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Calculations and comparisons were made for a set of seven metal cations binding to corannulene and coronene,
namely, the three alkalis tj Na", and K" and the four transition-metal ions™iCr", Ni*, and Cu (combined

with literature results for Li/corannulene). In the case of corannulene, the most favorable binding site for
Ti* and Ni* is 5® over the six-membered ring on the convex face, whereas fqrNa", KT, and Cr, the
five-membered;® ring site on the convex face is about equally goodt Glightly prefers binding at? edge

sites rather than ring-centered sites on corannulene, but edge locations for several other ions were not found
to be favored, in contrast to results reported fgs. €or the alkalis, binding to the convex (outside) face is
slightly favored relative to binding to the concave face, whereas for the transition metals, a much larger
preference for outside binding is found, particularly for tjffesites. An approximate point-charge model
calculation is used to separate the electrostatic-plus-polarization contributions to the binding7fo the
sites from the electronic orbital contributions. Judging from this analysis, electronic orbital interactions favor
outside binding of transition-metal ions by amounts ranging from about 5 to 11 kcal.rfolmolecular

orbital picture is proposed that invokes perturbationsrefd donation and d€xz* back-donation to ex-

plain the particularly unfavorable electronic binding interaction on the congafaee. Binding to the flat
coronener surface is found to be roughly equal to the outsjldinding sites of the curved corannulene
surface.

Introduction

The interaction of metal ions with surfaces, long a central
theme of organometallic chemistry, is open to increasingly
incisive study by new experimental and computational tools.
Flat surfaces from benzene to graphite have often been subject
to attention, whereas fullerenes and other curvedirfaces are
of more recent but also strong interest. Among the simplest
examples of intrinsically curved carbansystems, corannulene
(see Figure 1) is a bowl-shapedy@ydrocarbon whose frame-
work models a portion of the carbon network afoCas well as
other fullerenes and end caps. Its radius of curvature is about
5.3 A, whereas that of 4 is about 3.5 A. The fact that
corannulene is among the simplest of interesting models for
the Gy surface, along with the recent development of good Figure 1. Coronene and corannulene.
synthetic access to the molectleas led to growing interest
in metal-ion binding to this molecule. With both accessible ~ Coronene (Figure 1) is close to being a matching, but
convex and concave surfaces, corannulene is a clear-cut modelntrinsically flat, reference hydrocarbon surface for comparison
molecule for examining the differences and similarities of metal- With corannulene. Klippenstein and Yéngalculated binding

Coronene Corannulene

binding sites on both types of curved faces. energies of first-row transition-metal ions to coronene at a
Recent work from the York group applied advanced experi- computational level similar to ours, and the present calculations
mental and computational techniques to complexation3ith on the transition-metalcoronene complexes are substantially

and Lit and with? Fe+’ and their papers provide Comprehensive similar to theirs, aside from our use of a different denSity
review and referencing of ac’[ivity in this area, as well as a functional for ConSiStency with our corannulene results. Our
starting point for the study of more complex systems. The central group has observed experimentally the binding of a large variety
theme of our interest in this system is the behavior of more Of metal monocations to coroneh@s well as to its isomer
complicated metal ions, particularly transition metals, on curved tribenzocyclyné, although quantitative binding information is

7 surfaces. The alkali metal ions provide good benchmarks for not yet available.

understanding the additional effects contributed by the transition- ~ There is active interest in the modes of interaction of metal
metal d orbitals, so that, as part of the present study, we workedions with various sorts of surfaces. The literature concerning
with Na™ and K" (as well as L with coronene) to extend the  interactions of alkali ions and other closed-shell ions with

careful Lit work of Frash et at. variouss faces is extensive, with research recently stimulated
by influential discussions of the relevance of such interactions
T Part of the special issue “Jack Beauchamp Festschrift”. in biological systemg.Gas-phaser binding patterns of more
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complicated metal ions, and in particular transition-metal ions,

Dunbar

comparing the @versus @ binding sites, for instance, emerge,

have perhaps less obvious biological relevance but are anthis will not help in the comparison of inside vs outside binding,

important focus of recent activity in gas-phase organometallic
chemistry in general (see refs-80 for surveys.)

Quantitative experimental data for metdigand binding
energies torr ligands are still sparse and often of limited
accuracy and reliability for most metal ions, and in particular,
such data are not yet available for extendesystems such as

because the corannulene bowl inverts very e#siiind the

interconversion of the inside complexes to or from outside
complexes is likely to be extremely facile and rapid. Experiment
has its major role to play in determining and comparing binding
at the most stable site for different metal ions and different
ligands: we are pursuing such experimental studies for future

those of interest here. A series of reliable values are known for comparison with the present computed results.

Na' from ligand-exchange equilibrium workand from thresh-
old collision-induced dissociation (TCIE)3for ligands includ-

ing benzene derivatives. Reliable data for other metal ions are

rapidly appearing from experiments using both of these tech-

nigues. For transition-metal complexes, the binding energies to

benzene measured several years ago by T still highly

regarded as benchmarks. A number of bond energies to small

Computational Methods

The emergence of density functional (DFT) methods has
made feasible the computational investigation of transition-metal
complexes with relatively large ligands such as those of interest
here, and all of the present work was performed with this
approach. The alkali cation complexes could perhaps be treated

aromatic ligands (mainly benzene) have been measured byt ap initio methods of potentially greater accuracy, most

threshold photodissociation and by other ion-chemistry ap-
proaches® Our group measured a series of valuesfdinding
to pyrrole using the radiative association kinetics apprdéch,
which gave a periodic trend similar to that found for benzene,
and this approach has also been applied to the binding'ofCr
Aut8and Al* 20 to benzene and substituted benzenes.
Metal ions binding to planarr systems tend to favor sites
centered over rings;f or #® for five- or six-membered rings,
respectively). An exception of importance here is'Cfor which
the 52 site above the edge of the benzene rings is, at worst,
nearly as good as thg® central site and might actually be
preferred in some cases. Fogdn contrast, the normal site of
binding, at least for small metal ions, is thésite over a G-C
bond?122This has been ascribed, at least in part, to the tilting
of the p orbitals of the rings in & such that the orbitals are
directed unfavorably for binding to the metal ion at either the
n® or n® ring sites. For corannulene, whose curvature is
substantially less than that ogg;this effect appears to be less
important, andy® or 18 binding on the corannulene surface

likely Hartree-Fock/MP2 methods, and this would make an
interesting comparison, but the present study used uniform DFT
methods for consistency.

