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Abstract

Reaction optimization was performed for a rhodium-catalyzed hydroary-

lation of fullerenes with para-tolylboronic acid, where [Rh(cod)(MeCN)2]BF4

was used as a catalyst. The starting 3:1 mixture of ortho-dichlorobenzene

and water was based on previous research. In our hands it gave a yield of

34%. By optimization of the solvent system, a yield of 71% was obtained in a

7:1 mixture of ortho-dichlorobenzene and tert-butanol. Furthermore, for the

reaction to function efficiently, it was found that water is essential. Quan-

titative 1H NMR spectroscopy was used, with dimethyl terephthalate as an

internal standard, to calculate the yield.
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Sammanfattning

En reaktionsoptimering utfördes för en rodiumkatalyserad hydroarylering

av fullerener med para-tolylborsyra, där [Rh(cod)(MeCN)2]BF4 användes som

katalysator. Startbetingelserna var en 3:1-blandning av orto-diklorbensen och

vatten som baserades p̊a tidigare forskning. Med eget arbete gav detta ett

utbyte p̊a 34%. Genom optimering av lösningsmedelssystemet s̊a kunde ett

utbyte p̊a 71% uppn̊as. Detta med en 7:1-blandning orto-diklorbensen och

tertbutanol. For att reaktionen ska fungera effektivt s̊a upptäcktes det att

vatten var nödvändigt. Kvantitativ 1H NMR-spektroskopi användes, med

dimetyltereftalat som intern standard, för att bestämma utbytet.
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Populärvetenskaplig sammanfattning p̊a svenska

Hela universum best̊ar av atomer, av olika sorters grundämnen. Ett av de vanli-

gaste är kol, vilket är med och bygger upp allt levande. Om ett grundämne kan

finnas i flera former s̊a kallas dessa former för allotroper. De mest kända är dia-

mant och grafit (den senare finns i bland annat blyertspennor). Diamant har en

speciell kristallstruktur och grafit best̊ar av lager p̊a lager av kol, där lagren best̊ar

av hexagoner. En ny allotrop av kol som kallades för fulleren upptäcktes 1985.

Fulleren är en sfärisk form av kol, som en boll uppbyggd av kolatomer. Upptäckarna

av fullerener fick Nobelpriset i kemi 1996, d̊a detta var en viktig upptäckt. Den vanli-

gaste fullerenen inneh̊aller 60 kolatomer, C60, och har en form som kallas för stympad

ikosaeder. Denna kan ses i figur 1. Den best̊ar av 20 hexagoner och 12 pentagoner

och har 60 hörn, där varje hörn är en kolatom. Denna form är välkänd, d̊a det är det

mönster som fotbollar brukar ha, med svarta pentagoner och vita hexagoner. C60

och C70 är de fullerener som är vanligast och mest använda. Efter dess upptäckt

Figur 1: En tredimensionell figur av C60

blev fullerener ett hett och spännande forskningsämne. Mycket forskning lades ner

p̊a dess egenskaper, tillämpningar och reaktivitet. Modifierade man fulleren kunde

den f̊a egenskaper som kunde användas inom bland annat elektronik, medicin och

solceller. Men bakom dessa modifikationer l̊ag det många års grundforskning p̊a hur

fullerener kan reagera. Att forska p̊a molekylers reaktivitet är viktigt. Det kan öppna

många dörrar för att kunna skapa helt nya molekyler. De flesta reaktioner som har

visat sig fungera p̊a fullerener är inte helt nya, utan har kunnat baseras p̊a tidigare

reaktioner. Det är reaktioner som har fungerat p̊a molekyler med liknande egen-

skaper som fullerener. Fullerener är elektronegativa och tar gärna upp elektroner.

I deras struktur kan man likna dem som alkener, kolföreningar med dubbelbind-

ningar. Därför borde fullereners reaktivitet likna den för elektronfattiga alkener.

Man har kunnat visa att många väletablerade reaktioner för elektronfattiga alkener

fungerar för fullerener. En av dessa är rodiumkatalyserad hydroarylering med aryl-

borsyror. Rodium är en metall, och kan vara en del av en katalysator. Katalysatorer
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Figur 2: Exempel p̊a molekyler i detta projekt: para-tolylborsyra, orto-

diklorbensen, tert-butanol och produkten.

är ett begrepp för föreningar som gör en reaktion snabbare, t.ex. de avgasrenande

katalysatorerna som finns i bilar snabbar p̊a reaktionen att bilda ofarliga gaser av

skadliga. Hydroarylering betyder att man lägger till ett väte och en arylgrupp till en

dubbel- eller trippelbindning. Aryler best̊ar av aromatiska föreningar, t.ex. bensen.

Arylborsyror är borsyror med en arylgrupp p̊akopplad. Denna reaktion har ut-

forskats väl och blivit etablerad för elektronfattiga alkener. Därför kom en japansk

forskargrupp p̊a att testa denna sorts reaktion med fullerener, och det fungerade.

De lyckades hitta en bra katalysator. Men själva utbytet (hur mycket produkt som

skapas) var inte särskilt högt (40%).

Anledningen till varför denna sorts reaktion är intressant är att den kan utvecklas

för att skapa s.k. fullerenhantlar. En fullerenhantel är tv̊a fullerener sammankop-

plade med ett molekylsegment, där beroende p̊a vad molekylsegmentet är, kan ha

intressanta egenskaper. Dessa har främst haft tillämpningar inom solceller, men

målet är att g̊a fr̊an hantlar till l̊anga kedjor av fullerener. Dessa kan liknas vid

pärlhalsband, där snöret är molekylsegmenten och pärlorna fullerener. Använd-

ningen för dessa är elektriska ledningar p̊a molekylniv̊a. När vi g̊ar mot mindre

elektriska apparatarer har fältet molekylärelektronik vuxit fram, där man försöker

bygga elektroniska komponenter p̊a molekylniv̊a. Att skapa dessa l̊anga kedjor är

väldigt komplicerat, vilket är anledningen varför många börjar med att skapa hant-

lar. Tidigare arbete vid Organisk kemi i Uppsala har börjat med att lära sig om hur

reaktionen fungerat, samt att börja bygga molekylsegmenten. Molekylsegmenten är

diborsyror, där man kopplar en fulleren p̊a varje sida. Eftersom molekylsegmenten

tar l̊ang tid att tillverka, s̊a vill man att reaktionen ska fungera s̊a bra som möjligt

innan man använder dem. Här börjar mitt arbete, att optimera rodiumkatalyserad

hydroarylering av fullerener med arylborsyror. I dessa experiment används para-

tolylborsyra, en enkel och lättillgänglig borsyra.

För att optimera denna reaktion s̊a är det viktigt att undersöka vilket lösningsmedel,

vilken reaktionstid och vilken temperatur som fungerar bäst. Först upprepades tidi-
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gare experiment för att f̊a ett grepp om hur reaktionen fungerade. Efter detta var

nästa steg att utveckla lösningsmedelsystemet. När tv̊a olika vätskor inte kan blanda

sig med varandra och bildar tv̊a olika faser kallas det för tv̊afassystem. Ett exempel

p̊a tv̊afassystem är i salladsdressingar, där vinägern och oljan bildar tv̊a olika lager

d̊a de inte kan blandas. I denna reaktion används orto-diklorbensen (ett organiskt

lösningsmedel, förkortas o-DCB) och vatten. De kan inte blandas med varandra

och eftersom fulleren är väldigt sv̊arlösligt s̊a krävs o-DCB. Eftersom vatten p̊ast̊as

krävas i ett av stegen i reaktionen, och fulleren kan endast lösas i den organiska fasen,

s̊a sker reaktionen endast där vatten och o-DCB möts. Om det fanns möjlighet att

utföra reaktionen i ett enfassystem, där allting kan blandas, s̊a kunde reaktionen

förbättras. Därför testades reaktionerna med alkoholer istället för vatten. Alko-

holer kan lösas i o-DCB men har även vattenliknande egenskaper, s̊a vi hoppades

att de skulle fungera. De använda alkoholerna var etanol, isopropanol och tert-

butanol. Eftersom de är mer opolära än vatten s̊a kan de blandas med o-DCB. Som

förväntat gav alkoholerna bättre resultat än vatten, reaktionen med tert-butanol gav

nästan dubbelt s̊a bra utbyte som tidigare resultat (71% mot 40%). Detta var ett

genombrott väldigt tidigt, och kunde dessutom reproduceras i flera experiment. Ex-

perimenten fortsatte med variationer i reaktionstid, där 3 timmar visade sig ge bra

resultat i oljebad. Sedan började temperaturerna varieras, men under den här delen

av projektet började reaktionerna ge annorlund resultat än förut. Utbytena sjönk

jämfört med tidigare resultat och en felsökningsprocess började. Utrustningen och

kemikalierna undersöktes noggrant, med många testexperiment och analyser. Efter

ett l̊angt arbete s̊a hittades felkällan, vattenhalten i den använda alkoholen. Tert-

butanol är unik bland alkoholerna med att den är fast vid rumstemperatur (den

smälter vid ca. 25◦C). Men finns vatten i den, fr̊an ungefär 1%, s̊a är den flytande

vid rumstemperatur. I början av studien användes ”det flytande” i kärlet, men efter

många experiment var alkoholen mer fast. Det var d̊a utbytena sjönk. Skapade vi

en blandning av tert-butanol med 0.5% tillsatt vatten s̊a kunde tidigare resultat

uppn̊as. En promille vatten gör att det finns nästan lika många vattenmolekyler

som fullerenmolekyler. Därför räcker n̊agra promille vatten för att det ska finnas

tillräckligt mycket. Detta är i linje med tidigare forskningsresultat, inklusive en

spansk molekylsimuleringsstudie, som visar att vatten är ett krav för att reaktionen

ska ske, men inte entydligt att det är just vatten som krävs.

