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We have used the integrated, high accuracy ONIOM(G2MS) molecular orbital method to study the problem
of ring-opening and metal-insertions int@yCThe concerted ring-opening pathway proposed by Rubin et al.

has been examined for hexahydro and hexamethyl derivativesoofT8Be related open bistriazoline and
bislactam G derivatives Angew. Chem. Int. Ed. Endl999 38, 2360-2363) have also been studied. In the

two possible [2-2+2] ring-fragmentation pathways breaking three sets of either five or six-membered rings,
the 5-open hexahydro or hexamethylated species are much more favored than the 6-open analogues, the
process being slightly endothermic in respect to the closed species. The orifice generated in these two species
are likely to be too small even for the smallest metal cation liith insertion barriers ranging from 45 to

60 kcal/mol. On the other hand, theflinsertion barriers for the bistriazoline and bislactam derivatives are

less than 20 kcal/mol, indicating that this small metal cation should be able to insert into the cavity of these
systems with stabilization energies neat0 kcal/mol. These results suggest that a larger orifice is required

for one of the desirable transition or f-row metals to be taken inside.

I. Introduction

One of the important goals of current fullerene chemistry is
to introduce a metal atom within the empty cavity ofpCThe
high electron affinity of @ has led to the discovery of a
surprising array of physical properties for its salts (e.g.,
superconductivity in its tri-alkali metal salts, and ferromagnetism
in charge-transfer salts with (M),C=C(NMey)).2:2 The high
symmetry of Gg, which can impart unique physical properties

in larger quantities. An ab initio study of direct collisions
between lithium atoms andsgas a brute force approach showed
that at least 644 kcal/mol are required for the metal atom to
squeeze into the cavity through a six-membered fimdpich
would easily destroy the fullerene’s structure.

To overcome these obstacles, Rubin and co-workers have
been investigating synthetic approaches to endohedral metallo-
fullerenes that would yield larger quantities of well-defined

on its compounds compared to those of the less symmetrical,COMPounds compared to the methods described alibive key

larger fullerenes (@, Cr6, Css, €tC.), makes it an attractive goal
to incorporate transition or f-row metal atoms within its empty
cavity of about 3.5 A in diametérWith their wide variety of

concept is to use chemical transformations that are able to sever
several bonds within the framework og4Jn order to give a
sizable opening. A strategy effecting a retrot2+2] cyclo-

oxidation and spin states, it can be expected that the transition@ddition reaction of a hexasubstituted fullerene, such as the
metal complexes within & will expand the range of useful theoretical structurél6 (see Figure 1), was proposed for the
physical properties for the pristine and functionalized complexes. SPontaneous ring opening of 3 bonds, leading to the open forms
Several charge-transfer complexes of fullerenes with metal H6—500r H6—60depending on whether five- or six-membered
atoms inside have been obtained by the classic arc evaporatiodings have been cleaved (see also Figure 2). In fact, similarly

method (e.g., La@%, La@Gs, LNn@Gs2 (Ln = La, Y, Sc, Gd,
Tm), Se@ G4, SG@Csy). However, they can be prepared only
in very limited quantities, either by evaporation of graphite rods
filled with metal oxides! or by beam experiments to generate
polymerized films with e.g., Li@€.°> More recently, a process
giving an exceptionally high yield (up to 10%) of a trilanthanide
nitride cluster (SeN@Cgg) was reported?

strained, 6-fold substituted planar systems are known to undergo
this transformation with relatively low activation barriers to
produce open trienésAlthough the orifice ofH6—50 or H6—

60is not large enough to let any metal atom or ion pass through,
Rubin et al. calculated that vibrational frequencies involving
C=C stretches in the openings{oiety were just about 300
cm~1,3 and suggested that the metal could “slip in” under proper

On the other hand, these methods have so far not providedthermal activation or pressure. An alternate way to increase the
Ceo endohedrals in pure forfhand chemical synthesis appears Size of the orifice is to use bulkier groups such as methyl
to be the best alternative to obtain these promising compoundssubstituents NI6), wherein steric repulsion between the sub-

stituents pushes the nonbonded partglér+50 or M6 —60 even
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Figure 1. CPK representation and schematic drawings of six-membered ring area of ONIOM2 optimized structd@&df6+50, H6—60, M6,
M6—50, M6—60, N3, andNCO. Distances are in A.