The Gaussian 98 program packégeas employed for all
calculations, with the B3LYP, B3P86, and MPW1PW91 func-
tionals. Full geometry optimizations were carried out for all of
the investigated structures, with full vibrational frequency
analysis for the more important ones to verify that they are true
minima on the potential energy surface. The binding energies
of all structures were calculated and corrected as described
below for zero-point vibrational energy (ZPE) and basis-set-
superposition error (BSSE).

Choice of Functionals.The B3LYP hybrid functional has
probably been used most often for DFT calculations of
transition-metal complexes, but there are some grounds for
thinking that the PW91 correlation functional, in particular used
as a component of the hybrid MPW1PW91 functio#fa is
preferable for transition-metal binding calculations. For example,
Porembski and Weisshaar considered the performance of

seems to be normal. The present study is primarily aimed at g3| yp to pe poor for the energetics of somé’yand Z#3

characterizing the outside/inside differences in binding to curved

transition states; they considered the results from MPW1PW91

surfaces and the comparison with flat surfaces, and our focusyg pe satisfactory and recommended this as the best functional

is on characterizing these effects for thfeand 5® sites. Only
a limited exploration ofp? binding sites is included as an

for transition-metal complexes. Zhang et?alconsidered
MPW1PW91 to give better structure results than B3LYP in

indication that such sites are not favored for most systems of some pt complexes. In a recent comparfMPW1PW91 gave

interest here.

It is well-known that the large dipole of corannulene [2.13
D at the B3LYP/6-311G(d,p)//B3LYP/6-31G(d,p) lefjgboints

results for benzene complexes of first-row transition metals that
agreed slightly better with experiment (although the advantage
relative to B3LYP was not dramatic). The present calculations

toward the concave side, so that the electrostatic environmentprovide another comparison of these two functionals, although
of the corannulene bowl is more negative on the outside facethe lack of information about the correct binding energies in

than the inside face. For simple, electrostatically interacting

the present systems precludes any further conclusions about their

cations such as the alkali cations, this factor tends to favor the relative merits.

outside (convex) face for binding. Thus Frash et @dlculated
Li* to be more strongly bound on the outside than the inside of
the bowl (43.9 vs 39.0 kcal mot for the on-axis G sites and
44.1 vs 41.1 kcal mof for the most stable Csites). On the
other hand, alkali ions larger than™,iwhich sit farther from
the surface and interact with a larger area of theurface,

The MPW1PW91 functional was used here for all transition-
metal calculations. For Na the B3P86 hybrid functional has
been suggested to agree most closely with existing experimental
datd? and was chosen for the Navork here. For L, where
our calculations supplement and extend those of Frash €t al.,
we used the same B3LYP functional as they did. B3LYP was

should have a polarization interaction that can extend beyondalso used for K. A number of comparative calculations for all

the nearest carbon ring, a factor that might tend to favor binding
inside the bowl (concave face) for larger electrostatic ions. For
more complex metal ions, and particularly for transition metals,

of the metals were also made using alternative functionals, as
described below.
Basis Sets and Optimization.As a standard basis-set

more SpeCiﬁC electronic orbital interactions can be eXpeCIEd to protoc0|, the systems were first geometry_optimized using a

play a prominent role, but these effects have yet to be explored.
Most of these questions can only be investigated computa-

basis set of 6-31tg(d) on the metal ion and 6-31g(d) on the
carbons and hydrogens. For the final energy calculations of ring-

tionally, because feasible experimental approaches for compar-centered sites this basis was augmented with diffuse functions

ing binding sites are not in prospect. Even if experiments for

[6-31+g(d)] on the five (or six) carbons comprising the ring
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above which the metal ion is bound. For the final energy made many times that a counterpoise correction is best regarded
calculations ofp? sites, diffuse functions were placed on the as an indicator of the magnitude of the possible BSSE effects
seven carbons nearest the metal ion. Various trials haverather than an accurate compensation for it.
convinced us that, for all of these systems, the addition of the ~ZPE corrections are more secure in principle, and there is a
diffuse functions to the carbons has little if any effect on the stronger rationale for calculating them individually wherever
geometry optimization, although this augmentation is important possible, but it is doubtful whether the small ZPE variations
for the energy calculation and is necessary to bring the BSSE among the different systems observed here are significant within
corrections to acceptable magnitudes. the computational uncertainty, particularly given the reduced
Standard 6-31G(d) and 6-315(d) basis sets were used basis set used in the present vibrational calculations. As
for carbon and hydrogen. For the metal ions, the default additional justification for the use of standard corrections in
6-311HG(d) basis sets were used. These consist of the standardhe present work, we can point out that the focus of this work
6-311+G(d) basis for Li; the Maclean-Chandtébasis for Na is the comparison of similarly calculated values, for which these
with default polarization and diffuse functions; the default errors are largely similar and thus reduced by cancellation.

6-311-G(d) basig for K; and for the transition metals, the A variety of sample ZPE and BSSE calculations were made,
Wachters-Hay?334 basis with scaling factors and diffuse and standard corrections were applied in the other cases, as
functions as recommended by Raghavachari and Tritcks. follows:

Geometry optimizations were converged to better than 0.1 ZPE calculations were made using basis sets of 3-21G(d) on
kcal molL. In most cases, no symmetry was imposed on the the ligand atoms and 6-3315(d) on the metal ion. Thirteen
structures, even when the optimum structure was expected tospecific cases were calculated (nine for corannulene, four for
be Cs,. In those cases where full vibrational analysis was coronene), including at least one for each metal ion and
completed, no imaginary frequencies or unreasonably low real including the most stable structure for each corannulene/metal
frequencies were encountered, and there was nothing to sugged®n pair. The results were consistent, with no large variation as
problems with the shape of the potential surface at any of the & function of ligand and differed slightly between alkalis and
local minima described here. Thg and#° metal sites lying transition metals. The ZPE corrections averagectf®2 kcal
over the rings can be stated to be local minima with confidence mol™* (alkalis) and 0.3+ 0.2 kcal mot* (transition metals).
(except for Cd, where they?hn ourandy?. i sites are the stable For the other structures not specifically calculated, these same
minima, and K, which did not yield a stablg® site inside the values seemed completely justified as standard corrections.
bowl), because optimization always gave unequivocal, rapid BSSE calculations were made for 15 cases (including the most
localization of the metal ion to these positions from nearby stable structures for most of the corannulene complexes) with
starting geometries and also because there are no nearby sitetie full basis set, using the geometry-consistent counterpoise
of greater stability that could plausibly give rise to saddle points approach described by Xanthé&3he corrections showed some
on the potential surfaces. variation3® but consistent patterns appeared: Complexes with

