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By the tether-directed remote functionalization method, a series of bis- to hexakis-adducts of Cg,, i.e., 1-7
(Fig. 1), had previously been prepared with high regioselectivity. An efficient method for the removal of the
tether-reactive-group conjugate was now developed and its utility demonstrated in the regioselective synthesis of
bis- to tetrakis(methano)fullerenes (= di- to tetracyclopropafullerenes-Cq,-1,) 9-11 starting from 4, 5, and 7,
respectively (Schemes 2, 4, and 5). This versatile protocol consists of a 10, ene reaction with the two cyclohexene
rings in the starting materials, reduction of the formed mixture of isomeric allylic hydroperoxides to the corre-
sponding alcohols, acid-promoted elimination of H,O to cyclohexa-1,3-dienes, Diels-Alder addition of dimethyl
acetylenedicarboxylate, retro-Diels-Alder addition, and, ultimately, transesterification. In the series 911, all
methano moieties are attached along an equatorial belt of the fullerene. Starting from C, -symmetrical tetrakis-ad-
duct 15, transesterification with dodecan-1-ol or octan-1-ol yielded the octaesters 16 and 17, respectively, as
noncrystalline fullerene derivatives (Scheme 3). The X-ray crystal structure of a CHCl, solvate of 11 (Fig. 3)
showed that the residual conjugated n-chromophore of the C-sphere is reduced to two tetrabenzopyracylene
substructures connected by four biphenyl-type bonds (Fig. 5). In the eight six-membered rings surrounding the two
pyracylene (= cyclopent[fglacenaphthylene) moieties, 6-6 and 6-5 bond-length alteration (0.05 A) was reduced by
ca. 0.01 A as compared to the free Ceo skeleton (0.06 A) (Fig. 4). The crystal packing (Fig. 6) revealed short
contacts between Cl-atoms of the solvent molecule and sp?- and sp3-C-atoms of the C-sphere, as well as short
contacts between Cl-atoms and O-atoms of the EtOOC groups attached to the methano moieties of 11. The
physical properties and chemical reactivity of compounds 1-11 were comprehensively investigated as a function
of degree and pattern of addition and the nature of the addends. Methods applied to this study were UV/VIS
(Figs. 7-11), IR, and NMR spectroscopy (Table 2), cyclic (CV) and steady-state (SSV) voltammetry (Table 1),
calculations of the energies of the Jowest unoccupied molecular orbitals (LUMOSs) and electron affinities (Figs. 12
and /3), and evaluation of chemical reactivity in competition experiments. It was found that the properties of the
fullerene derivatives were not only affected by the degree and pattern of addition but also, in a remarkable way,
by the nature of the addends (methano vs. but-2-ene-1,4-diyl) anellated to the C-sphere. Attachment of multiple
methano moieties along an equatorial belt as in the series 8—11 induces only a small perturbation of the original
fullerene n-chromophore. In general, with increasing attenuation of the conjugated fullerene n-chromophore, the
optical (HOMO-LUMO) gap in the UV/VIS spectrum is shifted to higher energy, the number of reversible
one-electron reductions decreases, and the first reduction potential becomes increasingly negative, the computed
LUMO energy increases and the electron affinity decreases, and the reactivity of the fullerene towards nucleophiles
and carbenes and as dienophile in cycloadditions decreases.
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1. Introduction. — In the preceding paper [1], we described a versatile, tether-directed
remote functionalization method by which a complete series of bis- to hexakis-adducts
of Cgo such as 1-7 (Fig. 1) was prepared with high regioselectivity [2] [3]. Hexakis-adduct
7 is characterized by a pseudo-octahedral functionalization pattern, and the addends in
the lower adducts partially occupy the sites determined by this pattern. We subsequently
became interested in expanding the scope of this methodology by developing a protocol
to remove the initially introduced tether-reactive-group conjugate [4]. By this reversible
tether-directed remote functionalization strategy (Scheme 1), the anchor-tether-reactive

Y
(E10,C),C, Y =Z = —
Z = (EtO,CCH,0,0)5C, Y = —
Y = (EtO,CCH,0,C)5C, Z = —-
Y = Z = (Et0,C),C

Fig. 1. Bis- to hexakis-adducts 17T obtained by tether-directed remote functionalization

3 X
4 X
5 X
6 X
7 X

Scheme 1. Reversible Tether-Directed Remote Functionalization
anchor
tether

a) The anchor-tether-reactive-group conjugate is introduced. b) The anchor-tether-reactive group directs newly
incoming addends into equatorial positions. c) Subsequently, the tether-reactive-group conjugate is removed.
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group conjugate would first be attached to C4, and then direct new incoming addends
with high regioselectivity into equatorial (e) positions [2b] [5]. Subsequent removal of the
tether-reactive-group conjugate would yield new multiple adducts with addition patterns
that are difficult or even impossible to be accessed by stepwise additions without tether
or template assistance.

In this paper, we report an efficient method for the removal of the tether-reactive
group conjugate and demonstrate its utility by the synthesis of bis- to tetra-
kis(methano)fullerenes (= di- to tetracyclopropafullerenes-Cg,-1,) 9-11 (Fig. 2). These
compounds are members of a series of adducts (8a/b [6] and 9—11) in which methano
moieties are progressively introduced along an equatorial belt of the C-sphere. The X-ray
crystal-structure analysis of tetrakis-adduct 11 is also described. Previously, 9 had been
obtained as the kinetically most favorable constitutional isomer by stepwise Bingel
cyclopropanation [6a] of Cgy, followed by HPLC separation from the other six regioiso-
meric bis-adducts formed [5]. Tris-adduct 10 and tetrakis-adduct 11 cannot be prepared
without tether or template assistance; addition of a third and forth addend to 9 and 10,
respectively, would occur at the 6-6 bond (bond at the junction between two six-mem-
bered rings) which is equatorial to all addends already in place (Fig. 2) [2] [5] [7].

Fig. 2. Bis- to tetrakis(methano)fullerenes 9—11 obtained by reversible tether-directed remote functionalization. In
8-11, addends are progressively introduced along an equatorial belt of the C-sphere. The 6-6 bonds in 9 and 10
that react preferentially with untethered nucleophiles are highlighted in bold.

This paper not only highlights the power of tethered synthesis in the regioselective
formation of fullerene multiple adducts {1-4] [8—10], but also contains an in-depth
analysis of the changes in chemical reactivity and physical properties that occur when the
conjugated fullerene n-chromophore is reduced in a specific way as a result of increasing
functionalization. In addition, the dependence of fullerene properties from the nature of
the addends anellated to the C-sphere is investigated.



346 HELVETICA CHIMICA ACTA — Vol. 80 (1997)

2. Results and Discussion. — 2.1. Synthesis of Tetrakis(methano )fullerenes. Diels-Alder
adducts of fullerenes [11] with buta-1,3-diene derivatives [12] have proven quite stable
towards retro-Diels-Alder reaction. Therefore, an elegant, although less direct procedure,
introduced by Rubin and coworkers [13a], was applied to the removal of the two
cyclohexene rings in hexakis-adduct 7. When a solution of 7 [1] in PhCl was irradiated
in the presence of C, as 1O, photosensitizer [14] at 20° with a medium-pressure Hg lamp
(Pyrex filter) while a stream of O, was bubbled through, the 'O, ene reaction (the
Schenck reaction) [15] at the two cyclohexene rings was completed within 2 h yielding a
mixture of isomeric allylic hydroperoxides 12 (Scheme 2). In situ reduction of 12 with
PPh; gave a mixture of isomeric allylic alcohols 13 in 90 % yield. Matrix-assisted laser-
desorption-ionization time-of-flight (MALDI-TOF) mass spectrometry confirmed the
formation of diols 13 by showing the molecular ion as the base peak at m/z 1669. When
the 0, ene reaction of 7 was repeated in the absence of Cg,, the yield of 13, after
reduction, was only 42%. This demonstrates that hexakis-adduct 7, in contrast to the
parent fullerene and lower adducts [1] [14¢], had lost much of its capacity for acting as
10, photosensitizer.

By the 1O, ene reaction of 7 and subsequent reduction, three constitutionally isomer-
ic allylic alcohols with endocyclic double bonds could form [13b]. Three major product
fractions were detectable (TLC), and the least polar one was isolated by column chro-
matography (SiO,-H, CH,Cl,/AcOEt 23:2). Its *H-NMR spectrum (CDCl,) gave evi-
dence for the presence of constitutional isomer 13 (depicted in Scheme 2) in which both
CH,C,H,C,H, tethers are attached to the cyclohexene C-atoms bearing the OH groups.

Scheme 2. Synthesis of D,,-Symmetrical Tetrakis( methano)fullerene 11

12 R = OOH

b)

X 13 R=0OH

(mixture of constitutional and
stereoisomers)

X = (EtOoC)oC

B/ B P

15

a) hv (medium pressure Hg lamp, Pyrex filter), O,, Cq,, PhCl, 2h. b) PPh,, PhCl, 1h; 90% (from 7).
¢) MeO,CC=CCO,Me (10 equiv.), TSOH (3 equiv.), PhMe, 4, 4.5 h; 47%. d) K,CO,, EtOH, THF, 3.5 h; 80 %.
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The 'H-NMR spectrum of 13 displayed two d’s (J = 9.8 Hz) at 6.17 and 6.26 ppm for the coupled vinylic
protons of the cyclohexene moieties. Furthermore, four d’s (J = 11 Hz) for the diastereotopic C{H,CH,0 protons
suggested the presence of two, C(meso) and C,(rac) symmetrical diastereoisomers. A total of at least 54 signals
in the sp>-C-atom region (128—157 ppm) of the !*C-NMR spectrum also supported the presence of the two
diasteroisomers which require 30 signals each in this region.

The mixture of allylic alcohols 13 was subsequently heated in deoxygenated PhMe in
the dark together with toluene-4-sulfonic acid (TsOH, 3equiv.) and dimethyl
acetylenedicarboxylate (DMAD, 10 equiv.). Under these conditions, 13 was dehydrated
to the corresponding bis(cyclohexa-1,3-diene) derivative 14 which, via a Diels-Alder/
retro-Diels-Alder sequence, afforded tetrakis-adduct 15 in 42% overall yield starting
from 7.

