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Abstract The interaction of a number of small organic molecules with the two lowest energy mini-
mum conformations of [2.2.2.2]paracyclophaneR€P),1 and 2, are studied by MMP2(87) force

field calculations. Formations of nesting as well as inclusion complexes were identified on the potential
energy surface. With CJ€l, and CHCJ used as guests, the nesting complexes are lower in energy than
the inclusion ones with both confortites 1 and 2. Furthermore, the nesting complexeith 2 are

found to be more stable than the nesting ones Withormation of the double nesting complexes of
CH,CI, and CHC] with 1 and2 raise the difference in complexation energy in favol#. dthe prefer-

ence of 4PCP for the forn2 in solution is explained based on the above analgilsugh 2 is
calculated to be 0.2 kcal-nmohigher in steric energyanl in the gas phase.

Keywords Paracyclophane, Host-guest interactions, Solvent-solute interactions, Force field calcula-
tions, Nesting complex, Inclusion complex

logical membranes occurs in the first step by molecular rec-
ognition.

- ] ) ] Forces that control the stability of host-guest complexes
Molecular recognition plays an important role in many dif- gre non-covalent interactions like hydrogen bonding, van
fere'nt areas of chemistry as well as molecular biology. Thejer Waals interactions, dipole-dipole amgstacking inter-
basis of this phenomenon is the ability of a large moleculgctions, There is also an additional mode of binding invoked
(host) to recognise and 'bll’ld small molecules (guests). U'"by Cram as “constrictive binding” which is defined as the
derstanding the interactions between hosts and guests agffference between the activation energy of the dissociation
the factors that controllthe stability of those. pomplexes iSyrocess and the thermodynamic binding energy. It repre-
the main goal in studying molecular recognition phenom-gents the physical barrier that prevents escape of the guest
ena [1-7]This is important, since the binding of substratesfom the host cavity [7].

by enzymes and antibodies and transport of ions across bio- ¢ study the host-guest complexes and their geometries,
X-ray diffraction [8-14], optical [15,16], NMR [15-23] and
ESR [24]spectroscopic and computational [13,14,23,25-37]
methods are used. Computational tools become increasingly
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important with respect to both the nature of solvophobic in-
teractions and the origins of host-guest interactions [38].

Solvents used for NMR measurements may influence the
conformational distribution either by the polarity of the sol-
vent [39,40] or by specific inclusion of a solvent molecule in
the cavity of the host [23,41-45]. There might be a possibil-
ity that the conformational population be affected by the for-
mation of a nesting compldetween the host and solvent 21
molecules. To the best of our knowledge, this type of interac-
tion, the effect of solvent on conformational distribution of
the solute, has not been considered yet, nor any possible type 22
of solvophobic inteactions. We wuld like to address the
effect of the formation of the nesting complexes on the con-
formational distribution of [2.2.2.2]paracyclophane-RLCP)
by force field calculations (see Figure 1a).

Paracyclophanes are an important class of supramolecular
compounds with the ability to form inclusion complexes with
some guests [17-19]. So far complexation of rigid cyclophanes
is studied with differenguests [15,16].

In the present study, performed by the MMP2(87) method, 4°-PCP
we have chosen°4PCP as a host and analysed the interac-
tion of different guest molecules by introducing the guest (@)

from a far distance to thé-®CP cavity and forcing it to pass

through the cavity. The whole process could be used aBigure la [2.2.2.2]Paracyclophane (4PCP)
good model for studying the change in the conformational

distributions of the host due to complexation, which makes

possible the explanation of the most probable conformation

of the host in solution.

Figure 1b The two lowest
energy minimum conforma-
tions of £-PCP from two dif-
ferent views (top and side).