Then? sites for Li* are transition statéand for N&, a stable  the metalion on the outside of corannulene or on coronene gave
52 structure was not found aj?mou SO that this is also a  corrections of 1.1+ 0.2 kcal mot? (alkalis) and 2.0+ 0.2
transition state. For K, the 75 and 7% ou Sites are indistin-  (transition metals), whereas complexes with the metal ion inside

guishably close in energy, and it was not determined whether corannulene were higher than these values by 0.8 kcat‘mol
there is a barrier between them. For'Cthe ion did not move Following these patterns, standard corrections were applied to
away from then2n ou Site during optimization, and it was not the other cases, with the expectation that they would be within
definitively established (by large-basis vibrational calculations) 0-5 kcal mof* of actual counterpoise corrections. We would
whether this is actually a minimum on the potential surface, consider that BSSE problems probably contribute a realistic

although we would guess that it is not. The most stable binding Uncertainty to the absolute binding energies e®lkcal mof*
sites of Cd are#? sites, as discussed below. for the alkalis and 24 kcal mol*for the transition metals at

the present level of calculation, not considering additional
absolute binding energies from such calculations for the yncertalnt!es thatmlght arise frpm ba&s-setmgdequacy, possibly
inappropriate choice of functional, and the inexact nature of

overestimation due to the effects of vibrational zero-point energy : I e .
and basis-set-superposition error. Individual ZPE and BSSEthe DFT appr_oach itself. Thus transition-metal binding energies
from calculations such as those presented here should not be

correction calculations are laborious for such large systems; thus, L
ge sy regarded as absolutely accurate even within 5 kcal~fol

it is interesting to evaluate and, if possible, exploit the use of although it can be hoped that relative comparisons of the sort

standard corrections that might be sufficiently accurate and considered in the present work would be considerablv more
reliable within a particular class of complexes calculated by a reliable P g

consistent computational protocol. The use of standard correc- in th fthe fi | for | taken f
tions is attractive for reducing computational effort and can be n the case or the five values for Licorannuliéne taken from
ref 2, we used their uncorrected values and, for consistency,

justified as a reasonable alternative to individual calculations ) . .
J applied the same standard ZPE and BSSE corrections described

on the basis that the individually calculated corrections show b Th v did ke a ZPE o
little variation among systems (particularly in the case of ZPE above. ( ey apparently did not make a correction in any
case). Judging from the similarity of counterpoise BSSE

corrections) and have questionable reliability (particularly in ) X . . .

the case of BSSE counterpoise corrections). enelr_gles,l 'r;[ ap?]egrf? that their bﬁs's. a(r;d o_:Jrs are of similar
The use of standard corrections for BSSE seems particularlyqua 'ty, although differing somewhat in detail.

well justified, because there continues to be serious doubt aboutResults

whether any counterpoise BSSE calculation provides more than

a rough indication of the extent of BSSE effects. Indeed, in a  Comparison of Functionals.Ilt seemed of interest to compare

recent cautionary example, Fefiéfound that a counterpoise  the MPW1PW91 functional with the more common B3LYP for

correction moved Nabinding energies to ethylene and benzene some of these systems. Table 1 shows direct comparisons. For

farther from the complete-basis-set limit. The point has been corannulene, the most stable binding site was used for these

ZPE and BSSE Corrections.It is appropriate to correct the
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TABLE 1: Comparison of Different DFT Functionals2 TABLE 2: Calculated Binding Energies of Metal-Binding
Nat K+ Ti+ Cr NI cut Sites onar Surfaces (kcal moi?)

corannulene

corannulene

MPW1PW91 31.7 234 652 47.1 69.9 61.4 inside outside benzene coronene
B3LYP 317 225 609 460 695 619 : s 5 i
B3P86 30.8 ion Fr* n i n i n 7 7® (center)
coronene Lit B 38.2 39.9 43.00 43.3 385¢ 383 46.6
-
MPWIPWO1 316 227 559 451 640 586 & P 277 274 308 296 281 236 308
B3LYP 320 214 504 44.8°> 62.4b 57.7° K' B 206 ¢ 225 213 216 148 216
B3P86 30' 8 ’ ' ' ’ ’ Tit M 394 636 530 652 63.5 55.9
’ Crf M 38.8 432 46.6 47.1 454 485 45.2
2 All outside binding sites are thg site, except that Ndcorannulene Ni* M 527 644 639 69.9 61.3 64.0
and K+/corannulene are thg site and Cti/corannulene is the? site. Cut M 484 55% 597 ¢ 618 527 58.6

Binding energies in kcal mot. ® From ref 4. Because no BSSE aFunctional used. B= B3LYP. P = B3P86. M= MPW1PW91
correction was made in the original work, we have subtracted 2 kcal , o tations of Frash et dwhere we have taken their uncorrected
from these values for best consistency with the present results. values (before BSSE correction) and applied our standard corrections
. ) . . for BSSE and ZPE effectsMight not be a minimum on the potential
comparisons, and calculations with both functionals were made surface (see texty.For Cu, the 55 site given here is constrained to

using the methodology described above (except that thethe symmetry axis of the £xing, which is not a minimum on the
comparative calculations used the same ZPE and BSSE cor-Potential energy surface. If the ion is allowed to move o A&
rections for all functionals). For coronene, the central binding Vicinity, the binding energy improves to49.1 kcal mot?, although

. . this is also not a true minimuni.No minimum on the potential energy
site was used, and MPW1PWOL results using the presentsun‘ace was found at thg® site over the benzene ring. The energy

methodology were compared with the B3LYP results from given is the energy of the peripherg, i site to which the ion migrates.

ref 4. fFor Cu', the?® site given here is constrained to the symmetry axis of
It is seen that the MPW1PW91 functional gave values the G ring, which is not a minimum on the potential energy surface.

differing by no more than about 1 kcal mélfrom the B3LYP 9This is then’m,qu Site adjacent to the £ing, which was the most

results except for the early transition metal Ti, for which Stable binding site located.