The MALDI-TOF mass spectrum of 15 showed the expected molecular ion as the base peak at m/z 1916. In
support of the proposed C,,-symmetrical structure, the "H-NMR spectrum (CDCl,) of 15 displayed resonances
for three chemically nonequivalent EtO groups. The **C-NMR spectrum (CDCl,) exhibited 16 of the 17 expected
resonances for fullerene C-atoms and displayed signals for three nonequivalent EtOOC groups.

Various transesterification methods were explored to convert 15 into the D,,-sym-
metrical target compound 11. Heating 15 in EtOH/CH,CI, for 1d to reflux in the
presence of tetraethyl titanate [16] as catalyst only led to the recovery of starting material.
Presumably, the titanate reagent is too sterically hindered to catalyze reactions in close
proximity of the bulky fullerene sphere. Finally, treatment of 15 with a large excess of
K,COj; in anhydrous EtOH/THF 1:1 [8] [9] for 3.5 h yielded the desired octakis(ethyl
ester) 11 as a bronze-colored solid. Both 11 and 15 give green-yellow solutions in CH,Cl,
(for the UV/VIS spectra, see Sec. 2.6.2).

The LDI-TOF mass spectrum of 11 displayed the expected molecular ion as the base peak at m/z 1353. In
support of the D,,-symmetrical structure, the *H-NMR spectrum (CDCl,) showed only peaks for two chemically
nonequivalent EtO groups. Also, the '3C-NMR spectrum (CDCl,) of 11 depicted only seven resonances (one of
half intensity) for fullerene sp2-C-atoms, two signals for fullerene sp3-C-atoms, two for methano-moiety C-atoms,
and the expected peaks for two nonequivalent EtOOC groups.

2.2. X-Ray Crystal Structure of Tetrakis-adduct 11. Black, plate-like single crystals of
11 were obtained by very slow evaporation of a CHCIl; solution at room temperature.
The crystals belong to the triclinic space group P1, with half a molecule of 11 and one
CHCI; molecule in the asymmetric unit. The structure of 11 undergoes a phase transfor-
mation at ca. 252 K, the low-temperature phase being triclinic (P 1) as well. The high- and
low-temperature structures of 11 were determined at 258 and 100 K, respectively. In the
high-temperature structure, the solvent and two EtO groups are statically disordered,
while the low-temperature structure is ordered. Further details about the X-ray analysis
are given in the Exper. Part.

The four addition sites containing the diethyl malonate addends for the low-temper-
ature structure are shown in Fig. 3. According to the 'H- and '3C-NMR spectra, the
average symmetry of 11 in solution is D,,, while the crystal structure is centrosymmetric
with two pairs of symmetry-related fusion bonds (bonds between two bridgehead
C-atoms). The degree of deformation within the four methano-bridged pyracylenes is
very similar to that observed for such subunits in two hexakis-adducts of C, [10a] [17].
The Cq, skeleton itself has a pseudo-ellipsoidal shape, with principal axes of ca. 7.37,
7.31, and 6.88 A, the shortest axis being perpendicular to the equatorial plane containing



348 HEeLVETICA CHIMICA ACTA — Vol. 80 (1997)

Fig. 3. Low-temperature crystal structure of 11. Vibrational ellipsoids obtained at 100 K are drawn at the 30%
probability level.

the four methano moieties. A striking feature in the present structure is the difference
between the (symmetry-inequivalent) fusion-bond lengths C(1)—C(2) of 1.614(4) A and
C(22)—C(23) of 1.577(5) A (Fig. 4). The difference between these C—C single-bond
lengths may be connected with the actual shape of the C,, spheroid, since the longest axis
is parallel to the (Ionger) C(1)—C(2) bond, and the shortest axis is parallel to the (shorter)
C(22)—C(23) bond. A similar trend occurs in a Cgy hexakis-adduct [17].

The residual conjugated n-electron chromophore in 11 consists of two formal tetra-
benzopyracylene substructures connected by four biphenyl-type bonds (Fig. 5; pyra-
cylene = cyclopent[fglacenaphthylene). The functionalization of the Cg4, sphere hardly
affects the length of the central 6-6 bond C(18)—C(27) in the tetrabenzopyracylene
moiety; its value (1.387(4) A) (Fig. 4) is not significantly shorter than the mean 6-6 bond
length (1.391 A) derived in two (nearly regular) C,, hemispheres [8] [19], in other words,
there is no structural evidence for an enhanced reactivity (see Sect. 2.6.6 below) of this
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Fig. 4. Fullerene hemisphere of Y1 in a view on the cyclopropane-fused equatorial belt including symmetry-independent
bond lengths. Estimated standard deviations are ca. 0.005 A.

bond. The molecular geometry of the two tetrabenzopyracylene substructures has also
been analyzed. It appears that the bond-length alteration (of shorter 6-6 and longer 6-5
bonds, see Fig. 4) within the eight six-membered rings, fused to the two central pyra-
cylene substructures (Fig. 5), 1s reduced slightly with respect to the free C,, skeleton from
ca. 0.06 to ca. 0.05 A.

Fig. 5. Schematic illustration of the conjugated n-chromophore in tetrakis-adduct 11 composed aof two tetrabenzopy-
racyclene substructures connected by four biphenyl-type bonds

In the disordered high-temperature structure of 11, an estimation of intermolecular
contacts is problematic. Nevertheless, preliminary results indicate that no short inter-
molecular contacts occur among neighboring fullerenes, or among solvent and fullerene
molecules, in contrast to the low-temperature structure, in which the ordered solvent is
in contact with three neighboring fullerenes. Fig. 6 shows that Cl(1) makes two short
contacts with 11(a), namely with the carbonyl O(79) of an EtO,C group (3.17 A), and
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Fig. 6. Short intermolecular contacts between three molecules of 11 and a CHCIy molecule at 100 K

with the bridgehead atom C(22) (3.32 A). CI(2) is in contact with the ethoxy O-atom
0(64) of 11(b) (3.04 A), and CI(3) is in contact with C(4) (3.31 A) of the C,,, core of 11(c);
the C-atom of the solvent makes one short contact to the carbonyl O(74) of 11(b)
(3.14 A). It seems plausible that the ordering process of solvent and diethyl malonate
addends (and the resulting stabilization of the crystal structure) is the driving force for
the phase transition observed at ca. 252 K.

2.3. Preparation of Tetrakis(methano)fullerenes with Long-Chain Alkyl Esters. As
part of our program in new fullerene-based materials [8] [18], we became interested in
preparing noncrystalline [20] and, ultimately, liquid-crystalline [21] derivatives. There-
fore, we intended to prepare D,,-symmetrical analogs of 11 with eight long-chain alkyl
esters attached to the four methano moieties.

When the transesterification of 15 with dodecan-1-ol was attempted under the condi-
tions which yielded octakis(ethyl ester) 11 (K,CO;, dodecan-1-ol (800 equiv.), THF),
only starting material was recovered after 5 h. Similarly, the use of a larger excess of
dodecan-1-0l (> 4000 equiv.) and addition of [18]crown-6 (4 equiv.) to increase the
solubility of K,COj in the dodecan-1-ol/THF mixture did not yield any product after 3 h.
Stirring overnight, after adding a large excess of {18]crown-6 (40 equiv.), induced a color
change from yellow-green to dark-green, but TLC (SiO,, CH,Cl,/MeOH 1:1) indicated
mainly conversion to baseline material. However, when Cs,CO; was used as a more
soluble base, formation of several apolar products was observed, and conversion of 15
was completed within 1 d, after which the desired octaester 16 was isolated in 14 % yield
after prep. HPLC (SiO,, CH,Cl,/hexane 1:1) (Scheme 3). Compound 17 was prepared
under similar conditions using octan-1-ol as the alcohol, and prep. HPLC (SiO,,
CH,Cl,/hexane 3:2) yielded the pure octaester in 16 % yield. Prep. HPLC was required
for complete purification of both 16 and 17 due to the difficult separation of the desired
products from a slightly faster eluting major by-product resulting from mono-decar-
boxylation. The presence of this by-product, in which one of the ROOC residues in 16
and 17 is replaced by a H-atom, was confirmed by 'H- and '*C-NMR (CDCl,) and, in
particular, by fast-atom-bombardment (FAB) mass spectrometry. The mass spectra of
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Scheme 3. Synthesis of D,,-Symmetrical Tetrakis(methano)fullerenes 16 and 17

15

16 n=2(14%)
17 n=0(16%)

a) Cs,CO,, THF, dodecan-1-0l, 24 h (16) or octan-1-0l, 6 h (17).

the mono-decarboxylated products showed the molecular ions as base peaks at m/z 2262
(by-product of 16) and m/z 1869 (by-product of 17). Hydrolysis followed by decarboxy-
lation [8] becomes competitive with the transesterification reaction, when the used base
and the solvents are not completely dry and when prolonged reaction times are required.

The spectral properties of both long-chain esters 16 and 17 were expectedly quite
similar. The FAB mass spectra of 16 and 17 showed the molecular ions as the base peaks
at mfz 2475 (16™) and 2026 (17%), respectively, accompanied by a major fragment
resulting from loss of an alkyloxy residue. With the exception of the alkyl ester reso-
nances, the 1*C-NMR spectra (CDCl,) of 16 and 17 closely resembled that of octakis-
(ethyl ester) 11 with identical symmetry. They both formed yellow-brownish, highly
viscous oils at room temperature.

2.4. Synthesis of Bis(methano)fullerene 9. The preparation of 9 (Scheme 4) was car-
ried out starting from the C-symmetrical tetrakis-adduct 4 {1] and followed the protocol
which yielded tetrakis(methano)fullerene 11 (Sect. 2.1). The 'O, ene reaction to 18 and
subsequent reduction afforded the mixture of allylic alcohols 19 which was characterized
by MALDI-TOF mass spectrometry (m/z 1353 (100, M *)). Treatment of 19 with TsOH
and DMAD yielded, after column chromatography, C,-symmetrical bis-adduct 20 (20 %
yield) as a brown solid which dissolves in CH,Cl, to give red-brown solutions. The low
yield was due to the tedious purification from traces of two unidentified by-products
which gave red and orange solutions in CH,Cl,. Transesterification (K,CO,, EtOH/
THF 1:1) ultimately afforded the desired C-symmetrical e-bis-adduct 9.