TABLE 1: Relative Energies (in kcal/mol) between Closed, 5-Opened (-50) and 6-Opened (-60) Forms as Well as Those df Li
Insertion Transition States for Hexa-hydrogenated G, (H6), Hexa-methylated G, (M6), and Cgo with Macrocyclic Functional
Groups N3 and NCO

system nimagy AM1P PM3 RHF/3-21G BP/SVP ONIOM(G2MS)
H6 + Lit 0 0.0 0.0 0.0 0.0 0.0
H6—50+ Li* 0 9.0 14.1 29.2 195 7.1
H6—60+ Li* 0 64.2 56.3 76.8 61.2 45.6
H6—50--Li* 0 —4.1
H6—56---Li* 0 -3.1
Li+TS H6—50 1 (a:450) 108.6 (799 68.2 (61.1)
Li+TS H6—60 1 (a:398) 148.1 (71.3) 96.3 (50.7)
H6—50@Li" 0 —10.8
H6—60@Li* 0 —-11.7
M6 + Li* 0 0.0 0.0 0.0 0.0 0.0
M6—50+ Li* 0 —36.4 —-194 6.2 —-3.7 1.3
M6—60+ Li™ 0 8.3 16.3 50.2 25.7 37.2
M6—60---Li* 0 —10.5
Li*TS H6—50 1 (a:367) 72.5 (66.3) 51.0 (49.7)
Li+TS H6—60 1 (a:344) 111.7 (61.5) 82.3 (45.1)
M6—5o0@Li* 0 —6.3
M6—6o@Li* 0 -7.1
N3-o+Lit 0 0.0 0.0 0.0
Li*TS N3-0 1 (d:375) 35.6 24.4 19.6
NCO-o+ Li* 0 0.0 0.0 0.0
Li*TS NCO-0 1 (a:344) 295 22.7 15.7

aNimag is the number of imaginary frequencies. If Nimag is not zero, the actual imaginary frequencies (iithent™) are shown with its
irreducible representatiof.Ref 7b.¢ Values in parentheses are relative energies with respect to the corresponding open structures.

of Cgo with six individual groups added on a specific single Recently, Rubin et al. have reported progress in experi-
six-membered ring seems extremely difficult to achieve, not ments?~1*where all three adding groups (diene and 1,3-dipoles
only due to the many possibilities that other double bonds may partners) are part of a single rigidly preorganized molecule, thus
react during the addition process, but also due to severe stericensuring maximum probability of reaction with one of the six-
interactions introduced between the adjacent groups. membered rings of &. This approach should also diminish the
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Figure 2. Schematic drawings of the structures and ONIOM modeldHierH6—50, H6—60, M6, M6—50, M6 —60, N3, andNCO. The atoms
inside the smaller circle (plus link H atoms) constitute the small model system M and the atoms inside the larger circular curve (plus link H atoms)
constitute the intermediate model system |.

steric repulsion between adding groups while a very large orifice fullerene M6), as well as G with larger addends such as the
could be created upon aromatization (flattening and rigidifica- fullerene bisazide adduét3, and a fullerene bislactam deriva-
tion) of the breaking units. The role of energetics in these tive (NCO). These systems have been investigated before at
processes is the purpose of this article and is examined with athe semiempirical AM1 and PM3 levels of theory by Rubin et
very high level ONIOM scheme. al.? and our calculations seek to improve the structure and
There have been numerous electronic structure calculationsenergetics of the processes and assess the accuracy of the
reported in the literature on fullerenes as well as the metal semiempirical approaches. To simulate the insertion of metal
complexes of endohedral fulleren@sMost of them were atoms, we chose Ifias the smallest metal ion with a diameter
performed at semiempirical or density functional levels, with a of about 1.46 A8 as a probe atom and calculated the transition
few exceptions where MP2 was employédighly accurate states for atom insertion. These calculations are similar to recent
calculations at the G2/G3 or the computationally less demanding calculations by Rubin et al., who determined transition states
G2MP2 level of theord# 1> are definitely prohibited for these  for the insertion of noble gases as well as molecular hydrogen
systems due to their size. However, the insertion step of an atomand nitrogen into the bislactaliCO by using density functional
through the orifice is a very local event, and high level theory calculations. Additionally, the insertion of helium and
calculations are feasible for a model system of e.g., six carbon molecular hydrogen was investigated experimentally, and the
atoms and the incoming atom. activation barrier for the release of helium was determined. The
Integrated methods such as the ONI&Mcheme allow to agreement between density functional theory calculations and
treat a selected area of a larger system at a high level, whereagxperimental barrier of about 24 kcal/mol was excellent, with
the rest of the system is treated using a computationally more less than 1 kcal/mol differencé ONIOM allows us to estimate
feasible level of theory. To shed light on the questions mentioned these barriers at an even more accurate level of theory and to
above in relation to atom insertion intgg@lerivatives, we have clarify if the agreement between the density functional barrier
performed two and three-layer ONIOM calculations (ONIOM2 and experiment is fortuitous (the high barrier of d&complex-
and ONIOM3) with G2M% as the highest level of theory, ation, at 40 kcal/mol could not be determined experimentally).
which is well suited to predict highly accurate relative stabilities .
between five- and six-membered ring open structures. The !l Computational Methods
ONIOM method also is in the position of providing reliable Every structure studied was pre-optimized at the RHF/3-21G
barriers for atom insertion by locating the corresponding level of theory. These systems were then partitioned into two
transition states. In these calculations, we are treating theor three ONIOM layers, as shown in Figure 2 and Table 2. The
chemically modified region of g at a high level of theory, symbol R denotes the real system including all atoms, whereas
whereas the electronic structure of the environment is taken intol stands for the intermediate model system consisting of the
account at a lower level of theory, as described in Section Il. next neighbor rings (plus link H atoms that mend the broken
Using this approach, we studied closed and open forms of thebonds) without interrupting ary bonds. The symbol M stands
model compounds hexahydrofullerertd6) and hexamethyl- for the small model system, which is naturally the ihg to
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TABLE 2: ONIOM Model Structures Employed in 2- and 3-Layer Calculations for Optimizations (ONIOM2) and Energies
(ONIOM3)