Sammanfattningsvis s̊a har vi hittat ett effektivt enfassystem där alla komponenter

är lösta med tillräckligt mycket vatten för att reaktionen ska ske. För mycket vatten

försämrar förmågan för fulleren att lösa sig och reagera. Den stora förbättringen av

reaktionens effektivitet ger goda möjligheter till ökad användning.
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Abbreviations and symbols

o-DCB ortho-dichlorobenzene

cod 1,5-cyclooctadiene

DCTB 2-[(2E)-3-(4-tert-Butylphenyl)-2-methylprop-2-enylidene]malononitrile

DMT Dimethyl terephtalate

Et Ethyl

EWG Electron-withdrawing group

IPR Isolated pentagon rule

iPr Isopropyl

MALDI Matrix-assisted laser desorption/ionisation

Me Methyl

MiW Microwave

MS Mass Spectrometry

NMR Nuclear Magnetic Resonance

NOESY Nuclear Overhauser effect spectroscopy

tBu Tertiary butyl

vii



Contents

Populärvetenskaplig sammanfattning p̊a svenska iii

1 Introduction 1

1.1 Carbon allotropes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Fullerene, its properties and applications . . . . . . . . . . . . . . . . 3

1.3 Fullerene reactivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Linking of fullerenes . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.5 Boronic acids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.6 Hydroarylation with boronic acids . . . . . . . . . . . . . . . . . . . . 12

1.7 Project aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Results and discussion 15

2.1 NMR quantification development . . . . . . . . . . . . . . . . . . . . 15

2.2 Reaction optimisations . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.1 The early stages . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.2 The troubleshooting trials . . . . . . . . . . . . . . . . . . . . 19

2.2.3 Return of the yields . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2.4 Further analysis (MALDI-MS, NOESY, 13C NMR) . . . . . . 22

3 Conclusion and future outlook 24

4 Experimental 27

4.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.2 NMR development . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.3 Reaction optimization . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.3.1 Standard procedure 1 (for experiment 1 and 2) . . . . . . . . . 27

4.3.2 Standard procedure 2 (for experiment 3 and 4) . . . . . . . . . 28

4.3.3 Standard procedure 3 (for experiment 15-17, 21-27, 29-37 and

44-49) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.3.4 Standard procedure 4 (for experiment 9-11, 14, 18-20, 38, 39

and 50-57 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.3.5 Experiments with small changes to standard procedure . . . . 29

4.3.6 NMR and MALDI-MS . . . . . . . . . . . . . . . . . . . . . . 29

References 31

A Spectra 35

viii



1 Introduction

1.1 Carbon allotropes

Carbon is one of the most common elements on earth and can be found in many

forms, called allotropes. Allotropes are defined by IUPAC as ”different structural

modifications of an element”[1]. Carbon’s most common allotropes are graphite,

diamond, and amorphous carbon. In modern times, however, three more impor-

tant allotropes have been discovered. These are graphene, carbon nanotubes, and

fullerene. They can be seen as sheets, spheres, and cylinders of carbon (see figure

1). Graphenes are atomic monolayers of graphite, with very interesting properties.

Few-layer graphite was first observed with transmission electron spectroscopy in

1948. Graphene was observed several times but not studied for its properties until

2004. This earned its discoverers the 2010 Nobel Prize in Physics [2, 3]. Graphene

is the strongest material available and conducts both heat and electricity very well.

Graphene has a large surface area of 2600 m2/kg and is almost optically transpar-

ent. Due to graphene being a relatively new material with great properties, trying

to develop applications, like solar cells and electronic devices, with graphene is a

hot research area[4]. Carbon nanotubes are cylindrical structures made from layers

of graphite, they can be single-walled or multi-walled. Exactly when carbon nan-

otubes were discovered is disputed[5] but it became a hot research topic in the 1990s.

As they can be seen as tubes made of graphene, they have similar properties and

therefore have a large range of applications. Examples of these are drug delivery,

biosensors, molecular wires and nanocomposite materials[6].

The third of these allotropes, fullerenes, is a class of spherical carbon molecules

this thesis will cover. The most famous fullerene contains 60 carbon atoms and

Figure 1: The structures of a C60 fullerene, a carbon nanotube and a section of a

graphene sheet

1



has the shape of a truncated icosahedron, more known as the colour pattern used

for a football. It is built up from 12 pentagons and 20 hexagons with 60 ver-

tices. This molecule was first mentioned in 1965 by the American chemist Harry

P. Schultz. In a geometrical and topological analysis of polyhedrons, he predicted

many of them could be hydrocarbon molecules with a molecular formula of CnHn.

This included a molecule that he called truncated icosahedrane with a molecular

formula of C60H60[7]. This is different from a fullerene, and is what would later be

called a fullerane as it is fully saturated. The next step on the journey towards its

proper discovery was the predictions of the molecule in the early 1970s. Osawa, in

1970, was first to publish it, but due to the paper only being published in Japanese

it did not gain much impact. He noticed that corannulenes could be combined and

built into a spherical shape[8]. Later, in 1973, Bochvar and Galpern published a

computational study of different carbon cages. This showed that a C60 could be

kinetically stable[9]. But these were theoretical, not experimental, indications of

fullerene existing. In 1984, a group of researchers at Exxon were studying carbon

clusters as they were thought to have interesting properties. Small clusters had also

been found in carbon stars and comet tails. The researchers were able to generate

clusters in a large span of different sizes. This was done by laser vaporization of a

graphite rod. In the mass spectrum, there were significant peaks containing 60 and

70 carbon atoms, but they did not realize its significance as a spherical allotrope[10].

The big discovery that started the fullerene boom was in 1985, when Kroto and

his colleagues established the name and shape of the C60 molecule, Buckminster-

fullerene. Just as in the previously cited article, they wanted to examine carbon

clusters that could be formed in space. As before, the clusters were formed by laser

vaporization of graphite. They had noticed the significant peak of 60 carbon atoms

and adjusted the conditions to create a larger amount of C60. The result that the

clusters equilibrated towards having 60 carbon atoms pointed the researchers to-

wards the idea that it was a stable structure. The only plausible structure seemed

to be the truncated icosahedron, as it satisfied all sp2 valencies. They also proposed

it to be aromatic. This structural conclusion was still a speculation according to

themselves, but said that it would have large ramifications if this structure would

end up being correct. Some examples of these were its abundance in space, usage

as a lubricant, its effect on encapsulated atoms, and its wide potential of derivati-

zation[11]. These aspects will be discussed later. The proposal that the fullerene

molecule was spherical caused some controversy. The Exxon group that had discov-

ered the C60-clusters in 1984 argued against it. Soon after their fullerene discovery,

Kroto and colleagues published an article about a lanthanum atom being contained

inside a C60-shell[12]. The Exxon group still questioned whether it was a sphere.
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With their experimental results, they concluded it was a plane, they even called it a

deflated soccer ball[13]. The research groups argued back and forth in a few papers,

but none of them had solid proof if it was planar or spherical[14, 15]. The problem

was that there was no method to synthesize a quantity big enough to conduct the

analysis needed for structural characterization. In 1990, Krätschmer and colleagues

developed a method that was able to produce macroscopic amounts (100 mg) of

C60. This was done by evaporating graphite electrodes and collecting the soot, from

this C60 was able to be extracted. Several analytical methods confirmed that it

was indeed C60 that they had found[16]. This finally allowed the molecule to be

analyzed by scanning tunnel microscopy and the truncated icosahedral shape to be

confirmed[17, 18]. Curl, Kroto and Smalley received the Nobel Prize in Chemistry

in 1996 for their discovery of fullerenes[19].

So where do the names Buckminsterfullerene and fullerene come from? Richard

Buckminster Fuller (1895-1983) was a famous American engineer and architect that

popularized the geodesic dome. When Kroto and Smalley decided to name C60

buckminsterfullerene it was not without controversy, but Kroto defended his choice

of name. None of the classic Greek geometers (mathematicians studying geometry)

had described the properties of a geodesic dome. To them, the work of Fuller was

important to realize that the structure was a truncated icosahedron. From his nick-

name of ”Bucky”, we also got the fullerene nickname of ”Buckyballs”[20].

After the structure determination, research on fullerene exploded. Its properties,

reactivity, and applications were hot topics in chemistry and physics.

1.2 Fullerene, its properties and applications

As mentioned in the previous section, C60 fullerene was thought to be aromatic[11].

This has been the subject of a lot of debate, but it is not seen as fully aromatic

nowadays. The bond lengths in fullerene are not equal and can be split up into 6:6

bonds (between two hexagons) and 6:5 bonds (between a hexagon and a pentagon).

The 6:6 bond has more double bond character and is 1.39 Å long, while the 6:5

bond is 1.45 Å long[21]. The curvature of the molecule reduces π-orbital overlap.

It is called the π-interaction diminution and is a factor in its large ring strain[22].