The C,-symmetrical structure of 20 (MALDI-TOF-MS: m/z 1601 (100, M 7)) was
supported in the 3C-NMR spectrum (CDCl;) by the presence of resonances for two
chemically nonequivalent EtOOC groups, two d’s for the diastereotopic C¢H,CH,O
protons, and the appearance of all 32 resonances expected for fullerene C-atoms. Tetrakis-
(ethyl ester) 9 showed all spectra in agreement with those reported previously [5].

2.5. Synthesis of Tris(methano)fullerene 10. In analogy to the preparation of 9 and
11, tris-adduct 10 was obtained starting from pentakis-adduct 5 [1] via the sequence
21 — 22 - 23 - 10 (Scheme 5). Change of the solution color from orange (5, 21, and 22)
to red-brown (23) was a first indication of tris-adduct formation. The 3C-NMR spec-
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Scheme 4. Synthesis of Ci-Symmetrical Bis(methano)fullerene 9

a2 18 R=00H — ,,
19 R = OH
X = (E10,C)2C
9 COOMe
20R- COOMe

9 R=Et

a) hy, 0, Cg, PhCL, 2 h. 5) PPhy, PhCl, 1 b, 72% (from 4). ¢) MeQ,CC=CCO,Me (10 equiv.), TSOH (3 equiv.),
PhMe, 4, 4.5 h; 20%. d) K,CO,, EtOH, THF, 4.5 h; 77%.

Scheme 5. Synthesis of C,,-Symmetrical Tris(methano)fullerene 10

5 21 R=00H b)
22 R=0H
(mixture of constitutional and
stereoisomers) LX - (EtOQCCHQOZC)z(?,
°
Q COOMe
23 R=CHCOELR' = ‘(_MCOOMe
a9 E {7

10R=R=Et

a) hv, O,, Cg,, PhCl, 2 h. b) PPh,, PhCI, 3 h, 86 % (from 5). c) MeO,CC=CCOQ,Me (10 equiv.), TsOH (3 equiv.),
PhMe, 4, 5h; 48%. d) K,CO;, EtOH, THF, 1.5h; 83%.
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trum (CDCl;) of 23 (MALDI-TOF-MS: m/z 1991 (100, M 7)) confirmed the C,-symmet-
rical structure by exhibiting 31 of the 32 expected resonances for fullerene C-atoms and
signals for three nonequivalent EtO,CCH,0,C groups. The C,, -symmetrical structure
of the novel tris-adduct 10 (FAB-MS: m/z 1195 (100, MH™)) was supported by its
'"H-NMR spectrum (CDCl,) which displayed two sets of resonances for EtO groups. The
13C-NMR spectrum (CDCl,) displayed all 14 resonances expected for fullerene sp*-C-
atoms (one of half intensity), three signals for fullerene sp3-C-atoms, two for methano
C-atoms (one of half intensity), and the expected peaks for two nonequivalent EtOOC
groups.

2.6. Analysis of the Changes in Properties of Fullerene Derivatives as a Function of
Degree and Pattern of Addition and the Nature of the Bridging Addends. 2.6.1. Preliminary
Remarks. With compounds 1-11 as well as 15, 20, and 23, a unique series of multiple
adducts of C4y was available for a detailed investigation of the changes in physical
properties and chemical reactivity that occur as a function of degree and pattern of
addition and the nature of the fused addends.

2.6.2. Electronic-Absorption Spectroscopy. A comparison of the UV/VIS spectra of
the various Cgq, multiple adducts in CH,Cl, showed four general trends.

i) Changes in the extension of the conjugated n-chromophore of the fullerene have
a pronounced effect on spectral shape and the position of the end absorption (the optical
gap). This is illustrated in Fig. 7 by the comparison of the spectra of C¢,, mono-adduct
8b, bis-adduct 1, tris-adduct 3, tetrakis-adduct 4, and hexakis-adduct 7. Cy, itself gives
a purple solution as a result of the broad absorption between 475 and 650 nm.
Methanofullerene 8b [6 b] displays two distinct absorption bands at A_,,, 427 and 489 nm
which are characteristic of all C,, mono-adducts [11a] [12a] [22], but whose origin is not

12000+ 80000+

60000

1 T
375 4%5 5%5 675 775

Alnm] —
Fig. 7. UV/VIS Spectra in CH,Cl, of Cy, (———-), mono-adduct 8b (-------+- ). bis-adduct 1 (——), tris-adduct 3
(----), tetrakis-adduct 4 (—- - — - -), and hexakis-adduct T (—- —- - ). Also shown are a) the two benzenoid rings

contained in the chromophore of 4 and b) a schematic illustration of the benzenoid ‘cubic’ cyclophane substruc-
ture in 7.
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understood. The broad absorption band in the VIS seen in the spectrum of Cg, is
generally less structured and hypsochromically shifted in the spectra of mono-adducts;
for 8, the maximum was observed around 500 nm. The spectrum of bis-adduct 1, which
gives orange-brown solutions, resembles in its general shape the spectrum of a mono-ad-
duct, although the broad VIS absorption band displays both a hyperchromic and a
hypsochromic shift (to 4., 449 nm). In a characteristic manner, the diagnostic mono-ad-
duct peak around 700 nm is no longer observed for bis-adduct 1, whereas the second
peak at A_,, 427 nm is maintained in the spectrum.

Tris-adduct 3 is orange-brown in concentrated solution and visually indistinguishable
from bis-adduct 1. However, the UV/VIS spectra of the two compounds are quite
different. The spectrum of 3 exhibits little fine structure, and the characteristic band
around 430 nm, which is present in the spectra of mono- and bis-adducts, is no longer
observed. The spectrum is dominated by a broad, relatively intense band at A, 498 nm.
Tetrakis-adduct 4 has a red color in solution, and absorptions in both UV and VIS ranges
are much more intense than those of tris-adduct 3. Compared to the lower adducts 1 and
3, the end absorption in the spectrum of 4 appears at significantly lower wavelength
below 600 nm. This can be explained by the specific functionalization pattern in 4 which
generates two benzenoid rings with rather localized electronic sextets (Fig. 7) and, corre-
spondingly, reduces the size of the delocalized fullerene n-chromophore. Hexakis-adduct
7 is bright-yellow in the crystalline state and in solution, and, accordingly, its UV/VIS
spectrum only exhibits minimal absorption in the VIS region, tailing until 4 460 nm. This
drastic blue-shift of the end absorption of 7 is in full accord with the reduced conjugation
in the residual n-chromophore consisting of eight formally benzenoid rings arranged in
a ‘cubic’ cyclophane structure (Fig. 7). Bond-length alteration typically observed for Cg,
and lower adducts (6-6 bonds ca. 0.06 A shorter than 6-5 bonds) is significantly reduced
(by ca. 0.02 to 0.03 A) in the eight aromatic rings of this chromophore [2b] [10a]
[17] [23].

It becomes clear from this study that the addition-mediated generation of isolated
benzenoid rings within the residual fullerene n-chromophore induces a particularly large
hypsochromic shift of the end absorption.

i) The nature of the addition pattern determines the electronic absorption properties
of regioisomeric higher adducts. The specific location of the sites of multiple additions
affects the extension and character (benzenoid/non-benzenoid) of the residual fullerene
n-chromophore and, therefore, influences the UV/VIS spectrum. Hirsch et al. [5] [24]
[25a] and, later, Wilson and coworkers [25b] showed that the spectra of regioisomeric bis
(methano)fullerenes differed distinctively from one another. Such spectral differences
also exist between isomeric higher adducts as we observed for the two pentakis-adducts
5 and 6 (Fig. 8). The colors of both compounds in solution differ significantly; whereas
5is orange-red, compound 6 is pale-orange. Accordingly, their UV/VIS spectra are quite
different and the end absorption of 5 (590 nm) is significantly red-shifted as compared
to that of 6 (550 nm). Interestingly, the spectra of pentakis-adduct 5 and tetrakis-adduct
4, both with C, symmetry, exhibit not only similar optical gaps but also similar shape and
structure in the VIS region between 400 and 600 nm (Fig. 8), which accounts for the
similarity in the colors observed in solution. This similarity between the UV/VIS spectra
of 4 and 5 correlates with their chemical reactivity toward nucleophiles (Sect. 2.6.6) and
their propensity to undergo electrochemical reduction (Sect. 2.6.3).
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Fig. 8. UV/VIS Spectra in CH,Cl, of pentakis-adducts 5 (+++----- Yand 6 (—-—-—- ) in comparison to 4 (——)

iii) The nature of the fused addends strongly influences the UV/VIS spectra of
fullerene multiple adducts. Remarkable differences in absorption band position and
shape were observed for compounds with identical addition patterns but with different
fused addends (cyclopropane vs. cyclohexene fusion). This is shown in Figs. 9 and 70 for
comparisons between bis- and tris-adducts. The spectrum of the red-brown bis(methano)
derivative 9 (Fig. 9) resembles more closely the spectrum of fullerene mono-adducts such
as 8b (Fig. 7) or 8a (Fig. 11, below) than that of orange-brown bis-adduct 1, with the
broad band in the VIS region (4,,,, 483 nm) becoming much stronger than the sharp
absorption band at 4,,,, 421 nm. The spectra of tris-adducts 3 and 10 (Fig. 10) are similar
in shape, but the major bands of 10 in the VIS are hypsochromically shifted; thus the
relatively strong absorption of 3 at 4_,, 498 nm appears at 462 nm in the spectrum of 10.

iv) Multiple cylopropane fusion along an equatorial belt of the fullerene only weakly
affects the HOMO-LUMO (optical) gap. A comparison between the red-brown bis- and
tris(methano) derivatives 9 and 10 with the green-yellow tetrakis(methano)fulierene 11
(Fig. 11) revealed that, whereas band shapes and positions vary significantly, the end
absorptions of all three compounds occur at nearly the same wavelength (4,,, ca.
650 nm). Thus, tetrakis-adduct 11 exhibits two weak bands with maxima at 573 (¢ = 250)
and 626 (¢ = 200) nm. This is a clear indication that sequential cylopropane fusion along
an equatorial belt perturbs only weakly the conjugated Cg, n-chromophore, a conclusion
previously also reached by Asmus and coworkers for isomeric bis-adducts [26a]. The
influence of different addition patterns is once more reflected in the comparison between
tetrakis-adducts 4 and 11: whereas 11 with its conjugated n-chromophore of two
biphenyl-type connected tetrabenzopyracyclene moieties (Fig. 5) shows its end absorp-
tion around 650 nm (Fig. 11), the end absorption of 4, with its two localized benzenoid
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rings (Fig. 7), occurs below 600 nm. Exclusive fusion along an equatorial belt as in 11
does not generate localized benzenoid rings which reduce the overall z-electron delocal-
ization.