systems H6 M6 N3 NCO ONIOM2 ONIOM3
small model: M Cele C6H12 C6H12 CeHgOz MPZ/G-SlG(d) G2MS
intermediate modeli C24H;|_2(H)6 C24H12(CH3)5 C24H12(N3H)2(H)2 C24H12(ONH)2(H)2 RHF/3-21G MP2/6-3lG(d)
real: R CooHe Ceo(CH3)6 CGO(N3)2(¢C4H2¢)a CGO(ON)2(¢C4H2¢) RHF/3-21G RHF/3-21G
a ¢ = O'CGH4.

be opened (plus link H atoms that mend the broken bonds) in lll. Results and Discussion

all the systems but one to be discussed later. A two-layer The region for the formation of the orifice is schematically
ONIOM, ONIOM2(MP2/6-31G(d):RHF/3-21G), was employed  yonicted in Figure 2. Three bonds of the saturated cyclohexane
for geometry optimizations and frequency calculations, using ring are cleaved in a [22+2] ring opening procedure, giving
MP2/6-31G(d) for the system M and RHF/3-21G for the R s (o the 5-open or 6-open structures, depending on which set
system, whereas three-layer ONIOM, ONIOM3(G2ZMS:MP2/ of three single bonds are broken. The model M system in the
6-31G(d):RHF/3-21G) was used for single point energy calcula- ONJOM treatment changes from cyclohexane to three separated
tions at the ONIOM2 stationary points. The three-layer calcu- H,C=CH, entities, which are again closed shell systems and
lations feature the highly accurate G2M$evel of theory for  can be treated reliably at the chosen levels of theory. For the
the M system (gH12), MP2/6-31G(d) for the | system, and RHF/  interaction and insertion of the metal cation? li$ included in
3-21G for the R system. G2MS itself is an extrapolation scheme the M system.

which uses RMP2/6-31G(d) as the base and features spin- A. Hexahydrofullerene, CsoHg. This is the smallest system
restricted RCCSD(T)/6-31G(d) as the method to describe high under investigation, and can be considered as a prototypical
level correlation effects and calculates basis set corrections atmodel, although it has never been synthes#Ze@nly AML,

the spin-restricted RMP2/6-3315(2df,2p) level. The G2MS

PM3, and RHF/3-21G energetics were available for compafison.

extrapolation method is applicable quite reliably to closed- and The closedH6, the 5-openH6—50 and the 6-open structure
open-shell systems. Open-shell systems were involved in thisH6—60 all posses€s, symmetry, as can be seen in Figure 1.

study in calculating binding energies fid6 andM6 and treated

The gain in energy due to hydrogenation to far@ from Cgs

at the restricted level to avoid spin contamination. For the sake @nd six isolated hydrogen atoms is calculated at the ONIOM-
of comparison, we also present a few DFT single point energy (32MS) level to be 380.9 kcal/mol, i.e., 63.5 kcal/mol pertd

results, obtained at the BP/SVP level, i.e., the BedRerdew
functional® using a split valence basis set with polarization
functions on carbof? with the resolution-of-identity-approx-
imation (RI-DFT) as implemented in TURBOMORE for
ONIOM2 optimized structure®

The ONIOMS3//ONIOM2 approach has been successfully
employed beforé® and we feel comfortable using this 2-fold

bond. As can be seen from Table 1, all open structures are higher
in energy, with the 5-open structurd6—50 being more
favorable by 7.1 kcal/mol relative to the 6-open structdfe-

60, which is 45.6 kcal/mol higher thai6. AM1 and PM3 place
H6—50 at 9 to 14 kcal/mol higher thahl6, and the relative
energy forH6—60 is estimated to lie between 56 and 64 kcal/
mol.® RHF/3-21G predicts more unfavorable energetics with
H6—50 being 29.2 kcal/mol, ant#i6—60 about 76.8 kcal/mol

strategy. In particular, the G2MS:MP2:RHF hierarchy has been higher in energy thaki6, which means that the stability of the
demonstrated to give excellent results, as these methods als@aturated ring system iH6 is considerably overestimated as
represent systematic methodological improvement over eachcompared to ONIOM(G2MS) and the semiempirical methods.

other, in contrast to inclusion of DFT as one level of thedry.