C60 is very electronegative with an electron affinity of 2.65 eV[23]. This means it

can be reduced step-wise to C6–
60 that exhibits diamagnetic properties[24] which is

more characteristic of aromatic compounds. This can be attributed to that C60 has

six low-lying empty orbitals that easily accept electrons[25]. Calculations have also

shown that C12–
60 is stable by filling all the low-lying orbitals[26]. Fullerene anions
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are called fullerides. Fullerene cations also exist with charges up to +3[27]. The

aromaticity of fullerene has had a lot of controversy, some part of that is due to the

definition of aromaticity changing over the years. Another is that it is hard to come

up with a suitable model to use as a reference compound. It has been called ambigu-

ously aromatic[28] but that has been opposed as new rules for spherical aromaticity

has been proposed. As a counterpart to the Hückel rules for planar aromaticity,

spherical fullerenes require 2(N+1)2 electrons to be aromatic. The hexagons in C60

show diamagnetic ring currents, indicative of aromaticity, but the pentagons show

paratropic ring currents, indicative of antiaromaticity. In neutral C60 they cancel

each other out. C6–
60 has more aromatic characteristics, with C12–

60 and C10+
60 being

fully aromatic according to the 2(N + 1)2 rule[29]. When analyzing the sphere cur-

rents of C10+
60 by computations, it was unidirectional which lead to a homogenous

and large endohedral magnetic shielding, very indicative of aromaticity[30].

C60 is not the only fullerene, but the most common. C70 is the second most common

fullerene. It was discovered at the same time as C60 but as it was not an as intense

peak, the focus was on C60. The structure of C70 was determined to be like buck-

minsterfullerene, with an addition of five hexagons in a belt in the middle, giving it

its more elongated shape (like a rugby ball) and D5h symmetry[31]. C70 has eight

different bond lengths between 1.38 Å and 1.48 Å, more variation than C60 due

to it having a different symmetry[32]. Many different kinds of fullerenes exist, and

theoretically, there is an infinite number. The description of classical fullerenes is

that they are cage-like, hollow and consist of 12 pentagons and a varying number of

hexagons. This leads to every fullerene containing an even number of carbon atoms.

That every fullerene contains 12 pentagons can be proved mathematically by Euler’s

polyhedron formula. This means that the smallest fullerene is C20 consisting of 12

pentagons and no hexagons, the only fullerene that is a Platonic solid. With each

hexagon added, the number of isomers increases and every possible fullerene can be

described by the mathematical concept of graph theory. Graph theory can be used

for many structural descriptions of molecules and is an essential part of mathemati-

cal chemistry[33]. But if there can be so many possible isomers of fullerenes, why is

C60 with Ih symmetry the most common? It is the smallest fullerene to fulfill the iso-

lated pentagon rule (IPR) and D5h C70 is the second smallest. The IPR says that no

pentagons should be adjacent to each other in the spherical polyhedra. So why does

the IPR matter for stability? Ring strain is a big part of fullerenes and the strain

is much higher for pentagon-pentagon neighbouring bonds than pentagon-hexagon

neighbouring bonds. This can be seen in that corannulene is a stable molecule as

it is a pentagon completely surrounded by hexagons[34]. Non-classical fullerenes

contain four- and seven-membered rings, but most of the studies on them have been
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computational as they are difficult to isolate[35]. Very large fullerenes with over 400

carbon atoms have been characterized from fullerene-containing soot[36], but most

larger fullerenes are only subjects of computational studies. Another interesting

property of C60 is that it is one of the biggest molecules where the wave-particle

duality has been observed[37].

Fullerenes have been found in nature. In Russia, carbon-rich Precambrian rocks

called shungite have been shown to contain both C60 and C70[38]. They have not

only been found in rocks, the motivation to investigate carbon clusters, which lead

to the discovery of fullerenes, was their existence in space. As fullerenes form spon-

taneously, they should exist in spacial carbon clusters. They were first found in

meteorites, and more research into fullerenes pointed even more to their likely exis-

tence in space[39]. In a nebula where the abundance of hydrogen was poor, fullerenes

were observed. The amount of hydrogen in the system seems to affect if either poly-

cyclic aromatic hydrocarbons or fullerenes are formed[40].

Fullerene itself is an insulator, but with derivatization and/or doping, fullerenes

can be turned into either a semiconductor or a superconductor. Examples of molec-

ular derivatization include pyrrolidines, methanofullerenes, and imino groups[41].

There are three different kinds of doping for fullerenes. These are endohedral, sub-

stitutional and exohedral. Endohedral doping is quite unique for fullerenes, the

dopant goes into the hollow core of the fullerene. For substitutional doping, car-

bon atoms are replaced by dopants, and by exohedral doping, the dopants reside in

the empty spaces in the fullerene crystal lattice. Exohedral dopings are also called

intercalation. Endohedral and exohedral doping are more common. The nomen-

clature of endohedral fullerenes is M@C2n where M is the atom or atoms inside

the fullerene. Examples of endohedral fullerenes includes Sc3N@C80, La@C82 and

K2@C60. The existence of endohedral fullerenes is one of many proofs that fullerenes

are built up by smaller carbon fragments. Getting atoms into already ”built-up”

fullerenes is more difficult. Although it has been done, it is too complex to explain

the ease of making certain endohedral fullerenes. The increased stability from the

electron transfer from the encapsulated atoms allows many non-IPR fullerenes to

be stable[42]. They have unique electronic properties which give them lots of op-

portunities for applications. These are mostly for photovoltaics and solar cells, but

there has been research on their use in medicine and so-called fullerene peapods.

Fullerene peapods are when fullerenes are placed inside carbon nanotubes. With

endohedral fullerenes their properties become even more interesting. Research is

also ongoing for their use as superconductors and in quantum computers[43]. Ex-

ohedral doping is the most common and where the best fullerene superconductors
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have been found. Atoms are placed in the octahedral and/or tetrahedral holes of

the crystal lattice, with different crystal structures depending on how many atoms

the fullerene is doped with. The most common is M3C60, where M is a metal, often

alkali. The best superconducting exohedral fullerene is Cs3C60 in a body-centered

cubic packing, which has a superconduction transition temperature of 40 Kelvin[44].

With all these different properties, fullerene has had usage in a lot of applications.

In medicine, fullerene derivatives can fight the HIV virus by inhibiting and forming a

complex with HIV protease (HIV-P). Amino acid derivatives of fullerenes have been

able to inhibit replication of HIV and human cytomegalovirus. Fullerene derivatives

insoluble in water can have antiviral activities against enveloped viruses. Another

potential medicinal application of fullerenes is to use it as a photosensitizer. It is

easily excited to singlet C60 which then can decay to long-lived triplet C60. They

can either radicalize oxygen or become radicals themselves to attack DNA. This

have use in photodynamic therapy. Fullerenes have good applications for drug de-

livery. Its big hydrophobic bulk allows it to penetrate membranes, carrying the drug

molecules with it to the cell. Fullerenes have great potential as antioxidants. This

is due to them having many conjugated double bonds and low lying LUMOs. This

makes them a favorable target for radicals. With its hydrophobic bulk, the fullerene

is able to enter the cells and conduct antioxidant activity there[45]. As predicted

earlier, fullerenes have been shown to have good lubricating properties. It works in

vacuum, high humidity, and other critical conditions, while also having low friction

coefficients with metals. Fullerenes can be seen as acting like small ball bearings[46].

Fullerenes have also shown great potential for waste-water treatment[47].

As mentioned earlier, the properties of fullerenes have given it opportunities for

many applications. For many of these, fullerene has to be derivatized, which leads

to a large amount of research done on its reactivity.

1.3 Fullerene reactivity

The different reactions fullerenes can undergo can be attributed to it acting like an

electron-deficient alkene. A driving force for fullerenes to react is the lowering of

ring strain when the double bonds get saturated. That is why most of the reactions

occur at the [6,6]-bonds. Fullerene reactions can be split into four major categories.

These are nucleophilic additions, radical and carbene additions, cycloadditions, and

organometallic additions (see figure 2).

With its high electrophilicity, fullerene is a good target for nucleophiles. Nucle-
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Figure 2: Examples of reactions of fullerene: Nucleophilic addition[48],

Organometallic addition[49], Carbene addition[50], Radical addition[51], [4+2] Cy-

cloaddition[52], Prato reaction[53], Bingel reaction[54], and [2+2] Cycloaddition[55].

ophilic addition was among the first reactions performed on fullerene. Grignard och

organolithium reagents allow for a wide range of functional groups to be added to the

fullerene cage[48]. Organocopper reagents have also been used for selective multi-

addition to fullerenes, with penta-addition to a single pentagon as an example[56].

As mentioned earlier, fullerenes are great radical scavengers. This has also been used

in research on its reactivity. Some examples of its affinity for radicals are that benzyl

radicals were able to be added to the fullerene cage up to 15 times. Methyl radicals

were able to be added to the fullerene cage up to 34 times[57]. Usually, one wants

more selectivity in how many times, and where, the functional groups are added.

By usage of milder reactants and methods, monoselectivity is able to be achieved

for many different functional groups. This includes reactions with tetrabutylam-

monium decatungstate. With the great number of different photosensitizers and
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radical initiators available, the scope of radical reactions with fullerene is large[51].