MPW1PW91 gave binding energies about 5 kcal holigher. TABLE 3: Distance from the Metal lon to the Plane of the

These results can be compared with a recent systematic comearest Carbon Ring (&)

parison that included the present transition-metal ions binding

to benzene and phenol using comparable basi$$étsere, it

corannulene

was found that MPW1PW91 gave stronger binding energies than inside outside benzene _ coronene
B3LYP for all of the metal ions; for instance, the energy 7° 7® n° UM n® n® (center)
differences between the two functionals were approximately 7 i+ 18% ~182 1.9 ~1.9¢ 1.83 1.80
(Ti*), 2 (Cr"), 4 (Nit), and 2 (Cu) kcal moll. Comparing Na* 2.40 233 238 2.34 2.41 2.32
these previous observations with the corresponding differences K* 285 — 2.80 2.80 2.82 2.72
derived from Table 1 in the present work, it is seen that the ! 5'1523 %-8% g-og %-82 %-gg %-gg
two functionals are more nearly similar for the present coran- .. 1:28 1:(136 1:28 1:72 193 169
nulene and coronene cases than they were for the smallercy+ 197 c 1.94 c 1.84 1.82

benzene and phenol systems. For corannulene and coronene,
the two functionals differed by approximately 1.5 kcal ol
or less for metals other than TiThis gives rise to the hope
that differences between these functionals might be less of a
concern for large systems than for ligands of the size of benzene.
As expected from the work of Armentrout and RoddéiB3P86
gave N4d binding energies about 1 kcal mélless than those
obtained with B3LYP.

Computational Results.Table 2 shows the computed results
for all of the metal ions considered. In addition to our
calculations, results of Frash etZdflor Li™ with corannulene

a Computations of Frash et &l Constrained to symmetry axis of
Csring. ¢ No minimum on the potential energy surface at this position.

Limited exploration of the possible d#?) structures was
carried out. Following the notation of Frash etZhe possible
7n? sites of corannulene argn, (bridging two hub carbons of
the five-membered ring)y?w (bridging hub to bridgehead
carbons),n%, (bridging bridgehead to rim carbons), and,
(bridging two rim carbons). Because each of thgspossibili-
ties can occur either inside or outside the bowl, the possible
) conformations are numerous and were not examined systemati-
are shown, which were calculated at a comparable level of cally here. Becausgm ouis likely to be the most favorable of
theory and _should be reas_onably _comparable t(_) our results. all of these sites (by analogy with the'Lcase), severafun out

_Table 3 gives geometry information for the various sites, and inging energies were calculated as an indication of how the
Flg.ures 24 dlsplay several representative structures, |.ncIud|ng bridging 52 structures compare with the ring-centeredites
inside and outside forms ang andz°® haptomers. The figures  (Tapje 7). As noted above, we believe that all of these except

incl_ude small (NT), medi_um (Na)' and large (K) ions to give for Cut are transition states, not local minima on the potential
an idea of how the various ions relate to the bowl curvature.

D ad - surface.
For Nit (Figure 2), the insidgy® and® sites of corannulene
are well separated in space, but for the larget Nm (Figure Discussion
3), these sites are less well separated compared to the ion’s

distance from the ring. It is not surprising that the larger K 1. Alkali Metal lons. The steady decrease in binding energies
ion (Figure 4) does not show separate potential minima for thesegoing from Li* to Na" to K* is a straightforward reflection of
two possible structures, and we expect that other ions similar the increasing size of the ions and consequent lower polarization
to and larger than Kwill also fill the bowl interior well enough binding energy. More interesting is the trend of the outside/
that only a single inside binding site is likely. Outsigi@and inside binding-energy differences. Comparing the on-agxis

n® sites (Figures 2 and 4) were entirely distinct for all cases. sites, for Li", the outside is favored by 5 kcal; for Naby 3
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n’ Site n’ Site ne Site

Figure 4. Geometries of K/corannulene bound at the inside and
outside sites.

bit closer to the plane of the six-membered ring than the five-
membered ring (Table 3). These two opposite effects appear to
compensate to give equal binding.

Frash et af.found they® sites to be somewhat favored over
then® sites for Li*, but this tendency does not seem to hold for
the larger alkalis. For Naand K, the#® sites of corannulene
are about equal to the correspondiyfgsites, or even slightly
favored (although the differences are so small that we would
not place much confidence in saying that they are actually
T favored). For K inside the bowl, the putativg® and#® sites

— ) would be very close in space, so that their separate existence
n6 Site n> Site would be doubtful. Attempts to place *Kover the G ring
) ) ! o ) resulted in optimization to the stabi® site over the gring.
Figure 2. Geometries of Ni/corannulene bound to inside and outside Alkali binding to the simple benzene ligand (shown at the
sites. same computational level for comparison in Table 2) is
substantially weaker than binding to the more extendéates
of this study. Even the least favorable corannulene surface sites
are significantly stronger than those of benzene. This is a
reflection of the greater polarization interaction with the more
extendedr surfaces, in comparison with those of the small
benzene ligand.

The coronene face is a model for the flat, featureless graphite
basal plane. To the extent that the coronene surface is a faithful
model of the infinite planar surface, we expect the diffenght
7 sites on this surface to be equivalent. Thus, it was interesting
to investigate whether a surface-bound ion has a preference for
one or the other of the two types gf x sites of coronene.
This was tested for Na It was found that N& binds over the
5 g i~ peripheral benzene rings exactly as well as it does over the
n> Site n® Site central benzene ring: these binding energies were found the

Figure 3. Geometries of N&corannulene inside sites, showing the same to within 0.1 kcal mo_lL. )

inside binding site centered on the tihg and that centered on the C Then?un,oucorannulene sites of LiZ and Na are less stable

ring. than the adjacent® andy® sites, but as we progress to the larger
K* ion, all of the various sites become close in energy. For

kcal; and for K, by only 2 kcal. One argument to rationalize large alkalis, it is probably best to consider thesurface as

this trend with increasing ion size is that the unfavorable approximately smooth, with an overall tendency for the ion to

electrostatic potential of the inside region near the five- move to the minimum on the potential energy surface at the

membered ring becomes weaker as the ion gets farther fromoutside apex of the bowl.

the apex and, correspondingly, the favorable potential of the 2. Transition-Metal lons. Table 2 immediately shows that

outside region near the apex also drops off with increasing outside/inside differences are much larger for the transition

distance. metals than for the alkalis at the on-axissites. As discussed
Comparing corannulene with coronene, it is seen that binding below, this is interesting to the extent that these apex sites can
to the outside of the corannulene bowl (at the cengfalite) is be considered as models for binding to curved carbonaceous

quite similar to binding to coronene. To rationalize this near surfaces. Itis obvious that, in addition to the electrostatad
equality, we can consider two compensating effects: the polarization effects operating for the alkalis, there are electronic
charge-dipole interaction favors the convex corannulene sur- orbital effects at work to give a large additional stabilization of
face, whereas the polarization interaction favors binding to the convex face relative to the concave face. However, consider-
coronene, both because the flatter surface allows better polarizaing the 7® sites (which represent the most stable binding
tion interaction and also because the metal ion can approach gositions in most cases), it is seen that the inside/outside
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differences tend to be smaller and that there is little distinction Data in Table 2 suggest that the edge-boyAdites for Cd
between alkalis and transition metals in this respect. are generally about 2 kcal mdlmore stable than nearby ring-
For cases of similar ion size, the first-row transition metals centered locations. This parallels the behavior of Gound
bind much more strongly than the alkalis to faces. A for both phend® and pyrrolé® z binding, where migration to
particularly clear example is the comparison of land Nit, the edge of the ring gave an energy improvement relative to
which have virtually identical binding geometries but binding the central region of the ring. For benzene itself;Gubinding
energies that differ by 1526 kcal for the various sites (Tables seems to prefer the centraf location?® but edge binding is
2 and 3). nearly equally good? Finally, for Ni*, 52 calculations did not
A striking observation for the transition metals is the large Succeed, but thg® ring-centered location was definitely a local