(b)
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optimised by the default convergence ciiter(AE<0.00008
kcal-mof* per @om). The two lowest energyinimum con-
) ) i . formations of 4PCP, i.el and2 in Figure 1b, that has been
Molecular mechanics calculations were carried out using %Iored in a related work [49}ere used to investigate the
MMP2(87) force feld [46,47]. Theperformance of the nost-guest interctions. In2 there are two lateral and two
MM2(87) force field is reported to be essentially identical {@cial benzene rings [50], but hbenzene rings are neither

that of the MM2(91) for conjugated hydrocarbons and alkigteral nor #cial. They havéeen denoted as inclined [49].
halides [48]. All the energy minimum structures were fully

Computational method
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Table 1 The dihedral angles of thkand 2 conformations of 4PCP; for the numbering see Figure 1

Torsion angle 1 2 Torsion angle 1 2

C(4) - C(7) - C(8) - C(9) 75.0 66.8 C(20) - C(23) - C(24) - C(25) 75.0 66.8
C(5)-C@) - C(7)-C(8) 96.1 106.1 C(21) - C(20) - C(23) - C(24) 96.2 106.2
C@3)-C@)-C(7)-C(8) -84.5 -75.1 C(19) - C(20) - C(23) - C(24) -84.3 -75.0
C(14) - C(9) - C(8) - C(7) 73.2 66.6 C(26) - C(25) - C(24) - C(23) -107.3 66.6
C(10) - C(9) - C(8) - C(7) -107.1 -112.9 C(30) - C(25) - C(24) - C(23) 73.0 -112.9
C(12) - C(15) - c(16) - C(17) -75.3 63.1 C(28) - C(31) - C(32) - C(1) -75.1 63.2
C(13) - C(12) - C(15) - C(16) -96.3 -110.4 C(27) - C(28) - C(31) - C(32) 84.3 -110.6
C(11) - C(12) - C(15) - C(16) 84.2 68.9 C(29) - C(28) - C(31) - C(32) -96.3 68.7
C(18) - C(17) - C(16) - C(15) 107.5 -81.3 C(2)-C(1) - C(32) - C(31) 107.4 -81.2
C(22) - C(17) - C(16) - C(15) -72.8 99.0 C(6) - C(1) - C(32) - C(31) -73.0 99.0

Both conformers have averagg &ymmetry. The conformer gles are given in Table 1. The difference between the steric
1is similar to the D, form and the conforme is similar to energy ofl and 2 is 0.2 kcal-mot, with 2 being higher in
the D, form in Wennerstrom et al. work [51] that has beesteric energy.

denoted as (G&"G*G) and (BG*G*G"), respectively. These

The guest molecules examined were,XKX = H, F, Cl,

conformations are shown in Figure 1b and the dihedral @ I) and CHCI, . (n =0, 1, 2). Thetarting geometries for
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Figure 4 The PES of interaction of CM as guest with the

cavity. The x-axis refers to the distance between the gra
centre of the guest molecules and the host centre. The y-axi

shows an over view of the relative energies translated al

the y-axis

searching the potential energy surface (PES) of the interac-
tion between each stable conformation PP and the
guest molecules were obtained by placing the guest at 10 A
apart from the host centre and then letting the guest come
close to the host centre along the z-axis in 0.2 Asst€he
gravity centre of the guest was kept always on the z-axis,
which is defined as the reaction coordinate. Once the guest
molecule was approaching the host cavity, the guest was al-
lowed to rotate in different directions to find out the best
geometry for interaction with the host cavity. In this way the
optimum geometry for each complex was found. Then the
guest was taken away from the host cavity in the opposite
direction of entrance to find out if this process could
interconvert different conformations of-BCP.

Two types of complexes were found on the PES, one nest-
ing [52], in which there is interaction betweehRCP and
guest, but the guest has not been introduced in the host cav-
ity. In this case no important changes MPLP geometry
are seen. The other minimum energy on the PES is taken as
inclusion complex as the guest is introduced to the host cav-
ity. To simplify the analysis, the effect of entropy on the com-
plex formation of thel and2 conformations was considered
similar; therefore the present analysis is based on the differ-

Table 2 The E (kcal-mot?) for the energy minima and
maxima of interaction of CEX with 1. Italic numbers refer
to the energy minima and maxima given in Figure 4

Guest 1 2 3 4 5 6 7

CHF -23 46 25 - - 13 -20

¥¥cr 28 28 -25 03 04 06 -27
Br 35 26 -26 06 -08 07 -3.1

O,

CHL 39 27 -28 09 -07 07 -31
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Table 3 Positional param-

eters (distances in A and an-ouest Hy H, Hs X
gles in degree) of CIX in its
inclusion complex with; for

