atmospheric pressure and the
second time are transported to the analyzer through a
region of decreased pressure (Patm 3 1026 atm). Nev-
ertheless, the quantum calculations allow us to deduce
some general informations on the complex ions geom-
etries and their relative stabilities.

The most striking agreement between the calcula-
tions and the experiments concerns the different behav-
ior of the C2m and C2f complexes. It is clear, either from
the DfG or from the DEcom, that C2m forms very stable

associations with the ligand, whereas C2f does not. The
parallel with experiment is direct because no complex
with C2f is observed. The low value of DEcom for C2f
comes either from the smallness of DEint or from an
important DEdef. In contrast to the C2m complexes, the
low interaction energy for the C2f ones can be explained
by the fact that C2f has only one site of interaction with
the ligand, instead of two for C2m. However, the
theoretical results predicts monoprotonated complexes
with C2f nearly as stable as some with C0. This is in
apparent contradiction with the experimental results:
no monoprotonated complexes are observed for C2f,
whereas these are abundant for C0. One can invoke
several explanations to this discrepancy. First of all, the
whole set of possible conformations is far from having
been investigated in this work. It could happen that the
number of energetically favorable complexes with C0
was much greater than that with C2f. Moreover, it must
be kept in mind that the results are qualitative, not
quantitative.

This argumentation is also to be invoked to explain
the relative abundances of monoprotonated and bipro-
tonated dimer complexes with C0, which do not exper-
imentally correspond to the calculated Df G (Tables 4
and 5). As far as the biprotonated dimer and trimer
complexes with C0 are concerned, it appears from Table

Table 7. Relative free energies DrG, in kcal/mol, calculated at the AM1 level, at different temperature and pressure conditions,
labeled Ci, i 5 1, 4 (see Table 4). In all the complexes, the cage is in its monoprotonated structure

Complex DrE(vac) DrG(C1) DrG(C2) DrG(C3) DrG(C4)

H1 2 C0up 0.0 0.0 0.0 0.0 0.0
H2 2 C0up 1.73 3.61 3.41 3.01 2.64
H1 2 C0in 20.15 1.45 1.28 0.95 0.64
H2 2 C0in 1.74 2.42 2.31 2.12 1.95
H2 2 C2mup 12.74 20.37 20.08 10.50 11.06
H2 2 C2min 0.0 0.0 0.0 0.0 0.0
H2 2 C2fup 15.68 17.93 17.67 17.19 6.73
H2 2 C2fin 0.0 0.0 0.0 0.0 0.0

Table 8. Relative free energies DrG, in kcal/mol, calculated at the AM1 level, at different temperature and pressure conditions,
labeled Ci, i 5 1, 4 (see Table 4). In all the complexes, the cage is in its biprotonated structure

Complex DrE(vac) DrG(C1) DrG(C2) DrG(C3) DrG(C4)

2H1 2 C0up 0.0 0.0 0.0 0.0 0.0
2H2 2 C0up 2.55 1.69 1.77 1.91 2.06
2H1 2 C0in 4.66 6.15 5.98 5.66 5.36
2H2 2 C0in 5.92 7.45 7.28 6.96 6.66
2H2 2 C2mup 0.0 0.0 0.0 0.0 0.0
2H2 2 C2min 4.04 6.22 6.02 5.63 5.24
2H2 2 C2fup 0.0 0.0 0.0 0.0 0.0
2H2 2 C2fin 0.03 0.10 0.10 0.10 0.10
2H2 2 C4up 0.0 0.0 0.0 0.0 0.0
2H2 2 C4in 1.69 2.72 2.65 2.52 2.34
2H1 2 C0up 2 C0in 2.03 3.08 3.02 2.89 2.74
2H2 2 C0up 2 C0in 2.92 2.40 2.47 2.61 2.73
2H2 2 C0in 2 C0up 3.58 5.15 5.01 4.73 4.44
2H1 2 C0up 2 C0do 0.0 0.0 0.0 0.0 0.0
2H2 2 C4up 2 C0in 0.0 0.0 0.0 0.0 0.0
2H2 2 C4in 2 C0up 0.43 22.36 22.04 21.44 20.88
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5 that it would be possible to find (T,P) conditions
where experiments and theoretical predictions qualita-
tively agree. A third hypothesis is to be brought to the
forefront by the following observation.

One experimental fact worth mentioning is that, in
all the mass spectra, the peak corresponding to the
monoprotonated ligand alone is very weak compared
to that corresponding to the biprotonated one. It is
plausible to imagine that the main component of the
ligand population in solution is found in its biproto-
nated state. Thus, all the complexes with the diacids, be
they dimers or trimers, would be primarily formed with
the biprotonated ligand. According to the different
pKa’s of the diacids, the population of their different
protonated or deprotonated states will vary. One might
suppose that there exists a sufficient proportion of
undissociated diacid to provide (L 1 Cn 1 2H)21, but
there can also be enough monoanionic (Cn 2 H)2 spe-
cies to lead to (L 1 Cn 2 H)1. The geometry optimiza-
tion of the complex (L 1 2H1 1 C02up) was per-
formed at the B3LYP level; this complex is characterized
by a DEint of 2146 kcal/mol. This value is very impor-
tant. Nevertheless, it drops down to 229.52 kcal/mol
when the solvent effect is taken into account via the

so-called IPCM model [26]. Thus, the difference in the
solvation energies of the charged (21, 2, 1) species
involved clearly plays an important role. Another pos-
sibility is that, due to the pKa of Cn, the complex (L 1
Cn 1 2H)21 loses one proton.