2.6.3. Electrochemistry. The electrochemical investigations on fullerene multiple ad-
ducts were carried out as described previously [3] by both cyclic (CV) and steady state
voltammetry (SSV) in CH,Cl, + 0.1M Bu,NPF, on a glassy C electrode. The redox
potentials determined by both methods were in mutually good agreement and are report-
ed in Table 1 vs. the ferrocene/ferricinium couple (Fc/Fc*). All redox processes discussed
in the following are C-sphere-based. With a few exceptions [3] [4] [26], earlier electro-
chemical studies on covalent fullerene derivatives were focused on the more readily
available mono- rather than multiple adducts of Cyq [8] [10c] [18] [27].

The electrochemical study of mono- to hexakis-adducts 8b and 2—7 had been previ-
ously published in detail [3]; therefore, only the most significant results from this series
are included in the following discussion. Within the series of compounds included in
Table 1, the following trends are apparent:

i) One-electron oxidation by CV is irreversible on the mono-adduct stage (8b,
+1.23 V), then becomes increasingly facilitated up to the stage of tris-adduct 3
(+0.90 V), and then occurs at almost constant potential (+0.94 to +0.99 V)in all higher
adducts. It seems attractive to propose that the benzenoid rings in the ‘cubic’ cyclophane
substructure (Fig. 7) are the sites of oxidation leading to the observed, nearly constant
oxidation potential.
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if) In the series of mono- to hexakis-adducts 8b and 2—7, the number of reversible
one-electron reductions measured in CH,Cl, within the accessible potential range of
+1.4to —2.5 Vvs. F¢/Fc* generally decreases with increasing number of addends and,
concurrently, the first reduction occurs at increasingly negative potential. Whereas three
reversible one-electron reductions were measured for mono-adduct 8b (—1.08, —1.47,
and —1.98 V), only one irreversible reduction was observed for hexakis-adduct 7
(—1.85 V). As the conjugated n-chromophore of the fullerene is increasingly reduced, the
energy of the LUMO is raised (Sect. 2.6.4), making it more difficult to accept electrons
in the electrochemical reduction.

iif) The nature of the fused addends has a significant influence on the first reduction
potential. The e-bis-adducts 9 (—1.13 V) and 26 (— 1.11 V), with two fused cyclopropane
rings, are reduced more readily than 2 (—1.19 V) with one fused cyclopropane and one
cyclohexene ring. Similarly on the tris-adduct stage, the reduction of 10 (—1.14 V) and
23 (—1.10 V) with three fused cyclopropane rings is much facilitated as compared to the
reduction of 3 (—1.30 V) with one fused cyclopropane and two fused cyclohexene rings.
Previous electrochemical studies of methanofullerenes essentially had shown that the
reduction potentials were rather insensitive to the nature of the substituents at the
methano moiety, since the sp>-C-atom of this addend acts as an insulator [3] [10c]
[27a—g]. This study provides first evidence that the nature of the fused addends has a
strong influence on the reduction potentials.

iv) The regioisomeric position of the addends influences the reduction potential.
Thus, there exists a large difference between the two regioisomeric pentakis-adducts 5§
and 6: compound 5 (—1.59 V) is reduced much more readily than 6 (—1.66 V) and
almost at the same potential than tetrakis-adduct 4 (—1.57 V). Similarly, there exists a
large difference between the tetrakis-adducts 4 and 11 with different addition patterns.
Whereas compound 4 is reduced at —1.57 V, tetrakis(methano)fullerene 11 takes up an
electron at the remarkably low potential of —1.19 V. A significant contribution to this
difference in reduction potential certainly originates from the different conjugated
n-chromophores in the two compounds, as discussed above (Sect. 2.6.2). However, it
also needs to be considered that 11 possesses four fused cyclopropane rings whereas 4 is
fused to two cyclopropane and two cyclohexene rings, and the comparisons among bis-
and tris-adducts above clearly demonstrated that substitution of cyclohexene by cyclo-
propane rings facilitates electrochemical reduction.

On the bis-adduct stage, the regioisomerism does not yet seem to significantly influ-
ence fullerene redox properties: the first two reduction steps of 26 [9] and the three
regioisomers 9, 24, and 25 [9] occur at nearly identical potential.

v) Multiple cyclopropane fusion along an equatorial belt has a remarkably small
effect on the ability of the fullerene to accept electrons in electrochemical reductions:
three one-electron reductions are observed in the series of mono- to tetrakis(methano)-
fullerenes 8b and 9-11, and the first two reversible ones occur at similar potential
(—1.08 to —1.19 V for the firstand —1.47 to —1.55 V for the second electron transfer).

vi) We observe a significant correlation between the location of the end absorption
(the optical HOMO-LUMO gap) in the UV/VIS spectra and the first reduction potential
in electrochemistry. With increasing energy of the optical end absorption, the first
reduction becomes increasingly difficult. Due to the strong tailing of the often very weak
longest-wavelength absorptions, however, the optical gap cannot always be accurately
determined.
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2.6.4. Computational Studies. The geometries of all fullerene adducts were built using
CHEMCAM {28]. To reduce the size of the computed molecules, cyclohexene rings were
replaced by two H-atoms and malonate addends by a simple methano moiety. The
structural and numbering correspondence between the experimentally investigated com-
pounds 2--11 and the calculated structures 27-36 is shown in Fig. 12.
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Fig. 12. First electrochemical reduction potentials E,,, (SSV) plotted as a function of LUMO energies from single

point ab-initio RHF calculations with the 6-31G basis set. The LUMO energies were computed for compounds

27-36 which are suitable models for the experimentally investigated fullerene adducts 2-11. The compounds

corresponding to the computed structures are indicated in parentheses. The correlation coefficient of the linear
regression is R = 0.97.
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The geometries were first optimized at the semi-empirical MNDO (modified neglect
of differential overlap) [29] level using RHF-SCF (restricted Hartree-Fock self-consistent
field) calculations. Starting from the optimized structures, single-point ab-initioc RHF
calculations with the 6-31 G basis set were carried out using TURBOMOLE [30]. The
energy values for the LUMO orbitals obtained by the semi-empirical and the ab-initio
methods were plotted vs. the experimental first reduction potential. In both graphs, a
very good correlation between the reduction potentials E,,, measured by SSV for com-
pounds 2—11 and the LUMO energies calculated for 27—36 was obtained as is shown for
the ab-initio calculated values in Fig. 12.

In preliminary studies, MNDO electron affinities were computed from the energy
difference between optimized structures of the anions and neutral molecules. The calcu-
lations for the open-shell anions made use of the half-electron ROHF (restricted open-
shell Hartree-Fock) treatment and employed analytical gradients [31]. The MNDO elec-
tron affinity of Cgy (—62.4 kcalmol™?) is very close to the experimental value of
—61.1 + 1.2 kcalmol ™! [32]. In the series from C, to pentakis-adducts (33 and 27-31
corresponding to 8b and 2-6), an excellent correlation between the calculated electron
affinities and the measured first reduction potential was obtained (Fig. 13).

2.6.5. IR and NMR Spectroscopy. In the IR spectra (KBr) of @/l multiple adducts
discussed in this paper, the most prominent of the four absorptions seen in the spectrum
of Cg, [33] at 528 cm ™! is maintained and appears as a strong band in the narrow range
between 524 and 531 cm ™. This vibration in C4, was assigned to a pure radial breathing
mode [34], and a similar origin can be assumed for the adducts. Apparently, this breath-
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Fig. 13. First electrochemical reduction potentials E,,, (SSV) plotted as a function of the electron affinities
calculated at the MNDO level (see text). For the numbering of compounds, see Fig. /2. The correlation
coefficient of the linear regression is R = 0.99.
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ing mode of the C-sphere is quite insensitive to degree, pattern, and nature of function-
alization.

'H-NMR Resonances of protons near the fullerene surface are particularly affected
by the paramagnetic ring currents associated with the pentagons [35]. These ring currents
shift the resonances of protons located atop or in close proximity to pentagons strongly
downfield {22 b] [36]. With each addition to central 6-6 bonds of pyracylene subunits in
Cqo, the full n-electron delocalization within two pentagons becomes interrupted and,
therefore, we expected higher functionalization to reduce the deshielding of protons
located atop the C-sphere. Furthermore, as more addends are attached, the shielding
influence of developing isolated benzenoid six-membered rings becomes increasingly
important.

Table 2. Selected 'H-NMR Data (ppm) for a Series of Mono- through Hexakis-adducts in CDCI;.
The cyclohexene CH, group near the anchor is labeled p (proximal), the one farther away d (distal).

37 2% 39 4 5 6 7
Benzyl CH,O - 5.25 5.18 5.19 5.30 512 522
=C-H 6.59 6.55 6.52 6.41 6.27 6.30 6.16
CH, (p) 3.98 3.48 3.42 3.28, 3.18 3.22,3.12 3.07 2.95
CH, (@) 3.99 3.72 3.80 3.60, 3.56 3.45,3.34 3.44 3.21

%) Taken from [12a]. °) Measured in CDCL,/CS, 1:1. ) Measured in C,D,Cl,.

