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Abstract
The research of this thesis was initiated when we made an unexpected discovery that a carbon support of a heterogeneous catalyst, which was assumed to
be inert, was capable of oxidatively coupling indoles. We later showed, that
carbonyls / quinones were formed on the carbon that could act as a redox
mediator for this reaction.
The results of this work are based on three peer-reviewed publications. In publications I and II, the oxidative power of heterogeneous quinones is established
and harnessed for the synthesis of new carbon-carbon sp2 bonds between two
organic molecules. In the third publication, this discovered reactivity is transferred to homogeneous conditions.
In this research, both heterogeneous and homogeneous quinones were used.
Although the underlying chemistry between them is similar, they still form
two dierent conceptual entities and therefore the discussion is also divided
into two separate parts: homogeneous and heterogeneous quinones.
As this thesis and other publications have shown, heterogenous and homogeneous quinone-mediated reactions can be interconnected. Therefore, the
scientic importance of this dissertation is not in the dierent kinds of organic
transformations per se, but in showing that the transformations are accessible
with the both heterogeneous and homogeneous quinones.
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1 Introduction
Quinones are the key structural motif in many of the compounds that are
involved in the most important electron transfer processes in life and human
society. Photosynthesis (1, Scheme 1.1), cellular respiration (2) and H2O2
synthesis (3) are prime examples.1 In the future, the use of quinones in aqueous
ow batteries might deliver an answer to the ecient storage of wind and solar
energy, one of the prominent challenges in the eective utilization of renewable
energy.2, 3
Crucial for these and for other related processes is the reversible quinonehydroquinone redox couple. Quinone (4, Scheme 1.2) can be reduced by two
electrons and two protons to hydroquinone (5) that in turn can be oxidized
back to the quinone by the loss of two electrons and two protons.
O

O

O
O
H

O

O

H
O

O

½

9

¾

Plastaquinone,
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Examples of quinones in important electron transfer processes
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Scheme 1.2

Quinone-hydroquinone redox couple

In synthetic chemistry, probably the most well known molecular quinones
are 2,3-dichloro-5,6-dichloro-1,4-benzoquinone (DDQ, 6, Scheme 1.3) and 2,3,5,61
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tetrachloro-1,4-benzoquinone (Chloranil, CA, 7) due to their relatively high oxidation powers / reduction potentials and their commercial availability. Moreover, relatively recently, quinones embedded in heterogeneous carbon materials
(8) such as amorphous carbons (ACs), carbon nanotubes (CNTs), mesoporous
carbons and polymers have been shown to be excellent redox mediators for
many industrially relevant oxidative processes such as ethylbenzene dehydrogenation to styrene.4
O
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Cl

CN

Cl

Cl

Cl

CN

Cl

Cl

O
O

O


2,3-dichloro-5,6-dichloro1,4-benzoquinone,
DDQ

2,3,5,6-tetrachloro1,4-benzoquinone,
p-Chloranil,
CA


Quinones embedded in
heterogeneous carbon materials

Scheme 1.3 Examples of quinones used in synthetic chemistry
In this thesis, the literature review is divided into several parts. The second
and the third chapters deal with the structure, properties and redox chemistry
of molecular quinones and their use as redox mediators. Due to the huge
number of dierent

molecular quinone-mediated organic transformations, this

thesis will cover only representative examples of oxidative dehydrogenative

carbon sp2 -sp2 couplings and thus omit processes such as the dehydrogenations
of sp3 -bonds and related aromatizations. There are several excellent reviews
and books that cover these as well as other interesting areas of quinone-related
chemistry.1, 5, 6
In chapters four and ve, preparation, characterization and catalytic properties of heterogeneous quinones are discussed. The same principles that apply
to molecular quinones might also apply to heterogeneous quinones regarding
general trends in the structure-activity relationship (SAR) and for the redox
chemistry, as well as the redox pathways of the quinone-hydroquinone redox
couples. However, as usual in the case of heterogeneous materials, problems
with the characterization and the heterogeneous composition make it dicult
to demonstrate SARs that are usually taken for granted in the homogeneous
realm. Therefore, heterogeneous quinones and their use as redox mediators in
organic synthesis are dealt with in dierent sections to the molecular quinones.
Moreover, due to the relatively low number of dierent reaction types catalyzed
by heterogeneous quinones, the discussion is not limited to one particular type.
Instead, only reactions known to be catalyzed by quinones with great certainty