These numbers are somewhat lowered in BP/SVP calculations,

The G2MS method is expected to provide the bond dissociation which predict the relative energetics to be 19.5 kcal/rktl

energies within an error of a few kcal/mol, and the ONIOM3-
(G2MS:MP2/6-31G(d):RHF/3-21G) (later also called ONIOM-
(G2MS) for brevity) extrapolation is expected to add one kcal/
mol or so to this errof® Thus, the energetics we obtain in the

50) and 61.2 kcal/molfi6—60), respectively, and they are thus
more in line with the most reliable ONIOM(G2MS) results. The
larger stability of the 5-open structure over the 6-open structure
is due to the fact that the former retains partially aromatic C

present paper would be much more reliable than any other singleentities upon opening, as seen Figure 2, whereas the 6-open
level calculations available or accomplishable soon for the Structure loses this additional stabilization, as suggested by the

present systems.

We have used GAUSSIAN'’s implementation of ONIOM,
partly employing our own development version, and partly the
publicly available versions 98.A1 and 98.8%Due to the high
symmetry of many of the compounds under investigation,
symmetry restrictions were applied where possible, nai@gly
for hexahydro- and hexamethylfullerenes ador the larger
systemsN3 and NCO. All systems (except for the binding

structures in Figure 2.

Table 3 lists the individual ONIOM(G2MS) energy compo-
nents and S (substituent efféétyalues for all open structures
relative toH6 andM®6. Particularly interesting is the StM)-
value between system M and | for the 5-open structures, which
is a measure of how much the surrounding environment of M
influences its electronic structure. Although there is a rather
small stabilizing effect from system R to system-§ and—9
kcal/mol for H6 and M6, respectively), the stabilization

energy calculation) were treated assuming closed-shell electronicincreases to-28 kcal/mol when the electrons of system | are
structures. Analytical frequency calculations were then per- gjiowed to interact with the nearby electrons in system M. In
formed for each structure at the ONIOM2 |eVe|, to characterize contrast, there appears to be almost no Corresponding stabiliza-
the nature of these stationary points on the PES based on the&jon for the 6-open structure, as shown in the very small S-values
number of imaginary frequencies (NImag). For the characteriza- either for S(R-1) or S(I—M).

tion of charge distributions, standard Mulliken population The carbor-carbon bonds in the hydrogenated six-membered
analysis was employed, based on integrated densities of thering are stretched from 1.459 A in unmodified@o 1.596 A
ONIOM2 level. in H6 for bonds that are part of a five-membered ring, and from
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Figure 3. Transition states and reaction coordinate of lrisertion forH6—50, H6—60, M6—50, and M6—60. Bond lengths are given in A.
Mulliken atomic charges from ONIOM2(MP2/6-31G(d):RHF/3-21G) calculations are given next to select atoms.

TABLE 3: Individual ONIOM Energy Contributions and
Substituent Effects (in kcal/mol) for 5-Open (-50) and

6-Open (-60) Structures Relative to H6 and M6

ONIOM H6 H6—-50 H6—60 A (60—50)
E(R,L) 0 19.8 35.7 15.9
E(I,L) 0 25.7 36.3 10.6
E(I,M) 0 21.7 51.1 29.4
E(M,M) 0 50.1 53.3 3.2
E(M,H) 0 41.4 48.4 7.0
E(ONIOM3) 0 7.1 45.6 38.5
S(R-1) -5.9 -0.6 5.3
S(I-M) —28.4 -2.2 26.2

ONIOM M6 M6 —50 M6—60 A (60—50)
E(R,L) 0 14.6 30.0 15.4
E(l,L) 0 23.5 31.8 8.3
E(I,M) 0 19.5 451 25.6
E(M,M) 0 35.0 50.1 15.1
E(M,H) 0 25.7 44.0 18.3
E(ONIOMB3) 0 1.3 37.2 35.9
S(R-1) -8.9 -1.8 7.1
S(I—-M) -15.5 -5.0 10.5

very approximate measure for available space and that the
interaction region of the carbon atoms with any approaching
atom is much larger. Once the saturated six-membered ring is
opened, the orifice becomes well developed. For instance, in
5-open structurdH6—50 the alternating carboncarbon dis-
tances on the opened ring are 1.385 and 2.911 A (broken bond),
which means that the three developegC bond lengths that
reside in the six-membered rings are almost aromatic and the
cleavages of the other three bonds is complete. The diameter
of the distorted ring, measured as the distance between parallel
bonded and nonbonded distances on either side of the opened
six-membered ring, is now 3.72 A and thus significantly wider
than in H6. Going to the 6-open structutd6—60 increases
this diameter even further to 3.85 A, with alternating bond
lengths of 1.378 and 3.012 A, indicating a more localized double
bond within the five-membered rings and a higher flexibility
of the five-membered rings resulting in a pronounced bucket
shape of the fullerene, as seen in Figure 1.