Significant changes in chemical shift, which can be rationalized by both effects, were
found in the comparison of the 'H-NMR spectra of Diels-Alder adducts 37 [12a] and
2-7 (Table 2). Whereas the benzylic CH,O protons are not much affected by the degree
of addition, the resonances of the proximal (p) and distal (d) CH, groups of the cyclo-
hexene moieties and the alkenyl protons shift upfield with increasing functionalization.
At more than 1 ppm, the change in chemical shift of the proximal CH, protons, when
passing from mono- to hexakis-adduct, is the most substantial one (Table 2).

A large influence of degree and pattern of addition on the *He-NMR chemical shifts
of endohedral *He complexes of 2—7 were also encountered. As a general trend, the *He
resonances move upfield with increasing number of addends; these findings are reported
elsewhere [37].

An interesting observation was made in the comparison of '*C-NMR spectra.
Whereas the fullerene sp>-C-atom resonances in all adducts of this study start appearing
around 138-139 ppm, their range extends much more downfield when the C-sphere is
fused to cyclohexene rings, derived from Diels-Alder addition, than if it is fused to
cyclopropane rings only. Whereas the range of the sp?-C-atom resonances in the spectra
of exclusively cyclopropane-fused derivatives such as 811 and, similarly, of the multiple
diethyl malonate adducts studied by Hirsch et al. [5] {7] [10a] [24] extends to a maximum
of 148 ppm, the spectra of Diels-Alder adducts such as 37 or 2-7 displayed these
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resonances as far downfield as 158-160 ppm. Similarly, the pseudo-octahedral hexa-
kis(methano) adduct 38 of Hirsch et al. [7] depicted two fullerene sp2-C-atom resonances
at 141.13 and 145.78 ppm, whereas the corresponding hexakis(Diels-Alder) adduct 39,
reported by Krdutler and Maynollo [12b] showed the same two resonances at 142.0 and
152.0 ppm. It is noticeable that the *He-NMR resonances in endohedral *He complexes
of cyclopropane- and cyclohexane-fused fullerene derivatives also appear at significantly
different chemical shifts [38].

38 X =Y = (Et0,C),C

x-Me
39 X=Y=~ D[Me
40 X = (Et0,C),C, Y = —

2.6.6. Chemical Reactivity. Significant changes in chemical reactivity as a function of
degree and pattern of addition and the nature of the fused addends were observed. With
a raise in LUMO energy, the electrophilicity of the C-sphere decreases and, as a conse-
quence, its reactivity in reactions with nucleophiles and nucleophilic carbenes, or as
dienophile in cycloadditions is reduced. Thus, we found in the preceding study [1] that,
in contrast to Cq, tris-adduct 3 no longer underwent a Diels-A4lder reaction with an-
thracene and also did not react with dimethoxycarbene. Polar additions such as Bingel-
type reactions [6a] [39] to higher C,, adducts required the use of polar solvents such as
Me,SO to decrease their activation barriers, whereas additions to C¢, and lower adducts
were best performed in PhMe or CH,Cl,. In contrast to mono-adducts, hexakis-adducts
no longer reacted with the nucleophilic F~ anion. The ability of covalent fullerene
derivatives to act as photosensitizers for 'O, formation decreases with increasing number
of addends, and the efficient sensitization of the 'O, ene reaction of 7 (Sect. 2.1) required
addition of Cg, as photosensitizer to the reaction.

Additional examples illustrate the nice correlations between electrochemical reduc-
tion potentials and LUMO energies on the one and electrophilic reactivity on the other
side. Despite a large excess of nucleophilic reagent (5 equiv.), the Bingel reaction of
diethyl 2-bromomalonate and 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU) in PhCl with
tris-adduct 3 to give tetrakis-adduct 4 was very clean, not producing any higher adducts
[1]. The reduction potential of 4 (E; = —1.57 V) is 0.24 V more negative than that of 3
(E, =—1.30V) and, accordingly, 3 shows greatly enhanced electrophilic reactivity over
4. In contrast, formation of pentakis-adducts such as 5 (28%; E, =—1.59 V) and 6
(11%; E, =—1.66 V) by Bingel addition to the corresponding tetrakis-adduct (similar to
4; E, =—1.57 V) always yielded substantial amounts of hexakis-adduct, since the reduc-
tion potentials and, hence, the electrophilicity of tetrakis- and pentakis-adducts, in
particular 4 and 5, are quite similar.
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Tetrakis(methano)fullerene 11 (E, = —1.19 V) is more reactive than the tetrakis-ad-
duct 4 (E; = —1.57 V). When in a competition experiment, a 1:1 mixture of the two
compounds was reacted with diethyl 2-bromomalonate (1 equiv.) and DBU (1 equiv.) in
PhC], the ratio of recovered material 4/11 was 2.7:1 and pentakis-adduct 40 [7], formed
from 11, had almost completely reacted to give hexakis-adduct 38 [7]. That differences
in the nature of the fused addends alone have a significant effect on reactivity was
demonstrated in a comparison between the pentakis-adducts 40 and 6. In the reaction
with a large excess of diazomethane in CH,Cl,, conversion of pentakis(methano)fullerene
40 was completed within 15 min, whereas, under identical conditions, 6 took 90 min to
react to completion [40].

2.6.7. The Different Effects on Physical Properties and Chemical Reactivity Caused by
Cyclopropane and Cyclohexene Fusion to Cg,. In this work, a major difference between
the effects of cyclopropane and cyclohexene fusion on fullerene properties was revealed.
As compared to cyclohexene fusion, anellation by a cyclopropane ring leads to a lower-
energy optical gap in the UV/VIS spectrum, facilitated electrochemical reduction, lower
LUMO energy, and enhanced electrophilic reactivity. In addition, the resonances of
fullerene sp2-C-atoms, presumably those connected to the fusion-site C-atoms, appear in
a different range in the 1> C-NMR spectra. We attribute these differences to the particular
character of the methano moieties. The analysis of the X-ray crystal structure of hexakis-
adduct 7, which contains both cyclopropane and cyclohexene rings, showed [17] that the
angular strain, which reflects the degree of pyramidalization, is significantly larger for the
fusion-site C-atoms in the cyclohexene ring. The deformations produced in the five- and
six-membered rings within the bridged pyracylene subunits by the Diels-Alder addition
are also more pronounced than those resulting from the methano bridging. Such steric
effects could well explain the observed differences in the location of the sp?-C-atoms
resonances in the '*C-NMR spectrum and, to some extent, the differences in electronic
properties. However, we feel that the latter might rather result from the particular nature
of the fused cyclopropane rings which resemble those in small [#.n.1]propellanes [41].
Although of a relatively short distance, the fusion bond in the cyclopropane rings is
subject to considerable variation as observed in the X-ray crystal structure of 11
(Sect. 2.2) and could possibly be considered a weaker than normal C—C bond, as had
been discussed for [1.1.1]propellane [42]. Actually, the effective bridgehead or fusion
C—C single-bond strength in both [1.1.1]propellane as well as in 6-6-closed
methanofullerenes seems not to be established. A weaker than normal fusion bond would
explain the reduced perturbation of the fullerene n-chromophore caused by the methano
moiety at 6-6 bonds and, correspondingly, the remarkable conservation of characteristic
fullerene type properties such as facile reducibility, low-lying LUMO, and high elec-
trophilic reactivity in methano adducts such as 8—11. The particular properties of
6-6-closed methanofullerenes would also be consistent with the well-established notion,
that cyclopropanes ‘have properties that are similar (in certain ways) to double bonds’
[38].

3. Conclusion. — With the removal of the tether, an important extension of the
tether-directed remote functionalization of C., was accomplished providing access to
fullerene multiple adducts such as 10 and 11 with addition patterns that cannot be
accessed without tether or template assistance. Thus, a series of C4, mono- to tetra-
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kis(methano)fullerenes 811, in which all methano moieties are attached along an equa-
torial belt, could be completed. Derivatives of 11 with long-chain alkyl esters (16 and 17)
are noncrystalline under ambient conditions, and the insertion of mesogenic moieties
into the ester residues promises to yield novel fullerene-containing liquid-crystalline
materials [21]. The X-ray crystal structure of a CHCI; solvate of 11 was solved and
showed a slight reduction of the conjugated fullerene n-chromophore to two tetraben-
zopyracylene substructures connected by four biphenyl-type bonds. In the eight six-
membered rings fused to the two pyracyclene moieties, 6-6 and 6-5 bond-length alter-
ation (0.05 A) was found to be reduced by ca. 0.01 A with respect to the free Cgo skeleton
(0.06 A). The analysis of the crystal packing revealed interesting short contacts between
Cl-atoms of the solvent and sp?- and sp3-C atoms of the C-sphere, besides short contacts
between the Cl-atoms and O-atoms of the malonate addends.

The physical properties and chemical reactivity in the series of methanofullerenes
8-11 and the previously prepared series of bis- to hexakis-adducts 1-7 [1-3] were
comprehensively analyzed as a function of degree and pattern of addition as well as the
nature of the fused addends. Strong correlations and trends were revealed. With increas-
ing reduction in the conjugated fullerene n-chromophore, i) the optical (HOMO-LUMO)
gap in the UV/VIS spectrum shifts to higher energy, i) the number of reversible one-elec-
tron reductions decreases and the first reduction potential becomes increasingly negative,
iif) the computed LUMO energy increases and the electron affinity decreases, iv) the
reactivity of the fullerene towards nucleophiles and carbenes or as dienophile in cycload-
ditions decreases, and v) the capacity for photosensitization of 10, formation decreases.
The hypsochromic shift of the optical gap is particularly pronounced if localized ben-
zenoid rings are generated in the fullerene chromophore as a result of the functionaliza-
tion. Furthermore, the nature of the addition pattern and, quite remarkably, the nature
of the fused addends affects the above mentioned properties. We found a strong differ-
ence between cyclopropane- and cyclohexene-fused fullerenes: in general, all-cyclo-
propene-fused fullerenes exhibited a lower-energy optical gap, more reversible one-elec-
tron reductions at less negative potential, lower LUMO energies and higher electrophilic
reactivity, as compared to compounds fused to cyclohexene rings. Apparently, a
methano moiety at a 6-6-closed bond represents a smaller perturbation of a fullerene
chromophore than a but-2-ene-1,4-diyl moiety at such a bond. The smallest perturbation
of the fullerene n-chromophore by multiple additions seems to occur when all methano
addends are sequentially introduced along an equatorial belt as in the series 8—11. Thus,
tetrakis(methano)fullerene 11 closely resembles the corresponding bis-adduct 9 in its
optical gap, reduction potentials, and LUMO energy. Overall, a remarkably good corre-
lation between optical gap, LUMO energy, reduction potential, and chemical reactivity
holds within the entire series of compounds considered, independent of their differences
in degree and pattern of addition and nature of addends.

