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The ability to add two or more functionalities to the surface
of fullerenes with defined geometry is a key element in
expanding the potential applications of fullerene derivatives.
This is especially true in biochemical systems, where host
guest binding often depends on the accurate positioning and ) ) ) ) )
alignment of complementary surface types. In general there Figure 1. Schematic showing tether-linked dlgne qnd the 15 unique
are two ways that regiospecificity can be attained in fullerene 86 Pond targets tap) and the seven bonds driven in the search.
synthesis: (1) by exploiting relative reactivities of sites (i.e.,
the reaction at a single site influences the reactivity of the
remaining sites, leading to a specific pattern of modificafion)
or (2) by tying together two reactive groups with a flexible
linker, which then directs the addition of the second group upon
reaction of the firs€. In our pursuit of the synthesis of a diamino
C60 compound as a potential HIV-protease inhibitare have
developed a computational strategy for evaluating the ability
of different linkers to “deliver” the second reactive group to
the fullerene surface in a potentially productive manner (i.e.,
in the desired position). We elaborate upon this strategy here
and demonstrate its application to a known linker-assisted
regiospecific fullerene modification accomplished by Diederich

and co-workeréf. . . : limit of 3.5 x 107 conformers). Each of the conformers was
The strategy is to find the bond on the C60 that is most likely ) . " )
analyzed to determine the distance between two centroids.

to be approached by the second reactive group as the linker

: : : : Centroid 1 was at the center of mass of the two reacting diene
sweeps through its possible conformations. The computational ;
approach is summarized as follows: (1) Construct a model of carbons. Centroid 2 was at the center of mass of the C60 sphere.

: . . s each conformation was generated, it was discarded if the
the singly reacted species. (2) Generate the entire ensemble Of:\entroid Fcentroid 2 distance was greatert®A (i.e., distant

conformers available to the flexible linker that joins the first rom the surface of the fullerene). This filter resulted in a
reactant (now bonded to the C60) and the second reactant. (Thig - . S .
reduction to~1.2 x 10* potential reactive conformations.

is done using the technique of systematic conformational Each of these remaining conformations was further tested for
searching where rotatable bonds are driven by some incremental 9

change. (3) Filter this large ensemble for the conformers that its ability to position the diene carbons within a reactive distance

place the second reactive equivalent near the surface of theto possible reactive C60 bonds. This process is simplified

. . : . _because of the known preference in C60 for Digldder
fullerene in a productive manner. (4) For each potential reactive : .
bond on thep C60 surface, que(ry) whether F())r not a given reactions to modify at 6-6 bonds. Therefore, only 6-6 bonds

conformer positions the second reactive equivalent closely \rlgzrceti\?:igﬁgﬂhaﬁ%rngizgga%r??ﬁgét\:/)\ill?t f'gﬂﬁg ég;g%i?%il
enough and in the correct orientation to react with the bond. Y

(5) Finally, determine the molecular mechanics energy of the o position each of the two reacting diene carbons within a

conformations that satisfies condition 4, and from these values specific distance to th_e reacting 6-6 bond carbons. In order_ to
and the apparent global conformational energy minimum, assess the effect of this distance on the results of the simulation,

determine the Boltzmann factor for each of these reactive V€ repeated the filtering using a range of distance cutoffs from
conformations. By examining the sum of these Boltzmann 4.0t0 3.4 A. Inaddition to the distance filter, each conformation

factors for each potential reactive bond, the probability of finding was also filtered for the angle of the diene relative to the 6-6

L T 8 X .
the second reactive equivalent in a reactive position is assessetgggdr'nr;l]—gt'ﬁc(;rl't?rr]'g Vr;’]a;g’te:hi?}gor' eaiicg?g%ct)?fi ?r'lz?g \:\?ere
and then used to determine the likely position of addition. A Y ’

similar approach has also been developed by Bruice and co-wo possible final products related through a 186tation of

workers to help understand rates of intramolecular esterifica- '€ diene at theft'me.Of reaction, designated with subscripts a
tions45 and b in Table 2. A simplifying factor was the presence of a

We have applied this methodology to analyze a synthesis plane of symmetry in the monoadduct which roughly halved

: : . o the number of 6-6 bonds necessary to be examined. The final
performed by Diederich and co-workérshich utilizes the number of filters performed was 31, two for each of the 6-6

approach of tying two reactive equivalents to a flexible linker.
They utilized the species shown in Figure 1, which is the product
of an initial addition across a 6-6 bond forming a cyclopropyl
link. Following this first addition, the diene at the end of the
tether adds to a 6-6 bond on the surface in a Didlsler
fashion. The location of the second group (diene) addition is
determined by the conformational nature of the linker. These
authors designed the linker they used on the basis of relative
energy of the possible products, a reasonable approach that we
will comment on below.