The mixed trimer complexes (L 1 C0 1 C4 1 2H)21

are somewhat intriguing. The MS/MS experiments
reveal that C0 is always the first to leave the association.
From the few theoretically studied complexes, this
happens only when C0 occupies the in position (Table
9) which is the least stable one in all the investigated
complexes. The dissociation free energies DdG are qual-
itatively similar for both C0 and C4 at the in position.
However, the trimer (L 1 C4up 1 C0in 1 2H)21 seems
to be slightly less stable than (L 1 C4in 1 C0up 1
2H)21 for a large set of (T,P) conditions (Tables 5 and
8). Thus, it is probable that other complexes are formed
that would be more abundant that those studied. This
proposal is enforced by the data on the trimer noted
(2H1 2 C0up 2 C0do) (Tables 5 and 9) which suggest
that such associations could be more probable than the
others while presenting similar DdG as the cases of Cn
in leaving partners.

Conclusions

Quantum chemistry calculations constitute a useful tool
for proposing several probable conformations of the
complexes observed in mass spectrometry, in view of
their relative stabilities. The semiempirical level (AM1)
mostly used in this work provides qualitative informa-
tion about the investigated complexes. Moreover, the
influence of the temperature and pressure conditions
have also been addressed through quantum chemistry
calculations. The main problem for comparing theoret-
ical and experimental results is that the temperature
and pressure conditions under which the mass spectra
are recorded are not defined, even if some assumptions
can be proposed. Nevertheless, the theoretical calcula-
tions indicate how these external conditions can influ-
ence the complex’s fate.

Good agreement is observed between theoretical and
experimental results with the C2m and C2f complexes,
as well as for the biprotonated dimer and trimer with
C0. In contradiction, a disagreement appears between
theoretical and experimental results concerning the

Table 9. Free energies DdG, in kcal/mol, for the dissociation of two trimers 2H2 2 Cn 2 Cn* into (2H2 2 Cn) and Cn*, Cn, Cn* 5 C0,
C4. The (T,P) conditions are denoted as Ci (see Table 4). A negative value means that the dissociation will proceed spontaneously.
For comparison, the results for 2H1 2 C0up 2 C0do are also given

Dissociation scheme

(T,P) conditions

vac C1 C2 C3 C4 C5 C6 C7

2H2 2 C4in 2 C0up3 (2H2 2 C4in) 1 C0 110.77 11.01 11.77 13.32 14.91 20.76 22.80 10.16
2H2 2 C4in 2 C0up3 (2H2 2 C0up) 1 C4 19.45 22.74 21.81 10.10 12.07 23.98 26.03 22.68
2H2 2 C4up 2 C0in3(2H2 2 C0in) 1 C4 113.25 10.66 11.67 13.71 15.80 20.37 22.41 11.04
2H2 2 C4up 2 C0in3 (2H2 2 C4up) 1 C0 19.51 24.06 22.92 20.63 11.67 24.72 26.76 23.08
2H1 2 C0up 2 C0do3 (2H1 2 C0up) 1 C0 19.02 22.41 21.46 10.45 12.37 23.63 25.68 22.45

Table 10. Interaction energies DEint (kcal/mol) calculated for
the dimers H2 2 C0in and H2 2 C2fin and for the trimer
2H1 2 C0up 2 C0in, at the semiempirical AM1 and ab initio
levels, for two optimized geometries (AM1 and ab initio). For
the trimer, two dimer interactions were considered: the first one
implies the 2H1 2 C0up complex on one hand and C0in on the
other; the second one considers the 2H1 2 C0in complex in
front of C0up

Interacting partners
Calculation

level
Optimized
geometry DEint

H2 2 C0in AM1 AM1 212.12
RHF/MINI-19 AM1 213.32

H2 2 C2fin AM1 AM1 210.34
RHF/MINI-19 AM1 28.50

(2H1 2 C0up) 1 C0in AM1 AM1 28.493
B3LYP/6-31G AM1 210.041
B3LYP/6-31G B3LYP/6-31G 223.342

(2H1 2 C0in) 1 C0up AM1 AM1 216.054
B3LYP/6-31G AM1 220.306
B3LYP/6-31G B3LYP/6-31G 224.579

2H1 1 C0up 1 C0in AM1 AM1 225.287
B3LYP/6-31G AM1 231.590
B3LYP/6-31G B3LYP/6-31G 248.361
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monoprotonated complexes with C2f and C0 and for
the dissociation of the mixed trimers with C0 and C4.
These discrepancies could be explained by the fact that
only some conformations have been investigated in this
work and that other arrangements could exist with a
lower energy. Nevertheless, even if the whole confor-
mational space is not accessible to the study, it clearly
appears that the combination of quantum chemistry
calculations and electrospray mass spectrometry exper-
iments could provide very useful information about the
different ionic noncovalent complexes formed.
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FNRS, Brussels.

References
1. Lehn, J.-M. Acc. Chem. Res. 1978, 11, 49.
2. Park, C. H.; Simmons, H. E. J. Am. Chem. Soc. 1968, 90, 2431.
3. Kotzyba-Hibert, F.; Lehn, J.-M.; Vierling, P. Tetrahedron Lett.

1980, 21, 941.
4. Hosseini, M. W.; Lehn, J.-M. J. Am. Chem. Soc. 1982, 3525, 3527.
5. Kimura, E.; Sakonaka, A.; Yatsunami, T.; Kodama, M. J. Am.

Chem. Soc. 1981, 103, 3041.
6. Dietrich, B.; Hosseini, M. W.; Lehn, J.-M.; Sessions, R. B. J. Am.

Chem. Soc. 1981, 103, 1282.
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