The study revealed a strong preservation of the radial breathing mode observed in the
IR spectrum of C, at 528 cm ™~ ?; this strong vibration appears in the spectra of multiple
adducts between 524 and 531 cm™!. Also, upon increasing degree of addition, protons
located atop the fullerene sphere shift increasingly upfield in the "H-NMR spectrum,
presumably due to the reduction in the number of pentagons with paramagnetic ring
currents and the increase in the number of localized benzenoid rings. Finally, cyclo-
propane- and cyclohexene-fused adducts also differ in the location of the fullerene
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sp2-C-atom resonances in the 13C-NMR spectra: whereas in the former, these resonances
expand downfield to ca. 148 ppm, they appear in the Diels-Alder adducts as far downfield
as 160 ppm.

The development of the (reversible) tether-directed remote functionalization method
yielded with high regioselectivity a unique series (1—11) of fullerene muitiple adducts.
Clearly, the C-sphere is increasingly becoming a useful template for the covalent attach-
ment of functional groups in three dimensions, and multiply functionalized compounds
for materials and biological applications are now in reach. In addition, the good access
to many different degrees and patterns of functionalization by this elegant synthetic
strategy has opened the way to the first comprehensive comparative study of physical
properties and chemical reactivity in covalent fullerene chemistry.

Experimental Part

General. See [1]. Compounds 4, § and 7 were prepared according to literature procedures [1). Photosensitiza-
tion experiments were performed with a medium-pressure Hg lamp in a Pyrex photochemical reactor. The
electrochemical investigations were carried out as previously described [3]. HPLC Columns: Spherisorb S W SiO,
(5 um), 250 mm x 4 mm i.d.; Spherisorb S W SiO, (5 pm), 250 mm x 20 mm i.d. Anal. HPLC: Merck-Hitachi
HPLC pump L6200A4; Merck-Hitachi UV detector L4250, Merck-Hitachi integrator D2500; flow rate 2 mi
min~ !, Prep. HPLC: Merck-Hitachi HPLC pump L6250; Merck-Hitachi UV detector L4000, Merck-Hitachi
integrator D2500; flow rate 10 ml min~!. All HPLC chromatograms were taken at r.t. with the detector wave-
length fixed at A 254 nm. LDI-TOF-MS (m/z): spectra with reflectron detection were measured in the positive- or
negative-ion mode, acceleration voltage 15kV, on a Bruker REFLEX spectrometer.

3',3'-Bis{{4-{2-[ 3 4-bis(methoxycarbonyl) phenylJethyl}phenyl}methyl} 3',3",3",3",3"" 3" -Hexaethyl 3'H,
3"H,3""H,3""H-Tetracyclopropa[1,9:16,17:44,45:52,60]/5,6 ] fullerene-C,,-1,-3',3' 3" ,3",3" 3" 3" 3"~ octacar-
boxylate (15). A soln. of 7 (200 mg, 0.122 mmol) and C,, (102 mg, 0.142 mmol) in PhCl (160 ml) was irradiated
in a photochemical reactor at r.t. for 2 h, while a stream of O, was bubbled through. The mixture 12 (R, 0.43;
TLC, SiO,, CH,Cl,/AcOEt 9:1) was then transferred into a flask and deoxygenated by inserting a stream of Ar,
and PPh, (320 mg, 1.221 mmol) in PhCl (5 ml) was added. After stirring at r.t. for { h under Ar, plug filtration
(8i0,) with PhMe to remove PhCl and Cg,, then with CH,Cl,/AcOEt 19:1 and then 9:1, yielded 13, which was
precipitated out of CH,Cl, by addition of hexane: 183 mg (90%). MALDI-TOF-MS (CCA): 1669 (M *; calc. for
BC12C 1oHg,O, ;1 1669). To isolate and fully characterize one of the formed constitutional isomers, the mixture
was separated by CC (SiO,, CH,Cl,/AcOEt 19:1), instead of performing the above described plug filtration, and
the first of three main yellow fractions was collected. CC (SiO,-H, CH,Cl,/AcOEt 23:2) of this fraction yielded
the constitutional isomer of 13 shown in Scheme 2 as a mixture of meso- and rac-diastereoisomers. Yellow solid.
'H-NMR (500 MHz, CDCl,): 1.25 (tm, J = 7.1), 1.280 (tm, J = 7.1), 1.289 (tm, J = 7.1), 1.30 (tm, J = 7.0), 1.35
(tm, J =17.1), 1.41 (¢1m, J = 7.1), 32H; 1.95-2.10 (m, 4H); 2.14-2.24 (m, 4H); 2.43-2.57 (m, 4H); 2.58-2.70
(m, 4H); 2.86-2.95 (m, 4H); 3.12-3.22 (m, 4H); 4.23 (gm, J = 7.1), 4.27 (gm, J = 7.1), 4.31 (gm, J = 7.1), 4.37
(gm,J =70),4.39 (gm,J =17.1),4.41 (gm, J = 7.1),24H;4.89 (d, J = 11), 493 (d, J = 11), 5.46 (d, J = 11), 5.51
(d,J=11),8H; 6.17(d, J = 9.8, 4H); 6.26 (d, J = 9.8, 4H); 7.00-7.08 (»», 8H); 7.17-7.22 (#n, 4H); 7.30-7.38
(m, 4H). MALDI-TOF-MS (CCA): 1669 (M *; calc. for 13C'2C,oH044: 1669).

TsOH (54 mg, 0.285 mmol) and DMAD (135 mg, 0.950 mmol) were added to a soln. of the isomer mixture
13 (159 mg, 0.095 mmol) in deoxygenated PhMe (200 ml), and the mixture was refluxed for 4.5 h in the dark. CC
(8i0,, CH,CI, followed by CH,Cl,/AcOEt 49:1 then 24:1) yielded 15 as a yellow-green product, that was
precipitated from CH,Cl, by addition of hexane: 86 mg (47%). Bronze solid. M.p. > 205° (dec.). UV/VIS
(CH,Cl,): 627 (170), 574 (310), 453 (2700), 430 (sh, 2650), 405 (sh, 4050}, 346 (sh, 22400), 318 (39700), 286 (59100),
245 (sh, 104100). IR (KBr): 2978m, 2933m, 2844w, 1739s, 17225, 1605w, 1517w, 1433m, 1389w, 1362w, 1289s,
12505, 12115, 1128m, 1068s, 1017m, 856w, 811w, 761w, 739w, 711w, 673w, 583w, 539w, 528m. *‘H-NMR (500 MHz,
CDCl,):1.43(t,J =7.1,6 H); 1.44 (r,J = 7.1, 6 H); 1.45 (¢, J = 7.1, 6 H); 2.90 (m, 8 H); 3.88 (5, 6 H); 3.90 (5, 6 H);
449 (q, J=171,4H);4.51(q, J =7.1,4H);4.52(q, J =71, 4H); 537 (s, 4H); 7.11 (dm, J = 8.1, 4H); 7.26 (dd,
J =19, 1.8, 2H); 7.30 (dm, J = 8.1, 4H); 7.49 (d, J = 1.8, 2H); 7.65 (d, J = 7.9, 2H). 3C-NMR (125.8 MHz,
CDCl,): 14.06; 14.13; 14.15; 36.95; 37.36; 43.91; 44.29; 46.84; 52.47; 52.60; 63.12; 63.14; 63.18; 68.52; 69.86;
69.97; 71.16; 128.55; 128.60; 129.12; 129.20; 129.26; 130.87; 132.62; 132.68; 140.77; 140.83; 141.43; 141.89;
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142.20; 142.41; 142.42; 142.52; 142.65; 144.22; 144.24; 144.32; 145.37; 145.40; 145.41; 163.68; 163.82; 164.07;
164.12; 167.65; 168.39. MALDI-TOF-MS (CCA): 1916 (M ~; calc. for *3C*2C,,,H4,0,,: 1917). HR-FAB-MS:
1916.4090 (M *, '2C,,,H0,,"; calc, 1916.4100).

Octaethyl 3'H,3"H,3"H,3""H-Tetracyclopropa{1,9:16,17:44,45:52,60][5,6 [fullerene-Cy,-1,-3,3',3",3",3",
37,3"",3""-octacarboxylate (11). To a soln. of 15 (30 mg, 0.0156 mmol) in anh. EtOH/THF 1:1 (30 ml) was added
K,CO, (155 mg, 1.123 mmol), and the mixture was stirred at r.t. under Ar for 3.5h. After filtration and evapo-
ration, CC (8i0,, CH,Cl,/AcOEt 19:1) afforded 11 which was precipitated from CH,Cl, by addition of hexane:
17 mg (80 %). Bronze solid. M.p. > 270°. UV/VIS (CH,Cl,): 626 (200), 573 (250), 453 (2850), 428 (sh, 2650), 409
(sh, 3750), 348 (sh, 23700), 320 (41700), 287 (60400), 245 (93600). IR (KBr): 2977m, 2922m, 2856w, 17415, 1630w,
1466w, 1389w, 1366m, 12515, 12135, 1174m, 1097m, 10755, 1020m, 910w, 860w, 740w, 717w, 679w, 583w, 540w,
527m. '"H-NMR (500 MHz, CDCl;): 1.44 (1, J = 7.1, 12H); 1.46 (¢, J = 7.1, 12H); 4.50 (9. J = 7.1, 8H); 4.52 (g,
J =71, 8H). 13C-NMR (125.8 MHz, CDCl,): 14.14; 14.16; 44.28; 46.83; 63.12; 63.17; 69.98; 71.17; 140.87;
142.20;142.45;142.64; 144.24;144.35; 145.44; 163.86; 164.15. LDI-TOF-MS: 1353 (M ~; calc. for *2Cy4H, 0, 4:
1352). HR-FAB-MS: 1352.2321 (M *, 12Cy4H,,0,"; calc. 1352.2316).