With carbene being a diradical, carbene additions is another way of easily adding

functional groups to the fullerene. Fullerene dimers and complex methanofullerenes

are examples of compounds able to be made with carbene reactions. In the same

way as carbenes, silylene and germynele is able to react with the fullerene cage,

creating compounds with interesting electronic properties[50].

As an electron-deficient alkene, one might immediately think of fullerene as a good

dienophile in a Diels-Alder reaction. This is true, as cycloadditions are the most

investigated fullerene reaction, with many different kinds well-explored. The most

common are cyclopropanation (Bingel reaction), [4+2] cycloadditions (Diels-Alder),

[2+2] cycloadditions and [3+2] 1,3-dipolar cycloaddition (Prato reaction). Diels-

Alder reactions work like they usually do, with fullerene as a powerful dienophile.

The size of the fullerene cage allows for interesting three-dimensional functionaliza-

tion[52]. [2+2] cycloadditions of fullerenes are less common than [4+2] but have

still been reported many times. Benzyne has also been added to fullerene cages,

yielding monoadducts[58]. The reaction works best with electron-rich alkenes and

alkynes, like ynamine and cyclohexenone. As it is a [2+2] reaction, it often requires

light to function [55]. The Bingel reaction is a cyclopropanation that transforms

fullerenes into methanofullerenes. It is named after its discoverer Carsten Bingel.

With a bromo derivative of diethyl malonate and a base, the the malonate group is

able to be added to the fullerene[54]. It is the most effective reaction for creating

methanofullerenes and works with a wide range of stabilized α-halocarbanions[59].

The 1,3-dipolar [3+2] cycloaddition of fullerenes is called the Prato reaction from

one of its discoverers, Maurizio Prato. It adds an azomethine ylide to the fullerene

cage, creating a fulleropyrrolidine[53]. This reaction allows amino acids, ketones

and aldehyde groups to be added. Two groups can be added at the same time, and

individual [6,6] closed isomers are obtained. The range of substituents being able to

be connected with the Prato reaction is huge, due to the versatility of the pyrroli-

dine ring. These include porphyrins and amino acids. As amino acid-functionalized

fullerenes have usage for biological applications, it is a widely-used reaction[59].

Organometallic addition is a part of fullerene reactivity that has not been thor-

oughly studied[49]. It is the subject of this thesis and will be explained more in

detail in the following chapters.

An interesting side note in fullerene reactivity is that a C60 cage has been syn-

thesized from scratch in 12 steps. It is much less efficient than the current methods

for manufacturing fullerene. It could, though, give insight into creating fullerenes
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that are not obtainable by current methods[60].

1.4 Linking of fullerenes

With so many different properties, linking together several fullerenes into polymers

could give interesting materials. Since the first fullerene-containing polymer was

reported in 1991[61], lots of progress has been made in the field. Some examples

of properties that polyfullerenes have shown are optical limiting and photoinduced

electron transfer. One can classify fullerene polymers into several groups, for our

purposes the most important are main chain polymers, where the fullerene itself is

part of the main polymer chain. Other examples include side chain, supramolecular

and crosslinked fullerene polymers. Main chain fullerene polymers can be visualized

as a pearl necklace, with fullerenes as ”pearls” in the polymer backbone. There are

two methods for making main chain polymers, the first one is directly reacting C60

with a symmetrically difunctionalized monomer. The second is a polycondensation

with a fullerene bisadduct and a difunctionalized monomer, reacting the monomer

with a group on the functionalized fullerene, not the fullerene itself. The bigger

scope of this makes this method the most common. One can obtain eight possible

isomers when performing a double-addition to C60. This, in combination with the

hardship of preparing pure bis-adducts with the correct stereochemistry, makes the

polymers hard to synthesize[62]. Some successful cases have been done, but much re-

search for main chain polymers has ended up at trying to create fullerene dumbbells.

Fullerene dumbbells are fullerene dimers connected by a molecular segment in be-

tween. The fullerenes are the ”weights” and the molecular segment is the ”handle”.

A schematic representation is given in figure 3. It is a great stepping stone towards

main chain polymers, as it allows for research into how they can be created in an ef-

ficient way. If the bridge between the fullerenes is electroactive there is big potential

for usage in photovoltaic and optoelectronic devices. Electroactive bridges can be for

example porphyrins, tetrathiafulvalenes and π-conjugated oligomers[63]. Fullerene

dumbbells have shown the greatest success in the field of organic solar cells, more

specifically bulk heterojunction solar cells. As mentioned earlier, fullerene is a great

electron acceptor and allows for acceptor-donor-acceptor dumbbells to be created.

Here the molecular segment binding together the C60 cages is an electron donor.

This has great usage for solar cells[64]. Addition of a dumbbell with a butyric acid

methyl ester as the linker has been shown to increase the efficiency and lifetime

of organic solar cells[65]. But the solar cells is only a part of the research. Many

groups still focus on using dumbbell research as a path towards main-chain fullerene

polymers, as they have great potential for use as molecular electronic wires. Some ex-
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Figure 3: Illustrated comparison of the concept of a fullerene dumbbell next to a

weightlifting dumbbell

amples of dumbbells for this purpose include a type where pyrrolidine-functionalized

C60 is linked together by a ferrocene unit[66]. This has been expanded to a trimer

with a tether to ensure regioselectivity in the coupling. One way that is being in-

vestigated is to use a diboronic acid and, with rhodium-catalyzed hydroarylation,

link a fullerene to each side of the molecule[67, 68]. This leads us to the goal of the

project. Rhodium-catalyzed hydroarylation, of fullerenes with boronic acids, will

now be explained more in detail.

1.5 Boronic acids

Boronic acids are organic compounds, containing boron that binds to one carbon-

containing substituent (C-B bond) and two hydroxyl groups (see figure 4). Boronic

acids do not exist in nature and must be synthesized. This is done with primary

sources of boron, such as boric acid. A key precursor to boronic acids are the bo-

rate esters. They can be made in a simple way by dehydrating boric acid with

alcohols. Boronic acids are mild Lewis acids that are stable and easy to handle,

which makes them a good choice for use in synthesis. They can be seen as envi-

ronmentally friendly, as they, in the end, degrade to the relatively harmless boric

acid. The properties and reactivity of boronic acids greatly rely upon what kind

Figure 4: General structure of a) boronic acids and b) boronic esters
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of carbon group is attached directly to the boron. That is why boronic acids often

are classified in ways like alkyl-, aryl- and alkenylboronic acids. The crystal struc-

ture for many arylboronic acids consists of orthorhombic crystals that are dimers,

with hydrogen bonds holding the dimers together. The dimers can also hydrogen

bond to four other units, which gives an infinite array of layers. The bond length

of C-B bonds (1.55-1.59 Å) is a bit longer than C-C bonds, with the average C-B

bond energy also being slightly smaller. As B-O bonds are strong, their lengths are

shorter and are in the range of 1.35-1.38 Å. At room temperature, boronic acids

are usually stable and have a long shelf stability time. Oxidation of C-B bonds is a

favourable process as the energy difference between B-O and C-B bonds are large.

But, fortunately, the oxidation of boronic acids with oxygen and water is kinetically

slow, which means they can be stored in air and water in a wide variety of pH

values. When dehydrated, they form boroxines, which are trimeric anhydrides of

boronic acid (see figure 5). Some reactions still work regardless if it is a free boronic

acid or an anhydride, but the anhydride formation can cause problems in analysis,

quantification and characterization. Dry samples of boronic acids may also be prone

Figure 5: Boronic acid and Boroxine equilibrium for p-tolyl boronic acid

to quick decomposition, which is why it is good to store boronic acids slightly moist.

This, and how this complicates stochiometry, is one of the reasons that boronic es-

ters are often used instead of boronic acids. The boron atom in boronic acids has a

vacant p-orbital, which means it has an uncommon property of being a mild Lewis

acid that can coordinate to basic molecules. This means, even with two hydroxyl

groups and resemblance of an oxyacid, that the acidic character of most boronic

acids is that of a Lewis acid, not a Brønstedt acid. With a coordination to a basic

molecule, it gains a tetrahedral geometry. The strength and pKa values of boronic

acids depend on many factors like steric hindrance and electron-withdrawing sub-

stituents. Brønstedt acidity is only displayed if forming the tetrahedral adduct is

very unfavourable [69].
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One of the biggest reasons for the popularity of boronic acids is their great util-

ity in the Suzuki reaction. Suzuki coupling is one of the most reliable ways to create

C-C bonds and the most popular cross coupling. Cross couplings are organometal-

lic reactions where two hydrocarbon fragments are put together with the aid of a

metal catalyst. The general scheme for the Suzuki coupling is that an organohalide

and an organoboron species couples with the help of a platinum, or nickel, catalyst

and a stoichiometric amount of base. A wide variety of hydrocarbons can be put

together, and there is diversity in the halide and organoboron groups that work as

well. Suzuki shared the 2010 Nobel prize in chemistry with Heck and Negishi for his

discovery of this cross coupling[70]. With the fame and effectiveness of the Suzuki

coupling, research on usage of boronic acids increased and a new kind of reaction

was discovered.

