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Abstract The electrostatic potential surface (EPS) is calculated for molecular tweezers, clips, and
bowls at different levels of theory (semiemgat AM1, ab initio HF/6-31G*, and density functional
theory pBP/DN**). According to these calculations, the molecular electrostatic potential (MEP) on the
concave side of the molecular tweezers and clips is suprisingly negative for hydrocarbons. This finding
seems to be a general phenomenon in nonconjugagksttron systems with concave-convex topology

and it explains the receptor properties of the molecular tweezerslipsidAnalogous calculations
performed for the conjugated aromatic molecular bowls show diffeesntts. TheDFT calculations

predict that in these systems the more negative MEP lies on the concave side similar to the findings for
the nonconjugated molecular tweezer- and clip-systems,ea$i¢heAM1 calculation leads to the
opposite result that the MEP is more negative on convex side of the bowl-systems.

Keywords Electrostatic potential surfaces, Quantum mechanical calculations (AMinitio, DFT),
Artificial receptors, Supramolecular chemistry

Introduction substrates selectively requires precise control of both their
topological and electronic properties. Besides the frequently

. . ) used cyclic and, hence, well preorganized receptors of the
The noncovalent interactions of arenes with other aromatigyciophane-type, noncyclic receptors with cavities of flex-

units (eTtor arene-arene interactions) [1] or with positively jpje size have proven to be effective [3]. Most recently, the
charged ions (catiorrinteractions) [2] are important in the synthesis and some supramolecular properties of the hydro-
processes of molecular recognition and self-assembly. Thgz hons1 and2 (the numbering of the molecules is shown
design of efficient synthetic receptors with the ability to bindj, scheme 1) were reported [4]. These receptors can be re-
garded as molecular tweezers that selectively bind electron-
deficient aromatic and aliphatic substrates as well as organic
cations, whereas electron rich neutral and anionic substrates
are not bound by them within the limits of NMR detection.
Dedicated to Professor Paul von Ragué Schleyer on the odh most cases the formation of the receptor-substrate com-
casion of his 70birthday plexes was determined with the methoddf NMR titra-
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Figure 1 Semiempirically calculated (AM1) electrostati
potential surfaces (EPSs) of the molecular tweefensd 2.
The color code spans from —25 (red) to +25 kcal-h{blue)

Figure 2 Semiempirically
calculated (AM1) electro-

static potential surfaces
(EPSs) of various potential

substrates The color code

spans from —25 (red) to +25

kcal mot! (blue) and from
+50 (red) to +130 kcal mol
(blue) for the N-methyl-
pyrazinium cation
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tion. To explain these findings, the electrostatic potential sur-
faces (EPSs) of the tweezer molecules were calculated with
the semiempicalAM1 method (Figure 1) and compared with
those of the substrate molecules calculated with the same
method (Figure 2) [5].

The molecular electrostatic potentials (MEPs)1Laind 2
were found to be surprisingly negative for pure hydrocar-
bons on the concave side of each molecule (Figure 1) whereas
the potentials on the convex sideslofnd 2 are less nega-
tive, corresponding to those of tetraalkyl substituted arenes
(vide infrd. When analogous calculations were performed
for the aromatic substrates (Figure 2), the complementary
nature of their electrostatic potential surfaces (EPS) to those
inside the cavity of receptat and 2, respectively, became
evident. The esult of the calculations, that the MEP on the
concave side (inside the cavity) of tweezer moletde? is
much more negative than that on the convex side, can be
rationalized in the following way: The electrostatic potential
at a certain site corresponds to the energy of interaction of a

(bositive test charge with wave functions of all nuclei and the

electrons of the investigated molecule and is inversely pro-
portional to the distance from the test charge [6]. This can be
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Scheme 1aMolecular struc- O

tures used for the EPS calcu- Q

lations - Nonconjugated g /“\ ’ \
arenes O O

Scheme 1bMolecular struc-
tures used for the EPS calcu-
lations - Nonconjugated-
conjugated arenes (molecu-
lar clips)