We modeled the monoadduct using the program SYBYL.
A systematic conformational search was initiated by driving each
of the seven rotatable bonds with a®38solution (a theoretical
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Table 1. Summation of Boltzmann Factors for Productive
Conformations (satisfying angle and distance cut-offs) at Different
Reactive Atom Distance Cutoffs

6-6 bond 4.0A 3.8A 3.6 A
b, 7.2x 1072 3.0x 102 7.1x107°
by 3.9x 10°° 9.0x 1013
Ca 1.4 3.1x 102 1.1x 102
da 1.2x 1072
do 48x 102
Oa 9.1x 10°° 2.3x 10°°
ia 7.9x%x 10°° 7.7x 10°° 7.7x 10°°
ib 3.3x 108 3.3x 108
ja 49x 107 48x 108
Iy 8.3x 10712
My 3.0x 108 3.3x10° 40x 10710
My 3.6x 1078 3.6x 1078 3.6x 1078

aNo conformations were observed at the 3.4 A level. Subscripts a
and b for each bond identifier indicate one of two possible orientations
of the diene relative to the 6-6 boAdThe bonds not listed had no
conformations which satisfied the filtering criteria.
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product which has the highest “contact probability” from among
the 31 possible products. For the intermediate cutoff value of
3.8 A, the experimentally unobserved isomer has close to

the same Boltzmann summation as thésomer. The ability

of this relatively simple analysis to rapidly indicate likely targets
of addition suggests that it may be useful in designing other
regiospecific fullerene syntheses, especially as greater sophis-
tication of the models used is introduced (i.e., higher resolution
searches and inclusion of quantum mechanics to analyze
“productive” conformations).

A significant factor that has not been included in the
simulation is the intrinsic reactivity of each 6-6 bond. There is
evidence that there is considerable variation in subsequent 6-6
bond reactivity following an initial 6-6 bond additidf. As
other information about intrinsic site reactivity becomes avail-
able, either from theory or experiment, it can be included in
our computation by scaling the final summed Boltzmann factors.
Also, further experimental results can feed back into determining
what are optimal filtering distances and angles.

Diederich and co-workers approached the tether design

group, where symmetry causes the two possible diene adductgroblem by analyzing the theoretical energy of the possible

to be the same.

reaction products produced by a given tether. The tether that

The conformations that passed the filter for each bond were they chose produced a modeled product (thésemer final
noted, and their molecular mechanics energy was converted intoreaction product) that was 5 kcal/mol lower in energy than the

a Boltzmann factor using the expressipn= e [(E ~ EJ/RT
whereE; is the energy of the conformation akgis the lowest
energy conformation found in the complete search of 3.6

b, product (i.e., the product that would be formed by reaction
of the bond b), as determined using semiempirical calculations.
This is a reasonable approach insofar as the product of the

107 conformers. This expression represents a quantity that is reaction fairly represents the structure and energy of the activated
proportional to the probability of observing a specific energy complex, which is not necessarily the case. The methodology
state, in this case a potentially reactive conformation. The we have presented in this paper provides an alternate approach

results of this summation are listed in Table 1.
The aim of this simulation is to find which of the possible

to the solution of the problem of predicting the sites of
intramolecular reactivity by analyzing the relative populations

reactive 6-6 bonds is most likely to be near the reactive diene of potentially reactive conformations. It is our hope that this

in a productive orientation. The, tsomer is the sole product
experimentally observed by Diederich and co-workerBhese
simulation results show that, for the three limiting cutoff
distances, the sole experimentally observed prodygtigche

(9) The designations of subscripts a and b for each labeled 6-6 bond are

approach to the problem of designing regiospecific fullerene
syntheses may prove a practical tool as well as a route to
understanding and modeling reaction dynamics.
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