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Abstract

In this study, four selected regioisomeric tetracthyl bismethano[60]fullerenyl
tetracarboxylates (trans-4, e, cis-2 and Cis-3 symmetry patterns) were prepared through
the chemical methods reported in the literature with satisfactory yields and purities.
They were subsequently analysed by ion mobility mass spectrometry (IMMS) to
examine the potential of this method to resolve fullerenyl bisadduct regioisomers of the
same molecular weights based on their different cross-sectional areas. This study was
also of interest to see if these regioisomeric compounds would undergo a
“walk-on-the-sphere” rearrangement under the reductive conditions of — ve ion mode

ESIMS.

The tethered bisadducts (40), (41), (43), (44) and (46) were chemically prepared
according to Nierengarten’s report giving the desired products with satisfactory yields
and purities. Transesterification of these tethered bisadducts with distilled and dry

methanol generated the non-tethered bisadducts (47) — (50).

The employment of IMMS in this study was to enable a comparison of the
cross-sectional areas of the tethered and non-tethered [60]fullerenyl bisadducts,
providing some structural information that might be useful for further studies of
fullerenyl derivatives of complicated structures in the future. The size of the
cross-sectional area of a fullerenyl derivative was directly reflected by the length of the
drift time required to travel through the drift tube of the spectrometer, in both the + ve
and — ve ion modes. In the case of this study, all of the four non-tethered bisadducts (47)
— (50) may have experienced an incomplete “walk-on-the-sphere” rearrangement under
the reductive conditions of their — ve ion IMMS studies. Further improvements of
experimental conditions might be necessary in order to enhance the occurrence of such

rearrangements in future studies.

XVi
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Chapter 1: Introduction

1.1 Fullerene

By definition fullerene refers to a series of carbon atom clusters (such as Ca4, Cso, Cep,
Cr0, Cr6, Crs, Cgo, Cs2, Cs4, Cop, Cos, Cos, Ci20, Cigo, Cas0, Csao, €tc.) consisting of
non-planar pentagons and hexagons that form hollow and closed spherical, elliptical or
tubular conjugated polyenes. In many cases the term fullerene specifically refers to Ceo
([60]fullerene) which is the most intensely and widely studied member. Discovered in
1985," the fullerene family has become the third allotrope of carbon following diamond

and graphite.

1.1.1 Discovery

In 1985, an experiment was carried out by Kroto, Curl and Smalley with an assembled
apparatus at Rice University. After being vaporised by a laser beam followed by the
application of an ultrasonic wave produced by helium of 1Mpa, a sample of graphite
was shattered into vaporised carbon atoms. These atoms, subsequently, passed through a
nozzle into a vacuum environment where they expanded, cooled down rapidly and led
to the formation of unknown new carbon molecules. Mass spectrometry showed that
one new molecule was made up of 60 atoms (Cf,o).1 Its true structure, however, puzzled
Smalley at the time. Later, inspired by the shape of the round roof of Montreal’s
Biosphére designed by architect Richard Buckminster Fuller [Figure 1.1 (a)], Smalley
cut 12 pentagons and 20 hexagons out of a piece of hardboard and put them together to
form a spheroid with a total of 60 vertices [Figure 1.1 (b)].'? The structure of this new
carbon molecule Cq was thus determined and nominated Bucky ball in order to
commend the architect for his contribution in its structural determination. Alternative
names such as Buckminster fullerene, Buckminsterene, and fullerene are also found in a
large number of references while fullerene is most frequently used. In addition, Cg is
also sometimes referred to as footballene for its similarity to a football in shape [Figure
1.1 (¢)]. Following Cg, higher order homologues of the fullerene family like Cro, Cre,

2



Chapter 1: Introduction

Csa, Cas, etc. were found successively.* The great discovery of Cg led to the 1996 Nobel
Prize for Chemistry shared by Harold W. Kroto, Richard E. Smalley and Robert F. Curl.

(a) (b) (c)
Figure 1.1: Structural similarities among (a) the Montreal Biosphére (designed by Richard

Buckminster Fuller in 1967, http://unusual-architecture.com/montreal-biosphere-

canada/); (b) Cgo shape hypothesised by R. E. Smalley and (c) a common football.

1.1.2 Structure

At the time when Cgy was discovered by Kroto, Curl and Smalley an efficient method
for the milligram scaled synthesis of Cgp was not available and further analysis on this
newly discovered molecule was impossible without an adequate supply. Therefore
structural studies were carried out through pure theoretical calculation and deduction
until 1990 when Kratschmer and Huffman et al. successfully developed a scaled-up Ceo
synthesis method (the carbon arc light method), fulfilling further research activities on
the carbon allotrope.*” Systematically Cg is named [5,6]-fullerene-60-1;,° which
indicates some of its important structural and stereotypic characters: pentagons and
hexagons partitioned by 60 carbon atoms and the icosahedral molecular symmetry. All
the 60 carbon atoms as vertices form totally 32 planar faces, 12 of which are pentagons
and the other 20 are hexagons. sp’~-Hybridised, each carbon atom forms 3 sigma bonds
with its 3 adjacent carbon atoms through head-to-head overlap, with each bond angle
being nearly 116 degrees due to non-coplanarity. There is, on each of the 60 carbon
atoms, a remaining p electron forming a huge and delocalised z electron cloud covering
both the inside and the outside of the spheroid molecule surface. The spherical Cg

molecule has a diameter of 710 pm.
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With each of its pentagons being surrounded by 5 hexagons, Ceo is the smallest
molecule that conforms to the isolated pentagon rule (IPR)" which does not allow
adjacent pentagons. Bonds are alternating in length, 0.140 nm between two hexagons
and 0.146 nm between one hexagon and one pentagon,’ and therefore its energy level
can be minimised by assigning double bonds to 6,6 junctions and single bonds to 5,6
junctions. In this sense, pentagons and hexagons in the Cgp molecule can be regarded as
cyclohexatriene and radiapentalene respectively. Therefore a total of 60 single bonds
and 30 double bonds divide the spherical surface into its 12 pentagons and 20 hexagons.

Some structural properties of Cg are illustrated in Figure 1.2.

lz* o @

Figure 1.2: Cg structural characters presented in the Kekulé formulas. Actually all bonds in

pentagons are of the same length (0.146 nm) and all bonds at junctions between
hexagons are also of the same length (0.140 nm). The Cq surface is covered on both
sides by a huge and delocalised electron cloud formed by a total of 60 7 electrons. All

bond angles are approximately 116 degrees.

Spectroscopically the Cgp molecule is characterised by four strong absorption signals in
the infrared (IR, 1429, 1183, 577 and 528 c:m'l),7 and one signal in the BC-NMR
spectrum (3. = 143.2 ppm).® Dissolved in hexane, Cgo shows the strongest absorptions at

328 nm, 256 nm and 211 nm in its ultraviolet spectrum (Figure 1.3).”
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Figure 1.3:  Cg Spectra. (a) IR (soot); (b) *C-NMR (CDCl5); (c) UV-Vis (part of amplified
spectrum above the normal spectrum also shown). (a) and (c) are derived from

reference 2; (b) is adapted from reference 3.
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1.1.3 Physical and Chemical Properties

Pure Cg appears as a brownish black solid, weighs 1.7 g-em™ and is insoluble in water.
However, it possesses limited solubility in non-polar solvents such as hexane, benzene,
toluene, carbon disulfide and carbon tetrachloride. Cqp is more readily dissolved in

aromatic solvents. It turns crimson when dissolved in benzene and purple in toluene.

The Cg cage is relatively stable and readily undergoes reactions such as hydrogenation,
oxidation, electrophilic addition, nucleophilic addition, radical reactions as well as
reactions with metals.'® The Cgy chemical reactivity will be briefly reviewed in the

second part of this chapter.

1.1.4 Applications

Research activities following the discovery of fullerene led to a heavy disappointment
for the fact that fullerene and its derivatives were not soon ready for the market as had
been expected.'® Nevertheless, more potential has been predicted, especially in the

10.11 . . .
0. In most cases new derivatives retain the

fields of biomedical and material sciences.
main properties of the original fullerene while their processibilities have been improved.
For this reason researchers are still optimistic about realising applications of

functionalised fullerene molecules in the future.

1.1.4.1 Prospective Biological Applications

Chemical functionalisations have improved the solubility in physiological media by
attaching hydrophilic appendages to Cg.'>"> Homogeneously dissolved fullerene or its
derivatives exhibit their potential applications in photodynamic therapy, anti-HIV

activity (through inhibition of HIV-1 protease), neuroprotection and anti-apoptosis.
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Ceo can be excited to the long-lived (lifetime = 50-100 ps) triplet state via the
short-lived (lifetime = 1.3 ns) singlet intermediate. The former turns molecular oxygen
into strongly oxidative singlet oxygen by efficient energy transfer.'® By this mechanism
Ceo deactivates enveloped viruses such as Togaviridae and Rhabdoviridae that are
sensitive to strong oxidants.'” The cytotoxicity of the fullerene derivative (1) on
irradiation has been demonstrated in terms of DNA cleavage (usually selective at
guanosine sites) by the supposed mechanism of electron transfer rather than the
existence of singlet oxygen.'"® An in vitro study on tumor infected mice showed (1)
inhibited tumor cell growth with specific chemotropism of this fullerene derivative

towards the tumoral tissue."”

)
In another field scientists have demonstrated that HIV-1 protease (HIVP) is inhibited by
7
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a water soluble fullerene derivative (2) having a suitable 3-D structure for accomodation
into the HIVP active site.’ The physiological effect was confirmed by a decrease in the
number of peripheral blood mononuclear cells (PBMC) in hosts that were either acutely
or chronically infected.*' This result has stimulated more trials of functionalised

fullerene candidates in anti-HIVP studies in the hope of an optimised therapy.****

3) (4)

Neurodegenerative diseases are usually caused by excessive production of superoxide

and nitric oxide radicals resulting from overexcitation of glutamic acid receptors. Due to
their antioxidant properties and their high reactivity toward free radicals, functionalised
trismalonic acid adducts of Ce, (3) and (4), also reduced death of cultured neural cells

as well as increased the lifetime of model mice with amyotrophic lateral sclerosis.”

The trisadducts (3) and (4) were also found to be apoptosis inhibitors due to their ability

to scavenge radicals which are formed during apoptosis.”?’

It is impossible to address the biomedical potentials of fullerene and its derivatives
exhaustively. Researchers will continue their extensive efforts in order to increase
pharmaceutical effects and minimise toxicity at the same time.

1.1.4.2 Potential Applications in Material Science and Technology

Early studies of Cg disclosed some of its physical properties such as non-linear optical
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properties”™*’ and superconductivity in the form of M3Cg species (M = alkali metals)

with high critical temperatures.**""!

Its advantages over superconductors of oxides are
their 3-dimensional superconductivities that provide high stabilities and current
densities as well as ideal plasticities into linear materials. In addition, [TDAE ]Cso was
defined as an organic soft ferromagnet.’” Extensive studies on functionalised fullerene

derivatives later found their potentials in mainly these four fields: polymers, thin films,

electrooptical devices and liquid crystals.

Polymers containing fullerenes can be obtained by chemical linking of fullerene to a

32-37

preformed polymer, a polymer being formed®™ or by polymerisation of

41,42

fullerene-containing monomers. Dendrimers have also been formed based on a

fullerene nucleus.”* In addition, 3-D starburst polyurethane networks can also be

generated from fullerenols.****®

As to the formation of fullerene containing thin films, control of organised structures is
regarded as a priority, and therefore self-assembled monolayers (SAM) and Langmuir
films are increasingly used to deliver fullerene properties to bulk materials by simple

. 47,4
surface coating.*”*

Due to the inherently electron deficient property of Cgo, it is believed that the design of
novel molecular electronic devices by attaching electron-rich moieties (such as the
ferrocene structure)® or m-conjugated polymers ' to Cgo should open a new realm of

electrooptical devices.

After experiences of fluctuating fortune, efforts to utilise fullerene’s practical

application as novel materials continue with optimism with updated efficient

methodologies."
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1.2 Chemical Reactivity of Cgo

Rather than a “super aromatic” molecule as initially hypothesised, Cqp was later found
to be of a polyenic structure.”” Because of deviation of all its double bonds from
planarity® and pyramidalisation of C atoms (all sp>-hybridised), the Cg molecule
sustains excess geometrical strain. The driving force for most of its chemical reactivities
is actually the release of such strain from sp” to sp’ hybridisation of the C atom on the
reaction site.”® In fact, the majority of reactants react only with 6,6 double bonds that
possess higher electron density while insertions into 5,6 single bonds were only reported

as rearrangements following initial attack at the 6,6 junction.'

The disappointment following fullerene’s discovery was the fact that the fullerene
family could not find immediate practical applications. This was mainly attributed to its
poor solubility. However, this provoked extensive studies of Cgy chemical modification
(also known as fullerene functionalisation) for the purpose of improved manipulation in
solvents. With chemically attached “handles”, Cgy not only obtains better solubility

which facilitates easier processing, but also becomes synthons for further assembly."

1.2.1 Reduction

According to the theoretical molecular orbital calculation of Cgy, its lowest unoccupied

molecular orbitals (LUMO) and LUMO + 1 are triply degenerated with comparatively

54-57

low energy, suggesting the electronegativity of the molecule and being reducible up

to the hexaanion (Figure 1.4),”® which was further supported by cyclic voltammetry

studies (Figure 1.5)59 on Cg in solution. The latter showed its facile and stepwise

60,61

reduction: such a study detected di- and trianions first, and shortly later tetra-,%”

59,64,65

penta->* and hexaanions at increased expansion of the available potential window.

10
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Figure 1.4: Partial Hiickel molecular orbital diagram of Cgy (only HOMO, LUMO and LUMO + 1

represented).”
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(a)

(b) ISIA
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Figure 1.5: Reduction of Cgy in CH3CN/toluene at -10°C detected by (a) cyclic voltammetry; (b)

differential pulse voltammetry.”

Following the discovery of reductivity of Cg, fulleride anions were generated either
chemically or electrochemi(:ally.3 In addition, some species containing Cgp anions can

be precipitated with a proper solvent, such as Cg (TBA"), and Cg(TBA") in

acetonitrile (Scheme 1.6).%

11
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Ceo (S) —T—> Cgo ()

/

Ceo? (S)

AN

in acetonitrile

Ceo (TBA™) (f)

Co0” (S) <——— Cgo2(TBA™Y), ()

on the gold/quartz
working electrode surface

Figure 1.6: The circulatory stepwise reduction of Cg using tetra-n-butyl ammonium perchlorate
(TBACIO,) carried out in acetonitrile with a gold/quartz working electrode, on which
reduced species C602'(TBA+)2 and C60'(TBA+) are deposited as a film from acetonitrile
dissolved C603 , C602' and Cgy. “s” and “f” stand for “solution” and “film”

respectively.66

Quenched by electrophiles, fulleride anions can undergo electrophilic additions to yield
covalent organofullerene derivatives, which is illustrated by the synthesis of the
simplest Cgo dialkyl derivative, dimethyldihydro[60]fullerene (Scheme 1.1)*" and a
fullerenyl Pd-complex (Scheme 1.2).°*

TBACIO, 5. Mel
Ceo —— > Cgp” ——>
N=C—Ph

2e”

(®) (6)
Scheme 1.1: Treatment of electrochemically generated Ceo” with Mel gives rise to a mixture of

1,2- and 1,4-dimethyldihydro[60]fullerenes (5) and (6) in a ratio of 1.4:1. In this

case the electrochemically generated Cgo” readily undergoes alkylation with methyl

iodide.®’

12
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OC\ /CO
OC—Mn Mn—CO
/ \
oC CcO
Ph,P. PPh,
\Pd/

®)

Scheme 1.2: Formation of the Pd-complex (8) through quenching the electrochemically generated

Ceo” by a phosphine ligand (7).

In addition to chemical precipitation and electrochemical ionisation, Cgp can also be

6977 alkaline earth metals (vapor)

reduced directly by alkali metals (in suitable solvents),
and mercury,” as well as organic or organometallic donor molecules such as
tetrakis(dimethylamino)ethylene (TDAE) to form [TDAE ]Ceo” (Scheme 1.3).”

Cey + TDAE — [TDAE']Cqo"

Me,N NMe
2N s 2
/C—C
Me,N NMe, tetrakis(dimethylamino)ethylene (TDAE)

Scheme 1.3: Direct reduction of Cgg by the electron-donor TDAE.”