R

H 14a
NH, 14b
OMe 14c
OH 14d
OAc 14e

illustrated with the “idealizedi-electron system which as-convex sides of the molecule and do not have to undergo a
signs a negative charge to theorbital of a sp C atom and rehybridization.

the positive charge to tleeframe work (Figure 3) [7]. If two  To find out whether or not the topology-dependent EPS is
nonconjugted‘idealized”-electron systems are in one plana specific property of the molecular tweezeend?2 or uni-

and the distance between them is large enough, a positiesal principle for nonconjuggd T-electron systems with
test charge does not “feel” both isld T-electron systems concave-convex topology, corresponding calculations were
at the same time, and the electrostatic potential is not infherformed onl,2, and fragments of the molecular tweezers
enced by the introduction of the secorkklectron system. as well as on other arene-units used in synthetic receptors.
If, on the other hand, the molecule is bent, as it is the c&sea check on the semiempirical AM1-methat,initio cal-

with tweezerl or 2, the twoTrelectron systems approactculations using HF/6-31G* and DFT calculations using pBP/
one another on the concave side, and the potential becobie$* were carried out and compared with the AM1 calcula-
more negative on this side at the same distance from the fimts. By the use of these theoretical methods we have, fur-
1-electronsystem. To showthis effect, the particigiag 1 thermore, investigated the EPSs of the molecular thpk6
molecular orbitals do not have to be significantly unsymwhich contain benzene-, naphthalene-, and anthracene-units,
metrical with respect to the plane between the concave asspectively, and the EPSs of the geodesic polyarene bowls
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Table 1 Comparison between the minimum and maximum molecular electrostatic potentials (MEPS) calculated for various
small molecules with optimized geometries at different levels of theory

Compound MEP [kcal-mot]
HF/6-31G* MP2/6-31G* pBP/DN**
max. min. max. min. max. min.

CO 19.87 -14.37 20.83 -13.92 10.44 -19.41
NH, 34.84 -53.47 35.14 -53.67 28.73 -54.79
H,O 58.73 -46.22 59.01 -46.29 50.11 -46.38
CH,OH 57.44 -44.98 58.42 -45.30 46.35 -47.10
CH,0 34.49 -38.69 35.52 -39.56 19.43 -36.09
CH,OCH, 15.51 -40.68 16.32 -41.50 12.11 -44.39
CH,=CH, 17.41 -20.40 17.74 -21.03 13.20 -26.83
oxirane 22.38 -41.89 23.58 -42.92 15.90 -41.73
furan 27.89 -27.20 29.09 -28.12 23.66 -29.48
pyrrole 57.08 -30.73 57.56 -31.37 49.47 -41.89
cyclopentadiene 18.79 -20.91 18.95 -21.42 13.61 -34.45

17-22, which consist of continuously conjugated arene-unitgptimized. Owing to the prohibitive computational time the
Considerable work has been reported on the “fullerene fragometries of the larger molecules optimized either by DFT
ments”17-22since the early 1990s [7,8,9,10]. or AM1 calculations were used for single-point calculations
at the HF/6-31G* and pBP/DN** level, respectively. Here,
we are interested in electrostatic potential surfaces (EPSs) to
visualize the supramolecular properties of various potential
host-guest systems. Since experimentally the EPS cannot be
. . measured directly, however, we have used experimentally
All calculations were performed with SPARTAN 5.1.3 [11}ccessible dipole moments to judge the relative reliability of
at the semiempizal AM1 [12], ab initio HF/6-31G* [13], one level of calculation over another for describing overall
and DFT pBP/DN** [14] leel. All geometries were fully charge distribtion. Accordingly, the chosen DFT method

Computational methodology

Scheme 1cMolecular struc-

tures used for the EPS calcu-
lations - Conjugated arenes .
(molecular bowls) "O '..