Octadecyl 3'H,3"H,3"'H,3""H-Tetracyclopropa[1,9:16,17:44,45:52,60](5 6] fullerene-C;,-1,-3',3',3",3",3",
3,3"",3""-octacarboxylate (16). A mixture of 15 (34 mg, 0.017 mmol), dodecan-1-0l (17 ml, 75.805 mmol), and
Cs,CO; (462 mg, 1.418 mmo!) in THF (17 ml) was stirred at r.t. under Ar for 1 d. After filtration and evaporation,
CC (2 x; 8i0,, CH,Cl,/hexane 1:1) yielded as the first yellow fraction a mixture of 16 and mono-decarboxylated
material. The two products were separated by prep. HPLC (SiO,, CH,Cl,/hexane 1:1), and the second fraction
afforded pure 16 (6 mg, 14%). Viscous yellow-brown material. TLC (SiO,, CH,Cl,/hexane 1:1): R; 0.66. UV/VIS
(CH,Cl,): 626 (500), 573 (520), 453 (1700), 429 (1650), 409 (sh, 2200), 348 (sh, 11300), 319 (19800), 286 (28700),
245 (44400). IR (CHCl,): 2956m, 29115, 2844m, 1733m, 1600w, 1461w, 1261s, 1100m, 1017m, 872w, 694w, 637 w.
'H-NMR (300 MHz, CDCl,): 0.80-0.94 (m, 24H); 1.15-1.48 (m, 144H); 1.72—1.88 (m, 16 H); 4.35-4.48 (m,
16 H). 1*C-NMR (125.8 MHz, CDCl,): 14.05; 22.64; 25.92; 28.55; 29.23; 29.25; 29.32; 29.56; 29.61; 29.65; 31.88;
44.51; 46.99; 67.20; 67.28; 70.06; 71.24; 140.85; 142.26; 142.48; 142.62; 144.22; 144.34; 145.42; 163.94; 164.21.
FAB-MS: 2475 (100, MH™; calc. for '3C!2C, 4,H,,,0,,: 2475), 2289 (33, [M — (O(CH,),,CH)}).

Octaoctyl 3'H,3"H,3""H,3""H-Tetracyclopropaf1,9:16,17:44,45:52,60 ] 5.6 ] fullerene-Cg,-1,-3',3',3",3" 3",
37,37 ,3""octacarboxylate (17). A mixture of 15 (30 mg, 0.015 mmol), octan-1-ol (15 ml, 94.909 mmol), and
Cs,CO, (407 mg, 1.251 mmol) in THF (15 ml) was stirred at r.t. under Ar for 6 h. After filtration and bulb-to-bulb
distillation (55°/0.5 Torr) to remove unreacted octan-1-ol, CC (SiO,, CH,Cl,/hexane 1:1) afforded as the first
yellow band a mixture of 17 and mono-decarboxylated products, which was purified by prep. HPLC (SiO,,
CH,Cl,/hexane 3:2) to give as second fraction pure 17 (5 mg, 16%). Viscous yeliow-brown material. TLC (SiO,,
CH,Cl,/hexane 1:1): R; 0.56. UV/VIS (CH,Cl,): 625 (280), 573 (340), 453 (1800), 428 (sh, 1750), 409 (sh, 2400),
348 (sh, 13700), 320 (23800), 287 (34500), 247 (53400). IR (CHCI,): 2945m, 29225, 2844m, 17335, 1600m, 1461w,
12565, 1100m, 1006m, 873w, 696w, 639w. 'H-NMR (300 MHz, CDCl,): 0.78-0.98 (m, 24H); 1.15-1.50
(m, 80H); 1.72—1.88 (m, 16 H); 4.32—-4.48 (m, 16 H). *C-NMR (125.8 MHz, CDCl,): 14.03; 22.60; 25.90; 25.91;
28.53;28.55; 29.18; 29.65; 31.76, 44.47; 46.95; 67.21; 67.27; 70.06; 71.24; 140.85; 142.27; 142.48; 142.63; 144.22;
144.34; 145.42; 163.95; 164.21. FAB-MS: 2026 (100, M™*; calc. for *3C*2C, 3 H,;,0,4: 2026), 1896 (21,
[M — O(CH,),CH,}*), 720 (7, C%).

3',3-Bis{{4-{2-[ 3,4-bis (methoxycarbonyl ) phenyl Jethyl} phenyl}methyl} 3",3"-Diethyl 3H,3"H-Dicyclopropa-
[1,9:16,17][5,6 ] fullerene-Cy,-1,-3',3',3",3"-tetracarboxylate (28). A soin. of 4 (70 mg, 0.053 mmol) and Cg,
(44 mg, 0.061 mmol) in PhCl (65 ml) was irradiated in a photoreactor at r.t. for 2 h, while O, was bubbled through.
The mixture (TLC (SiO,, CH,Cl,/AcOEt 19:1): R; 0.26, 0.34) was transferred into a flask and deoxygenated with
Ar, and PPh; (139 mg, 0.530 mmol) in PhCl (4 ml) was added. After stirring at r.t. for 1 h under Ar, plug filtration
(8i0,) with CH,Cl, to remove PhCl and Cg,, then with CH,Cl,/AcOEt 19:1 and then 9:1, yielded a red soln.
that was concentrated and dried to give 19 (52 mg, 72%). MALDI-TOF-MS (CCA): 1353 (100, M *; calc. for
13C12C,H,,0,,: 1353), 1336 (28, [M — H,0]*).

The isomer mixture 19 (51 mg, 0.037 mmol), TsOH (21 mg, 0.113 mmol), and DMAD (53 mg, 0.377 mmol)
were heated to reflux in deoxygenated PhMe (80 ml) for 4.5 h in the dark. After 14 h at r.t., CC (SiO,, CH,Cl,
then CH,Cl,/AcOEt 24:1) yielded a red-brown product that was precipitated from CH,Cl, by addition of hexane:
20 (12 mg, 20%). Brown solid. M.p. > 200°. UV/VIS (CH,Cl,): 483 (2050), 421 (1150), 409 (sh, 1250), 397 (2450),
358 (sh, 11200), 306 (sh, 33500), 279 (sh, 55000), 250 (93500). IR (KBr): 2947m, 2845w, 17225, 1606m, 1572w,
1511w, 1428s, 1367m, 12835, 12395, 1194s, 1117s, 1095s, 1067s, 1017m, 806m, 761w, 739w, 706m, 668w, 583w,
556m, 527s. *"H-NMR (500 MHz, CDCl,): 1.36 (¢, J = 7.1, 3H); 1.41 (1, J = 7.1, 3H); 2.89 (m, 8 H); 3.86 (s, 6 H);
3.88 (s, 6H); 4.41 (¢, J = 7.1, 2H); 447 (g, J = 7.1, 2H); 530 (d, J = 11.9, 2H); 5.36 (d, J = 11.9, 2H); 7.10
(dm,J=8.0,4H);7.24(dd,J = 79,1.7,2H); 7.27 (dm, J = 8.0, 4H); 7.47 (d,J = 1.7,2H); 7.63 (d, J = 7.9, 2H).
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13C-NMR (125.8 MHz, CDCl,): 14.11; 14.17; 36.97; 37.37; 49.09; 52.53; 52,66, 63.20; 63.22, 68.61; 70.20; 71.42;
71.63; 128.64; 128.65; 129.16; 129.23; 129.30; 130.90; 132.54; 132.71; 138.59; 138.82; 141.48; 141.56; 141.65;
141.83; 142.36; 142.85; 142.98; 143.07; 143.33; 143.61; 143.76,; 143.99; 144.08; 144.35; 144.44; 144.58; 144.63;
144.68; 145.00; 145.14; 145.33; 145.38; 145.54; 146.04; 146.11; 146.44; 146.48; 147.23; 147.27; 163.23; 163.44;
163.53; 167.68; 168.44. MALDI-TOF-MS (CCA): 1601 (M ~; calc. for 13C'2C, ,H,,0 4: 1601). HR-FAB-MS:
1600.2931 (M*, 12C o H ,4O7; calc. 1600.2942).

Tetraethyl 3'H,3"H-Dicyclopropa[1,9:16,17][ 5.6 | fullerene-Cy,-1,-3".3',3",3"-tetracarboxylate (9) [S]. A mix-
ture of 20 (3 mg, 1.87 umol) and K,CO; (18 mg, 0.130 mmol) in EtOH/THF 1:1 (3.6 ml) was stirred at r.t. under
Ar for 4.5h. After filtration and evaporation, CC (SiO,, CH,Cl,) yielded 9 which was precipitated from its
red-brown CH,Cl, soln. by addition of hexane: 1.5 mg, 77 %. Brown solid. 'H-NMR (200 MHz, CDCl,):1.41
(¢, J=171,3H);1.44 (t,J =71, 6H); 1.45(¢, J = 7.1, 3H); 4.45 (¢, J = 7.1, 2H); 449 (¢4, J = 7.1, 2H); 4.51
(g, J = 7.1, 4H). MALDI-TOF-MS (DHB): 1036 (M ~; calc. for 2C,,H,,04: 1036).