1.2.2 Nucleophilic Addition

The alternating short (between any two hexagons) and long bonds (between a pentagon
and a hexagon) distributed on the Cgy sphere implies that its chemical behaviours are
like those of an electron-deficient, conjugated polyolefin rather than a “superarene”,
therefore theoretically additions by nucleophiles (of carbon, nitrogen and oxygen types)

: 6
can easily occur to Ceo.

13
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Carbon nucleophiles include organolithium and Grignard compounds. Their alkyl,
phenyl or alkynyl derivatives readily add to Ce to give the intermediate anion RCe.
These are converted to RCgoH products upon the addition of water to the reaction
mixture. As examples, -BuCgH (Langmuir-Blodgett Films) and Cgp polymers were
synthesised through #-BuLi and macromolecular carbon anions, respectively (Scheme

1.4).5%8182 The reactions of Cgo with Grignard reagents have been recently reviewed.®

H R=Me

C RLi t-Bu
60 > Me;SiCC
R fluorenide

RMgX = EtMgBr
i-PrMgBr
CH2=CH(CH2)2MgBr
CH3(CH2)7MgBr
PhMgBr

(b)
Scheme 1.4: Addition of Cgy by various nucleophilic (a) organolithium and (b) Grignard

compounds.

Beside these organometallic nucleophiles, carbon anions are also widely used to
synthesise fullerenyl methanoadducts through cyclopropanation (known as the Bingel
reaction).*® Bingel reported the synthesis of diethyl methano[60]fullerenyl diester from
the reaction of diethyl 2-bromomalonate with Cgy under basic conditions (NaH)
(Scheme 1.5).** The mechanism of the Bingel reaction is discussed in Section 1.4.

Deprotonation of methyl 2-chloroacetylacetate, a-bromoacetophenone and

14
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desylchloride with 1,8-diazabicyclo[5.4.0Jlundec-7-ene (DBU) produces the
corresponding carbanions that undergo nucleophilic addition to Cgp to give the

methanofullerene derivatives (9), (10) and (11) as shown in Scheme 1.6.**

COOEt

Scheme 1.5: Diethyl methano[60]fullerenyl diester synthesised through cyclopropanation by

depronated diethyl bromomalonate, reported by Bingel.*

0
Il
C

cl 0
/4
>—c |pBU
o)
Ph Ph '
Br—~C~pp
Ceo >
o o DBU
.C._C.
Me Y OMe
cl
DBU

Scheme 1.6: Nucleophilic additions by methyl 2-chloroacetylacetate, a-bromoacetophenone and

desylchloride under Bingel conditions.*

As polymer side chains, primary and secondary amines are utilised to react with Cg to
generate polymer bound Cgo.*®® Nitrogen atoms with various types of linkers have

shown potential in the formation of 3-dimensional fullerene structures via

15
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self-assembly.®’**

Additions to Cg by hydroxides, however, still remains ambiguous and need further

investigations.”

1.2.3 Cycloadditions

Only the 6-6 double bonds on the Cgy sphere can act as dienophiles in cycloaddition
reactions.'’ The cycloaddition reactions that occur to Cg are categorised as [4+2], [3+2],
[2+2], and [2+1] types. Some fullerenyl cycloadducts, due to high stability to heat,
satisfactorily fulfill further side-chain chemistry allowing the preparation of new

fullerenyl derivatives of biological or of materials importance.

A large number of 1,4-dienes can be added to the 6-6 double bonds in a [4+2] manner

100,101
7" and

(Diels-Alder reac‘[ion).%'97 As 1,3-dipoles, diazomethane,gg’99 diazoacetates
diazoamides'® are reactive to Cgo via the [3+2] route, and subsequent extrusion of N,

results in methano-bridged fullerenes (Scheme 1.7).

16
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CH,N»
toluene

(14)

Scheme 1.7: Diazomethane, a typical 1,3-dipole as an example of [3+2] cycloaddition to Cgo.

Induced by heat or irradiation, some intermediates also add to Cgo in a [2+2] manner.

103,104

: 1 . 1 : 1
These include benzyne, enones,'” quadricyclane'*® and electron-rich alkynes.'"’

1.2.4 Radical Addition

A broad range of free radicals have been added to Cg. The intermediates R,Cqo (n=1, 3,
5) have been investigated by electron spin resonance (ESR) spectroscopy, which have
shown the ability of these intermediates to form fullerene dimers among other

. . 6
interesting phenomena.

An organic radical species R is usually generated in situ from suitable precursors
photochemically or thermally by an established free radical reaction. In the example
illustrated in Scheme 1.8, the alkyl radical R" is formed either directly from an alkyl

compound or indirectly from di-tert-butylperoxide (via the fert-butoxy radical) initiated
17
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by UV light.'%%!!!

uv RH
Me;COOCMe; —— Me3CO- —— R-

uv
RX—™ R

X =Hal, HgR, H
Scheme 1.8: Radical addition to Cg.

Many other types of radical additions to Ceo have also been reported, including multiple

radical additions, metalation by pentacarbonyl-rhenium radicals,'?

hydrostannylation,'" and addition by bis(trifluoromethyl)nitroxide.'**

1.2.5 Oxidation and Reactions with Electrophiles

Ceo has been reported to be oxidised either electrochemically or chemically in the

11
7 and

presence of oxidants such as O,,'"”"'® m-chloroperoxybenzoic acid (MCPBA),
03,“8 to form mono-oxygenated Cq. The first Cgo derivatives fully characterised in
history was osmylated fullerene generated by addition of OsQOy, a strong and selective
oxidative, to Cg in the solvent pyridine.“g'123 Other oxidants include Lewis acids,m’125
aromatics'® and chloroalkanes.'?*'*® The versatility of Cgy chemistry is also reflected
by the reported halogenation, hydrogenation and the formation of Cgo-transition metal

complexes.’

1.3 Regioisomerism, Stereoisomerism and Chiral Functionalised Fullerenyl

Bisadducts

There are thirty 6-6 double bonds on the surface of a C¢p molecule and it is predictable
that two [6,6] addition reactions that occur to any two of these bonds will probably

result in isomeric products. Due to the configurational rigidity by which Cgy molecules

18
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are characterised, their bisadducts can be categorised into three isomeric forms:
regioisomers, stereoisomers and enantiomers, based on the relative position of the
second substituent, orientation of substituent groups and ring numbering orders,
respectively. Below is a detailed discussion of these three forms of isomerism illustrated

by the example of methanofulleryl bisadducts.

1.3.1 Regioisomerism

In the case of functionalised bismethanofulleryl derivatives, there are in total nine
possible regioisomeric configurations.>'*’ They differ from one another by the relative
positions of the double bonds on which the two functionalised additions have occured.
Each of these nine isomeric bismethanoadducts is nominated: cis-1, cis-2, cis-3, e-face,
e-edge, trans-4, trans-3, trans-2, trans-1. Cis-notations are given to those cases in
which the two additions occur on the same hemisphere while frans- ones are used to
nominate those with two addends on both hemispheres. In addition, cis-numbering
increases as the second addend retreats from the bond where the first addend is located
and ftrans-numbering decreases in the same direction. Figure 1.7 shows the
diagrammatic description of the nine regioisomeric possibilities of bismethanofullerenyl

adducts.'?
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cis-2 (Cs)

e-edge (Cs)
trans-3 (C,)

trans-2 (C,) T trans-4 (Cs)
trans-1 (Do)

Figure 1.7: Positional notation for Cg, bismethano-adducts. In brackets are their corresponding
symmetry operations. Addition that occurs on e-face or e-edge gives rise to bisadducts

of identical regioisomeric pattern.’

By the line model shown in Figure 1.7, each labelled bond has its counterpart on the
same sphere, e.g., a methanofullerenyl bisadduct, provided not tethered, can be turned
into the identical molecular configuration through a certain symmetry operation, which
is either Cs (for cis-1, cis-2, e, trans-4) or C2 (for cis-3, trans-2, trans-3). The bond
labeled trans-1 exceptionally corresponds to the D2h symmetry operation. Symmetry
operation types Cs and C2 are characterised by a symmetry plane and a symmetry axis,

respectively, see Figure 1.8.'%
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(b)

Figure 1.8: Schlegel and schematic diagrams of typical (a) the Cs-symmetrical methanofulleryl
bisadducts, cis-2 as example here, containing a plane of symmetry, while (b) the
C,-symmetrical methanofulleryl bisadducts, for example cis-3 (one enantiomer
shown), containing an axis of symmetry. Substituents R; and R, are supposedly

identical in this case.

1.3.2 Stereoisomerism

Stereoisomerism is caused by the spatial positions of the two bridgehead substituents

which are not identical to each other (either tethered or non-tethered) on either methano

21



Chapter 1: Introduction

C atom. In the example illustrated in Figure 1.8, any change in the orientation of R; and

R, may lead to isomerism if R; and R, are not identical. This results in

131

diastereoisomerisation for each regiomeric structure. > Table 1.1 contains the complete

list:
Regioisomeric Possible Diastereoisomers and
Symmetry Operation
Pattern their Symmetry
cis-1 Cs 2 Cs (in-in, out-out), 1 CI (in-out)
cis-2 Cs 2 Cs (in-in, out-out), 1 CI (in-out)
cis-3 C2 2 C2 (in-in, out-out), 1 CI (in-out)
e Cs 2 CI (out-out, in-out)
trans-4 Cs 2 Cs (in-in, out-out), 1 CI (in-out)
trans-3 c2 2 C2 (in-in, out-out), 1 C1 (in-out)
trans-2 C2 2 C2 (in-in, out-out), 1 CI (in-out)
trans-1 D2h 1 C2v (out-out), 1 C2 (in-out)

Table 1.1: Summary of symmetry operations and stereoisomerism corresponding to regioisomeric

assignments for fullerenyl bisadducts."®'
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out-out
RS
c2

(b) cis-3

Figure 1.9: Stereoisomerism illustrated by (a) the cis-2 and (b) the cis-3 methanofullerenyl

bisadducts. Isomerism is determined by the spatial positioning of R; and R, which are

. . . . . 131
not identical. In-out and out-in structures are identical in each case.

1.3.3 Chirality

The pristine Cgp molecule is inherently an achiral molecule, e.g., there exists an axis
around which either a clockwise or anticlockwise C-atom numbering scheme leads to
geometrically equivalent results. The two numbering schemes are defined “'C’ and ‘A’
respectively, where letters ‘C’ and ‘A’ refer to clockwise and anti-clockwise and the
superscript ‘f” stands for fullerene.'*® In cases of functionalised fullerenyl bisadducts, A
and 'C naturally result in two enantiomers for any C2-symmetrical regioisomeric type,
e.g., cis-3, trans-2 and trans-3, in which structures there exists an axis of symmetry.
Such chirality, nevertherless, has nothing to do with the bridgehead groups that are

linked to the methano-carbon atoms (Figure 1.10).
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(@) (b)

Figure 1.10: The (a) 'C and (b) ‘A numberings schemes lead to a pair of enantiomers of the cis-3

methanofullerenyl bisadduct. "'

1.4 Bingel Reaction

Bingel reactions are one of the most broadly utilised reactions with Cg, characterised
by the nucleophilic attack of stabilised a-halocarbanions to the Cgp molecule at room
temperature. The fused methano structure is then generated from the intramolecular
displacement of the halide by the anionic centre on the Cep as the result of the previous
nucleophilic attack. This mechanism can be regarded as addition/substitution (addition

by an a-halocarbanion followed by substitution of the halogen).™
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Compound R, R, X Yield (%)
(15) COOEt COOEt Br 45
(16) COMe COOMe Cl 27
17) COPh H Br 21
(18) COPh Ph Cl 25
(19) C=CTMS | C=CTMS Br 55

Table 1.2: Methanofullerenes formed under Bingel reaction conditions by addition/substitution

mechanism. '

A refined version of the Bingel reaction is the use of malonic esters in which the
electron density on the a-C is greatly reduced by the neighbouring two carbonyl groups.
With the presence of an auxiliary base such as DBU, as well as a halogenation reagent,
(for example, CBr4, or 1) iodo- or bromo-malonate is generated in situ to facilitate the

Bingel reaction with efficiency, reliability and acceptable yields (Table 1.3).

25
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DBU (3 equiv)
+ C C CBry, (1.5 equiv) ‘

toluene, rt, 6 h

Compound R Yield (%)
(20) Ethyl 57
(21) Octadecyl 65

(22) (5\; 55

Ph
)
(0]
: /—Ph
(0]
O
(23) ) \_Q 29
(6]
O
b \—Ph
O
)

Ph

Table 1.3: Bingel reaction of Cg with malonic esters.

In fact, any reactant containing an active methylene component CH,WW’, where W and
W’ are electron withdrawing groups, can essentially undergo an addition/substitution
reaction to Cg under Bingel reaction conditions. One example is
N-(diphenylmethylene)glycinate esters shown in Table 1.4.'>* This reaction does not

give a methanofullerene product but a pyrrolidine derivative.'>
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e} DBU (3 equiv)
| i

n > —N C\ CBr, (1 equiv) .
NV CeHsCl

Compound R Yield (%)
(24) t-Bu 46
(25) Et 76
(26) I-menthyl 31
27) EtCOOCH, 46

Table 1.4: Addition reactions of N-(diphenylmethylene)glycinate esters to Cgp. The compounds
generated are [60]fullerenyldihydropyrroles133 rather than methano[60]fullerenyl

.. .o 15.84
iminoesters as initially reported. ™

1.5 Chemical Realisation of Methanofullerenyl Bisadducts of Desired

Regioselectivity

The Bingel reaction provides a satisfactory method of fullerene monofunctionalisation.
In order to avoid the tedious chromatographic separation required to isolate the mixed
products of different regioisomeric patterns resulting from a sequential second

functionalisation, the use of rigid tethers is a good strategy for the achievement of the

134,135

regioselective formation of fullerene bisadducts. Examples include the

136,137

regioselective synthesis of fullerenyl bisdihydropyrroles (Scheme 1.9) and the

double Diels-Alder cycloadditions with a,o-dioxamethylene tethers.'**'*°
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DBU (3.5 equiv),
CBry4 (2 equiv)

+ Ceo

Ph,C=NH,COCO OCOCH,N=CPh, CgHsCl

(28)

(30)
trans-4
32%

DBU (3.5 equiv),
CBry (2 equiv)
Ph,C=—=NH,COCO OCOCHoN==CPh; + Cq4 »
(31) CgHsCl

Scheme 1.9: Regioselective double dihydropyrrolidation with m- and p-benzenedimethanol derived
tethered  bis-N-(diphenylmethylene)glycinate esters under Bingel reaction

.o 137
conditions.

In the cases of bismethano[60]fullerene derivatives, tethered bismalonates have been
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employed to provide those compounds in a regioselective manner (Scheme 1.10). The

0
Nc~OEt

O\:C _/

Scheme 1.10: The two-step mechanism of bisfunctionalisation of Cg by a tethered malonate ester.

In this case a cis-2 isomer of the tethered bismethano[60]fullerenyl adduct resulted.
29
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regioselectivity was confirmed by Nierengarten et al.,'* ' on the basis of molecular
symmetry deduced from 'H- and C-NMR spectra as well as of UV/Vis spectral
comparisons. The tethered double functionalisation of the Cgp molecule occurs in two
steps. The initial attachment of one reactive group to Cgy provides an anchored reactive
group (RG) conjugate first, followed by the addition of the second reactive group to a
kinetically or thermodynamically favourable site on the carbon sphere (Figure 1.11).""

However, the dynamic mechanism underlying the regioselective patterns obtained from

a certain tether still remains ambiguous and needs further investigations.

VS
IRSRONO

Figure 1.11: A general scheme of tethered double functionalision of Cgy. R.G.= reactive group.

1.6 Electrochemically Induced Isomerisation of Tetraethyl

Bismethano[60]fullerenyl Malonates

Chemical functionalisation of Cgy with diethyl bromomalonate under Bingel reaction
condition results in the monoaddition product diethyl
1,2-methano[60]fullerene-61,61-dicarboxylate, and subsequent cyclopropanation with
the same malonic ester leads to a mixture of seven regioisomeric bisadducts, all possible
regioselective patterns are formed except cis-/ in which the ethyl ester substituents

would be sterically hindered (Scheme 1.11).1%¢
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O O
I I
Eto’C C\OEt
I} 1
[ [ L 0) Et0” \OEt=
Et0” " oEt ®0 (i)

(i): DBU (equiv), CBry, toluene

trans-1, trans-2, trans-3, trans-4,
e, cis-3, cis-2, cis-1

Scheme 1.11: Mixed regioisomers of tetracthyl bismethano[60]fullerenyl malonates resulted from
double cycloaddition to Cgy with diethyl malonate. The yield of each regioisomer

varies from 2% to 37%, after chromatographic column separation. '*°

The more amazing findings were brought by further electrochemical studies on these
bisadducts: two-electron coulometrically controlled potential electrolysis (CPE) of any
isomer, except framns-I, which was not reported, leads to a walk-on-the-sphere

141
rearrangement of addends.