20 21 22
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Table 2 A comparison between the most negative molecular electrostatic potentials (MEPS) on the concave and convex side

J. Mol. Model.2000,6

of nonconjugated arenes calculated with the semigoapiAM1, ab initio HF/6-31G*, and DFT pBP/DN**

Compound MEP [kcal-mol?]
AM1 HF/6-31G* [a] pBP/DN**
concave convex concave convex concave convex

benzene -20.65 -16.50 -36.35
toluene -22.11 -22.39 -39.20

3 -25.42 -22.10 -24.05 -21.08 -42.90 -37.50
4 -22.14 -22.10 -25.19 -22.24 -45.50 -39.30
m-xylene -23.09 -23.29 -41.56

5 -28.81 -19.96 -28.12 -20.90 -41.14 -29.30
6 -30.12 -22.29 -32.98 -25.12 -60.09 -41.52
o-xylene -23.32 -23.38 -41.30

7 -29.70 -22.0 -25.09 -22.33 -46.77 -39.35
8 -29.24 -22.5 -24.51 -21.71 -45.06 -40.50
9 -27.60 -24.5 -24.78 -23.26 -44.50 -41.75
10 -33.53 -22.0 -25.07 -21.12 -46.70 -37.70
durene -25.60 -25.10 -45.10

11 -26.51 -26.5 -21.09 -24.11 -48.61 -46.80
12 -29.42 -25.0 -26.77 -23.28 -50.41 -44.50
13 -31.07 -22.0 -27.19 -23.42 -51.75 -41.10

[a] single-point calculations with geometries optimized by pBP/DN** calculations

should be superior to thab initio and semiempirical methodtrostatic potentials (MEPS) on the two faces of each mol-
[15,16,17]. Acomparison of the minimum and maximunecule calculated either by tA#11, ab initio, or DFT method.
MEP values calculated for various small molecules with fullyis important to note that absolute MEP values, even when
optimized geometries either thie ab initio or DFT level of calculated with one and the same method, are only compara-
theory shows, however, the same tendency in all cases (Taldefor molecules with identical substitution patterns, as each
1), although the absolute values calculated for one and dldelitional alkyl substituent decreases the MEP of an arene.
same molecule differ from each other quite substantially deierefore, the MEP values of toluene, m- and o-xylene, and
pending on the method employed. Therefore, we use the ElR&ne as examples for mono-, di-, and tetraalkyl-substituted
calculations only in a very qualitative fashion to visualiZzeenzene derivatives are lnded in Table 2. The results ob-
the electrostatic surfaces of the molecules for an understaiaihed with theab initio and DFT method for the nonconju-
ing of their supramolecular properties. gated aromatic compounds generally corrobottseeAM1
Tables 2and 3 list, for some selected compounds witkealculdions. All three methods predict that, in each com-

concave-convex topology, the most negative molecular elpound, the most negative MEP value is localized on its con-

cave face, except in the cases of 1,2-diphenylmethamel

the bisnorbornasubstituted bemz11. In these cases the AM1

calculations show no preference for one face over the other,

whereas theab initio and DFT calculations result in more
o o negative MEP values on the concave facd ahd either on
4 /\_ the convex or concave face bi.
< C

C C The influence of neighboring systems on the EPS of the
concave side of the molecule becomes evident in the com-
o o parison with11-13. Contrary tol1l the MEPs 0f12 and 13
Z are calculated by all three methods to be more negative on
= T the concave face due to the additional nonconjugated double
é Q bonds in12 and the two additional terminal benzene rings in

13 whereas the MEP values on the convex sidég ahd13

) ) . - are less negative comparable to that of durene. The differ-
Figure 3 Schematic representation of a positive test charggce petween the MEP values on the concave and convex
with a nonconjugted “idealized” 7relectron systems withface js calculated by all three methods to be further increased

linear (left) and concave geometryight). The reelectron  from compound13 (the central building block of) to the
systems are negatively, tiieframework positively charged
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Table 3 A comparison between the most negative molecular potentials (MEPS) on the concave and convex side of the
molecular tweezer,2 and clips14-16 calculated with the semiempirical AMdD initio HF/6-31G*, and DFT pBP/DN**