difference in the outside vs inside binding energies for the central MNIMuM on the potential energy surface, so that an ion placed
7® sites, with binding on the convex (outside) face being much N€ar thex? ring center moved back to the central position.
better than that on the concave (inside) face. This is interesting/tténtion is focused in the following discussion on the ring-
to the extent that it might reflect a general property of binding centered binding sites because tfisites appear, in most cases,
to curved carbon surfaces. The next section addresses thdC D€ slightly less stable than nearby ring-centered sites and,
possibility that this difference might be largely a reflection of €Ven in the Cu cases wherg? binding is slightly favored, the
the different electrostatic environments or different local po- 'ing-centered locations are stable enough for their binding to
larizability properties of the two sides of the bowl; it is P& interesting. _ _ o
concluded that these factors are much less than the observed Prévious coronene calculations have cqn3|defetj|nd|ng
differentials and, moreover, are not distinctive for the transition t© Pe likely. If this assumption is actually incorrect, the most
metals as compared with the alkalis. Section 4 outlines an Kely one of these metal ions to favey® binding would be

electronic orbital argument that might provide an understanding CU"» SO & check was made with the present protocols to test

of this distinctive characteristic of transition-metal binding. 1€ pc;ss!b|l|ty ofyy? binding in Cu’/coronene. The interior £

The results for they® sites (the peripheral benzene rings of Site 7%nin the same termlnolo_gy as used for corannglene) was
found to be a stable local minimum on the potential energy

corannulerge)_do_not lead to such clear gene_rahzat_lons: In eaChsurface for this complex, in the sense that the ion optimized to
case, they® site is more stable than the neighboring site,

by varying amounts. The insidg sites are less favorable than this site from nearby locations. However, this site was 2.7 kcal

the corresponding outside sites, but these differences are fairl mal* less stable than the centogh binding site for the same
small notkl?in Iikg the large diff'erentials seen for tfesites Yion. we conclude thay? binding on coronene is unlikely to be
Altho(Jgh a sgmiquantitati?/e analysis along the lines of se'ction favored for any of the metal ions examined,

. . 6
3 was not attempted for sites other than the cenftdites, it Interestingly, the periphera)® site of coronene was found

. o ; . to be more stable than the centrélsite by 1.6 kcal mol? for
seems Illgely that the modest outside/inside differentials four_1d Cr* and by 2.0 kcal moft for Cu* (in contrast to the Nacase
for the n° sites can be accounted for largely by electrostatic

and polarization effects, without the need to consider important where they were equal.) These differences are small, but they
pola . ' S P lead us to surmise that the central site of coronene is not quite
electronic orbital effects. Our conclusion is that there are

distinctively unfavorable effects at work when a transition-metal the best binding site for transition metals and that the central-
ion is bound at the insidg® position right in the middle of the site binding energies calculated here and in ref 4 are probably

. 1 ;
bowl, but that these effects cease to be as important when theSllghtly lower (by 1 or 2 kcal mof’) than the best sites for

X ; L " transition-metal/coronene complexes.
metal ion moves to the peripheral insigé position over a

benzene rina and are also not as important anvwhere on the 3. Analysis of Electrostatic and Polarization Contribu-
outside of thge bowl P yw tions. One of the aims of the present work was to characterize

] o the effect of curvature of the carbonaceous surface on metal
~ Comparing corannulene binding (at the favorédenzene-  jop, binding using corannulene as a model. Although the
ring sites) with binding to benzene itself, the alkalis serve as cicylations show clearly that the strongest binding to coran-
models to show that the ordinary electrostatic and polarization njene in some cases is on the benzene-ring sites, it is

effects strengthen binding to corannulene by perhaps 6 kcalheoyertheless interesting to clarify binding to the centyal
mol~1 at the favored outside sites. With so few transition-metal positions on the inside and outside of the corannulene bowl,
examples, conclusions on this point can only be speculative, ¢onsidering that these sites provide relevant models of curved-
but it appears that the early transition-metal ions ahd CF g ;rface binding in general. The best quantitative understanding
are slightly less strongly bound to corannulene than their o {hese effects must be drawn from the quantum calculations
benzene binding values would predict, whereas the late metalsihemselves, but a low-order semiquantitative model is useful
Ni* and Cu are bound slightly more strongly than would be a5 5 first approach to clarifying the various contributions to the
expected. These effects might perhaps be rationalized bypinging. In particular, the large outside/inside differences in
extending the arguments of section 4 below, but this would be pinding of the transition-metal ions, contrasted with that of the

highly speculative. alkalis, suggest large electronic-orbital effects at work, and it
Calculations were successful for somésites of Cr and is interesting to try to dissect the binding in these systems in

Cut. Cr" gave straightforward results, with th@nnou Site such a way as to identify such contributions.

having a binding energy-12 kcal moi! less than that of the We can picture the binding to be composed of four main

adjoining ring-centered sites. Cwas less straightforward. None components

of the ° or %8 ring-centered sites was a minimum on the

potential energy surface, and the ion always migrated to a nearby Epina = Ees 1 Epolariz T Eorital — Erepuis (1)
edge. Some? sites were local minima, but both the insigfan in

site and the outsidg?, o, Site were unstable. A Cuion placed Here, Eqs is the binding energy of the ion charge in the
at the inside apex of the bowl migrated steadily outward all the electrostatic potential field of the molec® Eyolariz i the
way to the periphery, ending af: .. An ion placed on the binding energy due to polarization of the neutral by the ion
outside periphery migrated inward to the centydln out Site. charge Eomital IS the specific electronic orbital interactions, and



Binding of Transition-Metal lons to Curved Surfaces

TABLE 4: Binding to the Central n° Sites of Corannulene,
Analyzed in Terms of a Sum of lonic and Orbital
Contributions (kcal mol )2

n° inside n° ouside

ion Eionic Etotal Eorbital Eionic Etotal Eorbital

Li* 52.7 38.2 0.2 59.5 43.0 0.0
Na* 35.7 27.7 2.7 42.0 30.8 0.6
K+ 25.8 20.6 2.7 30.8 225 0.4
Tit 47.5 39.4 7.1 55.1 53.0 18.3
Crt 45.3 38.8 8.4 50.5 46.6 14.0
Nit 56.9 52.7 16.1 61.6 63.9 26.9
Cu* 53.2 48.4 13.8 59.0 59.7 23.7

2 Eionic IS the binding energy contribution to tiy& complex calculated
by the DFT point-charge approadhe. is the total dft binding energy
(from Table 2), anEoital IS (1.38Fiotal — Eionic), as derived in the
text.