For instance, CPE of the cis-3 isomer which was stopped
at the second reduction potential (2 electrons per molecule have been transferred), then
reoxidised to 0 V, yielded the monoadduct (28%) and a mixture of bisadducts (53%).
The mixture of bisadducts consisted of the e (22%), trans-4 (6%), trans-3 (10%),
trans-2 (51%) and trans-1 (11%) isomers. Cis-2 underwent one electron CPE to its
monoanionic state, reoxidation resulted in a walk-on-the-sphere rearrangement of its

addends, though such isomerisation was not observed from other regioisomers under

one-electron CPE.

The absence of cis isomers in the resulting bisadduct mixtures may be a result of the

inherent intramolecular strain from two cyclopropanes in close proximity. There is a
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competition between isomerisation and retro-Bingel reaction under two-electron CPE,

which was evident by the formation of the monoadduct no matter what the starting

isomer was. In fact, exhaustive CPE, which turns a bisadduct to its hexaanionic state,

finally yielded 75% of Cg after reoxidation, indicating that the retro-Bingel reaction

dominates.

1) 6e” CPE 1) 6e” CPE

'

<l

60

2) reoxidation 2) reoxidation

75%

20%

11% e

4%  trans-4
5% trans-3
24% trans-2
5% trans-1

Scheme 1.12: Electrochemically induced “walk-on-the-sphere” rearrangement of two addends to

give mixtures of regioisomers with the approximate distributions in percentages.

The starting material can be any one of cis-2 (one-electron CPE), or cis-3, e, trans-4,

trans-3 and trans-2 (two-electron CPE).""!

Another noteworthy point is that the relative distribution of regioisomers in the mixture

generated from any starting isomer is essentially the same, e.g., HPLC analysis showed

approximately 11%, 4%, 5%, 24% and 5% for e, trans-4, trans-3, trans-2 and trans-1,

respectively, as yields regardless of the regioisomer on which two-electron CPE had
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been applied.

1.7 lon Mobility Mass Spectrometry (IMMS)

1.7.1 Introduction of IMMS

As indicated by its name, ion mobility mass spectrometry (IMMS) is an analytical
measurement composed of ion mobility spectroscopy (IMS) and mass spectrometry
(MS) that complement each other and fuse into one methodology. With IMMS, ions are
separated on the basis of their unique drift times that they have in the drift region of the
IMMS instrument. The drift time depends on the average cross-sectional area of these
ions when they collide with the neutral drift-gas molecules that counter-flow in the
same drift region. Today, after 30 years of development, IMMS can be integrated into
various types of ion sources (e.g., ®Ni, electrospray ionisation (ESI), laser and
matrix-assisted laser absorption) and mass analyzers (e.g., quadrupole, time-of-flight

: . . 142
and Fourier-transform ion cyclotron resonnance mass spectrometries).

Up to now,
IMMS has found broad applications in the analysis and/or detection of biomolecules,
explosives, chemical warfare degradation products, illicit drugs, combinational
chemistry samples and chlorinated or brominated byproducts in drinking water

142

disinfectors. ™ In addition, it has shown its unique advantages in differentiating

isomeric structures of protein and polypeptide complexes.'*

1.7.2 Development of IMMS

In spite of advantages of Faraday plate detection, which most commercial IMS
instruments employ, such as simplicity, inexpensiveness, suitability for both anions and
cations, this method is often replaced by mass spectrometry that can afford mass
information to the separated ions. However, it required around 30 years before
researchers finally reached a rationalized understanding of IMS and started its wide
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usage together with MS.

As early as 1971, the first coupled IMS-MS instrument, Alpha II PC/MS was brought
by Franklin GNO Corporation into applications such as detection of compounds in trace
amounts, understanding of ion formation in the reaction region of IMS as well as
establishing refined correlationships between mass and mobility (m/Zz vs Vg).'*
However, interest in IMS, after booming since 1970, declined after 1976 mainly due to
low resolution and lack of mass information.'* PCP (West Palm Beach, FL, USA)
continued this early technology and supplied commercial IMMS for limited applications
in medical fields and in explosives.'** Later in the 1980s with the understanding of IMS
refined and it being treated as a spectrometric rather than a chromatographic method,
and few essential improvements were made until the 1990s when a time-of-flight mass
spectrometer (TOFMS) was interfaced with an IMS instrument supplied by PCP. This
was actually a modification in which the original Finnigan quadrupole mass
spectrometer was replaced by the TOFMS, which enabled complete mass spectra for

individual peaks.'*®

From 1997-2001 a large amount of work was performed by Clemmer and coworkers on
biomolecules with IMS incorporated to quadrupole and TOFMS. The latter enabled

flight time — drift time plots to be generated.'*” ">’

1.7.3 Principle of lon Mobility Spectroscopy (IMS)

A schematic of the IMMS instrument is illustrated in Figure 1.12. Its various
components include (1) an electrospray ionisation source, (2) an ESI-IMS interface, (3)
a desolvation chamber in which the electrospray solvent is evaporated, (4) the ion gate,
(5) the drift region, where ions are separated on the basis of mobility, (6) a pinhole
interface to vacuum, (7) transfer and focusing ion lenses that move ions from high
pressure to low pressure and (8), a reflection TOF mass spectrometer that separates ions
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on the basis of m/z. lons are separated in the drift region (Region (5), Figure 1.12) on
the basis of their velocities under an applied constant electric field (E, V/cm) against the
counter-flow of neutral gas molecules within this region. During this process, ions are
accelerated by the electric field while they are losing their velocities to collisions with
molecules of the netural buffer gas. The kinetic energy that these ions lose after
collisions is converted to their internal energy resulting in increased temperatures and
reduced velocities, and subsequent collisions then confer part of their internal energy to
drift gas molecules, resulting in lowered ion temperatures. Therefore neither the
temperature nor the velocity of each ion remains constant within the drift region and
consequently, it is only possible to describe the movement of ions by the time they need
to pass through the drift region (drift time, tg, ms) as well as by their average velocity
(Vg, cms™):

Va=KE

E --- applied electric field strength (V'cm'l); K --- ion mobility constant (cmz-V'l-s'l).

The above equation is valid only when E < 1000 V-cm™. The ion mobility constant (K),
which is dependent on properties of both the ion of interest and the drift gas molecule,
becomes no longer directly proportional to E as the field strength increases. Under
low-field conditions, the ion mobility constant K is related to the ions collision cross
section by the Mason-Schamp equation shown below:

K = (3q/16N)-2n/KT) *[(m+M)/m-M]"*(1/Q)

q - ion charge (C); N --- number density of the drift gas (molecules-em™); T --- absolute
temperature (K); m --- mass of buffer gas; M --- mass of ion; Q --- average collision cross-section

area between ion and drift gas molecule.

Practically, K can be converted to a reduced mobility value (Ko) under the operating
temperature T (K) and the operating pressure P (Torr, 1 Torr = 133.322 Pa):
Ko=K:(P/760)-(273/T)

Concluded from above, V4, which is decided by K, takes the size and shape of an ion
into account. This constitutes one advantage of IMS over mass spectrometry, which is
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incapable of separating isomers or complexes of the same mass. With IMS interfaced
with MS, the mass-to-charge ratio (m/z) of each component of a mixture of ions, after
being separated by IMS, can be decided and a 2-D or 3-D orthogonal spectrum can be

constructed on m/z vs tg (ms).
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Figure 1.12: A schematic ambient-pressure IMMS. ' (1) ESI source, (2) the ESI interface to the
IMS, (3) a desolvation cell in which the electrospray solvent is evaporated, (4) ion
gate to the drift region, (5) the drift region, (6) a pinhole interface to vacuum, (7)

transfer and focusing ion lenses (8) a reflectron time-of-flight mass spectrometer.

1.8 Project Aims

This project aims to examine the potential of IMMS in distinguishing the different
regisomeric tetracthyl bismethano[60]fullerenyl malonates of the same mass on the
basis of their different drift times due to their different collision cross section areas
because of their different sizes and shapes. Molecules for this study will be prepared
chemically through tethered bisfunctionalisation of Cgy under Bingel reaction conditions

followed by transesterification. This method will provide four regioisomers of bisadduct
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Cs2(COOEt), that are the e, cis-2, cis-3 and trans-4 regioisomers. Differences in their
substituent orientation and relative fused cyclopropanyl positioning is expected to be
reflected by their different drift times in the IMMS analysis. Further, IMMS studies in
the negative ion ESI mode will be undertaken to see possible “walk-on-the-sphere” type
rearrangement of these compounds. AM1 calculation will also be performed for all

possible tethered and transesterified bisadducts to help rationalise the IMMS results.
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Chapter 2: Results and Discussion
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In order to study the relationship between the structures of regioisomeric
bismethanol[60]fullerenyl adducts and their drift time using ion mobility mass
spectrometry (IMMS), three selected tethered bismalonates, with an active methylene
group between the two electron withdrawing carbonyl groups, were synthesised for the
bisfunctionalisation of [60]fullerene. The Bingel reactions of these tethered compounds
resulted in the corresponding bismethano[60]fullerenyl adducts of specific
regioisomerism. Subsequent transesterification of these bismethano[60]fullerenyl
adducts led to tetraethyl bismethano[60]fullerenyl tetracarboxylates that retained the

regioisomerism of their starting bismethano[60]fullerenyl adducts.

The 1,3-benzenedimethanol and 1,4-benzenedimethanol tethered bismalonates,
1,4-bis{[(ethoxycarbonyl)acetoxy]methyl}benzene (34) and 1,3-bis{[(ethoxycarbonyl)
acetoxy]methyl}benzene (35) respectively, as well as the tartaric acid derived tethered
bismalonate, (+)-(4R,5R)-bis {[(ethoxycarbonyl)acetoxy]|methyl-2,2-dimethyl-1,3-
dioxolane (36), were prepared for Bingel addition reactions to [60]fullerene to generate

regioisomeric bisadducts. Their structures are illustrated in Figure 2.1.
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Figure 2.1: The structures of the target bismalonates, 1,4-bis{[(ethoxycarbonyl)acetoxyl]methyl}
benzene (34), 1,3-bis{[(ethoxycarbonyl)acetoxy]methyl}benzene (35) and (+)-(4R,5R)
-bis{[(ethoxycarbonyl)acetoxy]methyl}-2,2-dimethyl-1,3-dioxolane  (36) to be
synthesised.

These tethered bismalonates were synthesised via diesterification reactions of the
corresponding dimethanols.

2.1 Tartaric Acid Derived Tethered Bismethano[60]fullerenyl Adducts

2.1.1 Reduction of Dimethyl 2,2-dimethyl-1,3-dioxolane-4,5-dicarboxylate (37)

Due to its unavailability, dimethanol (38) had to be prepared from the commercially
available diester (37). Reduction of (37) with lithium aluminium hydride in THF
solution at reflux for 1.7 h followed by treatment with water (Scheme 2.1) gave the diol

(38) in 87% yield as an orange oil. This compound was spectroscopically similar to that

previously reported.'®
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Scheme 2.1: Reduction of dimethyl 2,2-dimethyl-1,3-dioxolane-4,5-dicarboxylate (37) by lithium
aluminium hydride to generate the diol (38).

The 'H-NMR spectrum of (38) showed two doublet signals at 3.71 ppm (d, J = 9.3 Hz,
2H) and 3.82 ppm (d, J = 11.7 Hz, 2H), and a triplet signal at 4.02 ppm (t, J = 10.3 Hz,
2H) which were assigned to the diastereotopic methylene and the methine groups,
respectively. The broad singlet peak at 2.08 ppm was assigned to the hydroxyl groups.
In the '"H-NMR spectrum of (38) reported by E. A. Mash et al.,'® there was only one
multiplet peak at 3.73 ppm (m, 6H) apart from the other two peaks at 1.42 ppm (s, 6H)
and 3.94 ppm (m, 2H) assigned to the geminal methyl groups and the methine groups,
respectively. The multiplet peak in Mash’s spectrum undoubtedly belongs to the
diastereotopic methylene (4H) and the hydroxyl (2H) protons. The difference in
temperature and/or concentration between our sample and that of Mash’s might have
resulted in this overlap. Meanwhile, our ?C-NMR spectrum of (38) was the same as

Mash’s (see Appendix II).'®

The reductant lithium aluminium hydride initiates the reaction through nucleophilic
addition of a hydride ion to the ester carbonyl group, and the tetrahedral intermediate
then loses methoxide to generate an aldehyde which is subsequently reduced to the

alcohol. This mechanism is illustrated in Scheme 2.2.
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Scheme 2.2: Mechanism of reduction of the diester (37) by LiAlH, to form the diol (38). For clarity
the reduction of only one methyl ester group is depicted here though actually both

methyl ester groups were reduced to hydroxymethyl groups.

2.1.2 Formation of the Tartaric Bismalonate Tether (+)-(4R,5R)-Bis

{[(ethoxycarbonyl)acetoxy]methyl}-2,2-dimethyl-1,3-dioxolane (36)

As illustrated in Scheme 2.3, diesterification of the diol (38) by treatment with ethyl
3-chlorooxopropanoate (39) (2.57 mol. equiv.) in CH,Cl,/pyridine medium with stirring
at rt for 5 h resulted in the tethered bismalonate (36) in 75% yield as a yellow oil. This
product was nearly spectroscopically identical to that previously reported by
Nierengarten et al. with the only discrepancy being the peak at 4.09 ppm where this
signal assigned to the methine groups appeared as a broad singlet instead of the triplet (J

161

= 2.5 Hz) reported in the literature.”” This difference may be due to the poorer

resolution of our sample.
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Scheme 2.3: Synthesis of the tartaric bismalonate tether (36).

This reaction was carried out under anhydrous condition otherwise (39) could be readily

hydrolysed in the presence of water. Scheme 2.4 shows the mechanism.
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Scheme 2.4: Mechanism of diesterification of the diol (38) by (39) to form the tartaric bismalonate
tether (36).

2.1.3 Tethered Functionalisation

of [60]Fullerene by (36) to Form
Bismethano[60]fullerenyl Adducts under Bingel Reaction Condition

Under Bingel reaction conditions the tartaric acid derived tethered bismalonate (36)
underwent double nucleophilic additions to [60]fullerene in the presence of DBU, and

iodine in toluene solution with stirring for 8 h at rt. This led to the formation of two
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regioisomeric fullerene adducts that were separated by column chromatography.

The cis-2 adduct (40) was obtained in 10% yield as a dark-red solid and the cis-3
regioisomer (41) in 6% yield as a brown solid (Scheme 2.5). The mechanism of the

Bingel conditioned bisfunctionalisation reaction is outlined in the scheme of Table 1.2.

9,><O
/_R DBU, I,
Q0 o\c’/O TG e it
Oy L
EtO ) OFt

Scheme 2.5: Synthesis of tartaric acid derived tethered bismethano[60]fullerenyl adducts (40) and

(41) under bingel reaction condition.

In the "H-NMR spectrum of (40) the signals at 4.17 ppm (d, J = 10.1 Hz, 1H) and 5.00
ppm (d, J = 8.0 Hz, 1H) appeared as broad doublets instead of doublet of doublets (J =
10.5, 2.6 Hz), and the signals at 4.24 ppm (d, J = 11.0 Hz, 1H) and 4.61 ppm (d, J =
10.7 Hz, 1H) also appeared as doublets instead of doublet of triplets (J = 10.5, 2.6 Hz)
as reported by Nierengarten et al.'' These four signals were assigned to the two
diastereotopic methylene groups indicating the non-existence of a plane of symmetry
within the molecule.
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The 'H-NMR spectrum of (41) was nearly identical to that reported by Nierengarten et
al.'®' The two multiplet diastereotopic methylene signals were consistent with the lack
of symmetry in the molecule. In the ">C-NMR spectra of both (40) and (41) there were
several fullerene carbon signals missing compared to those reported by Nierengarten et
al."®" (see Appendix II for details). These discrepancies may have been caused by the
low concentration of our NMR sample and/or signal acquisition time that were not long
enough. However, apart from these discrepancies, the *C-NMR signals observed

matched well with reported by Nierengarten et al.'®’
2.2 1,4-Benzenedimethanol Tethered Bismethano[60]fullerenyl Adducts

2.21 Formation of the 1,4-Benzenedimethanol Tethered Bismalonate,

1,4-Bis{[(ethoxycarbonyl)acetoxy]methyl}benzene (34)

As illustrated in Scheme 2.6, diesterification of 1,4-benzenedimethanol (42) by ethyl
3-chloro-oxopropanoate (39) (2.52 mol. equiv.) in CH,Cly/pyridine medium with
stirring at rt for 3 h resulted in the 1,4-benzenedimethanol tethered bismalonate (34) in
68% vyield as a yellow oil which spectroscopically closely matched that reported by

Nierengarten et al.'®" (Appendix II).