3',3'-Bis{{4-{2- [3,4-bis(methoxycarbonyl) phenyl ] ethyl} phenyl} methyl} 3",3",3", 3"~ Tetrakis ( 2-ethoxy-2-
oxoethyl) 3'H,3'H,3"H-Tricyclopropa[1,9:16,17:52,60][5,6 [fullerene-Cg-1,-3',3',3",3",3" 3""-hexacarboxylate
(23). A soln. of 5 (120 mg, 0.070 mmol) and Cg, (59 mg, 0.081 mmol) in PhCl (270 mi) was irradiated in a
photoreactor at r.t. for 2 h, while O, was bubbled through. The mixture (TLC (SiO,, CH,Cl,/AcOEt 19:1): R;
0.15) was transferred into a flask and deoxygenated by inserting a stream of Ar, and PPh; (184 mg, 0.701 mmol)
in PhCl (4 ml) was added. After stirring at r.t. for 3 h under Ar, plug filtration (SiO,) with PhMe to remove PhCl
and Cg,, then with CH,Cl,/AcOEt 9:1 and then 4:1, yiclded an orange-red soln., and evaporation and drying
gave 22 (106 mg, 86 %). MALDI-TOF-MS (CCA): 1743 (100, M *; calc. for '3C'2C,,H,,0,,: 1743), 1471
(23, [M—C(CO,CH,CO,Et),] %), 1201 (8, [M—2 C(CO,CH,CO,Et),]*).

The isomer mixture 22 (105 mg, 0.060 mmol), TsOH (34 mg, 0.180 mmol), and DMAD (85 mg, 0.602 mmol)
were heated to reflux in deoxygenated PhMe (125 ml) in the dark for 5h after which time the soln. became
dark-red. CC (Si0,, PhMe, then CH,Cl,, then CH,Cl,/AcOEt 19:1 then 9:1) yielded 23 as a brown product, that
was precipitated from CH,Cl, by addition of hexane: 58 mg, 48%. Brown solid. M.p. 135° (dec.). UV/VIS
(CH,Cl,): 621 (580), 573 (sh, 1000), 504 (sh, 2450), 462 (5100), 434 (3700), 403 (sh, 4500), 342 (sh, 26100), 303
(sh, 51800), 281 (sh, 75700), 251 (sh, 118700). IR (KBr): 2944m, 2856m, 1739s, 1600m, 1567w, 1506w, 1428s, 1378s,
12945, 1189s, 11225, 10675, 10225, 844m, 817m, 789m, 736m, 706m, 675m, 583w, 555m, 533m, 524s. 'H-NMR
(500 MHz, CDCl,): 1.23 (1, J = 7.1,3H);1.26 (t, / = 7.1, 3H); 1.29 (1, J = 7.1, 6 H); 2.93 (m, 8 H); 3.88 (s, 6 H);
390 (s, 6H);4.21 (q. J=7.1,2H);4.24 (q, J = 7.1,2H); 427 (q. J = 7.1, 4H); 4.847 (5, 2H); 4.848 (s, 2H); 4.97
d J=15.7, 2H); 5.01 (d, J=157, 2H); 540 (d, J=12.0, 2H); 546 (d, J=12.0, 2H); 7.15
(dm,J = 8.1,4H);7.27(dd, J = 7.9,1.7,2H); 7.35 (dm, J = 8.1,4H); 7.50 (4, J = 1.7, 2H); 7.66 (4, J = 7.9, 2 H).
13C-NMR (125.8 MHz, CDCl,): 14.10; 14.12; 14.16; 36.95; 37.34;43.57; 44.33; 52.49; 52.62; 61.68; 61.73; 61.74;
62.58; 62.74; 68.56; 68.69; 68.96; 69.43; 69.84; 71.24; 128.63; 128.66; 129.14; 129.26; 129.27; 130.89; 132.57;
132.68; 139.28; 139.95; 140.26; 141.59; 142.20; 142.36; 142.62; 142.76; 142.88; 142.94; 143.46; 143.47; 143.55;
143.62; 143.76; 143.83; 144.24; 144.33; 144.94; 144.97; 145.04; 145.12; 145.15; 145.20; 145.36; 145.93; 145.98;
147.37; 162.51; 162.57; 162.83; 163.62; 166.39; 166.40; 166.45; 167.67; 168.40. MALDI-TOF-MS (CCA): 1991
(100, M ~; calc. for '3C'2C,,Hgs0,,: 1991), 1717 (52, [M — C(CO,CH,CO,Et),]”). HR-FAB-MS: 1990.3742
(M*, 12C,,H,O5; calc. 1990.3740).

Hexaethyl ~ 3H,3"H,3"H-Tricyclopropaf1,9.16,17:52,60](5,6 [fullerene-Cgy-1,-3',3',3",3",3",3""-hexacar-
boxylate (10). A mixture of 23 (12 mg, 6.02 pmol) and K ,CO, (60 mg, 0.434 mmol) in EtOH/THF 1:1 (12 m]) was
stirred at r.t. under Ar for 1.5 h. After plug filtration and evaporation, CC (SiO,, CH,Cl,/hexane 2:1, then
CH,Cl,) yielded 10 which was precipitated from its red-brown CH,Cl, soln. by addition of hexane: 6 mg, 83 %.
Brown solid. M.p. > 270°. UV/VIS (CH,Cl,): 621 (sh, 250), 501 (sh, 1850), 463 (4400), 436 (2700), 405 (sh, 3000),
342 (sh, 21900), 302 (sh, 43900), 279 (68000), 250 (sh, 95100), 234 (95100). IR (KBr): 2974m, 2930m, 2868w, 1743s,
1460m, 1445m, 1422w, 1389m, 1366m, 1295m, 1246s, 12125, 1175m, 1105m, 1094m, 1075m, 1026m, 857w, 737w,
707w, 675w, 580w, 550w, 533m, 524m. 'H-NMR (500 MHz, CDCl,): 1.37(+, J = 7.1, 6H); 149 (¢, J = 7.1, 12H);
4.41(q.J = 7.1,4H):4.56 (m, 8 H). '*C-NMR (125 MHz, CDCl;): 14.07; 14.24; 44.69; 54.33; 63.08; 63.28; 69.08;
70.03; 71.88; 139.34; 140.58; 142.27; 142.52; 142.83; 143.57; 143.80; 144.12; 144.36; 145.08; 145.14; 145.44;
146.06; 147.29; 163.60; 163.94. FAB-MS: 1195 (100, MH"), 1194 (90, M *,'2C4,H,,07,), 1149 (28, [M —
OCH,CH,]%), 720 (50, Cgo*). HR-FAB-MS: 1194.1725 (M *, *2C4,H;,0,, " ; calc. 1194.1737).

Competition Experiment to Evaluate Relative Chemical Reactivities. To a soln. of 11 (8.00 mg, 5.91 umol) and
4 (7.80 mg, 5.91 umol) in dry degassed PhCl (100 ml) was added diethyl 2-bromomalonate (5.91 pmol, 63 ul of a
soln. prepared by dissolving 800 pl of the malonate in PhCI (50 ml)) and DBU (5.89 umol, 55 pl of a soln. prepared
by dissolving 800 pl of DBU in PhCI (50 ui)), and the mixture was stirred at r.t. for 2 d. Dilution with PhCl, CC
(Si0,-H, PhMe, then PhMe/Et,O 49:1) afforded unreacted 4 (4.09 mg, 3.09 mmol) and 11 (1.52 mg, 1.12 mmol)
in a ratio of 2.7:1, in addition to a mixture of pentakis-adducts 5/6 and hexakis-adduct 38.
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X-Ray Structure of 11. The X-ray measurements were made on a Nonius-CAD4 diffractometer equipped with
a graphite monochromator (MoK, radiation, 4 0.7107 A) and a Nonius gas-stream low-temp. device. Black,
plate-like single crystals of 11 were obtained by very slow evaporation of a CHCl, soln. at r.t. The crystals belong
to the triclinic space group P1, with half a molecule of 11 and one CHCI, molecule in the asymmetric unit. The
structure of 11 undergoes a phase transformation at ca. 252 K, the low-temp. phase being triclinic (PT) as well.
The unit-cell parameters of the two phases, obtained ca. 3° above the transition temp. and ca. 2° below (in
parentheses), are a = 10.024(9.989) A, b= 13.358(13.462) A, ¢ =13.875(13.912) A, a = 78.40(75.56)°, B =
72.13(71.35)°, y = 73.85(73.35)°, V = 1685(1672) A3. The high- and low-temp. structures of 11 were determined
at 258 and 100 K, resp. The structures were solved by direct methods and refined by full-matrix least-squares
analysis (SHELXTL PLUS). Heavy atoms were refined anisotropically, H-atoms isotropically, whereby H-posi-
tions were based on stereochemical considerations. Experimental parameters of the low-temp. analysis are sum-
marized in Table 3, and further details are available on request (No. CCDC-10/34) from the Director of the
Cambridge Crystallographic Data Centre, 12 Union Road, GB-Cambridge CB12 1EZ (UK), on quoting the full
journal citation.

Table 3. Experimental Details of the X-Ray Analysis of 11 at 100 K

Empirical formula CggH, 0046 2 CHCI,

Temp. of data collection [K] 100

Crystal dimensions [mm] ca. 0.30 x0.25x 0.20

Space group P1

Cell dimensions a [A] 9.894(6)
b [A} 13.360(4)
c[A) 13.685(9)
a9 75.06(4)
A1 71.56(4)
v [°] 73.65(3)

Formula weight 1591.9

D, [gem™] 1.63

Max. 2 sin 8/4 [A™Y] 1.233

Scan mode /0

No. of measured reflections 6351

No. of unique reflections 6103

No. of observed reflections (I > 24(J)) 3982

No. of variables in final least-square analysis 527

Type of refinement F

Exponentially modified weight factor r [A%] 5.0

Extinction correction isotropic

R(F) 0.041

R, (F) 0.046

This work was supported by the Swiss National Science Foundation. We are grateful to Mr. Thomas Mdder
for assistance with the HPLC separation, to Mr. Hans-Ulrich Hediger for recording the MALDI-TOF mass
spectra, and Mr. Rolf Hifliger for recording the FAB- and HR-FAB mass spectra.
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