Erepuisis the short-range repulsion energy between the ion and

the neutral. The goal of the present analysis is to make realistic

estimates of the components contributing to this energy and to
compare these estimates with the total binding energy from the
full quantum DFT calculations.

Estimating Enic. The classical binding energy due to ionic
interactions is the surBionic = (Ees + Epolari). The approaches
frequently used to modetes and Epolariz for simpler systems
are not very satisfactory for our purposé&sgs has often been
estimated by a classical chargeultipole interaction, typically
limited to the leading nonzero term (which is the chardeole
or the chargequadrupole interaction, depending on whether
the molecule has a permanent dipole). At a similar level of
considerationEyolariz has often been estimated by the interaction
energy of a point charge with a sphere of polarizable material
having the same polarizability as the actual molecule. Neither
of these long-range approximations is likely to be useful for
estimating the interaction energy of a metal ion with a highly

J. Phys. Chem. A, Vol. 106, No. 42, 2002815

at the level of calculation of the present study and found that,
in the regions of gring-centered binding, the outside is more
negative than the inside (as suggested by the direction of the
dipole moment). The situation is more complex as one moves
away from the axis, and there are off-axis regions where the
inside becomes electrostatically significantly negative. Because
Eesis much less useful for our purposes tHagi, this line of
investigation was not pursued further.

Estimating Eepus The contribution ofEepus is harder to
estimate. Recognizing that it is a highly approximate approach,
the following analysis can lead to useful first approximations.
Assume the iorrligand interaction energy to be composed of
long-range attractive components and short-range repulsive
components with the functional form

V(R =V, +V, —AR "+ BR *?

repulsion™

)

whereA andB are positive parameters whose actual values will
not matter here anR is an appropriate measure of the distance
between the ion and the ligand. The expornegbverning the
attractive interaction is quite uncertain and is to be considered
as an empirical parameter combining the various attractive
forces. Attractive forces can be considered to include terms
having n values ranging from 2 (iondipole electrostatic
interactions) to 3 (ior-quadrupole interactions) to 4 (polariza-
tion interactions) to around 6 (short-range attractions). The
assignment of an overall value of is empirical, with the
presumption that the appropriate value lies somewhere between
2 and 6. As will be seen, there is some justification for using
near 3.3 in the present cases.

At the equilibrium binding distancB,, the condition is that

N
dR

ttraction

0

extended molecule such as corannulene lying at a distance fronwhich leads immediately to

the metal ion that is small compared with the dimensions of
the molecule. The chargenultipole expansion foEesperforms

poorly, because short-range terms higher than dipole or quad-

rupole terms are far from negligible. Similarly, the charge
induced-dipole description &pyolariz Using the overall molecular
polarizability is poor when the charge is close to the extended
molecule. It might be possible to improve these approaches with,
for instance, distributed multipole and distributed polarizability
formulations}! but this was not attempted here.

Although such approximate classical approacheBest@and
Epolariz thus have doubtful utility for the present purpose, it is
straightforward to make quite a good estimateEgf,c by an
alternative quantum computational approach. In this approach,

the metal ion is replaced by a point charge at the same location,

and the calculated energy of this system is compared with the
corresponding calculation performed with the point charge
removed to an infinite distance. This calculation automatically
includes bothEes and Epoariz While excluding all of the
electronic-interaction contributions. This approach was carried
out for the inside and outsidg sites of all of the corannulene

Vrepulsior(Ro) =- lﬂzvattractior(Ro) Q)
This equation forms a basis for making first-order estimates of
the repulsion energies. This approach provides a useful ap-
proximation as long a® is much less than 12, so that the
repulsive force falls off much more steeply than the attractive
force rises, and it becomes accurate in the hard-sphere limit
where the repulsive wall is vertical.

Estimating Bita. Making a correspondence ®fepuision(€q
3) with Erepuis(€q 1) and a correspondence\ifiracionWith the
remaining terms on the right of eq 1, eq 3 can be substituted
into eq 1 and rearranged to give an estimat&gfiia as

1
Eorbital = (TI’]/:LZ)) Etotal - Eionic

To apply this result, we tak&qy from the binding energy
calculated by the full DFT calculation arignic from the DFT
point-charge model calculation. Depending on the value assigned

(4)

complexes using the_ same level of theory and the same basigo n (between 2 and 6), the resulting estimate<Egfia can
sets as the calculations reported in Table 2. The results arevary over a considerable range. A criterion for narrowing this

displayed in theEjonic column of Table 4.

We can note that it is also possible to deterntiaedirectly
with quantum calculations. Klarner et®&lsurveyed the inside
and outside environments of aromatic bowls in this way,

choice is to require that the estimated orbital contributions be
small for alkali ion binding, which is usually considered to be
nearly pure ionic binding. Imposing this condition on the outside
binding site of Li" leads to a value af near 3.3, which seems

concluding that, in general, DFT methods give a more negative very reasonable. The resulting decomposition of the binding

electrostatic environment inside the bowl than outside. However,

into ionic and orbital contributions is shown in Table 4 for the

we carried out electrostatic mapping of the corannulene systemy® corannulene sites. The model is apparently successful in the
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TABLE 5: Outside/Inside Binding Energy Differential on
Corannulene, Analyzed in Terms of a Sum of lonic,
Short-Range Repulsive, and Electronic Orbital
Contributions 2P

ion AEwtal AEionic AEepuis AEomital
Lit 4.8 6.8 1.8 -0.2
Na* 3.1 6.3 1.1 -2.1
K+ 1.9 5.0 0.8 —-2.3
Ti* 13.6 7.6 5.2 11.2
Crt 7.7 5.1 3.0 5.6
Ni* 11.2 4.6 4.2 10.8
Cu* 11.1 5.9 4.7 9.9

Dunbar

outlines one line of reasoning that can explain this prominent
difference in binding behavior of the transition metals compared
with the alkalis.

4. Molecular Orbital Analysis. A notable feature of these
results is the strong outside/inside differential for the transition
metals, which was dissected in the preceding section to give
quite large estimates akEqmia fOr the transition-metal ions.