The structures of the transition states (TS’s) for insertion of
Li* into the 5-open and 6-open orifices are shown in Figure 3.
These transition states are located whereddmes closest to

1.408 to 1.591 A for bonds that are part of a six-membered the six carbon atoms of the opened rings, with heing slightly

ring, respectively. This means that the six carboarbon bonds
in H6 are substantially longer than a typical carb@arbon

above the center of the rings. The TS’s are als@Gffsymmetry
and have oneamaginary frequency of 45&cm~! (H6—50)

single bond. However, this ring stretch is by far not sufficient and 398 cm~! (H6—60). The reaction coordinate, shown in
to provide an opening for an incoming metal atom or ion. The Figure 3, not only represents the insertion motion of bit
diameter of this six-membered ring, measured across the ringalso the motion for widening the orifice with CC stretches and

center between the center of two opposite carlmarbon bonds

bends. At both TS’s the deformed six-membered rings actually

of the six-membered ring, is only 2.87 A, as shown in Figure have become even more open due to slight deformations in the
1. Assuming the covalent radius of 0.77 A for carbon and the opening region in order to accommodate the incoming ion. The

ionic radius of 0.76 A for L, the space available for a lithium

insertion of Li" is required to overcome a very high barrier,

cation to pass through the ring is estimated to be too small by which is, as shown in Table 1, 61.1 kcal/mol fd6—50 +
0.19 A. In addition, one must realize that covalent radii give a Li™ and 50.7 kcal/mol foH6—60 + Li™. There exists a weak
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initial complex with Lit being located 3.53 AH6—50) and the relaxation that occurs during ring opening. However,
3.78 A H6—60) above the plane of the opened ring atoms, inspection of Table 3 shows again that the -9{)-value
whereas the structure of the hydrocarbon skeleton is virtually (substituent value) between system M and system | for the
unchanged. After the insertion barrier is overcome, another 5-open structures is still largest with15.5 kcal/mol, whereas
minimum with Li* inside the cavity was found in both cases, some contribution comes also from S{B, since the deforma-
showing a stabilization energy f10.8 kcal/mol H6—50) and tions extend beyond the region of the intermediate model. The
—11.4 H6—60) below the dissociation limit. These minima are  6-open structure shows again rather small S-values witl8
characterized by Libeing positioned almost exactly below the  kcal/mol (R-1) and —5.0 kcal/mol (-M). This demonstrates
ring center, again giving rise 103, symmetry, with a distance  once more that one major factor to describe the electronic
of about 3.5 A from the atoms of the ring opening. These ion- structure of the open compounds is the aromaticity gained by
Ceointeraction energies are surprisingly similar to those obtained ring opening in the 5-open structures, and that the 6-open
by Geerlings et al?¢ at the HF/3-21G level of theory with 9.4  structures are energetically not competitive.
kcal/mol after counterpoise correction [Their noncounterpoise Compared tdH6, M6 has even larger €C bond lengths in
corrected interaction energy is 27.7 kcal/mol. Due to the much ¢ ¢ gityted rin,g with 1.657 and 1.668 A, respectively. This
larger basis setg we used for th'.s. ONIOM(G2MS) study, we is another indication that the entire system is under a high
expect the basis set superposition effect tg be orfjers of amount of strain, resulting in very elongated carboarbon
magnltude_ smaller thgn for HF/3-21G.] for th_e @ Ceo with ... single bonds, making this system highly unstable. However, the
the ion beln_g located in the center of th?. cavity. Although it is bond lengths in simple 1,2-substituted fullerenes are known to
known that jons can favor off-center positions in Fh_e endohedral be unusually elongated, a fact usually attributed to the inherent
complexeg® we did not attempt to locate such minima because strain of the fullerene framewoR®
the focus of this paper is more on the insertion step rather than ) T .
to obtain accurate stabilization energies, which would also be The closed structuri6 is a true minimum on the potential
somewhat arbitrary with the ONIOM model employed here. €nergy surface, with no imaginary frequencies. Yet, the ring
We note that the barriers for entrance of everi bi the stretch is again not sufficient by itself to provide an opening

smallest possible metal cation in these systems are too high, agn(:r rirt]) Irrlcgrﬂwg imgtglza}tz\orcw?ir ;]oin. Thri d|?rE(Ietetr otfhth'SnS'X'f
expected from the steric encumbrance of.Liarger openings Hg—6e e'th 3 7922 O N o?MGigo pdaM%—eG 0 the one o
are necessary in order to allow a metal atom or cation to enter owith 5. - Jpenings oan oare very

the cavity of Go, as will be discussed in the following sections. similar with 3'.86 and 3.97 A re.spectlvely,.wnh somewhat
. . longer G=C units of about 1.41 A in the opening as compared