1.6 Hydroarylation with boronic acids

Hydroarylation is a reaction that adds a hydrogen and an aryl group to a double-

or triple-bond, allowing an easy way for aryl groups to be added chemo- and re-

gioselectively. Aryl halides, aryl triflates, heteroaromatic groups, benzamides and

even unsubstituted benzene rings all can be used to create C-C bonds. The met-

als that can be used range from ruthenium, platinum, rhodium, and even gold[71–

73]. Hydroarylation requires different conditions if the alkene or alkyne is acti-

vated (electron-poor) or not. This means one can apply concepts from conjugate

addition of organoboron reagents to alkenes. This is essentially hydroarylation if

the added groups is an aryl. These reactions use either rhodium or palladium for

catalysis. For a ”regular” alkene to be activated, neighbouring electron-withdrawing

groups (EWG) are needed to reduce the electron density in the double bond and

make it more reactive. With this in mind, the most common targets for this kind

of reaction are α,β-unsaturated ketones (see figure 6). With a close neighbouring

carbonyl group, the electron density of the closely located double bond decreases

and it becomes more reactive. Through development of effective ligands, highly

enantioselective reaction pathways have been found. This is not unique to ketones;

α,β-unsaturated aldehydes, esters, amides and many other electron-deficient alkenes

have been given high enantioselectivity with the help of rhodium catalysis. Plat-

inum catalysis has also been used, but has not seen the same success as rhodium[74].

Because fullerenes act like electron-deficient alkenes, it should work the same with

fullerenes as the α,β-unsaturated carbonyl compounds. This is why the idea of a

rhodium-catalyzed hydroarylation of fullerenes with arylboronic acids came to light.

Nambo and his colleagues at Nagoya University were inspired by recent progress in

12



Figure 6: Hydroarylation of an α,β-unsaturated ketone with an arylboronic acid

the field of rhodium-catalyzed additions of organoboron compounds and tried the

reaction with a fullerene. If this worked it would greatly expand the scope of which

groups could be added to fullerenes, and it did. First, different catalysts were tested

which showed [Rhcod(MeCN)2]BF4 (see figure 7) had the best yields and monoad-

dition selectivity. Monoaddition selectivity is very important, as fullerenes with one

Figure 7: [Rh(cod)(MeCN)2]BF4, catalyst used in this project

functional group added are the goal. With several functional groups added, an ex-

ponentially large number of isomers are obtained, which makes the target product

very hard to purify. They also tried the reaction with a large range of different

aryl- and alkenylboronic acids, which also worked and proved the big scope of this

reaction [49]. Later, a Spanish group of researchers published a computational study

where they investigated the mechanism of the reaction Nambo and colleagues had

performed. It showed that water is required for the reaction to function[75]. This is

in line with experimental results as Nambo used a two-phase system with water, just

like previous research on rhodium-catalyzed hydroarylation of alkenes and alkynes

[76]. The conditions were a 4:1 mixture of o-DCB and water, 60◦C, and 12 hours

in an oil bath, which gave a yield of 40% when using para-tolyl boronic acid. Even

though these reactions worked well, the yields were not that high and had potential

to be improved, which leads to the aim of the project.
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1.7 Project aim

The aim of this project is to optimize the reaction conditions for the rhodium-

catalyzed hydroarylation of C60 with arylboronic acids. To get as high a yield

as possible, the solvent system, temperature, reaction time, and catalyst will be

optimized. The selectivity of monoaddition is also a significant part.

Figure 8: Reaction performed in this project
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2 Results and discussion

2.1 NMR quantification development

NMR spectroscopy is a great method for analysis, especially for small organic

molecules. It gives information about, for example, structure and molecular in-

teractions. As the signals in NMR are proportional to the amount of sample, one

can use it for quantitative purposes. By adding a known amount of a reference

compound to each sample, one can compare their integrals and see how much of the

product that has been obtained. Earlier work in the group[67] had used dimethyl

terephthalate (DMT) as an internal standard. The problem with this was that

very small amounts of DMT had to be added to each NMR tube which gave a big

error margin. Using a stock solution of DMT as an internal standard was tested

instead. The goal of the quantitative NMR study was to determine the reaction

yields. This was achieved by comparing signals from a single proton, added to the

C60 cage through hydroarylation, with the 6 protons of the DMT methyl groups.

To model this, the comparison was done with the aldehyde proton on benzaldehyde.

Benzaldehyde was used as a test compound as it is easily soluble and provides a

scenario similar to our target compound, a hydrogen signal that does not overlap

with other signals. A solution of 6:1 benzaldehyde/DMT was run three times and

gave good results with a low standard deviation, the 6:1 ratio is for the number

of benzaldehyde protons to be the same as the DMT methyl protons. This proved

DMTs reliability as an internal standard. It was used during the rest of the project.

The calibration of 100 μl with a micropipette was tested with deionised water and

gave an average of 100.2 ±0.6 μl. The calibration of the pipette was considered

sufficient.

2.2 Reaction optimisations

Previous work in the group [67, 77] had started the optimization of this reaction.

The results that Nambo had obtained[49] were reproduced to gain further insight

and knowledge, as it was a new kind of reaction for the research group to perform.

Nambo’s reaction conditions were a 4:1 mixture of o-DCB and water, a temperature

of 60◦C and 12 hours in an oil bath, which gave a yield of 40%. A cross-shaped

magnetic stirrer was soon found to be required, as the reaction required good stir-

ring. This is due to the two-phase mixture of the reaction, with the fullerene being

dissolved in the organic phase and water being suggested as a required reagent. In

the group’s experiment, the ratio of o-DCB and water was adjusted to 3:1. Nambo

had performed the reaction with degassed solvents. For our group’s experiments,

only bubbling with N2 was not good enough, but five freeze-pump-thaw cycles were
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required to perform a result in line with Nambo’s results. A microwave (MiW) re-

actor was used to see if it reduced the reaction times. It was available in the lab

and previous research[78, 79] had shown that microwave heating could reduce the

time needed and increase yields for similar reactions. With microwave heating and

an increased temperature to 110◦C, the reaction time could be reduced to one hour.

The yield obtained under these condition were 34% for the same reaction.

2.2.1 The early stages

With this information in hand, the project started. To begin by getting comfortable

with the laboratory environment and this kind of experiment, the reaction condi-

tions of previous trials were repeated (with 2 hours reaction time) and similar results

were obtained. The starting conditions can be seen in Figure 9. The first goal of

Figure 9: Starting conditions for this project

the project was to find a suitable solvent system. The usage of o-DCB and water

was standard but had potential to be improved. Toluene is also a usable solvent for

dissolving fullerene. It is cheaper, more environmentally friendly and has a lower

boiling point which simplifies the workup. If these kinds of reactions would reach

large-scale, toluene would allow it to follow standards of green chemistry. The yields

were much lower when trying to reproduce the earlier reactions with toluene instead

of o-DCB (15% vs 31%). When checking into the solubility data of fullerene[80], it

was noticed that fullerene was ten times less soluble in toluene than in o-DCB. As

solubility is often an important factor, this was seen as the main responsibility for

the lower yields. There is a good reason to use o-DCB as the fullerene-dissolving sol-

vent. All the solvents that are better at dissolving fullerene (different naphthalenes)

have a much higher boiling point. With an already difficult workup, using solvents

with a higher boiling point makes usage of rotary evaporators almost useless. CS2

is also usable for dissolving fullerene, but it is toxic, has a foul smell, and dissolves

4 times less fullerene than o-DCB. It is preferably used as an NMR solvent instead.

The lack of hydrogens prevents a big solvent peak in 1H NMR and solves solubility

issues. Deuterated o-DCB and toluene are very expensive and fullerene is almost
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insoluble in chloroform.

At the same time, the need for degassed solvents was tested. As degassing sol-

vents, especially water, takes such a long time it would be convenient if it was not

required for the reaction to work. There was skepticism to this, as in the earlier

research in the group, the degassing was required for the results to be in line with

previous studies. Surprisingly, the reactions yielded similar results (31% vs 34%).

This showed that only an inert N2 atmosphere was required and the reaction was

not as sensitive to oxygen as previously thought. This discovery decreased the time

to perform a reaction considerably, and was an appreciated change to the reaction

procedure. See Table 1 for results.

Table 1: The initial experiments

Exp Org. Solvent Protic solvent Heating Temp. Time Degassed Yield

1 o-DCB Water MiW 110 2 h Yes 31%

2 Toluene Water MiW 110 2 h Yes 15%

3 o-DCB Water MiW 110 2 h No 34%

4 Toluene Water MiW 110 2 h No 13%

As a control, the reaction was performed without the catalyst. This gave no

product and the colour of the reaction mixture was still purple, which is the colour

of dissolved, unreacted fullerene. Due to the MiW reactor malfunctioning, the sub-

sequent reactions had to be performed in an oil bath. As a longer reaction time was

assumed to be needed for these, the reactions were left overnight. The next step in

the search of a solvent system was to try the reaction with aliphatic alcohols as the

protic solvent. As the previous computational study[75] showed the requirement of

water, the possibility of solvents with a similar pKa value working was plausible.