A molecular orbital argument can help to explain this disfavoring
of the concave face of corannulene and might be applicable to
a wider range of curved faces. The favorable interaction of
transition metals withr cycles is commonly attributed to a

aValues given are the difference de between outside and inside h5 combination of electron donation from occupiearbitals into

conformations of the corannulene complexes (kcaloP AEioa is

the total outside/inside binding energy differential from the dft results,
AEionic is the energy differential modeled by the point-chartigand
interaction, AEpus IS the differential of the short-range repulsion
contributions, and\Eqita 1S (1.38AEtal — AEionic)-

sense that all of the estimat&ghita cOntributions for the alkalis
are small, whereas the orbital contributions for the transition-
metal ions are substantial.

Outside/Inside Comparisorthe decomposition of binding

unoccupied metal d orbitals and back-donation from occupied
metal d orbitals into low-lying unoccupiea* orbitals of the
ligand. Bothxz donation andr* back-donation stabilization
effects depend on the occupation situation of the metal d orbitals,
which leads to a strong modulation of the binding energies
across the periodic table. These ideas go far toward rationalizing
the periodic trend in the binding of transition-metal ions to
ligands such as benzefand pyrrole'®

For small 7 monocycles such as benzene, the lowest

into ionic attractions, short-range repulsions, and electronic unoccupied molecular orbital (LUMO), or at least one of the
orbital attractive interactions just described is highly approximate lowest-lying unoccupiedr* orbitals, has the same symmetry
and should not be taken too far. However, many of the uncertain as the g, or de—y2 orbitals of the metal, making back-donation
features can be hoped to cancel in making comparisons betweeriavorable for metal ions in which one or both of these d orbitals
the outside and the inside of the corannulene bowl for a given are occupied. Moreover, the highest occupied liganaolecular

metal ion. The outside/inside difference of binding energies will
be designated\E;y,, with similar definitions of the other

orbital (HOMO) has the same symmetry as thgod d,, orbitals,
allowing orbital overlap corresponding todonation when there

difference quantities. Following egs 1 and 4 and using a value are vacancies in these metal orbitals. To carry this picture on

of 3.33 forn, we can write

AE ya = Epingloutside)— By, ((inside)=
AE; + AEorbital - AErepuls (5)

jonic
AEorbital ~ 1'3SEAEtotal - AEioniC' (6)

to more extended systems, we describe the situation for the
d—a* back-donation interaction to consider how the interaction
is modified in the case of extended, curvedurfaces. At the
end, we point out that the same argument applies in the same
way to the effects of curvature on the-d donation interaction.

The following discussion develops our picturesobinding
effects in extended, curved surfaces by making two key

The modeling approach consists of assuming that the point-Observations: First, in extended systems (corannulene and

charge DFT model calculations give a useful approximation for coronene here), the low-lying unoccupied ligand orbitals having
the AEinic component and that the approach outlined above for the correct symmetry for back-donation interactions with the
AErepuIs g|ves a reasonable estimate of the outside/inside metal ion are less favorable fOI’Jﬂ’/OVGﬂap than |n. the case )
differential repulsion energy. This simple analysis should give Of the monocycles such as benzene. Second, this disfavoring

an idea of the relative contributions of ionic and orbital effects Of back-donation interaction is much more severe for a metal

acting on the convex and concawesurfaces. We expettEqpital

ion on the concave face than for one on the convex face.

to be small for the alkalis. Testing this expectation gives a check A degenerate pair of low-lying unoccupiedt orbitals of

on the validity of this way of viewing the binding. For the

transition metals,AEqmpial Can give some indication of the

importance of electronic orbital effects acting in addition to
AEjonic effects.

corannulene with the appropriate shape to overlap with a metal
de-y? or dyy orbital exists. One of these virtual orbitals is shown
in Figure 5. The shape of this* orbital above the inner (§
carbon ring is similar to the acceptar orbital of benzene

Table 5 shows the results of these calculations. The secondwhich gives the back-donation overlap in the benzene situation.

column of Table 5 givedEionic as approximated by the point-

[Note that this orbital approximates four-fol&§ symmetry,

charge DFT calculations, and the third column gives the accuratedespite the five-fold axis of the carbon framework.] However,

calculations of AEta as calculated from Table 2. The last
column of the table, giving the estimatesMEq i from eq 6,

is the final result of this modeling procedure. The small
deviations ofAEgmia from zero found for the alkalis are not

this orbital also has a major contribution from theopbitals of

the carbons comprising the outer carbon ring, and this contribu-
tion is seen to have a reversed phase relative to the inner ring;
thus, this outer portion of the orbital will act against the

unreasonable within such an approximate model. For the formation of overlap with the metalygorbital. This idea is

transition-metal ions thAEqwita results indicate major contribu-
tions of orbital interaction effects to the outside/inside dif-
ferential, with AEqital €Stimates ranging from about 5 to 11
kcal mol2. For Crt, AEqmital is Smaller than for the others. This
accords with the fact that this ion, with its filled half-shell of d
electrons, binds relatively weakly to aromatic faces in general.
The other transition-metal ions exhibit larger contributions of
electronic orbital binding effects tdEia. The next section

illustrated again from a different perspective in Figure 6,
showing side-view cross sections through the orbitals. Figure
6a shows the cross section of the samierbital as shown in
Figure 5, while parts b and c of Figure 6 show schematically
the overlap of this orbital with a metalydorbital. (In this
illustration, the metal ion is positioned as in the/Eorannulene
complex, and the g orbital is that of Ti.) These diagrams
illustrate how the out-of-phase outer lobes of tieorbital of
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(b)

Corannulene

N :
w0+ Aeceptor Orbital Figure 7. Occupied molecular orbital derived from the metal-ign d

orbital of the (a) outside and (b) insidg complexes of Ti with

Figure 5. One of the pair of degenerate low-lying virtual orbitals - f
g b 9 ying corannulene. (The axis lies along theCs symmetry axis.)

of corannulene having appropriate geometry to overlap with occupied
Ti* de-y and dy orbitals. (Note that the axis lies along theCs
symmetry axis.)