B. Hexamethylfullerene, Go(CHs)e. Increasing the size of -, o hydrogenated species as a consequence of the steric
the addend in the hexasubstitutegh Gerivative is expected to Ision of the methvl substituents
enlarge the size of the orifice. Therefore, it is interesting to see repu i y i T .
the effect of replacing hydrogen by the bulkier methyl group, DU to their larger openings, inserting'Linto the 5-open
where steric interactions push all atoms of the opened rings ever@"d 6-open orifices of the hexamethyl spedvs—50 or M6 —
further apart. This system is also of hypothetical nature becauseS0 Should require less energy than fé6—50 andH6—60. This
it has not been synthesized, and serves only as a high-symmetryS Particularly true for the 5-open system, where the energy of
model for more easily accessible derivatives. the Lit insertion trans!tlon state is redupepl fro_m .61.1 kcgl/mol

Al structures for this system adof, symmetry as can be to 49.7_ kcal/mol relative to the dISSOCIaj[IOH limit (_see_ _Flgure
seen in Figure 1. The binding energy for the six methyl radicals 4). 99'”9 fromH6—60 to MG_GO results in a less significant
is calculated to be 252.3 kcal/mol at the ONIOM(G2MS) level, stabilization of the transition state, namgly from 50:7 kcal/mol
i.e., 42.0 kcal/mol per methyl-carbon bond. This is substantially 1o 45.1 k_cal/ mol. The structures ?‘”d vibrational eigenvectors
lower than that for the hydrogercarbon bond in hydrogen for tra_nsmon states are shown in Figure 3. The relguvely S|m|]qr
substituted systems, which is indicative of the steric repulsion €N€rgies for 5-open and 6-open hexamethy! substituted transition
present in this system, as—&l and G-C bond energies are states are a reflectlgn of the fact thgt thg dlgmeters of the Six-
usually similar. Again, all open structures are higher in energy membered opened rings are almost identical in the two transition
than M6, although the 5-open structufd6—50 is almost state;._ Compared with those of the _hexahydro species, the_se
isoenergetic td6 at 1.3 kcal/mol at the ONIOM (G2MS) level '.[ransmon states are somevx_/hat later in the reaction Whe*rg Li
(see Table 1). The 6-open struct#6—60is higher in energy is almost coplanar with the six carbon atoms o_f the op_ened rings.
by 37.2 kcal/mol relative té16, a difference similar to the 45.6 ~ 1hey are also o, symmetry and are associated with one a
kcal/mol relative stability for the 6-open hydrogen systdfi+ imaginary frequency of 367cm™ (M6—50) and 344 cm*
60. The semiempirical energies deviate more from the accurate (M6—60).
ONIOM energies for the hexamethylfullerenes than for the  As for initial complexes, we could not locate a minimum in
hexahydrofullerenes. Both AM1 and PM3 predict tM—50 the case oM6—50. However, such a minimum exists for a
should be more stable thav6é by 36.4 and 19.4 kcal/mol,  weak initial complex withM6—60 and Li*, which is located
respectively, while ONIOM (G2MS) predicts this to be nearly 4.57 A above the plane of the opened ring atoms, whereas the
thermoneutral. In the case dW6—60, the semiempirical structure of the hydrocarbon skeleton is virtually unchanged
methods are again underestimating steric repulsion as comparedrom H6—60. Once the insertion barriers are overcome, another
to ONIOM (G2MS) by up to 37.2 kcal/mol. Thus, semiempirical minimum with Li* situated inside the cavity was found in both
methods seem to perform poorly in the case of strongly strained cases, which shows a stabilization energy-¢6.3 kcal/mol
systems. BP/SVP calculations, on the other hand, predict thesg M6 —50) and—7.1 (M6—60) below the dissociation limit. The
relative energies to be 3.7 kcal/mol M6—50) and 25.7 kcal/ stabilization energies are of the same order asH®+50 and
mol (M6—60), respectively, which is more in line with our  H6—60, indicating that the methyl substituents are no longer
ONIOM resullts. influencing the interaction of the metal atom with thg, @nit.

The steric repulsion withiM6 destabilizes this structure so  Like in the hydrogenated systems, these minima are character-
much that the energy required for bond cleavage is gained byized by Li* being positioned almost exactly below the ring
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center, again giving rise t€3;, symmetry, with a distance of E [keal/mol]
about 3.5 A from the atoms of the ring opening.