Compound MEP [kcal-mol
AM1 HF/6-31G* [a] pBP/DN**
concave convex concave convex concave convex
1]b] -35.48 -22.0 -40.06 -27.81 -54.49 -43.85
2[c] -33.30 -24.0 -36.28 -28.28
1l4a -30.86 -21.47 -25.44 -22.96 -49.95 -39.70
14b[d] -32.51 -23.08 -26.47 -21.16 -54.99 -44.93
14dd] -19.64 -18.39 -16.41 -17.22 -47.19 -38.79
14d[d] -24.03 -15.61 -19.87 -15.11 -48.34 -38.79
144db],[c] -9.33 -1.22 -10.10 -1.97 -36.91 -26.85
150b] -30.11 -21.23 -32.07 -25.51 -49.40 -39.73
16[b] -29.09 -20.87 -30.97 -26.04 -46.15 -38.30
[a] single-point calculations with geometries optimized bg] HF/3-21GM-single-point calculation with a geometry
pBP/DN** calculations optimized byAM1. TheDFT calculation was not feasible with
[b] HF/3-21GM-single-point calculations with geometrieghe basis set pBP/DN**
optimized by pBP/DN** [d] the MEP was determined in the center of the middle ben-
zene ring

molecular tweezefl. The replacement of benzene-units by The EPS of the total molecule can be best visualized by
naphthalene- or anthracene-units in the molecular twdezéhe color code as shown in Figures 1a8d 4-6. A tose

or clip 13leading to the tweez&and clipsl4-16 decreases inspection of the EPS af for example, leads to the conclu-
the difference between the MEP values on the concave aiwh that in case of the AM1 and DFT calculation the most
convex side of the molecule (Table 3). Preliminary experiegative MEP is in the center of the concave sidg ahd in
ments with the moleculalips 14ce show that these recep-the case of thab initio calculation there is a double mini-
tors are less selective than the molecular tweekersd 2 mum close to the center of each benzene ring. These small
with respect to the geometrical and electrostatic propertibfferences, however, do not change the predicted properties
of the substrates [18]. Substituents such as,NMH, and of the molecular tweezers and clips as selective receptors for
OAc at the central benzene-unit of the molecuipsd4b,d,e electron-deficient substies.Also in the substructure34,8,

have no large effect on the MEP difference between the MERs 9, which are present in many cyclophanes and other
on the concave and convex face of these systems in agne@erocyclic receptors[1,2] employed for the complexation
ment with the calculation of Dougherty et al. [19] for thef neutral and cationic substrates, more negative MEPs are
corresponding benzene derivasv Themethoxy methyl calculated for the concave side of the molecule. Further ex-
groups in the gas-phase equilibrium geometry of compousiples are calix[4]arenB and homocalix[4]aren [20],
14care calculated to point toward the concave face. The pasid trisbenzotriquinacent0 [21].

tive MEP of the methyl hydrogen-atoms obviously compen- Contrary to the nonconjugated aromatic systems exam-
sates the negative MEP of the cavity at least partially. ined in Tables 2 and 3 the EPS calculations of the molecular

Figure 4 The EPS of7 cal-
culated by AM1 (left), HF/6-
31G* (geometry optimized by
pBP/DN**) (middle) and
pBP/DN** (right). The color
code spans from —25 (red) to
+25 kcal-mot (blue) for the
AM1 and HF/6-31G* calcu-
lations and from -35 (red) to
+10 kcal-mot (blue) for the
pBP/DN** calculation
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Table 4 A comparison between the most negative molecular potentials (MEPs) oortfaa’e andcorvex side of conju-
gated arene (molecular bds) 17-22 calculated with the semiemial AM1, ab initio HF/6-31G*, and DFT pBP/DN**

Compound MEP [kcal-mol?]
AM1 HF/6-31G* pBP/DN**
concave convex concave convex concave convex