3
are included. No assumptions are made about the similarities of the reactions,
nor the catalytic systems used.
To clarify, indoline (9, Scheme 1.4) aromatization to indole (10) has been
catalyzed with DDQ in benzene with a 97% yield.7 Similarly, the same reaction
is catalyzed by activated carbon at 80 ◦ C in xylenes under an O2 -atmosphere

with a 89% yield.8 It has been demonstrated with another substrate that the

heterogeneous catalyst used in the indoline (9, right) aromatization to indole
(10) contains CO functional groups such as phenols, carbonyls and quinones
that correlate well with the yield of another dehydrogenation (Scheme 5.5 on
page 38). In this case, the indoline (9, right) aromatization to indole (10)
will not be considered due to lack of information about the active site of this
particular reaction.9, 10 To illustrate this: the same reaction can also be catalyzed with reduced graphene oxide. In this case, the involvement of quinones
is unlikely although it is certainly possible.11
activated carbon
O2
xylene, 80 °C

DDQ
C6H6
N
H

N
H

97%

89%

N
H



Scheme 1.4 Indoline dehydrogenation to indole catalyzed by active carbon
- O2 and DDQ

2 Molecular Quinones
2.1 Quinone structure
In principle, the dione structure of molecular quinone

∗ can be arranged in

ortho -, meta - or para -substitution patterns. However, in reality, only the
para - (11, Scheme 2.1) and the ortho -isomers (12) are frequently encountered.
the

This is because it is impossible to draw the closed shell structure of

meta -isomer (13)

using valence bond theory rules and the

to be described as a non-Kékule open-shell biradicaloid.

m -quinone

has

As a consequence,

this high energy species has only been characterised in the gas-phase using
neutralization-reionization mass spectrometry as recently as 2004.

O

13

O
O

O

O

O

½½
para-quinone

½¾
ortho-quinone

½¿
meta-quinone

Increasing energy

Scheme 2.1 Para -, ortho - and meta -benzoquinones in the order of increasing
energy

13, 14

2.2 Redox chemistry of quinones
Mechanistically, quinone is often reduced to hydroquinone through a radical
or an ionic pathway; but pericyclic mechanisms for this transformation have
also been proposed.

1517

∗
dened by IUPAC as "Compounds having a fully conjugated cyclic dione structure, such
as that of benzoquinones, derived from aromatic compounds by conversion of an even number
of CH= groups into C(=O) groups with any necessary rearrangement of double bonds
(polycyclic and heterocyclic analogues are included )."12
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without additives,

In the ionic mechanism

the quinone (14, Scheme 2.2)

abstracts a hydride from the donor (DH2 ) which transfers either to the oxygen

atom (15) or to the adjacent conjugated β -carbon (16). In the following step,

proton transfer from the DH+ to the (15) forms the hydroquinone (17) directly.
Alternatively, the proton can be transferred from the DH+ to (16). This forms

the intermediate (18) which readily tautomerizes to the hydroquinone (17).
The site of the hydride transfer depends on the donor. The β -carbon abstracts
hydrides from Sn-H and B-H donors whereas C-H donors are preferred by the
oxygen.15
O

H

H

O
-D

O

O
+ DH+

DH2



DH2
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O
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O
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H
-D
+ DH+

O
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Scheme 2.2 Ionic reduction pathways
fer to oxygen or β -carbon of a quinone
In the radical mechanism

H

H

O

H
H

H

O

H

H





without additives with hydride trans-

without additives,

the reduction is initiated ei-

ther by hydrogen atom transfer (HAT) to form the semiquinone radical (19,
Scheme 2.3), or by single electron transfer (SET) to form the benzoquinone
radical anion (20). The same semiquinone intermediate (19) is formed after
proton transfer from the DH2 •+ to the radical anion (20). Subsequent reaction steps of the intermediate (19) might involve SET and proton transfers
or radical disproportionations to nally yield the corresponding hydroquinone
(21) as the reduction product.16
H

OH

O

-D

O
+ DH
PT

OH



O



DH2 +
O

H

O
DH2

DH2

SET

HAT
O



O

OH
+ DH

O



-D

OH



Scheme 2.3 Radical reduction pathways without additives initiated either
with single electron transfer or hydrogen atom transfer
Despite the dierent reaction mechanisms, the key point that denes the
usefulness of a particular quinone as a reactant in an organic reaction is its
ability to oxidize organic substrates. Thus, the parameters that aect the
reduction potential of a quinone are the properties of paramount importance
which dene what kind of chemistry can be performed.