SN
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Scheme 2.6: Synthesis of the 1,4-benzenedimethanol tethered bismalonate (34).

2.2.2 Tethered Functionalisation of [60]Fullerene by (36) to Form

Bismethano[60]fullerenyl Adducts under Bingel Reaction Conditions
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Under Bingel reaction conditions the tethered bismalonate (34) underwent double
nucleophilic addition to [60]fullerene in the presence of DBU and iodine in toluene
solution with stirring for 5 h at rt. This reaction led to the formation of two
regioisomeric bismethanofullerenyl adducts. The mixture was separated by column
chromatography to give the e-regioisomer (44) in 10% yield as a dark-red solid and the
trans-4 regioisomer (43) in 30% yield as a brown solid (Scheme 2.7).

O O
C. _C
0~ T OEt

DBU, I,
PhMe, r.t.

trans-4 e
(43) (44)

Scheme 2.7: Synthesis of 1,4-benzenedimethanol tethered bismethano[60]fullerenyl adducts (43)

and (44) under Bingel reaction condition.

'H-NMR signals assigned to the aromatic protons of (43) at 7.17 ppm (s, 2H) and 7.34
(s, 2H) ppm appeared as singlets in contrast to the doublets (J = 1.8 Hz) reported by
Nierengarten et al.,'®" and those of (44) at 6.91 ppm (d, J = 7.7 Hz, 1H), 7.00 ppm (d, J
=7.7 Hz, 1H), 7.64 ppm (d, J = 7.8 Hz, 1H) and 7.66 ppm (d, J = 8.0 Hz, 1H) appeared
as doublets instead of doublet of doublets (J = 7.5, 1.5 Hz and J = 8.0, 1.5 Hz) as
reported. Apart from these discrepancies the 'H-NMR spectra of both (43) and (44)
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were identical to those reported by Nierengarten et al.'® In the 'H-NMR spectrum of
(43), there were two singlet signals each integrating for 2H assigned to the aromatic
protons and only two benzylic ether proton doublet signals each integrating for 2H
which were consistent with the CS symmetry of the molecule. In contrast, in the
"H-NMR spectrum of (44), four different aromatic proton doublet signals (J = 7.7 — 8.0
Hz) were observed and four benzylic ether proton doublet signals were observed
consistent with the symmetry in the molecule. Again, dilute solutions and/or too short
signal acquisition times resulted in some of the ?C-NMR signals not to be observed

(see Appendix II for details).

2.3 1,3-Benzenedimethanol Tethered Bismethano[60]fullerenyl Adducts

23.1 Formation of the 1,3-Benzenedimethanol Tethered Bismalonate

1,3-Bis{[(ethoxycarbonyl) acetoxy]methyl}benzene (35)

As illustrated in Scheme 2.8, diesterification of 1,3-benzenedimethanol (45) by ethyl
3-chloro-oxopropanoate (39) (2.52 mol. equiv.) in CH,Cly/pyridine medium with
stirring at rt for 3 h resulted in the 1,3-benzenedimethanol tethered bismalonate (35) in
72% yield as a pale yellow oil which spectroscopically closely matched that reported by

Nierengarten et al.'®" (Appendix II).
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Scheme 2.8: Synthesis of the 1,3-benzenedimethanol tethered bismalonate (35).
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2.3.2 Tethered Functionalisation of [60]Fullerene by (35) to Form

Bismethano[60]fullerenyl adducts under Bingel Reaction Conditions

Under Bingel reaction conditions the 1,3-benzenedimethanol tethered bismalonate (35)
underwent double nucleophilic additions to [60]fullerene in the presence of DBU and
iodine in toluene solution with stirring for 5 h at rt. This led to the formation of a single

regioisomeric bismethanofullerenyl adduct (46) in 31% yield as a dark-red solid

(Scheme 2.9).
EtO
DBU, |
O\C/O O\C//O + CGO 2
PhMe, r.t.
O\\C) C/’O
| ] )
OFEt OEt cis-2
(35) (46)

Scheme 2.9: Synthesis of 1,3-benzenedimethanol tethered bismethano[60]fullerenyl adduct (46).

There were two discrepancies between our 'H-NMR spectrum of (46) and that of the
literature.'® In our '"H-NMR spectrum of (46), the signal at 7.28 ppm was observed as a
doublet (d, J = 7.5 Hz, 2H) instead of a doublet of doublets (J = 7.5, 1.5 Hz), the one at
7.38 ppm was observed as a doublet (d, J = 7.5 Hz, 1H) instead of a triplet (J = 7.5 Hz)
and the one at 7.52 ppm (s, 1H) was observed as a singlet instead of a triplet (J = 1.5 Hz)
as reported by Nierengarten et al., perhaps due to the low resolution of our NMR
experiment. The signals assigned to the diastereotopic methylenes of (46) appeared as
two doublets at 5.16 ppm (d, J = 12.9 Hz, 2H) and at 5.86 (d, J = 12.9 Hz, 2H), due to
the plane of symmetry in the molecule. In the ?C-NMR spectrum of (46) one fullerene
carbon signal was missing at 145.26 ppm compared to the *C-NMR spectrum of

Nierengarten.'®!
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2.4 Generation of Tetraethyl Bismethano[60]fullerenyl Tetracarboxylate

Regioisomeric tetracthyl bismethano[60]fullerenyltetracarboxylates were generated
from the tethered bismethano[60]fullerene bisadducts (40), (41), (43), (44) and (46)
through transesterification by ethanol under basic conditions (Scheme 2.4). In a typical
reaction the bisadducts were dissolved in a 1:1 mixture of THF/ethanol and solid K,CO;
(80 mol. equiv.) was added. The mixture was stirred at rt for 1.5 h and the transesterified
products were isolated by column chromatography. The yields varied from 31-53%
(Scheme 2.10). The transesterified products had the same regioisomerism as their
tethered starting materials and the retention of regiochemistry was confirmed by
Nierengarten et al.,'” by UV/Vis spectra and molecular symmetry deduced from 'H-

and C-NMR spectra.
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Scheme 2.10: continued next page
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Scheme 2.10: continued next page
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Scheme 2.10: Transesterification of bisadducts by ethanol. In each case the regioisomerism was
unchanged. (a): Mechanism of transesterification. (b)-(f): Transesterification of
bisadducts (40), (41), (43), (44) and (46) and the resulted tetracthylcarboxylates
(47)-(50).

Transesterification of bisadducts (40), (41), (43), (44) and (46) by ethanol must be
carried out under absolute anhydrous conditions. Hydroxy anions generated from water
molecules would attack the carbonyl groups of these bisadducts prior to ethoxy anions
leading to tetradimethano[60]fullerenylcarboxylic acids instead of (47) - (50). Due to
low amounts of (47) - (50) available, C-NMR spectra were not performed. The
"H-NMR spectra of these transesterified products showed 1 or 2 triplet methyl signals
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and 1 or 2 multiplet or quartet signals for the ester methylene groups (Appendix II)

2.5 Semi-empirical Calculations of Heat of Formation of Regioisomeric Bisadducts

If the regioisomeric tetracthyl ester bisadducts undergo a “walk-on-the-sphere”
rearrangement in the mass spectrometer then the major regioisomeric product formed
should be the thermodynamically more stable. To determine the most stable
regioisomers, molecular modelling studies (Spartan AM1) were performed and the
results are shown in Table 2.4. To demonstrate the rationality of their formation via
Bingel reactions, the heats of formation of all possible regioisomers of tethered

bismethano[60]fullerene bisadducts were also calculated for comparison (Table 2.1 -

2.3).
Table 2.1: 1,4-Benzenedimethanol tethered bisadducts.
Heat of
Entry Structure Regioisomerism Formation
(kJ/mol)
1 cis-1 3190
2 cis-2 3040
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2992

3004

3044

3266

3427

cis-3

trans-4

trans-3

trans-2

(44)

(43)
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8 trans-1 N/A
Table 2.2: 1,3-Benzenedimethanol tethered bisadducts.
Heat of
Entry Structure Regioisomerism Formation
(kJ/mol)
1 cis-1 3132
2 cis-2 3009
3 cis-3 2975
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e 3006
trans-4 3011
trans-3 3389
trans-2 3578
trans-1 N/A
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Table 2.3: Tartaric acid derived bismethano[60]fullerenyl tethered bisadducts.

Heat of
Entry Structure Regioisomerism Formation
(kJ/mol)
1 cis-1 2546
2 cis-2 2486
3 cis-3 2507
4 e 2540
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trans-4 2603
trans-3 2621
trans-2 3399
trans-1 N/A
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Table 2.4: Tetracthyl bismethano[60]fullerenyl tetracarboxylates.

Heat of
Entry Structure Regioisomerism Formation
(kJ/mol)
O\\C/OEt B0 A°
1 cis-1
2845
2 cis-2 2786
3 cis-3 2792
4 e 2788
5 trans-4 2779
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6 trans-3 2766
7 trans-2 2789
8 trans-1 2784

The Spartan program did not allow the heat of formation of the trans-1 regioisomers of
tethered bisadducts to be calculated due to their structural impossibility because of the
extended distance between the two cyclopropane groups. The lowest value of the heat of
formation did not coincide with the observed products (43) or (44) among the
regioisomeric bisadducts formed from (34) (Table 2.1). The same was true for (46)
among those formed from (35) (Table 2.2). Therefore the heat of formation is not the
only element that accounts for which regioisomer is favoured in the Bingel reaction. As
mentioned in section 1.5, a tethered bisfunctionalisation of [60]fullerene under Bingel
reaction conditions is a two-step process and the orientation for the SN2 ring closing
reaction contributes to the product distribution. Therefore the regioselectivity of
[60]fullerene Bingel bisfunctionalisation must be considered dynamically rather than

statically, and entropy factors must also be considered.

2.6 The Study of Tethered and Non-tethered Methano[60]fullerenyl Bisadducts

Of the 1,4-benzenedimethanol tethered bisadducts, the extended trans-regioisomers had
higher calculated heats of formation than the cis- and e-regioisomers. Of the

cis-regioisomers, the Cis-3 regioisomer had the lowest heat of formation (Table 2.1,
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Entry 3) and would thus be predicted to be the most thermodynamically stable
regioisomer. The observed regioisomers, (43) and (44), however, had the second and
third lowest calculated heats of formation (Table 2.1, Entry 5 and 4, respectively). Of
the 1,3-benzenedimethanol tethered bisadducts, the observed cis-2 (46), together with
the e and trans-4 regioisomers (Table 2.2, Entry 2, 4 and 5) had similarly low calculated
heats of formation although the lowest was found with the cis-3 regioisomer (Table 2.2,
Entry 3). The observed regioisomers of the tartaric acid derived bismethano
[60]fullerenyl tethered bisadducts (40) and (41) had the lowest and second lowest
calculated heats of formation (Table 2.3, Entry 2 and 3).

These Bingel reaction products are most likely formed under kinetically controlled
conditions and entropy factors also play an important role in the rates of bisadduct
formation. Thus we can only use the calculated heats of formation as a guide to which

regioisomer may be preferentially formed.

2.7 Mass Spectrometry (MS) and lon Mobility Mass Spectrometric (IMMS)
Studies

2.7.1 ESIMS Studies

With tethered bisadducts (43), (44), (46), (40) and (41) as well as non-tethered
bisadducts (47) - (50) available, mass spectrometry and ion mobility mass spectrometry
studies were undertaken in an attempt to determine their molecular weights and to
examine the possibility of resolving the different regioisomers that have the same mass
by IMMS. The results of the electrospray ionisation mass spectrometric (ESIMS)
studies are shown in Table 2.5. The ESI MS of the tethered bisadducts showed a [M +
Na]" molecular ion in the positive ion mode while in the negative ion mode a [M + HJ
ion was observed (Table 2.5). [M + Na]" and [M + H] molecular ions were also
observed in the ESI (+ve) and ESI (-ve) MS of the non-tethered, tetraethyl ester
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bisadducts, respectively (Table 2.5). The [M + H] ions presumably arises from

protonation of the radical anion (M™) by methanol to give MH" followed by capture of

an additional electron. An alternative mechanism would be formation of M> from the

addition of 2 electrons to M followed by protonation.

Table 2.5: Mass spectrometry studies on tethered and non-tethered bisadducts.

Tethered Tethered Non-tethered Non-tethered
bisadducts bisadducts bisadducts bisadducts
ESI+, [M +Na] " ESI—, [M +HJ ESI+, [M +Na] " ESI—, [M +HJ
m/z m/z m/z m/z
trans-4 trans-4 trans-4 trans-4
1105 1083 1059 1037
(43) (43) 47 47)
e e e e
1105 1083 1059 1037
(44) (44) (48) (48)
cis-2 cis-2 cis-2 cis-2
1105 1083 1059 1037
(46) (46) (49) (49)
cis-2 1129 cis-2 1107 cis-2 1059 cis-2 1037
(40) (40) (49) (49)
cis-3 1129 cis-3 1107 cis-3 1059 cis-3 1037
(41) (41) (50) (50)

The ESI (-ve) MS of the tethered bisadducts (40), (41), (43), (44) and (46) also showed

ions for a methanol adduct (Table 2.6). These ions presumably arose from the methanol

that was used as the solvent for these MS studies, a possible general structure for these

methanol adducts is shown in Scheme 2.11. Methanol adducts were not seen in the ESI

(-ve) MS of the non-tethered bisadducts (47) — (50). We assume that these were less

reactive towards methanol because of their less strained nature.

Scheme 2.11: Methanol adduct of a tethered bisadduct in methanol solvent.
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Table 2.6: ESI (-ve) results of methanol adducted tethered bisadducts.

m/z of [M + H] m/z of [M + MeO]
trans-4
1083 1113
(43)
e
1083 1113
(44)
cis-2
1083 1113
(46)
cis-2
1107 1137
(40)
cis-3
1107 1137
(41)

2.7.2 IMMS Studies

The drift times from the IMMS studies of the tethered and non-tethered bisadducts ((40),
(41), (43), (44), (46) and (47), (48), (49), (50)) are shown in Table 2.7 and Figures 2.2 to
2.5.

Table 2.7: Drift times from the ion mobility mass spectrometry studies on tethered and non-tethered
bisadducts. The cis-2 structure (46) contains the m-benzene based tether and cis-2 (40)

contains the chiral tether.

Tethered Tethered Non-tethered Non-tethered
bisadducts bisadducts bisadducts bisadducts
ESI + ESI — ESI + ESI -
[M+Na] " [M +H] [M + Na]* [M +H]

Drift time Drift time Drift time Drift time
(1s) (1s) (1s) (1s)
trans-4 trans-4 trans-4 trans-4

3.60 3.15 3.66 3.15

(43) (43) 47 47
e e e e

(44) 3.47 (a4) 3.08 (48) 3.47 (48) 3.08
cis-2 321 cis-2 321 cis-2 321 cis-2 3.02
(46) (46) (49) (49)
cls-2 3.41 cis-2 3.47 cis-2 321 cis-2 3.08
(40) (40) (49) (49)
cis-3 cis-3 cis-3 cis-3

3.66 3.41 3.41 3.08
(41) (42) (50) (50)
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22/10/09 +ve Old E, MW?, IMS350/12, gas 26L/hr 0.426mbar

221009_POS_OLD AIMS2_dt_H1105 1: TOF MS ES+
TIC
g )] 144e3
+43)
trans-4
-
200 250 3.00 3.50 400 450
221009_POS_OLD BIMS2_dt_H1105 1: TOF MS ES+
100 347 TIC
141ed
+4)
<4
| S R S I R B S B I L S B
200 250 300 350 400 450
221009_POS_OLD C IMS2_dt H1105 1: TOF MS ES+
100 TIC
231e4
0
200 250 300 3.50 400 450
221009_POS_OLD D IMS2_dt_1129 1: TOF MS ES+
341 TIC
100 467e3
{40)
cis-2
0
200 250 300 350 400 450
221009_POS_OLD E IMS2_dt_1129 1: TOF MS ES+
366 TIC
6o 5153
(41)
u cis-3
'I"I"I"'j" '|""'|"|"|---|""|"|'-|-rn
200 250 300 350 400 450

Figure 2.2: IMMS spectra of tethered bisadducts, +ve ion mode. The drift times on the x-axis are in

us.
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Figure 2.3: IMMS spectra of tethered bisadducts, -ve ion mode. The drift times on the x-axis are in

us.
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Figure 2.4: IMMS spectra of non-tethered bisadducts, +ve ion mode. The drift times on the x-axis

are in ps.
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Figure 2.5: IMMS spectra of non-tethered bisadducts, -ve ion mode. The drift times on the x-axis

are in ps.