17 -16.94 -27.41 -17.98 -17.00 -35.64 -30.64
18[a] -16.52 -23.73 -18.30 -16.52 -35.04 -32.15
19 -8.45 -20.60 -14.67 -16.55 -34.11 -26.28
20[a] -12.09 -22.63 -17.43 -16.67 -35.32 -30.35
21[a] -12.21 -23.89 -17.12 -16.30 -35.85 -28.69
22 -8.28 -20.38 -15.39 -14.36 -34.52 -26.79

[a] single-point calculations with geometries optimized by AM1 calculations

bowls 17-22, each of which represents a fully-conjugatedhegative according to AM1 calculations (see Table 4). When
bent polyarene, give conflicting results depending on tbalculated by HF/6-31G* and DFT, however, they remain
method used for the calctilen. The semiempical AM1 more nearly constant (also Table 4). This represents another
calculations invariably predict that the more negative MEfscrepancy among the theories. Surprisingly, none of the
lies on the convex side of the molecule, whereas the D#fiEoretical methods predicts any significant correlation be-
calculations give precisely the opposite result, i.e., thattimeen DMEP and the degree of curvature within the family
these systems the MEP is more negative on the concave sfdmntinuously conjugated molecular bowls studied here.
of the molecule, (Table 4) as in the nonconjugated systemsAn even more extreme case of molecular curvature in a
shown in Table 2 and 3. Tlad initio calculations at the HF/ continuous system can of course be found At the AM1
6-31G* level do not show a strong preference of the MEP fewel of theory, the most negative MEP is just barely negative
one side over the other but generally agree more with {oely -0.06) on the outside/convex surface, whereas it is ac-
DFT results than with AM1. It is interesting to note that dsally predicted to be quite positive (+29.43) on the inside/
one goes to smaller atomic orbital basis sets, e.g., the oroiscave sugce! Atthe DFT level of theory, both surfaces
sion of polarization and Gaussian functions on carbon, te likewise less negative than those of the open geodesic
difference between the most negative MEP on the conymlyarenesl7-22 however, as with the molecular clips and
and concave surfaces [DMEP = MEP(convex) tweezers, it is the inside/concave surface that is now more
MEP(concave)] of these molecular bowls drops almost to zeemative than the outside/convex surface, i.e., just the reverse
at both theab initio and the DFT levels of theory. In the casagain of what AM1 predicts. Owing to computer limitations,
of corannulenel(7), for example, with a constant AM1 ge-our DFT calculations on &were performed without polari-
ometry, we see (DMEP in parentheses): HF/3{21(@.93), zation functions (which underestimates DMEida supra,
HF/STO3G (0.34), and pBP/DN (0.32), which are insignifbut the EPS trends are easily seen by comparing these results
cant relative to the large DMEP calculated by AM1 (-10.4With those obtained for corannulenkr) calculated at the
and pBP/DN** (5.00). same level of theory (pBP/DN//AM1). Thus, we see (MEP in
The degree of curvature in the geodesic polyaréez? parentheses): £ inside/concave (-13.38), LCoutside/con-
roughly follows the order of their molecular size, and as thiex (-5.45),17 concave (-37.95)17 convex (-37.63).
curvature increases, the MEP on both faces becomes less

Figure 5 The EPS of molecu-
lar clip 14a calculated by
AM1 (left) and HF/6-31G*
(geometry optimized by pBP/
DN**) (right). Thecolor code
spans from —25 (red) to +25
kcal-mot! (blue)
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Figure 6 The EPS of the molecular bovilg (top), 19 (mid- 31G* calculations and from -35 (red) to +10 kcal-rh@blue)
dle), and 22 (bottom) calculated by AM1 (left), HF/6-31G*for the pBP/DN** calculations. Within each pair the convex
(middle), and pBP/DN** (right). The color code spans frorsurface is shown on the left and the concave on the right
—25 (red) to +25 kcal mdl (blue) forthe AM1 and HF/6-