From these calculations, one can see that the barriers for
entrance of Lt into these systems are still very high. Larger | A.5-open
substituents or rigidifying addends as discussed in the Introduc-
tion seem to be necessary to increase the size of the orifice in
order to allow a small metal atom or cation to enter the cavity
of Cgo. Effecting higher numbers of bond scissions is also an
alternative that will need to be achieved through experimental
protocols.

C. Bistriazoline and Bislactam Derivatives.The bistriazo-
line derivativeN3 and the bislactam derivatinéCO (see Figure 63
1) are members of a series of compounds that have been 0.0 -4.1 N
proposed as more practical systems for organic synthesis, while -0
being also much more widely open. Interestingly, in attempts =~ H6-50/Mé-50 + Li*  initial Complex TS ai 6-membered ring ~ H6-50/M6-50@Li"
to synthesizeé\3, the unexpected derivatinéCO was obtained
experimentally by Rubin et dlThis latter compound displays E [kcal/mol]
the largest ring opening of any synthesized fullerend Q).
Both the hypotheticalN3) and the synthesizedNCO) com- 50.7
pounds have in common that they are derived by addition of B. 6-open
1,4-bis(2-azidophenyl)butadiene p—CsHs—¢p(N3), ¢ =
0-CgHyg, to Cso, which provides a rigid, computationally designed
framework that serves as the backbone of the functionalized
ring system. Due to the symmetric nature of the addends, both
systems aré€Cs symmetric before interaction with metal ions.
However, interaction of incoming metal ions with the functional
groups attached to the ring opening may lead to breaking of
the symmetry, as will be shown for the case M€O. The
hypothetical N3 features the same type of orifice as the 0.0 J—
hexahydro- and hexamethylfullerenes, namely a 5-open structure 103 117
featuring benzene and triazole moieties derived from three
cycloaddition reactions with the six-membered ring double
bonds, as shown in Figure 2. Therefore, the six-membered ring Figure 4. Energy profiles of Lt insertion for (A).H6—50 andM6 —
was chosen to be the same high level model system M as>® and (B).H6—60 andM6—60. ONIOM(G2MS) relative energies

. . C are given with respect tbl6 + Li* andM6 + Li* and are in kcal/
employed for the previous systems, with the six nitrogen atoms
added to the intermediate system | and the remainder of the
macrocycle was treated in the R system only (see Table 2). The
experimentally obtaineMCO, on the other hand, does not fall The rigidity of the macrocycle and the larger openings make
into a 5 or6-open category, but could be best described as athem more realistic candidates for metal atom insertions. The
system in which a single €C bond was separated from the structures of the Li insertion transition states are in fact, as
remaining four atoms of the six-membered ring, as shown in shown in Figure 5, not much different from those of the systems
Figure 2. These four carbon atoms form a bisamide moiety and without metal ions, in clear contrast to thi& andM6 systems
are represented by a malealdehyde unit G#8Ei=CH—-CHO previously discussed. These structural characteristics are re-
in the high level model system M, together with an ethylene flected in the lower barriers toward tientrance. The energy
unit for the remaining two carbon atoms of the opened ring. of the transition state foN3 is just 19.6 kcal/mol above the
The reason for inclusion of oxygen into M is that plouble bond§ dissociation limit at the ONIOM(G2MS) level, and the imagi-
of the real system should not be replaced by single bonds in nary frequency obtained for this structure is BE&. BP/

any model, and to keep the terminal carbon atorfshyprid- SVP predicts a relative energy of 24 kcal/mol, which is in

ized. Because this can be achieved already with keeping oxygen . "
in the model system, cutting at the partially conjugateshC reasonable agreement with ONIOM(G2MS). The real transition

bonds is certainly not a dramatic oversimplification. These Statpj[ _for(I:\ICO Wast fo_und INCy s(;j/mmetré/alas thetstatlon?rt);]
bridging nitrogen atoms were included in the intermediate point in s Symmelry 1S a secondary saddie point, one ot the

. . . - r —1
system |, and the remainder of the macrocyle was treated inimaginary frequencies being @’ symmetry at 127cm=.
the R system only, as iN3. Following its displacement vector, we found the true transition

state shown in Figure 5. It is characterized by strong interaction
it becomes more difficult to specify a single number as a P€tween LT and one of the negatively charged oxygen atoms
measure of the size of the ring opening due to additional steric ©f the amide groups, where 1+0 distances are 2.788 and
requirements of these groups which may hinder the entrance of3-107 A, respectively. This transition state RCO is even

a metal atom or ion. The diameter defined above for the six- lower in energy than the one f&¢3, lying only 15.7 kcal/mol
membered opened ring (distance between parallel bonded andtigher (BP/SVP: 23 kcal/mol) in energy than the reactants, with
nonbonded €C distances) can be used 68 and is calculated ~ an associated imaginary frequency of Béa1. The reaction

at the ONIOM2 level to be 4.02 A. The opening CO can coordinates for both transition states consist of the CC stretches
be calculated as the distance between paratleC@ouble bonds  and bends for widening the orifice as well as thé lrisertion

on either side of the six-membered ring, and is about 4.11 A. motion, as in transition states for the other systems above.