Each of tethered bisadducts showed one broad peak on the drift time (ps) axis in their
IMMS spectra, in the positive and negative ion modes. The different regioisomeric pairs

of compounds showed different drift times. For example the e compound (44) had a
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shorter drift time (3.47 us) than its trans-4 regioisomer (43) which had a drift time of
3.60 ps in the + ve ion mode (Figure 2.2). These differences in drift times are consistent
with the larger cross-sectional area of the trans-4 isomer when compared with that of
the e. This difference is expected based on the relative distances between two
cyclopropane units in (43) and (44). Of the +ve ion mode IMMS, the
1,3-benzenedimethanol tethered bisadduct (46) showed the shortest TOF while in the
-ve mode the 1,4-benzenedimethanol tethered bisadduct (44) showed the shortest TOF
(Figure 2.2). Therefore we can conclude that (46) has the smallest molecular
cross-sectional area among the [M + Na]" ions and (44) has the smallest molecular
cross-sectional area among the [M + H] ions. For the same reason, the tartaric acid
derived tethered bisadducts (41) and (40) have the largest molecular cross-sectional
areas among the [M + Na]" positive ions and the [M + H] negative ions, respectively

(Figure 2.2).

Among the non-tethered bisadducts (tetracthyl  bismethano[60]fullerenyl
tetracarboxylates), in accordance with the +ve ion mode IMMS results, the order of
molecular cross-sectional areas was trans-4 > e > cis-3 > cis-2 (Figure 2.4). This result
was reasonable because the closer the sites of cycloadditions are, the smaller the
molecule should be. Under the reductive conditions of the -ve mode IMMS experiments,
however, “walk-on-the-sphere” rearrangements may have occurred to all of these
non-tethered bisadducts, reflected by shoulders in the peaks which may indicate the
formation of the resulting isomers (Figure 2.3 and Figure 2.5). This was particularly
noticeable in the —ve ion mode IMMS spectrum of (49) (Figure 2.5). Because of these
shoulders, we can tentatively conclude that such “walk-on-the-sphere” rearrangements
were partial ones. The same structures (49) that were generated from different starting

compounds (40) and (46) produced slightly different drift times (Table 2.7).

Thus we can conclude that IMMS can be used to separate regioisomeric fullerene
bisadducts based upon their different cross-sectional areas. These preliminary

68



Chapter 2: Results and Discussion

experiments may suggest that “walk-on-the-sphere” mode rearrangements might be

occuring in the — ve ion mode mass spectrometric experiments.
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In this study the synthesis of the regioisomeric tetraethyl bismethano[60]fullerenyl
tetracarboxylates (47) — (50) was repeated on the basis of Nierengarten’s report*®* with
essentially satisfactory yields and purities. The yields of the tartaric acid derived tethered
bisadducts (40) and (41) were approximately half of what were reported, probably due to
the column separation procedure that could still be further optimized. In addition, proper
concentrations as well as signal acquisition times might need more trials to reach for the
improvement of the **C-NMR spectra of the tethered bisadducts (40) and (44).

Transesterification of the tethered bisadducts (40), (41), (43), (44) and (46) to generate the
non-tethered bisadducts (47) — (50) experienced several repeated failures. This problem was
solved by using distilled and dry methanol as the reaction solvent. Therefore such failures
could probably be attributed to the methanol-containing-water-generated hydroxy ions that
reacted with these tethered bisadducts giving rise to tetramethano[60]fullerenyl carboxylic
acids instead of the desired non-tethered bisadducts (47) — (50).

The chemically generated bisadducts (43), (44) and (46) were not exactly the ones that
showed the lowest values of the heats of formation calculated by Spartan AML1 in their
respective tethered categories, which indicated that elements other than heat of formation
should also be considered for the dynamic mechanism of the formation of regioisomeric
tethered bisadducts. The key point most likely lies in the second addition of the anchored
and conjugated reactive group to a kinetically and/or thermodynamically favourable 6,6-

double bond on the Cgo sphere.

The employment of IMMS in this study enabled the comparison of the cross-sectional areas
of the tethered and non-tethered [60]fullerenyl bisadducts, providing some structural
information that might be useful for further studies of fullerenyl derivatives of complicated
structures in the future. The size of the cross-sectional area of a fullerenyl derivative was
directly reflected by the length of the drift time it travelled through the drift tube of the
IMMS spectrometer, in both the +ve and —ve modes. In the case of this study, all of the four
non-tethered bisadducts (47) — (50) may have experienced an incomplete “walk-on-the-

sphere” rearrangement under the reductive conditions of their —ve ion mode IMMS studies.
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Further improvements of experimental conditions might be necessary in order to enhance

the occurrence of such rearrangements in future studies.
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Experimental General Methods

[60]Fullerene was purchased from MER Corporation, Tucson, Arizona AZ85706, USA.
Other reagents and solvents were purchased reagent-grade and used without further
purification except MeOH which was distilled from magnesium and iodine. All
reactions were performed in standard glasswares and the synthesis of tethered
bismalonates (34), (35) and (36) was carried out under an inert atmosphere of nitrogen.
Flash column chromatography was performed using silica 60 (230 — 400 mesh, 0.040 —
0.063 mm) purchased from Merck. Petroleum spirit refers to a hydrocarbon fraction

with a boiling point of 40 — 60 °C.

Electrospray ionisation and ion mobility mass spectroscopies were obtained with a

Waters Synapt HDMS™. The instrument parameters during experiments were as

follows:
For ESI +, ESI — and IMMS
Capillary 2.3kV
Sampling Cone 50.0
Extraction Cone 4.0
Source Temperature 50 °C
Desolvation Temperature 120 °C
Desolvation Gas Flow 300.0 L/h
Trap Collision Energy 6.0 eV
Transfer Collision Energy 2.0eV
For IMMS only
IMS Cell Pressure 0.426 mbar
IMS Wave Velocity 350 m/s
IMS Wave Height 12V

Tethered bismalonates were dissolved in CH3CN (50%) and formic acid (0.2%),
tethered and non-tethered bismechano[60]fullerene bisadducts were dissolved in MeOH

for MS studies.

'H-NMR and C-NMR spectra were acquired on a VARIAN PREMIUM SHIELD 500
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MHz NMR spectrometer or a VARIAN INOVA 500 MHz 3-channel NMR spectrometer
at 4999 MHz and 125.0 MHz, respectively. The deuterated solvent CDCl; was
purchased from Sigma-Aldrich. All chemical shifts were reported relative to that of
TMS (& = 0.00 ppm).

2,3-O-lIsopropylidene-I-threitol (38)

A solution of LiAlH; in THF (1 M, 15 ml) was added to ><

(4R,5R)-dimethyl-2,2-dimethyl-1,3-dioxolane-4,5-dicarboxylate (1.50 g, o

0)
=
=
=
~
=

6.87 mmol) (37) at 0 °C. The mixture was allowed to warm to rt before

being heated at reflux for 1.7 h. The solution was cooled and water (10

ml) was then added slowly. The mixture was extracted with EtOAc (4 x

OH HO
8 ml) and the combined organic layers were dried (MgSOs). The (38)

concentrated residue was subjected to silica gel column chromatography and elution
with EtOAc provided (38) (0.98 g, 87%) as an orange oil. 'H-NMR (CDCls, 500 MHz):
0 1.43 (s, 6H, 2 x CH3), 2.08 (s, 2H, 2 x OH), 3.71 (d, J = 9.3 Hz, 2H, CH,), 3.82 (d, J
=11.7 Hz, 2H, CH,), 4.02 (t, J = 10.3 Hz, 2H, 2 x CH). *C-NMR (CDCls, 125 MHz): &
26.9 (CH3), 62.1 (CH»), 78.2 (CH), 109.2 (CMe).

1,4-Bis{[(ethoxycarbonyl)acetoxy]methyl}benzene (34)

Ethyl 3-chloro-3-oxopropanoate (39) (2.3 ml,
18.27 mmol) was added to a stirred solution o /_Q_\ o

X0 O -Z#
of 1,4-benzenedimethanol (42) (1.00 g, 7.24 c ¢
0] O
mmol) and pyridine (1.5 ml, 18.58 mmol) in %/C c\:¢
CH,Cl, (100 ml) at 0 °C. The solution was EtO (34) OFt

allowed to warm to rt over 1 h before stirring
for 3 h. The resulting mixture was washed with saturated aqueous NH4Cl solution (2 x
100 ml), dried (MgSO,), and the solvent was removed in vacuo. The concentrated
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residue was subjected to silica gel column chromatography and elution with
CH,Cl,/MeOH (97:3) provided (34) (1.82 g, 68%) as a yellow oil. IR: 2986 (C(sp’)-H),
1731 (C=0), 1147 (C-O) cm™". "H-NMR (CDCls, 500 MHz): & 1.24 (t, J = 7.1 Hz, 6H, 2
x CH3), 3.41 (s, 4H, 2 x COCH,CO), 4.19 (q, J = 7.0 Hz, 4H, 2 x CH,CH3), 5.17 (s, 4H,
2 x ArCH,0), 7.36 (s, 4H, 4 x ArH). >C-NMR (CDCls, 125 MHz): § 13.4 (CHs), 40.9
(CH,CH3), 60.9 (ArCH,0), 66.0 (COCH,CO), 127.9 (ArCH), 1352 (ArC), 165.9
(C=0). MS (ESI +) m/z 367 [M + H]" 25%, 389 [M + Na]" 80%, 405 [M + K]" 40%.

1,3-Bis{[(ethoxycarbonyl)acetoxy]methyl}benzene (35)

Ethyl 3-chloro-3-oxopropanoate (39) (1.15 ml,

9.14 mmol) was added to a stirred solution of

1,3-benzenedimethanol (45) (0.5 g, 3.62 mmol) O\\C/o O\C 0

and pyridine (0.75 ml, 9.29 mmol) in CH,Cl, (50 O\\C /I \\Céo

ml) at 0 °C. The solution was allowed to warm to l \
EtO (35) OEt

rt over 1 h before stirring for 3 h. The resulting

mixture was washed with saturated aqueous NH4Cl solution (2 x 50 ml), dried (MgSQ,),
and the solvent was removed in vacuo. The concentrated residue was subjected to silica
gel column chromatography and elution with CH,Cl,/MeOH (97:3) provided (35) (0.96
g, 72%) as a pale yellow oil. IR: 2986 (C(sp’)-H), 1731 (C=0), 1146 (C-O) cm'.
'H-NMR (CDCls, 500 MHz): & 1.23 (t, J = 7.1 Hz, 6H, 2 x CH3), 3.42 (s, 4H, 2 x
COCH,CO), 4.18 (q, J=7.1 Hz, 4H, 2 x CH,CHs), 5.17 (s, 4H, 2 x ArCH,0), 7.34 (m,
4H, 4 x ArH). "C-NMR (CDCl;, 125 MHz): & 13.6 (CH;), 41.1 (CH,CHs), 61.1
(ArCH,0), 66.3 (COCH,CO), 127.5 (ArCH), 127.8 (ArCH), 128.4 (ArCH), 135.5
(ArC), 165.95 (C=0), 165.97 (C=0). MS (ESI +) m/z 367 [M + H]" 100%, 384 [M +
NH4]" 25%.

(+)-(4R,5R)-Bis{[(ethoxycarbonyl)acetoxy]methyl}-2,2-dimethyl-1,3-dioxolane (36)
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Ethyl 3-chloro-3-oxopropanoate (39) (1.2 ml,

9.53 mmol) was added to a stirred solution of O><O

2,3-O-isopropylidene-I-threitol (38) (600 mg, E

3.70 mmol) and pyridine (0.72 ml, 8.92 mmol) O\\C/ o O\C//O

in CH,Cl; (60 ml) at 0 °C. The solution was O\\C // \\ C//O
rring | |

allowed to warm to rt over 1 h before stirring 1O (36) OEt

for 5 h. The resulting mixture was washed with

saturated aqueous NH4Cl solution (2 x 60 ml), dried (MgSQ,), and the solvent was
removed in vacuo. The concentrated residue was subjected to silica gel column
chromatography and elution with CH,Cl,/MeOH (98:2) provided (36) (1.08 g, 75%) as
a yellow oil. IR: 2986 (C(sp*)-H), 1734 (C=0), 1151 (C-O) cm™. '"H-NMR (CDCls, 500
MHz): 6 1.28 (t, J = 7.0 Hz, 6H, 2 x CH,CHj3), 1.42 (s, 6H, O.C(CH3),), 3.43 (s, 4H, 2
x COCH,CO), 4.09 (s, 2H, 2 x CH), 4.21 (q, J = 2.7 Hz, 4H, 2 x CH,CH3), 4.25-4.40
(m, 4H, 2 x CHCH,O). "C-NMR (CDCls, 125 MHz): & 14.1 (CH.CH3), 26.9
(O,C(CH3),), 41.3 (CH,CH3), 61.7 (CHCH,0), 64.5 (COCH,CO), 75.6 (CH), 110.4
(CMe,), 166.35 (C=0), 166.37 (C=0). MS (ESI +) m/z 391 [M + H]" 45% 408 [M +
NH,]" 100%.

Diethyl endo-endo-[(4R,5R)-(2,2-dimethyl-1,3-dioxolane-4,5-diyl)dimethyl]-1,2:7,21
-bis(methano)[60]-fullerene-61,61,62,62-tetracarboxylate ~ (40) and  diethyl
endo-endo-[(4R,5R)-(2,2-dimethyl-1,3-dioxolane-4,5-diyl)dimethyl]-1,2:16,17-bis
(methano)[60]-fullerene-61,61,62,62-tetracarboxylate (41)

A solution of Cgp (350 mg, 0.49 mmol) in toluene (700 ml) was prepared by stirring at rt
for 12 h. Then (36) (208 mg, 0.53 mmol), DBU (0.47 ml, 2.91 mmol) and I, (271 mg,
1.07 mmol) were added and the mixture was stirred at rt for 8§ h. The solution was
filtered through a short-plug of silica gel (15 cm), eluted with toluene (to remove
unreacted Cgp) and CH,Cl,/MeOH (97:3) successively before being applied onto a
chromatographic column (SiO,). Elution with CH,Cl,/petroleum spirit (9:1) followed
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by recrystallisation from petroleum spirit/CH,Cl, provided (40) (55.9 mg, 10%).