CH,F H-Tt 281 2.89 2.82 3.03

! : [] C-H-Tt 126.7 119.8 125.7 104.1
the numbering see Figure 7. o, ¢ H-TT 2.74 2.94 2.76 3.49
[] C-H-Tr 137.8 118.7 135.6 85.6

CH,Br H-Tt 2.75 2.94 2.75 3.69

] C-H-1t 138.4 120.0 140.7 79.67

CH,| H-Tt 2.74 2.93 2.74 3.89

[] C-H-Tr 142.6 122.0 139.9 74.1

ence in complexation energy JEE, is the difference in po- sented. The PESs for the complexation of methane in two
tential energies at infinite separation (zero energy) compaoexhformations of #PCP are shown in Figures 2 and 3.

to that of a bound complg®3]. Theuse of molecular me-  Inclusion in 1 takes place in two distinct gie The first
chanics to estimate the complexation energies is assuroed is the formation of a nesting complex in which the sta-
justified as the interaction of the guests with different cohilising energy is attractive vater Waals with E= —1.9
formations of the same host are investigated. kcal-mof!. The conform#on of 1 does not change at this
step, nor is there a barrier for the formation of the nesting
complex. To get an inclusion complex, the guest is forced to
enter the host cavity. This process needs reorganisation of
the host to open up its cavity, so all benzene rings rotate when
) } ) ) the guest enters in the cavity. This process causes a barrier of
The formation of nesting and inclusion complexes of sevegb keal-mot. Inclusion complex ofL. and methane is 0.4
small organic molecules with the two lowest energy minjza|.moit more stable than the nesting complex. Here the
mum conformations of 4PCP ( and?2) is studied. The in- change in Eof inclusion compared to the nesting is mostly
teraction between the two conformations 6fPCP with gye to van der Waals interactions. Although the host confor-
methane will be discussed in detail and for other guests hgtion1 in the inclusion complex has remained similar to its
difference in behaviour compared to methane will be prgitial optimised geometry, changes in dihedral angles have

Results and discussion

Figure 5 The potential en- 6
ergy surface of interaction of
CH,Br as guest withl. Two

different views are given for 4 I
each minimum and maximum L 5% 54

energy structure. s
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(a) (b) (©

Figure 6 The calculated structures of (a) the nesting complex, (b) the first inclusion complex and (c) the second inclusion
complex of CEBr with the cavity of1

occurred without any important changes in the other struc-
tural parameters.

Decomplexation of the inclusion complexband meth-
ane could occur either by a reverse process or by forcing the
guest to come out from the other side of the host cavity. The

barrier for the second process is less than the first one (4.1
kcal-moi* compared to the inclusion complex), so two lafergy
eral benzene rings will rotate to let the guest exit from the
cavity.
Another nesting complex will form when guest exits the
host cavity from the other side. This nesting complex is lo- CH,F
cated 0.2 kcal-mdl higher than the first nesting complex, \

CH;C \ w
4
2 5
3

CH3BI'
CH3I /

6

) o

Distance

Figure 7 The optimum structure of inclusion complex dfigure 8 The potential energy surfaces of interaction ofXH

CH,X with 1 as calculated byVMP2(87). H and H, are as guest with theavity of2. The x-axis refers to the distance

closer to thereface of the aromatic rings, while,Hs on a between the gravity centre of the guest molecules and the

longer distance. host centre. The y-axis shows an over view of the relative
energies translated along the y-axis
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Table 4 The E ( kcal-mot) of the energy minima and maxima Complex formation between conformati®dand CHas a
of interaction of CHX with 2. Italic numbers refer to the guest is interesting as the nesting complex is lower in energy
energy minima and maxima given in Figure 8.

than the inclusion one by 6.0 kcal-miokee Figure 3. For-
mation of the inclusion complex needs the reorganisation of
the host molecule. This will happen by a barrier of 7.2