Why does the satisfying agreement among the results electron correlation takes on special importance for the sat-
tained for compound4-16 by the semiempiricalab initio, isfactory electronic description of molecules that are charac-
and DFT methods collapse when the same methods are tsezed by extensive electron delocalization. In this connec-
to calculate the electrostatic potential surfaces of the futign, the Hartree-Fockb initio HF/6-31G* method may be
conjugated bals 17-22 Surely the proximity effect illus- adequate for compounds suchlas6, in which conjugation
trated in Figure 3, which puts the positive point charge closginterrupted, but large, continuous systems of the sort found
to more p orbitals on the concave face than on the coniuexompoundd7-22will probably be best described by mo-
face, must still operate in the open geodesic pelyas. There lecular orbital methods that include electron correlagom,
are, however, additional factors to consider in curved sY¥T methods.
tems. Most important is the fact thtae “interior” carbon In light of these considerations, it is probably prudent to
atoms in compound$7-22 (i.e., those atoms that belong tdrust the DFT calculations more than either the semiempiri-
threerings) are all pyramidalized and are therefore no longel orab initio methods for predictions concerning the elec-
purely sp hybridized. The “p” orbitals at these carbon atomsostatic potential surfaces of bowl shaped polyarenes such
all have some degree of s-character mixed in, which inflassscompoundkr-22 According to the DFT calculations, these
the lobes of the “p” orbitals on the convex surface and deelecular bowls should form supramolecular complexes in-
flates the lobes on the concave surface. By contrast, the isitle the cavity preferentially with electron deficient guests,
vidual systems in compoundsl6 are all locally planar and as the molecular tweezers and clips do.
comprised entirely of carbon atoms that are essentially purely
sp? hybridized. Since semiempirical molecular orbital meth-
ods are critically dependent on parameterization against &
properties of “representative” compounds in a basis set, an
no compounds with pyramidalized carbon atoms were used ) )
to parameterize the AM1 method, one must be cautious addegording to EPS calculations at different levels of theory
the AM1 predictions for compounds7-22 (semiempiical AM1, ab initio HF/6-31G* and DFT pBP/

Neither theab initio nor the DFT methods should sufiePN**) the MEP on the concave side of the molecular tweez-
from this shortcoming. It is well established, however, th&fs1.2 and clips14-16is surprisingly negative for hydrocar-

clusions
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bons. This finding seems to be a general phenomenon@n (a) Chirlian, L. E.; Franck, M. M. Comput. Cheni987,
nonconjugéed Tt electron systems with concave-convex to- 8, 894-905. (b) Breneman, C. M.; Wiberg, KBComput.
pology, and it explains the receptor properties of these sys-Chem.199Q 11, 361-373.
tems. Analogous calculations were performed for the conju- Hunter, C. A.; Sanders, J. K. Nl. Am. Chem. So&99Q
gated aromatic molecular bowll$-22. The DFT calculations 112 5525-5534.
predict that also in these systems the more negative MEP fiega) Scott, L. T.; Hashemi, M. M.; Meyer, D. T.; Warren,
on the concave side of the molecule, analogously to the find-H. B.J. Am. Chem. So&991, 113 7082-7084. (b) Scott,
ings for the nonconjugated systems, whereas the AM1 calcu-L. T.; Hashemi, M. M.; Bratcher, M. S. Am. Chem.
lations lead to the opposite result, that the MEP is more nega-Soc.1992 114, 1920-1921. (c) Scott, L. Pure Appl.
tive on the convex side df7-22. Since, thus far, no experi- Chem.1996 68, 291-300 and references cited therein.
mental data for the molecular bowls as potential receptors(d) Scott, L. T.; Bratcher, M. S.; Hagen, 5 Am. Chem.
are available, the question concerning the electrostatic prop-Soc.1996 118, 8743-8744. (e) Hagen, S.; Bratcher, M.
erties of these systems remains open. S.; Erickson, M. S.; Zimmermann, G.; Scott, LAhgew.
Chem., Int. Ed. Engll997, 36, 406-408. (f) Scott, L. T;
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