As the alcohols are less polar, they could provide an opportunity for a single-phase

system. This would increase reaction speed as reaction could proceed in the en-

tire solution. The first experiments were a 3:1 mixture of o-DCB or toluene and

methanol. When mixing these with fullerene it was a one-phase system, but the

colour of the solution was bright yellow (instead of the expected purple colour) and

the fullerene did not dissolve. As expected, this reaction gave no product due to

poor solubility. See table 2 for results.
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Table 2: Control and Methanol experiments

Exp Org. Solvent Protic solvent Heating Temp. Time Yield Note

5 o-DCB Water MiW 110 2 h 0% No catalyst

6 Toluene Water Oil bath 110 15 h 0% No catalyst

7 o-DCB MeOH Oil bath 110 16 h 0%

8 Toluene MeOH Oil bath 110 16 h 0%

The usage of alcohols was not dismissed completely, but a 7:1 mixture with

o-DCB was used instead with the following alcohols: ethanol, isopropanol, and tert-

butanol. All these reactions gave better results than before, with the yield for EtOH

being 46%, 55% for iPrOH and a high yield of 71% for tBuOH. The yield had almost

been doubled when compared to previous results. Before continuing with more

alcohol trials, reactions were tried with water-saturated o-DCB and toluene, this

would yield a one-phase system while trying to achieve as high solubility of fullerene

as possible. The solubility of water in toluene and o-DCB is almost equal[81],

with 10 ml of either containing circa 4 equivalents of water to each fullerene. These

conditions gave higher yields compared to the two-phase system (37% and 20%), but

not enough to improve the alcohol yields. Toluene was tried with tBuOH and gave

a higher yield compared to the two-phase system, but still too low to be considered

useful (22%). See table 3 for results.

Table 3: Alcohol and water saturated solvent experiments

Exp Org. Solvent Protic solvent Heating Temp. Time Yield Note

9 o-DCB EtOH Oil bath 110 19 h 46%

10 o-DCB iPrOH Oil bath 110 19 h 55%

11 o-DCB tBuOH Oil bath 110 19 h 71%

12 o-DCB Water Oil bath 110 17 h 37% H2O sat. solvent

13 Toluene Water Oil bath 110 17 h 20% H2O sat. solvent

14 Toluene tBuOH Oil bath 110 16 h 22%
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As the MiW reactor had been repaired, the EtOH, iPrOH and tBuOH reactions

were redone with MiW heating to confirm that they worked under these conditions,

and to have a duplicate study. The yields were slightly lower (44%, 50% and 65%).

This could be due to that the first reactions were heated overnight, while the latter

were only heated for 2 hours. This leads to the next step, time optimization. It

seemed like more than two hours were needed, but hopefully the reaction did not

need to run overnight. A tBuOH reaction was run for 2 hours in an oil bath. This

was to see if the difference in time needed between oil bath and the MiW reactor

was significant. With a result of 57%, this was not the case. Two oil bath reactions

with a reaction time of 1.5 and 3 hours were performed. With their yields (47% and

67%) it was concluded that 3 hours in the oil bath was equal to 2 hours in the MiW

reactor. See table 4 for results. During the rest of the trials, MiW reactor or oil

bath were used depending on the situation. This could be when either being able to

queue reactions and have an automated time limit or do several reactions at once

was more important. The next step was temperature optimization.

Table 4: Microwave and time test experiments

Exp Org. Solvent Protic solvent Heating Temp. Time Yield

15 o-DCB EtOH MiW 110 2 h 44%

16 o-DCB iPrOH MiW 110 2 h 50%

17 o-DCB tBuOH MiW 110 2 h 65%

18 o-DCB tBuOH Oil bath 110 2 h 57%

19 o-DCB tBuOH Oil bath 110 3 h 67%

20 o-DCB tBuOH Oil bath 110 1.5 h 47%

2.2.2 The troubleshooting trials

During the previous investigations in the group, 110◦C was chosen quite arbitrarily.

A series of reactions at different temperatures were conducted to see if a higher,

or lower, temperature increased the yields. The reactions were performed at 90,

100, 120 and 150◦C. The yields were lower than usual, much lower than expected

from these small changes in temperature. The first thought that came to mind was

that the internal standard for the NMR samples was old. As the concentration of

DMT increases because the chloroform evaporates, the calculated yields becomes

artificially lower with an old standard solution. The solution was remade and new

NMR spectra were run. This still gave the same low results, which means the

standard solution was not the problem. To be sure that it was just not a random

occurrence, the reactions were repeated but no improvement was observed. The next

suspect was the N2 gas balloon. As it had a small hole in it, the inert atmosphere in
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the vials could be contaminated and effect the yields. The balloon was changed to a

new one and the reactions (90, 100, 120 and 150 ◦C) were redone, but the yields were

still low. A control test was done with 110◦C and no inert atmosphere at all, which

gave a yield of 50%. This lead us to the conclusion that it was the balloon that was

the problem causing the lower yields, but also that with such a high yield and no

inert atmosphere, there is absolutely no need for degassed solvents for this reaction

to function properly. After redoing the experiments twice with fixed balloons and

still having lower yields, this conclusion was retracted. A 110 ◦C experiment was

done to see if it was the small change in temperature that caused the drop in yields.

This gave a higher yield than the other temperatures, but still not as high as before.

The problem still remained, although we could stop the temperature optimization

here as 110◦C had shown multiple times that it had the highest yields, even with

these reduced ones compared to before. See results in table 5.

Table 5: Temperature optimization experiments

Exp Org. Solvent Protic solvent Heating Temp. Time Yield Note

21, 32, 36 o-DCB tBuOH MiW 150 2 h 38% Avg. yields

22, 25, 29, 33 o-DCB tBuOH MiW 90 2 h 43% Avg. yields

23, 26, 30, 34 o-DCB tBuOH MiW 100 2 h 41% Avg. yields

24, 27, 31, 35 o-DCB tBuOH MiW 120 2 h 39% Avg. yields

28 o-DCB tBuOH MiW 110 2 h 50% In air

37 o-DCB tBuOH MiW 110 2 h 49%

The focus switched to troubleshooting. The reactions were done in duplicates

from here on, to improve certainty in conclusions drawn. As all of the ”failed”

reactions had been performed in the MiW reactor, an error in the MiW heating was

seen as a potential error. The experiments were redone in an oil bath, which gave the

same low yields. It was concluded that the medium of heating was not the problem.

The next trial was a test of the catalyst, 1H NMR was performed and showed the

correct signals and integral ratio (see figure in the appendix), which means it had

not decomposed. To test catalytic efficiency, a duplicate experiment with 20 mol%

catalytic loading was tested, but the yields were still low. It was concluded that

the catalyst was not the issue. A duplicate experiment was performed with argon

gas to see if the N2 gas was the problem. It did not increase the yields and it was

concluded once again that the atmosphere of the reaction vessel was not the issue.

The calibration of the pipette was controlled again, as it could artificially decrease

the calculated yield by adding more internal standard. The calibration of 100 μl

was tested with deionised water and gave an average of 100.1 ±0.2 μl, which was

better than before. The calibration of the pipette was considered sufficient and not
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the source of the problem. The quality of the starting materials was next in line to

be controlled. A UV-vis measurement was performed on C60 in toluene but showed

no significant differences compared to a reference spectra. When performing an 1H

NMR of the boronic acid (see figure A.12 in the appendix) it was noticed that, by

consulting reference spectra [82], more than half of the boronic acids were in their

dehydrated boroxine form. This was seen as a sign of the boronic acid becoming old

and a new batch was purchased. Even with new acid and fullerene, however, the

yields did not improve. See results in table 6. 1H NMR was conducted on the new

acid and it showed the same high amount of boroxine as the older acid. This leads

to the last thing to troubleshoot, the protic solvent.

Table 6: Troubleshooting trials

Exp Org. Solvent Protic solvent Heating Temp. Time Yield Note

38, 39 o-DCB tBuOH Oil bath 110 3 h 43% MiW control

40, 41 o-DCB tBuOH MiW 110 2 h 37% 20 mol% cat.

42, 43 o-DCB tBuOH MiW 110 2 h 28% Ar atm.

44, 45 o-DCB tBuOH MiW 110 2 h 20% New chemicals

2.2.3 Return of the yields

Tert-butanol stands out among the alcohols with its high melting point of 25◦C. This

means that it is supposed to be solid at room temperature, but a small contamination

of water can make it liquid. The overlooked difference between the early trials with

good results and the many weeks of lower yields was the phase of the solvent. In

the beginning, liquid tBuOH could be poured out of the container for usage in

the experiments. As more trials were conducted, the amount of liquid tBuOH ran

out. Solid tBuOH had to be dug up from the container and heated gently for it to

melt before being added to the reaction mixture. As time went by, less liquid, at

room temperature, tBuOH was part of the solvent to each reaction and the yields

decreased. This means that the yields were decreased by the increased ”dryness” of

tBuOH. Attempts were made to reproduce the liquid, at room temperature, tBuOH,

which lead to experiments with ca. 96, 98, 99 and 99.5% alcohol by volume. The

first reactions had too much water, which impacted the yield through the lesser

solubility, but the yields increased compared to the troubleshooting trials. The

water-contamination of the solvent was concluded as the issue. When the amount

of water was below 1% the yields were closer to the high results in the early stages.

In these reactions, the calculations of the amount of water were not exact. Further

reactions were done with more exactly measured amounts of water, which gave

insight into how much water was necessary. See results in table 7. Just a few
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permille of water is needed for the reaction to function. Each h of water is almost

equal to 1 eq of fullerene in the reaction. This means that the amount of water

is sufficient for the water to be a required reagent for the reaction to function as

proposed in the computational study.