Guest 1 2 3 4 5 6 . . ;
kcal-moti! relative to the nesting complex. In this case forc-
. i . ing the guest to exit from the other side of host does not need
EHSEI gf ié gf 82 83 gg much energy (less than 0.1 kcal-rhotlative to the inclu-
CHSBr -5.6 1'0 _0'5 0.8 _0'1 _4'4 sion complex, see Figure 3). It seems that Rithe nesting
CHSI -6.0 0'5 _0'9 1'3 1'4 _4'9 complex is the preferred one.
5 ) ) ) ) ) )
Table 5 Positional param-
eters (distances in A and an-Cuest H, H, Ha X
gles in degree) of CiKinits ., 1t 2.85 2.69 256 4.08
inclusion complex witB; for 3 C-H- 1396 1122 151.0 60.9
the numbering see Figure 11. ] ' ' ' '
CH.CI H-Tt 2.86 2.75 2.63 3.86
] C-H- 138.9 113.6 142.0 67.1
CH,Br H-1t 2.97 2.76 2.73 3.47
[]C-H- 128.5 112.5 129.5 81.1
CH,l H-1t 2.85 2.81 2.54 4.28
[]C-H- 142.5 111.5 154.7 56.3

see Figure 2. The Hs higher because of the difference in The difference between the & inclusion complex ofl
orientation of the guest to the host cavity and a small diffand the nesting complex &fwith methane is 1.2 kcal-mbl
ence betweerr4PCP conformations in these two nesting contherefore, the nesting one withis more stable. Hence, the
plexes. However, full optimisation will result in the sampreference of 4PCP for th& conformation in solution might

nesting complex.

Figure 9 The potential en-
ergy surface of interaction of 2
CH,CI as guest with2. The
top and side views of the
minimum and maximum en-
ergy structures are given.

-1
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o

1
w

o

be explained on this basis.
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Distance (A)
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Table 6 The E, (kcal-mot') of the energy minima and maxima O\
of interaction of CHX,  with 1. Italic numbers refer to the @QQ/O

energy minima and maxima given in Figure 12.

Guest 1 2 3 4 5 6 7

CHLCI -28 28 -25 03 -04 06 -27
CHCI, -33 20 -34 113 -14 0.7 -25
CHCI, -41 34 10 128 -25 -13 -2.8
CCl, -35 15 -05 215 -16 -09 -3.5

Complex formation of several mono-substituted methanes (-3.9)
was examined witth and2. CH,F behaves like Cj-but other
mono-substituted methanes show additional local minima ot
the PES for the conforrtian 1, see Figure 4 and Table 2. It
is noteworthy that at the beginning, the guest JOHits in
the host caty of 1 from the three hydrogen umbrella side,
see Figure 5. This will result in the first nesting complex.
Also, the first inclusion complex forms with the same orien-
tation of CHX with the host cavity, see Figure 6a and 6b.
When the guest is forced to go through the host cavity, i
change in the guest orientation relative to the host cavity hay
pens and the second inclusion complex forms, this time witt
the X-substituent located in the centre of the host cavity, se
Figures 5 and 6c¢. Forcing the guest further to exit from the
cavity will result in obtaining a nesting complex quite simi-
lar to the first nesting one, with a bit higherets found withl
and methane, see Figure 5.

It is interesting to mention that in the inclusion complexes
of mono-substituted methanes withall three hydrogen at-
oms were found pointing on the face of the benzene rings.
Two hydrogen atoms are closer to the face of the aromati~
rings and the third one with a longer distance, see Figure
and Table 3. By changing X from F to | in ©f the hydro-
gen atom distances frothereface of benzene rings decrease.
This is probably due to an increase in the halogen size, whic
force the hydrogen atoms to go further down in the host cav
ity until the whole molecule fits properly in the host cavity.
Another point noteworthy on the PES of the interaction of
mono-substituted methanes withs the fact that the nesting
complex is lower in energy than the inclusion one except ir
CH,F, see Figure 4 and Table 2.