6
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The redox chemistry of a quinone can be altered by either varying its struc-

tural properties or by changes in the reaction media. Dierent substituents on
the quinone carbons can be used to modify the reduction potentials and the
basicities of the quinones. On the other hand, the presence of acidic donors
and variables that aect their strength, such as the molarity and the solvent
environment, usually alter the reduction potentials and can also change the redox pathway. When illuminated with light, quinones can be activated from the
singlet to excited singlet or excited triplet states that have reduction potentials
considerably higher than the neutral ground state.18

2.3 Substituent eects
Over the years, the relationships between the dierently arranged quinone
substituents and the redox chemistry of the quinones have been studied with
experimental and theoretical methods. Experimental studies that appeared
very early in the literature are summarized in a 1950 review.19
Remarkably, already in 1962, experimental and semi-empirical theoretical
studies showed that the electron anity (EA) and the energy of the lowest
unoccupied molecular orbitals (LUMOs) correlate. The orbital energies of six
quinones were determined with electrochemical and molecular orbital methods,
respectively.2024
One of the most comprehensive early experimental studies was published
in 1962 where thirty dierent one-electron reduction potentials were determined in 0.1 N NEt4 ClO4 in MeCN.25 It was noted that the electron donating
groups (EDG) increase and the electron withdrawing groups (EWG) decrease
the LUMO energy; that is, EDG groups decrease and EWG groups increase
the EA of a quinone.
In 1964, the absorption bands of quinone-donor charge-transfer (CT) complexes were used to determine the electron anity of dierently substituted
quinones according to the Mulliken equation (2.1) where hvCT is the energy
of CT transition, ID the vertical ionization potential of the isolated donor, EA
the vertical electron anity of the isolated acceptor, G1 and G0 the interaction energies in the dative state and in the ground state and (X1 − X0 ) is the

resonance interaction energy between the two states.26, 27 It was found that
the hexamethylbenzene : mono-substituted 1,4-benzoquinone CT transition
energies (in CCl4 ) correlate well with the σp Hammett values of the quinone
substituents† .

A few years later, new kinds of dierently substituted benzoquinones were

Although the author describes the correlation "Certainly accidental, particularly as values of σp for +M groups are inconsistent."
†

2.3. SUBSTITUENT EFFECTS

7

hvCT = ID − (EA + G1 + G0 ) + (X1 − X0 )

(2.1)

prepared and their redox chemistries studied with polarographic reductions
(Scheme 2.4).28 As observed before, the substituents behaved in such a way
that, if more electron withdrawing groups were introduced to the quinone
ring, the reduction potential rose and the quinone became a better oxidant.
Moreover, additive substituent constant values (ΔE 1 ) could be extracted from
2

the data that were in excellent agreement with the experimental rst reduction
potential values (vs. SCE, 0.1 M LiClO4 in MeCN ).28, 29
Higher reduction potential
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N

SO2Ph Cl
Cl

Cl
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O
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O
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2nd E1/2 = 0.12 V

O
Cl

O
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N

N

O

O


N

N

1st E1/2 = 0.31 V
2nd E1/2 = 0.05 V


O

O
Cl

Cl

Cl

Cl
O

1st E1/2 = 0.20 V
2nd E1/2 = 0.04 V

O

1st E1/2 = -0.15 V
2nd E1/2 = -0.89 V

Less electron withdrawing substituents
Vs. Standard calomel electrode (MeCN, 0.1 M LiClO4)

Scheme 2.4

Relation of electron withdrawing substituents to the rst and
second wave oxidation potentials of quinones
Dierent absolute values with a similar general trend were obtained in different experimental conditions (vs. SCE, NEt4 ClO4 in MeCN) in a separate
study.30 This might be due to the fact that the Li+ cation derived from the sup-

porting electrolyte used in the earlier study (Scheme 2.4) is known to promote
electron transfer reactions from cobolt-tetraphenylporphyrin to quinone and
to alter the cyclic voltammetry (CV) behaviour of some benzoquinones.31, 32
With commonly available electrochemical methods, it might be hard to
measure reduction potentials due to the irreversibility of some of the redox
couples and because of experimental diculties with the electrochemical conditions that can modify the absolute outcome. Also, the preparation, characterization and storage of certain quinones can be tedious. For example,
some of the quinones in Scheme 2.428 are unstable when exposed to light and
moisture. With these facts in mind, it might be better to study the electrochemistry

in silico

and scale or verify the results for well known and stable

quinone-hydroquinone redox pairs.
For example, computational reduction potentials33 are in much better agree-
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ment with experimental results when the supporting electrolyte used in electrochemical measurements was 0.1 M NEt4 ClO4 30 instead of 0.1 M LiClO4 .28, 29
The mean absolute deviation from the experimental values obtained in 0.1 M
NEt4 ClO4 30 was only 0.07 V.33
As computational resources have become more easily accessible, many studies have been performed with larger amounts of dierent quinones. In 2010,
116 p - and o -quinone one-electron reduction potentials were examined computationally in DMSO and MeCN using the B3LYP / DZP++ method.34 The
reduction potentials of p -quinones were generally 0.132 V smaller than the
reduction potentials of o -quinones. The dierence is also known from experimental studies.25, 35, 36 Moreover, the sum of the Hammett substituent σp
constants correlated well with the one-electron reduction potentials of both
regioisomer datasets.34
In 2015, a study of 1710 aqueous two-electron reduction potentials was
reported.3 In a more recent study, 15 experimental and 134 computational
one-electron and two-electron two-proton reduction potentials were published.
It was found that the 1 e and the 2 e / 2H+ reduction potentials do not
correlate in all cases.37