>

®) O

] \ 0]

\\C/O O— 4

Dark-red solid. IR: 2923 (C(sp’)-H), 1748 (C=0), 1233 (C-0) cm™. '"H-NMR (CDCl;,
500 MHz): § 1.38 (t, J = 6.7 Hz, 3H, CH,CHs), 1.39 (t, J = 6.6 Hz, 3H, CH,CHjs), 1.48
(s, 3H, 0,CMexMeg), 1.49 (s, 3H, 0,CMexMeg), 4.07 (t, J = 10.5 Hz, 1H, CH), 4.17 (d,
J=10.1 Hz, 1H, CHCHAH3O), 4.24 (d, J = 11.0 Hz, 1H, CHCHAH3O), 4.34-4.48 (m,
4H, 2 x CH,CH3), 4.61 (d, J = 10.7 Hz, 1H, CHCHcHpO), 4.86 (t, J = 10.1 Hz, 1H,
CH), 5.00 (d, J = 8.0 Hz, 1H, CHCHcHpO). *C-NMR (CDCl;, 125 MHz):  14.1
(CH,CH3), 28.5 (0,CMexMeg), 28.6 (0,CMexMeg), 63.5, 66.9, 67.1, 111.4, 133.6,
137.7, 138.5, 138.6, 141.0, 141.3, 141.9, 142.4, 143.6, 143.9, 1443, 144.4, 144.6, 144.7,
144.9, 145.2, 145.3, 145.7, 146.0, 147.4, 147.5, 149.5, 162.7 (C=0), 162.9 (C=0). MS
(ESI +) m/z 1129 [M + Na']. Further elution with CH,Cl,/MeOH (199:1) followed by
recrystallisation from petroleum spirit/CH,Cl, provided (41) (36.5 mg, 6%). Brown
solid. IR: 2925 (C(sp’)-H), 1749 (C=0), 1230 (C-0) cm™. '"H-NMR (CDCls, 500 MHz):
§ 1.43 (t, J = 7.1 Hz, 6H, 2 x CH,CHs), 1.50 (s, 6H, O,C(CHs),), 4.31-4.36 (m, 2H,
CHCH,0), 4.39-4.44 (m, 2H, CHCH,0), 4.44-4.57 (m, 4H, 2 x CH,CHj3), 4.70-4.75 (m,
2H, 2 x CH). "C-NMR (CDCls, 125 MHz): § 14.2 (CH,CHj3), 27.7 (O,C(CHs),), 48.8,
63.6, 64.8, 68.9, 75.8, 109.8, 129.9, 136.1, 139.2, 139.4, 141.0, 141.1, 141.7, 141.8,
1422, 142.4, 143.6, 144.5, 144.7, 144.9, 145.0, 145.2, 145.3, 145.6, 145.6, 146.4, 146.7,
163.3 (C=0), 163.4 (C=0). MS (ESI +) m/z 1129 [M + Na']. The spectroscopic data of

(40) and (41) match with that in the literature.'®’
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Diethyl endo,endo-(p-phenylenedimethyl)-1,2:34,35-bis(methano)[60]fullerene-
61,61,62,62-tetracarboxylate (43) and diethyl endo,endo-(p-phenylenedimethyl)-
1,2:18,36-bis(methano)[60]fullerene-61,61,62,62-tetracarboxylate (44)

trans-4 e
(43) (44)

A solution of Cgp (300 mg, 0.42 mmol) in toluene (600 ml) was prepared by stirring at rt
for 12 h. Then 1,4-bis{[(ethoxycarbonyl)acetoxy]methyl}benzene (34) (152 mg, 0.42
mmol), DBU (0.4 ml, 2.68 mmol) and I, (211 mg, 0.83 mmol) were added and the
mixture was stirred at rt for 5 h. The solution was filtered through a short-plug of silica
gel (15 cm), eluted with toluene (to remove unreacted Cq) and CH,Cl, successively
before being applied onto a chromatographic column (SiO;). Elution with
CH,Cly/petroleum spirit  (1:1) followed by recrystallisation from petroleum
spirit/CH,Cl, provided (44) (48.8 mg, 10%). Dark-red solid. IR: 2919 (C(sp’)-H), 1749
(C=0), 1231 (C-0) cm™". '"H-NMR (CDCl;, 500 MHz): § 1.45 (t, J = 7.1 Hz, 6H, 2 x
CH3), 4.46-4.55 (m, 4H, 2 x CH,CH3), 4.88 (d, J = 11.0 Hz, 1H, ArCHAHgO), 5.07 (d, J
= 11.7 Hz, 1H, ArCHcHpO), 5.72 (d, J = 11.6 Hz, 1H, ArCHcHpO), 5.86 (d, J = 11.0
Hz, 1H, ArCHAHgO), 6.91 (d, J=7.7 Hz, 1H, ArH), 7.00 (d, J = 7.7 Hz, 1H, ArH), 7.64
(d, J=7.8 Hz, 1H, ArH), 7.66 (d, J = 8.0 Hz, 1H, ArH). >C-NMR (CDCls, 125 MHz): &
14.20 (CHj3), 14.24 (CH3), 52.1, 63.3, 63.4, 68.2, 68.9, 70.5, 71.0, 128.5, 129.9, 130.2,
132.7,135.3, 137.4, 138.2, 138.4, 139.0, 141.1, 141,4, 141.5, 141.7, 142.1, 142.8, 142.9,
143.07, 143.12, 143.2, 143.3, 143.4, 143.5, 143.60, 143.64, 143.7, 143.9, 144.0, 144.1,
144.4, 144.46, 144.50, 144.6, 144.7, 144.79, 144.84, 144.9, 145.5, 145.6, 145.9, 146.0,
146.1, 146.2, 146.4, 146.5, 146.6, 146.8, 147.18, 147.23, 162.6 (C=0), 162.7 (C=0),
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163.0, 163.7. MS (ESI +) m/z 1105 [M + Na']. Elution with CH,Cly/petroleum spirit
(2:1) followed by recrystallisation from petroleum spirit/CH,Cl, provided (43) (135.8
mg, 30%). Brown solid. IR: 2919 (C(sp’)-H), 1744 (C=0), 1242 (C-O) cm™". '"H-NMR
(CDCl3, 500 MHz): 6 1.50 (t,J = 7.1 Hz, 6H, 2 x CH3), 4.52-4.58 (m, 4H, 2 x CH,CH3),
5.00 (d, J=11.0 Hz, 2H, ArCH,0), 6.02 (d, J=11.2 Hz, 2H, ArCH,0), 7.17 (s, 2H, 2 %
ArH), 7.34 (s, 2H, 2 x ArH). "C-NMR (CDCl;, 125 MHz): & 14.3 (CHs), 49.0, 63.5,
68.2, 70.5, 70.8, 130.5, 131.5, 131.7, 135.8, 138.2, 141.0, 141.1, 141.2, 141.2, 141.38,
141.41, 141.9, 142.1, 142.3, 142.8, 142.9, 143.0, 143.1, 144.2, 144.3, 144.7, 145.0,
145.1, 145.2, 145.3, 145.9, 146.0, 146.4, 146.9, 147.0, 148.2, 163.8 (C=0), 164.0
(C=0). MS (ESI +) m/z 1105 [M + Na']. The spectroscopic data of (43) and (44) match

with that in the literature.'®!

Diethyl endo,endo-(m-phenylenedimethyl)-1,2:7,21-bis(methano)[60]fullerene
-61,61, 62,62-tetracarboxylate (46)

A solution of Cgp (300 mg, 0.42 mmol) in toluene (600
ml) was prepared by stirring at rt for 12 h. Then
1,3-bis{[(ethoxycarbonyl)acetoxy]methyl} benzene (35)
(152 mg, 0.15 mmol), DBU (0.4 ml, 2.68 mmol) and I,
(211 mg, 0.83 mmol) were added and the mixture was
stirred at rt for 5 h. The solution was filtered through a
short-plug of silica gel (15 cm), eluted with toluene (to

remove unreacted Cegp) and CH,Cl, successively before

being applied onto a chromatographic column (SiO;)
and eluted with CH,Cl, /petroleum spirit (2:1). Recrystallisation from petroleum
spirit/CH,Cl, provided (46) (140.6 mg, 31%). Dark-red solid. IR: 2919 (C(sp’)-H),
1743 (C=0), 1235 (C-0) cm™". "H-NMR (CDCls, 500 MHz): & 1.34 (t, J = 7.0 Hz, 6H, 2
x CHj3), 4.35-4.45 (m, 4H, 2 x CH,CH3), 5.16 (d, J = 12.9 Hz, 2H, ArCH,0), 5.86 (d, J
= 12.9 Hz, 2H, ArCH,0), 7.28 (d, J = 7.5 Hz, 2H, 2 x ArH), 7.38 (t, J = 7.5 Hz, 1H,
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ArH), 7.52 (s, 1H, ArH). "C-NMR (CDCls, 125 MHz): & 14.2 (CH3), 49.3, 63.3, 67.0,
67.4, 70.7, 123.7, 126.6, 128.7, 135.9, 136.3, 136.7, 137.6, 140.0, 141.1, 141.3, 142.4,
143.1, 143.3, 143.6, 143.8, 144.0, 144.2, 144.3, 144.5, 144.7, 145.1, 145.2, 145.4, 145.7,
145.76, 145.80, 146.12, 146.14, 147.4, 147.5, 147.6, 148.8, 162.9 (C=0), 163.0 (C=0).
MS (ESI +) m/z 1105 [M + Na']. The spectroscopic data match with that in the

. 161
literature.'®

Tetraethyl 1,2:34,35-bis(methano)[60]fullerene-61,61,62,62-tetracarboxylate (47)

Compound (43) (68.1 mg, 0.06 mmol) was dissolved in
THF/EtOH 1:1 (70 ml), and K,COs (695.3 mg, 5.03
mmol) was added. The mixture was then stirred at rt for
1.5 h, filtered and evaporated to remove solvent in
vacuo. Elution through a chromatographic column

(Si0;) with toluene followed by elution with petroleum

spirit yielded (47) (344 mg, 53%). Brown solid.
'H-NMR (CDCls, 500 MHz): & 1.42 (t, J = 7.1 Hz, 6H, 2 x CH3), 1.47 (t, J = 7.1 Hz,
6H, 2 x CHj3), 4.43-4.50 (m, 4H, 2 x CH,), 4.55 (q, J = 6.8 Hz, 4H, 2 x CH;). MS (ESI
+) m/z 1059 [M + Na']. This compound has been reported in the literature but no NMR

spectral data was given.'?

Tetraethyl 1,2:18,36-bis(methano)[60]fullerene-61,61,62,62-tetracarboxylate (48)

Compound (44) (20.9 mg, 0.02 mmol) was dissolved in
THF/EtOH 1:1 (25 ml), and K,CO;3; (213.4 mg, 1.54
mmol) was added. The mixture was then stirred at rt for
1.5 h, filtered and evaporated to remove solvent in
vacuo. Elution through a chromatographic column (SiO;)

with toluene followed by elution with petroleum spirit
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yielded (48) (6.2 mg, 31%). Dark-red solid. '"H-NMR (CDCls, 500 MHz): & 1.40 (t, J =
6.7 Hz, 6H, 2 x CHs), 1.43 (t, J = 6.7 Hz, 6H, 2 x CHj3), 4.40-4.47 (m, 8H, 4 x CH,).
MS (ESI +) m/z 1059 [M + Na']. This compound has been reported in the literature but

no NMR spectral data was given.'”

Tetraethyl 1,2:7,21-bis(methano)[60]fullerene-61,61,62,62-tetracarboxylate (49)

Compound (40) (60.6 mg, 0.06 mmol) was dissolved in
THF/EtOH 1:1 (80 ml), and K,CO;3; (618.7 mg, 4.47
mmol) was added. The mixture was then stirred at rt for
1.5 h, filtered and evaporated to remove solvent in vacuo.
Elution through a chromatographic column (SiO;) with
toluene followed by elution with petroleum spirit yielded

(49) (13.1 mg, 23%). Brown solid. '"H-NMR (CDCls, 500

MHz): § 1.38 (t, J = 7.1 Hz, 6H, 2 x CH;), 1.45 (t, J = 7.1
Hz, 6H, 2 x CHs), 4.35-4.55 (m, 8H, 4 x CH,). MS (ESI +) m/z 1059 [M + Na']. This

compound has been reported in the literature but no NMR spectral data was given.'”

Compound (46) (14.3 mg, 0.013 mmol) was dissolved in THF/EtOH 1:1 (20 ml), and
K,COs3 (143.0 mg, 1.03 mmol) was added. The mixture was then stirred at rt for 1.5 h,
filtered and evaporated to remove solvent in vacuo. Elution through a chromatographic
column (SiO,) with toluene followed by elution with petroleum spirit yielded (49) (7.1
mg, 53%). Dark-red solid. This compound had the same '"H-NMR and MS data as (49)

described above.
Tetraethyl 1,2:16,17-bis(methano)[60]fullerene-61,61,62,62-tetracarboxylate (50)
Compound (41) (24.4 mg, 0.022 mmol) was dissolved in THF/EtOH 1:1 (30 ml), and

K,COs3 (243.7 mg, 1.76 mmol) was added. The mixture was then stirred at rt for 1.5 h,
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filtered and evaporated to remove solvent in vacuo.
Elution through a chromatographic column (SiO;) with
toluene followed by elution with petroleum spirit yielded
(50) (9.8 mg, 43%). Brown solid. '"H-NMR (CDCls, 500
MHz): 1.43 (t, J = 7.1 Hz, 12H, 4 x CHj3), 4.39-4.52 (m,
8H, 4 x CH,). MS (ESI +) m/z 1059 [M + Na']. This
compound has been reported in the literature but no

NMR spectral data was given.'”
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Summary of Reactions

1. Synthesis of tethered bismalonates (36), (34) and (35) by linking ethyl

3-chloro-3-oxopropanoate (39) to dimethanols (38), (42) and (45)

Il I (0] 0
C C CiHsN e Y
Eo” N Ng —=— <

+
HO on DEM, N, Et(% E)Et
(39) 0°C - rt
Diol Tethered Bismalonates Yield Ref.2¢!
HOK—&OH O\\C/O o~ 68% 61%
0 0
1 O\\\\ J \\ //o
(+)-(4R,5R)-bis{[(ethoxycarbonyl) /c c\
acetoxy]methyl-2,2-dimethyl-1,3- EtO OEt
dioxolane (36)
(38)
/ < > \ 0, o}
N — : N
Ho o b & 2% 65%
O, O 0 0
1,4-bis{[(ethoxycarbonyl) \CJ \\C/
acetoxy]methyl}benzene Etc{ OEt
(42) (34)
o) o]
g pl
OH OH e ” 75% 81%
o)
1,3-bis{[(ethoxycarbonyl) \;J \\C/O
acetoxy]methyl}benzene EtO (\)Et
(45) (35)




Summary of Reactions

2. Bingel additions to [60]fullerene by tethered malonates (36), (34) and (35) and
comparision of the yields of products to the corresponding ones reported by

Nierengarten et al.

/ o \ O
0 o ¢
\\F C/’O
\
O, C,,O EtO ' OEt
C
Oy J O _DBUI,
% ¢ rt
EtO OEt
Resulted bisadduct(s)
Tethered bismalonates Regio- Symmetry
Structure _ _ _ Yield | Ref.®
isomerism | Operation
cis-2 C1 10% 21%
N0 e N7
O\\CJ \\C//O
/ \
EtO OEt
(36)
cis-3 c2 6% 15%
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trans-4 Cs 30% 33%
e C1 10% 8%
cis-2 Cs 31% 32%
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Summary of Reactions

3. Transesterification of bisadducts to form regioisomeric bismethanofullerenyl

tetraethylesters

Oy _OE Eto_°
Oy..0 o Se O o
O C
N < Y b
EtO/ OEt Eo
THF/EtOH (1:1)
+ K, COy —— >
rt, 1.5 h
Material Regio- Resulted .
g Yield Ref 16!
Bisadduct isomerism Tetraethylester
trans-4 53% N/A
e 31% N/A
cis-2 23% N/A

101




Summary of Reactions

cis-2

53%

N/A

cis-3

43%

83%
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Appendix I1: NMR Spectra

Appendix 11

Nuclear Magnetic Resonance (NMR) spectra of malonate tethers,

tethered bismethano[60]fullerenyl adducts and tetraethyl

bismethano[60]fullerenyl tetracarboxylate
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Appendix I1: NMR Spectra

1.

2,3-O-lIsopropylidene-I-threitol (38)

3.9

'H-NMR (S00 MHz, CDCL,) of
2,3-O-1sopropylidene-Fthreitol (38)

3.0

1.0 9.9

Results from this study Reported*®
Chemical | Multi- | Coupling | Chemical | Multi- | Coupling

shift plicity constant shift plicity | constant

(ppm) (Hz) (ppm) (H2)
CHs 1.43 S - 1.42 S -
OH 2.08 S -
CH, 3.71 d 9.3 3.73 m -
CH, 3.82 d 11.7
CH 4.02 t 10.3 3.94 m -
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Appendix I1: NMR Spectra

13C-NMR {500 MHz, CDCly)
of 2,3-C-1sopropylidene-Fthreitol (38)

rl —
Reported by
26.8 62.1 78.3 109.1
Mash et al.*2
This study 26.9 62.1 78.2 109.2
Group CHs CH, CH CMe,
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2. (+)-(4R,5R)-bis{[(ethoxycarbonyl)acetoxy]methyl}-2,2-dimethyl-l,3-dioxolane

(36)
b4
0\ 4
o \c__.o O-¢ 1
Yt \—c\"
EO oEt
IH-MNMR {S00 MHz, CDCl}
of tethered malonate (36)
Results from this study Reported™®
Chemical | Multi- | Coupling | Chemical | Multi- | Coupling
shift plicity | constant shift plicity | constant
(ppm) (Hz) (ppm) (Hz)
CH,CHjs 1.28 t 7.0 1.25 t 7.0
0,C(CHj3), 1.42 S - 1.38 S -
COCH,CO 3.43 S - 3.40 S -
CH 4.09 S - 4.05 t 2.5
CH,CHj3 4.21 7.0 4.17 7.0
CHCH0 4.25-4.40 m - 4.20-4.35 m -
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e

o’ "o
4] 0
- .0 O
a8 G 4]
w0, J ¢
111343 A\
“ mo o8t

13C-NMPR (S00 MHz, CDCl;) of
tetheredmalonate (36)

140 120 100 80 60 40

Chemical shift (ppm)

Ref. 1! 13.99 26.81 41.26 61.67 64.53
This study 14.07 26.90 41.34 61.65 64.53
Group CH,CH3; | 0,C(CH3), | CH,CH; | CHCH,O | COCH,CO
Chemical shift (ppm)
Ref. 1! 75.54 110.43 166.24 166.30
This study 75.64 110.37 166.35 166.37
Group CH CMe, C=0 C=0
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Appendix 1l: NMR Spectra

3. Diethyl endo-endo-[(4R,5R)-(2,2-dimethyl-1,3-dioxolane-4,5-diyl)dimethyl]-

1,2:7,21-bis(methano)[60]fullerene-61,61,62,62-tetracarboxylate (40)

File: Proton

Pulse Sequence: slpul
Solvent: cdcld

Teap. 25.0 C 7 1981 K
Operator: uowvrers

VERRS-500 “pyneli.domain.con” ‘é !