For 2, the nesting complexes with CKlare always lower
in energy than the inclusion ones as found in methane, se
Figure 8 and Table 4. Two kinds of nesting complexes form
by interaction of with CH,X.The first nesting complex with
2 forms by interaction of the X- substituent as well as two
hydrogen atoms with the host cavity. The second one form cCl,
by a change in the orientation of Qtrelative to the cavity
so that the three hydrogen atoms come to contact with the
host cavity. The reason for this behaviour might be explained
as follavs. Thehost caity in 2 is more available than in (a)
1.When CHX approaches the host surface?irthe negative
end of the C-X bond dipole interacts with the positive end pfgure 10a The optimised structure of the nesting complexes
the bond dipoles located on the aromatic G-t form the of CHCI, , CHCL,, CCl, with thecavity of 1. The E in
first nesting complex. Once the Qklcomes closer to the kcal-moft for each is given in parentheses.
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Figure 10b The calculated
structures of the nesting com-
plexes of CHECI, , CHCLand
CCl, with thecavity of2. The
E in kcal mot! for each is
given in parentheses.

CH,CL,
(-6.0)

C-Cl nesting

CHCl,
(-7.0)
C-Cl nesting

J. Mol. Model.1999,5

ccl,
-7.7)

(b)

CH,Cl,
(-6.8)
C-H nesting

CHCl,
(-7.5)

C-H nesting
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cavity of 2, the repulsive interactions of the C-X bond dipolthe formation of a nesting complex is similar to the first nest-
and the aromatiat system leads to the reorientation of thimg complex, but with higher EThis is because of the dif-
guest. Now the positive ends of the C-H bond dipoles gKXCHference in the geometry @ compared with the starting ge-
interact with the aromatio system to form the second nestemetry, see Figure 9.
ing complex, see Figure 9. Deuterated chloroform and deuterated dichloromethane
This is much pronounced when the formation of the neare used as solvent for dynamic NMR measurements from
ing complexes a2 with CH,Cl, and CHC| are studied, where the ambient temperature down to *GGand - 8€C, respec-
in both chlorine atoms come to contact with the host cavttyely [54]. Interaction of these solvents as guests with the
at first. CHCI, comes in contact with the cavity of 2 by ithost molecules like 4PCP may affect the conformational
Cl atoms to form the first nesting complex. Then at a clogeeferences in 4PCP. Therefore interactions of these mol-
distance, the guest reorientation toward the host cavity hapules and CGiwith 1 and2 were examined.
pens and one of the hydrogen atoms sits in the cavRytmf It was found that the nesting and inclusion complexes of
form the second nesting complex; with CH@k a guest, CH,CI, with 1 have the same energy, but for CEl@d CCJ
similar behaviour is seen, see Figure 10b. the nesting complexes are more stable by 3 kcal-thaln
The first inclusion complex of CPX with 2forms by large the inclusion ones, see Figure 12 and Table 6. ForcinGGH
changes in dihedralngles of2. This causes the inclusionCHCl,and CC}to pass through the cavity bfs a very high-
complex to be higher in energy than the nesting one. In #rergy process.
first inclusion complex of CEX with 2, the hydrogen atoms  The less stable conformation tRCP,2, will form only
were found close to the-face of aromatic rings, althoughnesting complexes with CRBl,, CHCL, and CCJ. The dif-
they were in a bent direction, see Figure 11 and Table 5.
The barrier against exiting from the other side of ho&t in
is quite low. During the exit, another inclusion complex seems
to form on the PES, see Figure 9. For,CHithis complex is A
not deep in energy compared to the transition state Conn%te-rgy
ing this to the last nesting complex formed on the PES. The
difference between the inclusion complexes \étis due to
the difference in orientation of the guest toward the host cav-
ity. The last energy minimum on the PES that is related to