Table 7: Experiments with water-contaminated tBuOH

Exp Org. Solvent Protic solvent Heating Temp. Time Yield Note

46, 47 o-DCB tBuOH MiW 110 2 h 47% ca. 4% water

48, 49 o-DCB tBuOH MiW 110 2 h 52% ca. 2% water

50, 51 o-DCB tBuOH Oil bath 110 17 h 57% ca. 1% water

52, 53 o-DCB tBuOH Oil bath 110 3 h 65% ca. 0.5% water

54, 55 o-DCB tBuOH Oil bath 110 16 h 58% 0.5% water

56, 57 o-DCB tBuOH Oil bath 110 3 h 60% 0.3% water

2.2.4 Further analysis (MALDI-MS, NOESY, 13C NMR)

Nuclear Overhauser effect spectroscopy (NOESY) allows for observation of the prox-

imity of protons to each other. To be sure that our product is the correct one, even

though it has been done before [77], a NOESY experiment was conducted with a

sample from reaction 19. In the NOESY spectra, one can see that there is a nu-

clear Overhauser effect between the fullerene hydrogen and the added aryl group,

confirming their proximity. The NOESY spectrum is displayed in figure A.25 in the

appendix. There we can observe a crosspeak between the fullerene hydrogen and

the hydrogens on the aromatic ring closest to the fullerene ring.

The weakness of the quantitative NMR is that reduced monoaddition selectivity

artificially increases the calculated yields, as we count the number of fullerene hy-

drogens. Monoaddition selectivity is also an important trait of the reaction, since

the number of isomers increases quickly and are hard to separate (see examples in

figure 10). Nambo had in his research concluded that the monoaddition selectivity of

reactions with [Rhcod(MeCN)2]BF4 was over 95%. But that was for the two-phase

reaction and not with our new solvent system. As we did not have access to proper

separation equipment suitable for fullerenes, for example, buckyprep columns, we

could not do any quantitative measurement of selectivity. Instead, we tried a more

qualitative approach as a measure to see if the monoadduct was the dominant prod-

uct. This was done through MALDI-MS and 13C NMR.

MALDI (Matrix-assisted laser desorption/ionisation) is a type of mild ionisation

used in mass spectrometry which is milder and used primarily for larger molecules
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Figure 10: Examples of diaddition products

like proteins. With the research in our group[67], a method has been optimized for

fullerenes as well. The goal was to confirm that the mass peak of the monoadduct

product (m/z = 812) was far more dominant than the diadduct (m/z = 904). Mea-

surements were done on reaction 9, 10, and 11, to see if the different alcohols had

an impact, and 44 and 17, to see if there was any difference between a sample with

a high or low yield. As expected, the peak for fullerene (m/z = 720) is dominant

as we did not perform any separation beforehand. As can be seen in all spectra

(see appendix in figure A.22, A.23 and A.24), the monoadduct peak is dominant

compared to the diadduct for all samples. This is what was needed to confirm the

monoadduct selectivity and the goal of this analysis.

In 13C NMR, the unreacted fullerene only has one peak, as it, as previously men-

tioned, has an Ih symmetry. But when we have added an aryl group, it loses its

high degree of symmetry and becomes a Cs with only a single mirror plane. This

increases the number of coal signals for the fullerene from 1 to 30. A fullerene cage

with two aryl groups added has 60 carbon signals for the fullerene, as it has lost all

of its symmetry. By observing the intensity of the peaks in the 13C spectrum, one

can, like in MALDI-MS, get a qualitative view of the dominance for monoadduct

over diadduct. 13C Spectra were recorded on reaction 44 and 17 to see if there was

a difference between a high and low yield reaction. In figure A.20 and A.21 one

can observe that there is a dominating C60 peak, with lots of smaller peaks around

it. When counting them, they are 30 different ones, which is in line with how the

symmetry of the fullerene cage becomes smaller. No signs of the peaks that should

appear from multi-addition are observed, proving the monoaddition selectivity. The

spectra from reaction 17 and 44 look similar, which shows that having a high yield

is not correlated with lower selectivity.
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3 Conclusion and future outlook

Many improvements of this reaction have been achieved in the project. I found

that degassing of solvents is not needed, which means that this kind of reaction and

the catalyst is not sensitive to oxygen. The time for the reaction procedure can be

greatly reduced with increased temperature. I found out the reaction time in an oil

bath can be reduced to 3 hours. I have found that quantitative NMR with DMT

as an internal standard gives a quick and easy way of determining yields, without

complicated and expensive separation. Although the usage of superior separation

techniques is, however, preferred, if available, as it is more exact.

These were only small discoveries when compared to the critical results obtained.

These are, of course, the large increase in yields when using water-contaminated

tBuOH when comparing to the two-phase system. A very interesting thing is that

Nambo has tested this reaction with alcohols, but as he used dry solvents, the yields

were very low[83]. This points us even more towards the importance of water in the

reaction. When analyzing the steps in the computational reaction mechanism[75]

(see the catalytic cycle in figure 11), it seems that the water is preferred as a proton

donor due to its small size. Bigger alcohols have too much steric hindrance to be

able to donate a proton. The donated proton is the one that ends up on the fullerene

together with the aryl group. As has been noticed, the solubility of fullerene and

its derivatives is a difficult challenge. With there being no truly good solvents for

fullerene, it affects reaction efficiency. A larger amount of water allows our reaction

to occur faster (in theory), but a larger amount of water in the solvents decreases

the solubility of fullerene, which slows down the reaction (in theory). The amount

of water in the reaction is a balancing act. A two-phase system allows lots of water

to be available, but as it is a two-phase system it is inefficient, due to the reaction

only being able to occur at the phase boundary. With a one-phase system the reac-

tion can occur anywhere in the solution, but as there cannot be much water in the

solution, the reaction is slow. If more water is added, the fullerene cannot dissolve

as well and will not react at all. If enough water is added, we end up back at the

two-phase system.

In conclusion, the reaction and solvent system has been improved, and the impor-

tance of water in the reaction has gained more supporting results. Further studies

into the reaction with other alcohols can improve the yields even more.

Fullerenes are indeed an interesting class of molecules, from its discovery in 1985

continuing up to today, its fascinating properties have maintained its popularity
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Figure 11: Proposed catalytic cycle of the reaction, based on the computational

work of Mart́ınez et. al. [75]

among scientists. It is not as high as during its golden age in the 1990s, due to

now being overshadowed by the hotter research subjects of carbon nanotubes and

graphene. This is especially prevalent in material science, where graphene and nan-

otubes have easier to be classified as continuous materials, while at the molecular

scale fullerene is still dominant as they are discrete entities. Considerable discoveries

still have the potential to lift up fullerene from the shadows of its younger carbon

siblings.

An effective rhodium-catalyzed hydroarylation of fullerenes with arylboronic acids

can open up many paths to create fullerene dumbbells and oligomers. It also adds

another well-studied reaction to the plethora of ways to derivatize fullerenes. As
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mentioned earlier fullerene containing dumbbells and polymers have shown great

potential for usage in e.g. solar cells. With the results of this project, our research

group has gained great insight in how to further improve this reaction. By combin-

ing the previous research[67, 68, 77] in this group with what has been achieved in

this thesis, great discoveries are ahead. The main goal is the creation of fullerene

dumbbells with conjugated linkers, and to use a diboronic acid as the linker was

seen as a good choice. With difficulties of the reaction with a diboronic acid[77],

the reaction conditions had to be improved before using the library of conjugated

linkers available[68]. As the linkers are more complex molecules and are designed

to allow for its solubility when part of a fullerene dumbbell, it is not something you

want to waste before finding the optimal reaction conditions. With the increases

in yields we have obtained, the linkage of fullerenes is something that our research

group can achieve in the near future. This does not mean that the reaction opti-

mization is finished. With the success of tBuOH, more aliphatic alcohols should

be tested, like 1-butanol, 2-butanol, different pentanols and hexanols. The alcohols

should not have a too long carbon chain, as that will complicate the workup and

decrease water solubility. With better reaction conditions in hand, the fullerene

dumbbells will be able to be synthesized and research will continue towards a longer

oligomer. From a dumbbell, to an oligomer, to a polymer, the potential for this is

huge for creation of molecular wires. With a higher demand of computational power

and electronic devices getting smaller, fullerene nanowires is something that could

appear in computers and mobile phones in the future.
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4 Experimental

4.1 Materials

Chemicals were purchased from Sigma-Aldrich or Acros Organics and were used

without further purification. Water used in the reactions was deionized. MiW

heating was performed in a Biotage Initiator microwave using 20 ml Biotage MiW

vials. 1H NMR spectra were recorded on an Agilent 400 MHz spectrometer. For
1H samples containing CDCl3, chemical shifts were indirectly referenced to TMS by

usage of solvent signals (CDCl3 δ 7.26 ppm). Mass spectrometry was performed on

a Voyage-DE PRO MALDI-TOF spectrometer. Matrix solutions were prepared in

chloroform with DCTB as the matrix. The analyte was then dissolved in chloro-

form, mixed with a small amount of matrix and placed on the target plate. NMR

spectra were processed with MestreNova 10.0.2, molecular drawings were made in

ChemDraw Ultra 12.0

4.2 NMR development

9.4 mg (48 μmol) of DMT was weighed into a 2 ml vial. 30.5 mg (288 μmol) of

benzaldehyde was added to another 2 ml vial. 1.7 ml of CDCl3 was added to each

vial. 0.5 ml of each solution was added to three different NMR tubes. 1H NMR was

conducted with a 30 s relaxation time and proved successful quantification. Later in

the project, the amount of DMT was adjusted so that only 0.1 ml of the standard

had to be added to each tube. 34.0 mg DMT is dissolved in 1.5 ml CDCl3 and 0.1

ml is added to each NMR sample.