'H-NIMR (SO0 MHz, CDCL,) of bisadduct {40}

Relax. delay §.001 sec

cq. time 2.04% sec umlenes
Vidth 8012.8 W2 asmEasz
Single scan L .
OBSERVE ML, 499.7410048 Wiz ’0 e
DATA PROCESSING o
broadening 8.5 M,
T size #5538 1
Total tise © min, 7 sec oR
H
H
-
-
- |
-
.-
aEEE
i £ H
82 11 g s
ne -4 L s
- | ‘ llas
’ I |
f \ |
| W o ‘
o Y . Ty = - N
7 6 5 4 3 2 &
ame
Single scan
OBSERVE  H1, 499.7412043 MHZ
DATA PROCESSING
Line broadening 0.5 Hz
FT size 65536
Total time ¢ min, 2 sec
%
< &
~
s b =
2 [ 5 3 .
- = ) =
o
= 2 i o
< g @ =
S 7 2 g
i z <
|
5.0 4.9 4.8 4.7 4.6 4.5 4.4 4.3 4.2 4.1 4.0
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Appendix I1: NMR Spectra

Results from this study Reported*®
Chemical Coupling | Chemical Coupling
shift Multiplicity | constant shift Multiplicity | constant
(Ppm) (Hz) (Ppm) (Hz)
CH,CHs 1.38 t 6.7 1.36 t 7.1
CH,CH3 1.39 t 6.6 1.37 t 7.1
0,C(CH3), | 1.48 s - 1.46 s -
0,C(CHg3), 1.49 S - 1.47 S -
CH 4.07 t 10.5 4.05 t 10.5
CHCH-0 4.17 d 10.1 4.15 dd 105, 2.6
CHCH,0 4.24 d 11.0 4.22 dt 105, 2.6
CH.,CH3 | 4.34-4.48 m - 4.33-4.47 m -
CHCH-,0 4.61 d 10.7 4.60 dt 105, 2.6
CH 4.86 t 10.1 4.84 t 10.5
CHCH-0 5.00 d 8.0 4.98 dd 105, 2.6

BC-NMR (500 MHz, CDCLy) of bisadduct (40)

Bl Lo L
o sy, oy A

ppm
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Appendix I1: NMR Spectra

Temp

user: 1-14-87

File: qx2080728 D2 _Carbon0l
INOVA-500  “wuihrich”

Relax. delay 0.500 sec
Puise 45.0 degrees
Acg. time L.500 sec
width 30487.8 Hz
1328 repetitions
OBSERVE €13, 125.6600267 MHz
DECOUPLE HL, 499.7437041 MHz
Power 44 dB

s

FT size 65536
Total time 44 min, 53 sec

=

162.981

162.684

1449 .875

@

Chemical shift (ppm)
et 11 1412 | 14.13 28.48 28.55 48.90 63.46 66.89 67.08 67.16
er.
(2x) (2%) (2x)
This study 14.10 - 18.48 28.55 - 63.46 66.88 67.08 -
Ref. 16! 70.10 | 70.17 78.25 78.29 | 111.35 | 13355 | 137.55 | 137.73 | 137.83
This study - - - - 111.35 | 133.55 - 137.73 -
Ref 6 138.06 | 138.33 | 138.48 | 13855 | 140.92 | 140.95 | 141.30 | 141.33 | 141.89
This study - - 138.48 | 13855 - 140.95 | 141.30 - 141.88
Ref. 6! 142.09 | 142.42 | 142.45 | 143.15 | 143.20 | 143.64 | 143.66 | 143.89 | 143.94
This study - 142.42 - - - 143.64 - 143.89 -
Ref. 16 14419 | 14425 | 14439 | 14457 | 14458 | 144.69 | 144.72 | 14490 | 145.03
This study - 14425 | 144.39 - 14458 | 144.70 - 144.90 -
Ref 16! 14518 | 145.19 | 14521 | 14527 | 14532 | 14533 | 14535 | 14564 | 145.71
This study - 145.19 - - 145.31 - - 145.65 -
Ref. 6! 14575 | 145.77 | 146.00 | 146.04 | 146.15 | 146.19 | 147.33 | 147.43 | 147.53
This study - - - 146.04 - - - 147.43 | 147.53
Ref 161 149.38 | 14951 | 162.63 | 162.68 | 162.92 | 162.99
This study - 149.51 - 162.68 | 162.92 -
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4. Diethyl endo-endo-[(4R,5R)-(2,2-dimethyl-1,3-dioxolane-4,5-diyl)dimethyl]-

1,2:16,17-bis(methano)[60]fullerene-61,61,62,62-tetracarboxylate (41)

IH-NMPR {500 MHz, CDCL) of bisadduct {41)

4

1

Results from this study Reported*®*
Chemical | Multi- | Coupling | Chemical Multi- Coupling
shift plicity | constant shift plicity constant
(Ppm) (Hz) (Ppm) (Hz)
CH,CH; 1.43 t 7.1 1.44 t 7.1
0,C(CHj3), 1.50 S - 1.50 S -
CHCH,O | 4.31-4.36 m - 4.31-4.36 m -
CHCH,0 4.39-4.44 m - 4.39-4.44 m -
CH.CH3 4.44-4.57 m - 4.44-4.57 m -
CH 4.70-4.75 m - 4.70-4.75 m -
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LC-NMR {500 MHZ, CDCL) of bisadduct (41)

Chemical shift (ppm)

Ref. 16! 1422 | 27.79 48.92 63.71 64.95 69.05 71.91 75.95 | 109.99
This study 14.16 | 27.71 48.83 63.56 64.81 68.91 - 75.79 | 109.76
Ref. 16! 130.20 | 136.41 | 139.45 | 139.73 | 141.27 | 141.30 | 141.36 | 141.96 | 142.11

This study 129.93 | 136.13 | 139.16 | 139.43 | 141.01 | 141.07 | 14166 | 14181 | 142.18

Ref.*®! 142.48 | 142.66 | 143.92 | 144.48 | 144.68 | 144.74 | 14499 | 14518 | 14531
This study 142.37 - 143.64 | 14445 | 14469 | 144.88 | 14501 | 145.20 | 145.33
Ref.*®! 14535 | 14550 | 145.63 | 145.88 | 14594 | 146.75 | 146.98 | 163.61 | 163.72
This study - 145.57 | 145.64 - - 146.44 | 146.67 | 163.26 | 163.38
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5. 1,4-Bis{[(ethoxycurbonyl)acetoxy]methyl}benzene (34)

'H-NMER (500 MHz, CDCls) of

. iy tetheredmalonate (34) 0\\020 O-AG’/O
R hh o,/ e
SR EO oe
\ \ '
e : | 8
| I
{ .
|
A 7 6 5 a 1 ppm
Results from this study Reported'®
Chemical | Multi- | Coupling | Chemical | Multi- | Coupling
shift plicity | constant shift plicity | constant
(ppm) (Hz) (ppm) (Hz)
CH3 1.24 t 7.1 1.19 t 7.1
COCH,CO 3.41 S - 3.36 S -
CH,CH3 4.19 q 7.0 4.13 q 7.1
ArCH;0O 5.17 S - 5.12 S -
ArH 7.36 S - 7.30 S -
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BC-NMPR {500 MHz, CDCl5) of
tetheredmalonate (34)

0 v
o <
0\\0// C//
...... EO Okt
Chemical shift (ppm)
Ref. 1 13.70 41.22 61.23 66.34
This study 13.46 40.93 60.93 66.04
GrOUp CHs CH,CH; ArCH,0 COCH,CO
Chemical shift (ppm)
Ref.!®! 128.09 135.27 166.02 (2x)
This study 127.85 135.18 165.85
Group ArC ArC C=0
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6. Diethylendo,endo-(p-phenylenedimethyl)-1,2:34,35-bis(methano)[60]fullerene

-61,61, 62,62-tetracarboxylate (43)

TH-NMR (500 MHz, CDCly)
of bisadduct (43)

1

Results from this study Reported™®

Chemical Coupling | Chemical Coupling

shift Multiplicity | constant shift Multiplicity | constant
(Ppm) (Hz) (ppm) (Hz)
CHs 1.50 t 7.1 1.50 t 7.1

CH,CH3 | 4.52-4.58 m - 4.52-4.58 m -

ArCH,0 5.00 d 11.0 5.00 d 11.3
ArCH,0 6.02 d 11.2 6.02 d 11.3
ArH 7.17 S - 7.16 d 1.8
ArH 7.34 S - 7.52 d 1.8
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3C-NMR (500 MHz, CDCL;)
of bisadduct [43)

i A Ay

160

Chemical shift (ppm)

Ref. ™! 14.27 49.01 63.51 68.18 70.45 70.75 130.48 | 131.45 | 131.65

This study 14.27 49.01 63.52 68.19 70.46 70.75 130.49 | 131.46 | 131.65

135.75 | 138.15 | 140.97 | 141.08 | 141.15 | 141.20 | 141.37 | 14139 | 141.91
Ref. !

(%)

This study 135.76 | 138.15 | 140.99 | 141.09 | 141.16 | 141.22 | 141.38 | 14141 | 141.93

Ref.**! 142.07 | 142.28 | 142.75 | 142.90 | 142.97 | 143.11 | 144.15 | 14432 | 14472

This study 142.09 | 142.29 | 14276 | 14291 | 14299 | 143.12 | 14416 | 144.33 | 144.73

Ref. 16! 14498 | 145.12 | 145.17 | 14530 | 14532 | 145.86 | 145.95 | 146.40 | 146.85
This study 145.00 | 145.13 | 145.19 - 14532 | 145.87 | 14596 | 146.41 | 146.87
Ref 161 146.94 | 148.15 | 163.82 | 164.00

This study 146.95 | 148.16 | 163.84 | 164.02
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7. (x)-diethylendo,endo-(p-phenylenedimethyl)-1,2:18,36-bis(methano)[60]

fullerene-61,61,62,62-tetracarboxylate (44)

6

IH-NIMR {500 MHz, CDCly)
of bisadduct [44)

4

Results from this study Reported*®
Chemical Coupling | Chemical Coupling
shift Multiplicity | constant shift Multiplicity | constant
(ppm) (Hz) (ppm) (Hz)
CH; 1.45 t 7.1 1.45 t 7.1
CH; 1.45 t 7.1 1.46 t 7.1
CH,CH3 | 4.46-4.55 m - 4.46-4.55 m -
ArCH,0 4.88 d 11.0 4.88 d 11.3
ArCH,0 5.07 d 11.7 5.07 d 11.8
ArCH,0 5.72 d 11.6 5.72 d 11.8
ArCH,0 5.86 d 11.0 5.86 d 11.3
ArH 6.91 d 7.7 6.90 dd 75,15
ArH 7.00 d 7.7 7.01 dd 75,15
ArH 7.64 d 7.8 7.63 dd 8.0,15
ArH 7.66 d 8.0 7.66 dd 8.0,15
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ive directory:

o 1C.NMR (500 MHz, CDCly)
s of bisadduct {44)

2090729_B1_C13_Cartonil
=500 “wuthrich®

. T
repetitions
WE  C13, 13%.6800267 WMz
PLE M1, 499.7437041 WHZ
r 44 48

inuows ly on
2-16 modulated
oct

Lig} broadening 1.0 Mz
T glize 85538
Toid) time 39 min, 54 toc e-

£3.39
— 14,240

$3.43%

71.02%

70.53%
"7

38.712
n

~55.233
S2.06%
—— 10,938

Archive directory:
Sample diractory:

Pulse Sequence: sZpul

Solvent: cdcl3
emp. 25.0 C_/ 288.1 K

File: gwz090729_B2_C13_Carbonbl
INOVA=500 *wuthrich™

Relax. delay 0.500 sec

1176 repetitions
OBSERVE ' C13, 125.8600267 Milz
DECOUPLE  Hi, 439.7437041 MAz

continuously on
WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.9 Hz
FT size 65536

Total time 389 min, 59 sec
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Appendix I1: NMR Spectra

Chemical shift (ppm)

Ref 16! 14.21 14.25 52.09 52.78 63.34 63.44 68.20 68.90 70.55
This study 1420 | 14.24 52.07 - 63.34 63.44 68.20 68.90 70.53
Ref. 16! 70.83 | 71.04 71.88 | 12851 | 129.93 | 130.23 | 132.73 | 135.34 | 137.38
This study - 71.02 - 12850 | 129.93 | 130.21 | 132.73 | 135.32 | 137.37
Ref 16! 138.17 | 138.36 | 139.05 | 141.04 | 141.09 | 141.11 | 14144 | 14154 | 14172
This study 138.17 | 138.35 | 139.04 - 141.10 - 14143 | 14154 | 141.72
Ref 16 141.78 | 142.09 | 142.12 | 142.30 | 142.80 | 142.92 | 143.07 | 143.12 | 143.15
This study - 142.09 - - 14279 | 142.91 | 143.07 | 143.12 | 143.15
Ref. 16! 14326 | 143.46 | 14354 | 143.60 | 143.64 | 143.70 | 143.95 | 144.02 | 144.10
This study 14325 | 143.44 | 14353 | 143.60 | 143.64 | 143.69 | 143.94 | 14401 | 144.10
Ref 16! 14438 | 14439 | 144.46 | 14451 | 144.63 | 144.72 | 14476 | 144.80 | 144.85
This study 144.39 - 144.46 | 14450 | 144.62 | 144.71 - 14479 | 144.84
Ref.16! 14488 | 14550 | 14556 | 145.89 | 14596 | 146.08 | 146.16 | 146.42 | 146.44
This study 144.87 | 14550 | 14556 | 145.88 | 145.96 | 146.07 | 146.15 | 146.43 -
Ref 16! 146.48 | 146.65 | 146.81 | 147.18 | 147.24 | 162.56 | 162.66 | 162.98 | 163.73
This study 146.47 | 146.63 | 146.80 | 147.18 | 147.23 | 162.56 | 162.65 | 162.98 | 163.73
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Appendix I1: NMR Spectra

8. 1,3-Bis{[(ethoxycurbonyl)acetoxy]methyl}benzene (35)

‘H-NMR (500 MHz, CDCLy) of
tethered malonate (35)

i
0%/0 & 0—c’“0
D‘?:,_J \‘-(::’0
BoO og
|
|
Results from this study Reported™®
Chemical | Multi- | Coupling | Chemica | Multi- | Coupling
shift plicity | constant I shift plicity constant
(ppm) (Hz) (ppm) (Hz)
CHs 1.23 t 7.1 1.22 t 7.1
COCH,CO 3.42 S - 3.39 S -
CH,CH3; 4.18 q 7.1 4.16 q 7.1
ArCH,0 5.17 S - 5.15 S -
ArH 7.34 m - 7.31 br. s -

120




Appendix I1: NMR Spectra

B3C-NMPR (S00 MHz, CDCl5) of
tethered malonate (35)

160 140 120 100 a0 60 a0

Chemical shift (ppm)

Ref. 1 13.73 41.25 61.27 66.47 127.65
This study 13.62 41.10 61.09 66.29 127.50
Group CHs CH,CH3 ArCH,0 COCH,CO ArC