61.1

R

-7.1

BB

H6-60/M6-60 + Lit  Initial Complex TS at 6-membered ring H6-60/M6-60@Li+

As the functional groups added tgdare chosen to be larger,
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TS N3
NImag=1
a'=375i cm’!

TS NCO
NImag=1
a=344i cm’!

Li-C2=2.257
Li-C3=2.730
Li-C4=2.178
Li-C5=2.267
Li-C6=2.466
Li-C7=2.471
Li-N=2.528

Figure 5. Transition states and reaction coordinate of lrisertion forNCO andN3. Bond distances are given in A.

IV. Conclusions rings retained in the orifice by the opening of the 5-memebred
. . . ring (see Figure 2). Semiempirical (AM1 and PM3) results agree
s oo e e s oo QU el i he OO resuls [ hese speces, The
L . P ONIOM (G2MS) finds the 5-open hexamethyl spedié8—50
for Li™ insertion at a level comparable to the very accurate _. . . o
slightly higher in energy than the closed fod6. This is in
G2MS, where hydrogen, methyl, and macrocycles were chosen . - ST
strong contrast to the semiempirical results, which indicate that

as functional groups that are involved in retroH2+2] L
cycloaddition reactions, as proposed by Rubin ét%aTwo- the 5-open species is 236 kcal/mol more stable than the

layer ONIOM(MP2/6-31G(d):RHF/3-21G) was used for geom- closed .form.; the semigmpirigal methods seem to be vastly
etry optimizations and frequency calculations, and single point Overestimating the steric strain of the closed form.

energy calculations have been performed using three-layer Barriers for entrance of L'i as the smallest possible metal
ONIOM(G2MS:MP2/6-31G(d):RHF/3-21G), where usually the cation into these open structures were calculated to be extremely
opened six-membered ring atoms were treated at the G2MS levehigh with relative energies of 61.1 kcal/méi§—50) and 50.7

of theory. kcal/mol H6—60), respectively. These barriers are somewhat

The ONIOM (G2MS) finds that the 5-open hexahydro species reduced when hydrogen is replaced by methyl, making the
H6—50 is much more stable than the 6-open spetiés-60 orifices larger due to steric repulsion and the insertion step easier
and is only several kcal/mol endothermic relativeH6. The with relative energies of 49.7 kcal/mol fé6—50 and 45.1

extra stability of the 5-open species over the 6-open analoguekcal/mol forM6—60, respectively. In either case, the orifice is
can be attributed to the aromatic stability of the six-membered not large enough for the smallest ion to go through.
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The macrocyclic bistriazoline and bislactam systeN&and (9) (a) Schick, G.; Jarrosson, T.; Rubin, Xngew. Chem., Int. Ed.

NCO, studied as examples for systems that can be prepared®"d! 1999 38, 2360. (b) Rubin, ' Top. Curr. Chem1999 199, 67.
. I . liahtly | if d sub iall (10) Rubin, Y.; Ganapathi, P. S.; Franz, A.; An, Y.-Z.; Qian, W.; Neier,

experimentally, gives slightly larger orifices and substantially g Ghem. Eur. 31999 5, 3162.
smaller barriers for L insertion, compared to the hypothetical (11) Rubin, Y.; Jarrosson, T.; Wang, G.-W.; Bartberger, M. D.; Schick,
systems described above, i.e., 20 and 16 kcal/moNf®and Sc');ofiuondlesriéM': Cross, R. J.; Houk, K. Angew. Chem., Int. Ed. Engl.
NCQ, respgcuvely.l'l_'hls bar_rler isinthe range_accessmle under 12) ('a) Andreoni, W.Annu. Re. Phys. Chem199§ 49, 405. (b)
relatively mild conquns. Given the fact that'Lis the smallest Bauernschmitt, R.; Ahlrichs, R.; Hennrich, F. H.; Kappes, M. MAm.
member of metal cations, and that transition metal atoms suchChem. Soc1998 120, 5052. (c) Stener, M.; Fronzoni, G.; Venuti, M.;

; ; ; inpDecleva, PChem. Phys. Lettl999 309, 129. (d) Aree, T.; Kerdcharoen,
as Co are roughl_y_thre(_a times larger, it remains an open questlonT.; Hannongbua, SChem. Phys. Lettl998 285 221. (¢) De Proft, F.:
as to how the orifice diameter could be even further increased. /an alsenoy, C.: Geerlings, B. Phys. Chem1996 100, 7440.

(13) (a) Boese, A. D.; Scuseria, G. Ehem. Phys. Lett1998 294,
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