4.3 Reaction optimization

4.3.1 Standard procedure 1 (for experiment 1 and 2)

The solvents are degassed with three freeze-pump-thaw cycles. C60 (1 eq), p-

tolylboronic acid (1.2 eq) and [Rhcod(MeCN)2]BF4 (0.1 eq) are added to a mi-

crowave vial equipped with a cross-shaped magnetic stirrer. The microwave vial is

sealed and an inert atmosphere is created inside the vial through evacuation of air

and addition of N2. 6 ml of aprotic solvent and 2 ml protic solvent is added to

the vial with a syringe. The vial is put into the microwave reactor for 2 hours and

with a temperature of 110◦C. After the reaction is complete, the reaction mixture is

extracted with 1x 10 ml 1:1 H2O:CHCl3, the phases are separated and the aqueous

phase is further extracted with 2 x 10 ml CHCl3. The organic phase is saved and

filtered through silica with toluene as eluent. The reaction mixture is concentrated

under reduced pressure. The weight of the crude product is recorded and a sample
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is weighed into an NMR tube. The NMR sample is mixed with 100 μl internal

standard and dissolved in 0.7 ml of CS2 in an NMR tube. The NMR tube is put

in an ultrasonic bath to aid dissolving the product. 1H NMR is conducted with a

relaxation time of 30 s. Results are presented and discussed in Chapter 3.

4.3.2 Standard procedure 2 (for experiment 3 and 4)

C60 (1 eq), p-tolylboronic acid (1.2 eq) and [Rh(cod)(MeCN)2]BF4 (0.1 eq) are

added to a microwave vial equipped with a cross-shaped magnetic stirrer. The

microwave vial is sealed and an inert atmosphere is created inside the vial through

evacuation of air and addition of N2. 6 ml of aprotic solvent and 2 ml protic solvent

is added to the vial with a syringe. The vial is put into the microwave reactor for

2 hours or an oil bath overnight with a temperature of 110◦C. After the reaction

is complete, the reaction mixture is extracted with 1 x 10 ml 1:1 H2O:CHCl3, the

phases are separated and the aqueous phase is further extracted with 2 x 10 ml

CHCl3. The organic phase is saved and filtered through silica with toluene as

eluent. The reaction mixture is concentrated under reduced pressure. The weight

of the crude product is recorded and a sample is weighed into an NMR tube. The

NMR sample is mixed with 100 μl internal standard and dissolved in 0.7 ml of CS2

in an NMR tube. The NMR tube is put in an ultrasonic bath to aid in dissolving

the product. 1H NMR is conducted with a relaxation time of 30 s. Results are

presented and discussed in Chapter 3.

4.3.3 Standard procedure 3 (for experiment 15-17, 21-27, 29-37 and 44-

49)

C60 (1 eq), p-tolylboronic acid (1.2 eq) and [Rh(cod)(MeCN)2]BF4 (0.1 eq) are

added to a microwave vial equipped with a cross-shaped magnetic stirrer. The

microwave vial is sealed and an inert atmosphere is created inside the vial through

evacuation of air and addition of N2. 7 ml of aprotic solvent and 1 ml protic solvent

is added to the vial with a syringe. The vial is put into a microwave reactor, time

and temperature for each experiment is presented in Chapter 2. After the reaction is

complete, the mixture is filtered through silica with toluene as eluent. The reaction

mixture is concentrated under reduced pressure. The weight of the crude product

is recorded and a sample is weighed into an NMR tube. The NMR sample is mixed

with 100 μl internal standard and dissolved in 0.7 ml of CS2 in an NMR tube. The

NMR tube is put in an ultrasonic bath to aid in dissolving the product. 1H NMR

is conducted with a relaxation time of 30 s. Results are presented and discussed in

Chapter 3.
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4.3.4 Standard procedure 4 (for experiment 9-11, 14, 18-20, 38, 39 and

50-57

C60 (1 eq), p-tolylboronic acid (1.2 eq) and [Rh(cod)(MeCN)2]BF4 (0.1 eq) are

added to a microwave vial equipped with a cross-shaped magnetic stirrer. The

microwave vial is sealed and an inert atmosphere is created inside the vial through

evacuation of air and addition of N2. 7 ml of aprotic solvent and 1 ml protic solvent is

added to the vial with a syringe. The vial is put in an oil bath, time and temperature

for each experiment is presented in Chapter 2. After the reaction is complete, the

mixture is filtered through silica with toluene as eluent. The reaction mixture is

concentrated under reduced pressure. The weight of the crude product is recorded

and a sample is weighed into an NMR tube. The NMR sample is mixed with 100 μl

internal standard and dissolved in 0.7 ml of CS2 in an NMR tube. The NMR tube

is put in an ultrasonic bath to aid in dissolving the product. 1H NMR is conducted

with a relaxation time of 30 s. Results are presented and discussed in Chapter 3.

4.3.5 Experiments with small changes to standard procedure

For experiment 5 and 6, no catalyst was used, otherwise, it follows standard proce-

dure 2.

For experiment 7 and 8, the amount of the solvents used were 6 ml of o-DCB and

2 ml of MeOH, otherwise, it follows standard procedure 4.

For experiment 12 and 13, 10 ml of aprotic solvent was used and no protic solvent.

The organic solvent was shaken in a separatory funnel together with water to satu-

rate the organic phase. Otherwise, it follows standard procedure 4.

For experiment 28, no inert N2 atmosphere was created inside the MiW vial and it

contains air. Otherwise, it follows standard procedure 3.

For experiment 40 and 41, twice the amount of catalyst (0.2 eq) was added. Other-

wise, it follows standard procedure 3.

For experiment 42 and 43, an inert Ar atmosphere was created inside the MiW vial.

Otherwise, it follows standard procedure 3.

For experiments 46-57, the tBuOH used was contaminated with water on purpose.

Otherwise, they follow their standard procedures.

4.3.6 NMR and MALDI-MS

For the standard reactions, the 1H NMR peaks observed were the following: 1H

NMR (400 MHz, CDCl3:CS2 1:7) δ 8.32 (Ar, 2H, m), 8.06 (DMT Ar, s), 7.57 (Ar,

2H, m), 7.43 (o-DCB, dd), 7.21 (o-DCB, dd), 6.74 (Fullerene H, 1H, s), 3.95 (DMT

methyl, s), 2.60 (ArMe, 3H, s).
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For the para-tolyl boronic acid, the 1H NMR peaks observed were the following: 1H

NMR (400 MHz, CDCl3) δ 8.12 (Boroxine, d), 7.62 (Acid, d), 7.31 (Boroxine, d),

7.23 (Acid, d), 2.45 (Boroxine, s), 2.38 (Acid, s), 1.55 (Water, s). For the catalyst,

the 1H NMR peaks observed were the following: 1H NMR (400 MHz, CDCl3) δ 4.40

(COD), 2.45 (COD), 2.40 (MeCN), 1.90 (COD).

For the product mixtures, the following relevant peaks were observed in MALDI-

MS: [M+]: 720, 812, 904.

For the 13C NMR of samples from reaction 17 and 44, peaks observed were the

following: 13C (125 MHz, 1:4 CDCl3: CS2) δ 192.2 (CS2), 153.7-135.5 (Product

fullerene), 142.8 (C60), 137.4, 130.5, 130.2, 127.3 (Toluene ring), 77.0 (CDCl3), 21.3

(Methyl).
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A Spectra

To note: As the 1H NMR spectra from the reaction optimization are very similar,

only a few selected ones are displayed in this report.

Figure A.1: 1H NMR spectrum for reaction 1
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Figure A.2: 1H NMR spectrum for reaction 5

Figure A.3: 1H NMR spectrum for reaction 9
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Figure A.4: 1H NMR spectrum for reaction 10

Figure A.5: 1H NMR spectrum for reaction 11

37



Figure A.6: 1H NMR spectrum for reaction 21

Figure A.7: 1H NMR spectrum for reaction 22
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Figure A.8: 1H NMR spectrum for reaction 23

Figure A.9: 1H NMR spectrum for reaction 24
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Figure A.10: 1H NMR spectrum for reaction 28

Figure A.11: 1H NMR spectrum of the catalyst
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Figure A.12: 1H NMR spectrum of the old para-tolyl boronic acid

Figure A.13: 1H NMR spectrum of the new para-tolyl boronic acid
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Figure A.14: 1H NMR spectrum for reaction 46

Figure A.15: 1H NMR spectrum for reaction 48
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Figure A.16: 1H NMR spectrum for reaction 50

Figure A.17: 1H NMR spectrum for reaction 53
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Figure A.18: 1H NMR spectrum for reaction 54

Figure A.19: 1H NMR spectrum for reaction 56
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Figure A.20: 13C NMR spectrum for reaction 44

Figure A.21: Comparison of the 13C NMR spectrum for reaction 17 and 44
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Figure A.22: MALDI-MS spectrum for reaction 9, 10 and 11

Figure A.23: MALDI-MS spectrum for reaction 17
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Figure A.24: MALDI-MS spectrum for reaction 44

Figure A.25: NOESY spectrum for reaction 57
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