Figure 6. Cross-sectional view of molecular orbitals involved s
back-donation: (a) cross section of the same molecular orbital of
corannulene as shown in Figure 5; (b,c) same view, with a superimposed
cross section of the metalkydorbital of Ti* placed at the outside or
inside#® binding positions, respectively. (Tteaxis lies along th€Cs
symmetry axis.)

corannulene are positioned so as to give negative overlap with Corannulene

the metal orbital. Furthermore, it is clear that this unfavorable 1 Donor Orbital

contribution to the ovgrlap is much more severe for the in§ide Figure 8. One of the pair of degenerate occupiedorbitals of
complex than the outside one (compare parts b and ¢ of Figurecorannulene having appropriate geometry to overlap with unoccupied
6). Finally, Figure 7 shows the resulting molecular orbital of Ti+ d,, and g, orbitals. (Thez axis lies along th&Cs symmetry axis.)

the Tit/corannulene complexes that derives from the perturbed

dxy metal orbital. This orbital is occupied in the metal ion, and donation is inhibited by the out-of-phase contribution tofie

the extent to which its electron density moves toward the ligand orbital from the peripheral carbons of the coronene system.
upon complexation is a reflection of the extent of the back- However, the extent of unfavorable overlap in this case is
donation electronic effect. In this figure, it is seen that the outside relatively small, probably comparable to that in the outside
complex (Figure 7a) has a noticeable shift of electron density corannulene complexes. This gives a partial rationalization for
toward the corannulene ring (reflecting a degree of back-dona-the observation that the coronene complexes and the corre-
tion in this complex), whereas the inside complex (Figure 7b) sponding outside corannulene complexes tend to have fairly
has a metal orbital almost entirely unchanged by the proximity similar binding energies.

of the ligand, reflecting little back-donation interaction in this We have developed in detail the qualitative picture of

case. suppression of ¢a* back-donation in extended systems. It
This argument has been developed using one of the pair ofcan be pointed out finally that the argument is precisely the
degenerater* orbitals interacting with the metakglorbital for same with regard to the binding interaction arising framd

illustration. An exactly parallel situation exists for the other donation. To make this fact clear, Figure 8 displays one of the
member of ther* orbital pair, whose interaction is with the  pair of occupied molecular orbitals of corannulene that has the
metal dz-y2 orbital. Whether one or both of these interactions appropriate symmetry to overlap with a metgl ar d,, orbital
operates in a given complex depends on the occupancy of theand, thus, to participate im—d donation. Just as with the ligand
metal dy and gz—y2 orbitals, but either or both of these effects x* orbital discussed above, it is seen that the extendsyistem
will operate in such a way as to reduce thexd back-donation. of coronene contributes oppositely phased lobes of wave
A similar situation is obtained for the metal ion sitting over function amplitude lying outside the central region. Just as was
the central ring of coronene. Again in this case, thert back- discussed above, these wrongly phased lobes can be pictured
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as decreasing the overlap with the metal d orbitals, therebylarge part to electronic orbital interactions of the transition

tending to suppress the—d donation. Moreover, this effect

metals. A molecular orbital mechanism that reduces botd

will again be much more severe for a metal ion inside a concave donation and e x* back-donation in the concave extended
face than for one outside the convex face (as in the comparisonsystem is described and suggested as a rationalization for this

of parts b and c of Figure 6). Thus, the perturbations-eftti
back-donation and of—d donation lead in precisely the same
way to an expected disfavoring of transition-metabinding
for extendedr surfaces and particularly for concawesurfaces.
The mild preference of Crand Cu for binding to sites on

effect of the surface curvature. The same effect is expected to
operate to a lesser extent with coronene, and it might rationalize
the surprising calculated result that coronene binds less strongly
than benzene to the two transition metals*(@nd Cr") with
the largest d orbitals among the metals considered here.

the peripheral rings of coronene rather than the site over the Binding to the flat coronene surface is approximately equal

central ring might be another reflection of this molecular orbital
effect. A metal ion sitting over the peripheral ring will not be

in strength to binding to the convexs@ace of corannulene.
We can speculate that this reflects a balance of the charge

completely surrounded by the ring of unfavorably phased carbon dipole interaction favoring binding to corannulene with the

p, orbitals that are postulated to diminiskh-g interactions.

polarization effects favoring binding to coronene. Binding to

Although this mechanism might operate to give some reduction the convex & site of corannulene is similar to binding to the

of binding interactions at peripheral sites, it should be less
important than for centrat sites.

It has been suggested that the relatively poor outgfdace
binding of transition metals to g (relative tor? edge binding)
might be due to the outward-tilted geometry of the carbgn p
orbitals, with consequently reduced overlap of thend 7*
orbitals with the metal orbitals, and, further, that this situation
might be improved by using larger metalsThe tilted-orbital

convex G site (and similar to coronene) for most of the ions,
but it is substantially stronger for Niand Ti*. Moreover, the
concave G site for these two metal ions is also exceptionally
weakly bound compared with the concavediie, a result that
gives support to the molecular orbital argument provided here
for destabilization of the concaves;Gite.

This computational approach should not be expected to
provided highly accurate absolute binding energies for these

argument has been extended to apply as well to the disfavoringsystems, although the estimates given should be useful for

of %5 coordination to corannulerféNote that these authors have
considered that the outward tilting of the orbitals on the
outsidexr faces acts t@educethe binding energy.

experiment planning. The relative values should be more
reliable, and we conclude with confidence that the concave face
of corannulene is less favorable for binding than the convex

The present results suggest that this argument is, at the leastface and that this differential is much more pronounced for the

not the whole story. This tilted-orbital argument should apply

transition metals than for the alkalis. Whether this situation

more strongly to the transition-metal cases than to the alkalis, might reverse for larger ions remains to be investigated.

becauser/d overlap characteristics are much more important

for the transition metals, whereass overlap in the alkali case

is not considered to play a major role in the binding interaction.

It is indeed seen from Table 1 that the transition metals Cr
and Cu are slightly more favorable tg? edge binding than
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versus outside binding for the transition metals (because the
tilt of the carbon porbitals is favorable tor/d overlap inside

the bovyl). Coptrary to.this expgctatiqn, the outside/inside (1) Sygula, A.: Rabideau, P. Wi. Am Chem Soc 200Q 122, 6323.
comparisons discussed in connection with Table 5 above show  (2) Frash, M. V..; Hopkinson, A. C.; Bohme, D. K. Am Chem Soc
that the electronic effects of orbital interactions actually favor 2001 123 6687.

outside binding strongly over inside binding for the transition- K(35 i%aicf?%%%-é?%%fiaggaeégssco“v L.T.; Preda, D.V.; Bohme,
r_n(_etal lons, a result '.[h.at IS complet_ely unexplaln(_ed l?y orbital (4) Klippenstein, S. J.; Yang, C. Nht. J. Mass Spectrorr200Q 201,
tilting. Thus, orbital-tilting effects might be operative in these 3.

systems, but other important electronic orbital effects that do
not correspond to the orbital-tilt picture are also operating. This
motivates our proposal of the suppressiomefd donation and
d—a* back-donation as described here.
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