CCl 4 \/

CHCI 3 \

e )] VU

4 6
CH;3Cl O
N {V
1 3 7
»
Distance

Figure 11 The optimised structure of the first inclusion contigure 12 The potential energy surfaces of interaction of

plex of CHX with2 as calculated by MMP2(87).,tis closer CH X, as guest with theavity of1. The x-axis refers to the

to therrface of the aromatic ring, while,Hand H, are on the distance between the gravity centre of the guest molecules

longer distances. and the host centre. The y-axis shows an over view of the
relative energies translated along the y-axis.
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ferences between the nesting and inclusion complexes were
found to be more than 16 kcal-moWith CH,CI, and CHC],

two types of nesting complexes form on the PES, the C-ClI
nesting in which C-CI ends of the solvent molecule are lo-
cated toward the aromatic C4-and the C-H nesting in which
the C-H is located towarithe T-faces of the aromatic rings.
With the CHCI, and CHC] as guests, the C-H nesting com-
plexes were found to be 0.8 and 0.5 kcal-hmobre stable
than the C-CI nesting complexes, respectively. Since, the
barrier against the conversion of C-Cl to C-H nesting were
found 2.1 kcal-motfor CH,CI, and 4.6 kcal-mdifor CHCL,

we have chosen the energies of the first nesting complexes in
1 and2 and have compared them, as there is no barrier against
their formations.

The C-Cl nesting complexes of QEl,, CHCl, and CC},
with 2 were found 2.1, 1.7 and 2.8 kcal-rhtdwer in energy
than the nesting complexes with respectively, see Figures
10a and 10b. It seems that with such solvents a nesting com-
plex should be faned with 2. This affects the population
equilibrium of 1 < 2 quite dramatically. The difference in
steric energies df and2 is only 0.2 kcal-madl. Therefore, it
is expected that both should be populated in similar ratio at
the gas phase, but due to the nesting interactions with sol-
vents,2 should be more populated thkim solution. At lower
temperatures, where the difference between the energy of the
nesting complexes of and 2 is more important, this phe-
nomenon is especially favoured.

One possibility is that two solvent molecules interact at
the same time with the host cavity, in this case a double nest-
ing complex with both molecules sat on the opposite sides of
the host could be formed. Therefore the formation of double
nesting complexes of CBIl,, CHCL and CCJwith 1 and2
were studied. The double nesting bfvith CH,Cl,, i.e. 1.2
CH,CI,, is less stable than the double nesting compleX of
with CH,CL,, i.e. 2.2 CH,CI,, by 3.8 kcal-mot. The differ-
ence betweef:2 CHCL and2:2 CHCl,is 3.4 kcal-mot and
the difference betweeh2 CCl, and2:2 CCl, is estimated to
be 3.7 kcal-ma}, so in all cases the double nesting vitis
predicted to be more stable, see Figure 13a and 13b. In both
cases (nesting and double nesting) it seems that interaction
of solvent molecules with°4PCP cavity will result in the
dominant population of theconformer in solution, although
2 is less stabl¢han 1 by 0.2 kcal-mot in the gas phase.
Wennerstrom et al. [52] based on the gsial of IH NMR
spectrum of 4#PCP at low temperatures and taking into ac-
count the result of Tabushi et al. [55,56] dynamic NMR meas-
urements on the substitute8RBCP concluded th& is the
preferred conformation in solution.

Conclusion

Force field calculations are used to calculate the interaction
energies of different guest molecules with the two lowest

energy minima conformations of-RPCP,1 and2. Itis found Figure 13a The optimised structure of the double nesting

that the formation of a nesting and a double nesting typecgmplexes of two Cil,,, molecules with theavity of 1.
complexes beteenl and2 and the solvent molecules coulq;pvs in kcal-mott are given in parentheses.

be taken into account to explain the preference ¢ dverl
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Figure 13b The optimised
structure of the double nest-
ing complexes of two
CH,CI, , molecules with the
cavity of2. E's in kcal-mott
are given in parentheses.

CH Cl, CH Cl,
(-12.4) (-13.4)
C-Cl nesting C-H nesting

CHCl 3 CHCl 5
(-13.8) (-15.1)
C-Cl nesting C-H nesting

(b)

in solution; although in the gas phase the steric enertyysof Acknowledgement We are grateful to the Research Coun-
estimated to be 0.2 kcal-rmdlower than2. Wennerstrém et cil of Tehran University for financial support.
al. [52] have sugested the2 form as the dominant one in

solution. Supplementary Material Available Cartesian coordinates

for all stationary points as calculated by MM2(87) programme
are available in PDB format.
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