Chemical shift (ppm)
Ref.!®! 127.91 128.58 135.48 166.06 (2x)
This study 127.75 128.46 135.51 165.95
165.97
Group ArC ArC ArC C=0
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Appendix I1: NMR Spectra

9. Diethyl endo, endo-(m-Phenylenedimethyl)-1,2:7,21-Bis(methano)

[60]fullerene -61,61,62,62-tetracarboxylate (46)

LH-NIME {S00 MHz, CDCL,) of bisadduct (46)

1

Results from this study Reported'®
Chemical Coupling Chemical Coupling
shift Multiplicity constant shift Multiplicity | constant
(ppm) (Hz) (ppm) (Hz)
CH; 1.34 t 7.0 1.34 t 7.1
CH,CH3 4.35-4.45 m - 4.34-4.46 m -
ArCH,0 5.16 d 12.9 5.16 d 12.8
ArCH,0 5.86 d 12.9 5.86 d 12.8
ArH 7.28 d 7.5 7.27 dd 75,15
ArH 7.38 d 7.5 7.38 t 7.5
ArH 7.52 S - 7.52 t 15
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Appendix II: NMR Spectra

Are directory:

Sample directory:

Pulee Sequence: sipul 13C-NME {S00 MHz, CDCl)

Temp. 250 C 7 208.1 K of bisadduct (46)

Us 1-14-87 |

File: quz090729_C4_Carbondl
INOVA=500 “wuthrich®

—:n - - :

Pulse 45.0 de; 13- bo s 8 4
e 1 e ~ -

A= s 2 B

etitions
OBSERVE €13, 125.b6002d { ¥
DECOUPLE M1, 433.743704

r 44 a8 =

Archive directory:
sample directory:
Pulse sequence: s2pul
Solvent: cdcl3

p. 25:0 C_/ 298.1 K

1-14
File: quz030729_CA_Carbonil
INOVA-500 "wuthrich"

Relax., delay 0.500 sec s moo =
Pulse 45.0 degrees anT2T o =
time 1.500 sec mow 3 0
Width 30487 .8 Hz o Ee o
1328 repetitions n2SER B b -
OBSERVE C13, 125.66B0Z67 MHz =T ‘ | J | | = pod
DECOUPLE W1, 493.7437041 WHz L 2o & =
Power 44 dB R s - e s
continuously on | - = o
WALTZ-16 modulated -
DATA PROCESSING
Line broadening 1.0 Hz
FT size 65536
Total timaw44 min, 59 sec -
o ~
e nx |
@ ne ne
P L w0
T8 a5 e |
= |
& S A
; |
©
2
@
P |
| g |
] | |
L I
| R0

L 1834829
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Appendix I1: NMR Spectra

Chemical shift (ppm)

Ref 16! 1415 | 4936 | 6325 | 67.07 | 67.41 | 70.74 | 123.73 | 12659 | 128.68
This study 1415 | 49.31 | 6325 | 67.03 | 67.40 | 70.70 | 123.69 | 126.58 | 128.68
Ref.**! 135.93 | 136.33 | 136.67 | 137.63 | 139.98 | 141.10 | 141.31 | 142.39 | 143.09
This study 135.92 | 136.32 | 136.65 | 137.62 | 139.97 | 141.08 | 141.30 | 142.37 | 143.07
Ref 16! 14333 | 14366 | 143.84 | 144.03 | 144.24 | 14432 | 14450 | 14466 | 145.11
This study 14331 | 14364 | 143.82 | 144.02 | 14422 | 14431 | 144.48 | 144.65 | 145.09
Ref.**! 14524 | 14526 | 14543 | 14571 | 14578 | 14582 | 146.14 | 146.17 | 147.39
This study 145.24 - 145.42 | 14569 | 14576 | 145.80 | 146.12 | 146.14 | 147.37
Ref. 1! 147.54 | 14759 | 148.83 | 162.87 | 163.04
This study 14753 | 14757 | 148.81 | 162.86 | 163.03
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Appendix I1: NMR Spectra

10. Tetraethyl-1,2:34,35-bis(methano)[60]fullerene-61,61,62,62-tetracarboxylate

(47)

LH-MMER {S00 MHz, CDCL) of the tetraethyl bismethano{60)fullerenyl
tetracarboxylate (47), transesterifiedfrom the bisadduct [43)

4.5 3.5 .0
Chemical shift Coupling
Multiplicity
(ppm) constant (Hz)
CH3 1.42 t 7.1
CH3 1.47 t 7.1
CH, 4.43-4.50 m -
CH, 4.55 q 6.8

125




Appendix I1: NMR Spectra

11. Tetraethyl-1,2:18,36-bis(methano)[60]fullerene-61,61,62,62-tetracarboxylate

(48)

IH-NMPR (S00 MHz, CDCL) of the tetraethyl bismethano[60]fullerenyl
tetracarboxylate (48], transesterified from the bisadduct (44)

1

Chemical shift Coupling
Multiplicity
(ppm) constant (Hz)
CH3 1.40 t 6.7
CHs 1.43 t 6.7
CH, 4.40-4.47 m -
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Appendix I1: NMR Spectra

12. Tetraethyl-1,2:7,21-bis(methano)[60]fullerene-61,61,62,62-tetracarboxylate (49)

IH-NIMR {500 MHz, CDCL) of the tetraethyl

bismethano[60]fullerenyl tetracarboxylate (49),
transesterifiedfrom the bisadduct [46)

=

Chemical shift Coupling
Multiplicity
(ppm) constant (Hz)
CH3 1.38 t 7.1
CH;s 1.45 t 7.1
CH, 4.35-4.55 m -
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Appendix I1: NMR Spectra

'H-NMR (SO0 MHzZ, CDCl) of the tetraethyl
. bismethano[60]fullerenyl tetracarboxylate (49)
transesterified from the bisadduct [40)

2 333 23
&--DEL n kil 33
0 mnz s B0
e S '
! ‘:/1
ED |
4. oet
4
z
- .
cis-2
e ||
I
| "
| ‘
\
‘
J
,
7 [ 5 a 3 2 1 ¢ pom
Fiie: Protan
Pulse Sequence: s2pul
Relax. delay 1.000 sac
Pulse 90.0 degrees
& SR
Width 8012.8 Hz a3
16 repetitions T
0BSE| H1, 489.7412080 WHz
DATA PROCESSING
Line broadening 0.5 Hz -
FT size 65536 1| e
Tot1 tine 0 min, a8 sec I &
—_
< 1]
l&
= || |
=
o< | =
2 | TE
| q
. | | %
‘
a.7 4.5 4.5 a.4 4.3 a.2 4.1 4.0 3.9 ppn

Chemical shift Coupling
Multiplicity
(ppm) constant (Hz)

CHj; 1.38 t 7.1

CHs 1.45 t 7.1

CH; 4.36-4.53 m
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Appendix I1: NMR Spectra

13. Tetraethyl-1,2:16,17-bis(methano)[60]fullerene-61,61,62,62-tetracarboxylate
(50)

e 1H-NMR (500 MHz, CDCL) of the tetraethyl
Temp. 25.0C 7 298.1 K
DOperator: woWvrars

VNMRS-500 “pynelf . dosain.coa®™

File: Proton ‘

bismethano[60]fullerenyl tetracarboxylate (50
transestenfied from the bisadduct(41)

Relax. delay 1.000 sec
Pulse 90.0 degroes

Acqg. time 2.045 sec

width 8012.8 Wz

16 repstitions

OBSERVE Hi, 499.7412061 MMz
DATA PROCESSING

Line broadening 0.5 HZ

FT size §5538

Total time 0 min, 48 sec

0088

7.260

1.446

ppm

File: Proton

Pulse Sequence: s2pul

Solvent: cdcld

Temp, 25.0 C / 298.1 K
operator: ucwvomrs

VNHRE-500 “pyne06.domain.com™

Relax. delay 1.000 sec

€
=
237

EEL]

485

16 repetitions

OBSERVE  H1, 483.7412061 WMz
DATA PROCESSING

Line broadening 0.5 Hz

FT size 65536

Total time O min, 48 sec

__a.

4.513

4395
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Appendix I1: NMR Spectra

Chemical shift Coupling
Multiplicity
(ppm) constant (Hz)
CHs 1.43 t 7.1
CHs 4.39-4.52 m -
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Appendix II: IR Spectra

Appendix 1

Infrared (IR) spectra of malonate tethers and

bismethano[60]fullerenyl adducts
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Appendix Il IR Spectra

1. (+)-(4R,5R)-bis{[(ethoxycarbonyl)acetoxy]methyl}-2,2-dimethyl-1,3-dioxolane

(36)
25
2 4
\\C”D D‘hc
o _J O
| =0 oa
) 000 2501 2000
Wavenumbers (cm™)
Results from this study Reported*®*
C(sp®)-H 2986 ]
Cc=0 1734 1734
C-O 1151 -
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Appendix II: IR Spectra

Diethyl endo-endo-[(4R,5R)-(2,2-dimethyl-1,3-dioxolane-4,5-diyl)dimethyl]-

1,2:7,21-bis(methano)[60]fullerene-61,61,62,62-tetracarboxylate (40)

102

101

Wavenumbers (cm™)
Results from this study Reported™*
C(sp’)-H 2922 i
C=0 1747 1746
c-0 1230 ;
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Appendix Il IR Spectra

3. Diethyl endo-endo-[(4R,5R)-(2,2-dimethyl-1,3-dioxolane-4,5-diyl)dimethyl]-

1,2:16,17-bis(methano)[60]fullerene-61,61,62,62-tetracarboxylate (41)

101.0

100.5

ansmittance

Wavenumbers (cm™)
Results from this study Reported*®!
C(sp”)-H 2924 :
c=0 1748 1747
C-0 1230 ]
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Appendix II: IR Spectra

4. 1,4-Bis{[(ethoxycurbonyl)acetoxy]methyl}benzene (34)

ad o
Wavenumbers (cm™)
Results from this study Reported™*
C(sp)-H 2986 i
C=0 1736 1735
c-0 1147 ;
C(Ar) 804, 763 .
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Appendix Il IR Spectra

5.

Diethyl endo,endo-(p-phenylenedimethyl)-1,2:34,35-bis(methano)

[60]fullerene-61,61,62,62-tetracarboxylate (43)

g 088
Wavenumbers (cm™)
Results from this study Reported*®*
C(sp°)-H 2919 ]
C=0 1744 1743
C-0 1242 -
C(Ar) 804, 732 _
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Appendix II: IR Spectra

6. (z)-diethylendo,endo-(p-phenylenedimethyl)-1,2:18,36-bis(methano)

[60]fullerene-61,61,62,62-tetracarboxylate (44)

Wavenumbers (cm™)
Results from this study Reported™*
C(sp°)-H 2919 i
C=0 1748 1747
c-0 1230 ;
C(Ar) 805 ]
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Appendix Il IR Spectra

7. 1,3-Bis{[(ethoxycurbonyl)acetoxy]methyl}benzene (35)

53.34

AN
o fj{c—o o’ £
8o ott
Wavenumbers (cm™)
Results from this study Reported'®*
C(sp°)-H 2986 i
C=0 1731 1737
C-O 1146 -
C(Ar) 784, 753 ]
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Appendix II: IR Spectra

8. Diethyl endo,endo-(m-Phenylenedimethyl)-1,2:7,21-Bis(methano)

[60]fullerene-61,61, 62,62-tetracarboxylate (46)

S 92
Wavenumbers (cm™)
Results from this study Reported™*
C(sp°)-H 2919 i
C=0 1742 1742
C-O 1234 -
C(Ar) 773,732 .
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Appendix Il IR Spectra
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Appendix IV: Mass Spectra

Appendix IV

Mass Spectra of tethered bismethano[60]fullerenyl adducts and

tetraethyl bismethano[60]fullerenyl tetracarboxylate

in the positive and negative ion modes
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Appendix IV: Mass Spectra

1. Tethered bisadducts (43), (44), (46), (40) and (41), ESI + ([M + Na]")
22/10/09 +ve Old A, MW1082

221009_POS_OLD A 15(0.522) TOF MS ES#
1 11050050 7.65¢3
43}
- 1071154 trans-4
1075 7244
1055 7615 1108.120 250212
LB . l__
V! N ——
TOF MS ES+
126e4
{44}
e
217100
R R B
221009_POS_OLD C 16 (0.555) TOF MS ES#
1 1050706 491e4
{46}
11071081 cis-2
W5 7204 |22 0% 25212
n""[""l""l L DL B B S B S B B
221009_POS_OLD D 15 (0.522) TOF MS ES+
261 1.10e4

221009_POS_OLD E 25 (0.858) TOF MSES+
1 1129 1261 123e4

1050 1100 1150 1200 1250 1300
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Appendix IV: Mass Spectra

2. Tethered bisadducts (43), (44), (46), (40) and (41), ESI - ([M + H])

22/10/09 -ve Old AMW1082,

221009_NEG_OLD A 15(0.522) TOF MS ES-

100+ 1083 1899 1113.2069 2 14e3
(43}

i 4 1115.2096

1116 2053
11311838 11471719

0

221009_NEG_OLD B 27 (0.925) TOF MS ES-
1083 2144 389
100+
11132316

221009_NEG_OLD C 10 (0.353) TOF MS ES-
100, 1083 2144 2893
\ {46}
= cis-2 1085 2260
] 1082 2091 10992147
N2 1131.2085
) B B miz
1040 1060 1080 1100 1120 1140
22/10/09 -ve Old E MW?,
221009_NEG_OLD D 13 (0.454) TOF MSES-
100- 11072466 1.72¢3

] 40}
Y cis-2

221009_NEG_OLD E 15 (0.522) TOF MSES-
g 1107 2466 2 87¢3

1)
Lo cis-3

1025 W50 1WA 1100 1125 110 1175 120 125 1250
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Appendix IV: Mass Spectra

3. MeOH adducted tethered bisadducts, ESI - ([M + H] and [M + Me + O])

22/10/09 -ve Old E MW?,
221009_NEG_OLD A 15 (0.522) TOF MS ES-
100 1083.1890 11132060 2.14e3

1115.2096
1117.18931131.1838 11471719

221009_NEG_OLD B 27 (0.925) TOF MS ES-
100 1083.2144 389
1113.2316

1115.2343
1131.2200

1141.2455

0
221009_NEG_OLD C 10(0.353) TOF MS ES-
100 1083.2144 2.89%e3

10865260
M3IZN6 4431 2085

0
221009_NEG_OLD D 13 (0.454) TOF MS ES-
1107 2466 1.72e3
100
{40}
cis-2 110025614 123 2380

|
1106. 2303 1130.2445

1050 .02621073.0385

0

221009_NEG_OLD E 15 (0.522) TOF MS ES-
1107 2466 287e3
100
{41}

. cis-3 002561 a7 2578

o 1050.02621073.0143

1040 1060 1080 1100 1120 1140
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Appendix IV: Mass Spectra

4.

Non-tethered bisadducts (47) — (50), ESI + ([M + Na]")

22/10/09 +ve NewestB, MW 1036,

221009_POS_NEWEST A 9 (0.320) TOF MS ES+
' 1059 1257 - 9.39e3
)
frans-4
1061.1274 1075.1208
055, ' 1091141 11037736
221009_POS_NEWEST B 4 (0.152) TOF MS ES+
1 1059 1018 771134 2 66ed
48)
] 1079.1322
1055.7615
221009_POS_NEWEST C 3 (0.118) TOF MS ES+

1059.1018 3.32e4
49)

1061.1274

221009_POS_NEWEST D 5 (0.185) TOF MS ES+
138 246e4

49)

1061.1274 cis-2
1075 1208

1107.1154

221009_POS_NEWESTE 6(0.219) TOF MS ES+

138 3.26e4
{50

cis-3

1061.1274
1093.1337

1040 1050 1060 1070 1080 1000 1100 1110
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Appendix IV: Mass Spectra

Non-tethered bisadducts (47) — (50), ESI - ([M + H])

22/10/09 -ve NewestE MW1036,
221009_NEG_NEWEST A 22 (0.757) TOF MS ES-
1037,

221009_NEG_NEWEST B_1 17 (0.589) TOF MS ES-
100 1037 1609 209e3

221009_NEG_NEWEST C 24 (0.825) TOF MS ES-
A 642

221009_NEG_NEWEST D 21(0.724) TOF MS ES-
1037, 1846 49) 643
10281925 )

10691838 cis-2

11011681 179770

1752161 1191219

221009_NEG_NEWEST E 33 (1.127) TOF MS ES-
W37 1965 146e3

11020 M40 W60 180 MW 1120 140 160 1180 1200 124
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