2.4 Acid donor and reaction media eects

On many occasions, it has been noted that the oxidative power / electron
anity of quinones increase if either a Brønsted acid31, 3847 ( . TFA, MsOH,
H2SO4, TfOH, HClO4, HFSO3, HBF4 · OEt2, CSA, .), a hydrogen-bond
donor48 or a Lewis acid41, 49, 50 ( . AlCl3, BF3 · OEt2, Sc(OTf)3, SnBr4,
Cu(OTf)2, LiClO4, InCl3, .) is added to the reaction media. Also, the
molarity and the solvent play an important part as they both regulate the
strength of the additive‡. The rationalization of the accelerating eect is
similar, regardless of whether paramagnetic or ionic reduction pathways are
considered.
In the ionic mechanism, the acid is thought to accelerate the hydride transfer from the substrate to the quinone by protonating the quinone
as
52,
53
shown in Scheme 2.5.
In the radical reduction pathway, the acid can assist either one- or twoelectron transfers from the donor to the quinone. However, in this case the
electron and the proton transfers are intrinsically decoupled and therefore the
acid eect is perhaps best described by the 3 x 3 electron-proton-transfer matrix shown in Scheme 2.6.54
i.e

etc

i.e

etc

a priori

For example, a widely used acid with DDQ is TfOH, which has pKa values of 0.7 and
-11.4 in acetonitrile and 1,2-dichloroethane, respectively51
‡

2.4. ACID DONOR AND REACTION MEDIA EFFECTS
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Acid donor eect in the ionic reduction pathway

Q

2+

O

O



e-
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9

e-

QH2

QHH+

e-

QH2

3 x 3 Electron-proton-transfer matrix (Q = Quinone)

It can be deduced from Scheme 2.6 that, when activated with acid, the
quinone can be reduced to hydroquinone via six main pathways. Moreover,
there are also three direct and eight cross disproportionation reactions54 (not
shown in Scheme 2.6) and the proton and the electron can be transferred at
the same time (i.e . diagonal movement within the matrix). This so-called
proton-coupled electron transfer (PCET) to quinones is, by itself, an important research area.55, 56 Which pathway is active depends mainly on the acid
dissociation constant (i.e . pH of the solution) and on the electron anities of
the dierent species. Sometimes the eect is subtle and in the case of benzoquinone the sequence of proton (H) and electron transfer (e) changes from
HeHe to eHeH when the pH of the reaction media is raised from 4 to 5.5 The
eect of the proton donors and the redox route have also been studied by the
construction of EH -pH diagrams (Pourbaix diagrams).57
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2.5 Excited states
Quinones can be photoexcited and this raises their oxidative power remarkably.
For example, the ground state reduction potential of a prototypical quinone,
chloroanil, is +0.02 V (vs. SCE). When excited to the rst singlet excited
hv

state by a photon ( 1Q −−→

1∗ Q )

the reduction potential is raised to 2.77 V

(vs. SCE). The ultrafast intersystem crossing (kISC ≈ 1011 s−1 ) from the
∗

ISC 3∗
Q) lowers the reduction

singlet excited to the triplet excited state ( 1 Q −−→

potential slightly to 2.15 V (vs. SCE).58 Similarly, the reduction potential of

the DDQ ground state is raised from 0.51 V to 3.8 V (vs. SCE)59 when excited

to the rst excited singlet state. In this case, the lowered reduction potential
of the excited triplet state (kISC = 1.8 × 1011 s−1 ) has been estimated to be

2.71 V (vs. SCE)60 or 3.18 V (vs. SCE)18
However, the practicality of

1∗ Q

as an oxidant is hampered due to the
hv

∗

−

very short lifetime (≈ 5 ps) of the singlet excited state (Q 
−
−− 1 Q), the fast
∗

−
spin-allowed back electron transfer ( 1 Q + 1D 
−− [ 1D•+ , 1Q•− ]) and the fast
∗

ISC 3∗
Q). Therefore,

intersystem crossing to the excited triplet state ( 1 Q −−→

quinones are more often used in the triplet state, as harnessing the oxidative
power of the excited singlet manifold requires special reaction conditions (e.g .
solvent-free 11 - 9.7 M 'solutions') for the reasons discussed above.58, 59

3 Molecular Quinones as Redox
Mediators
Since the two most popular oxidant quinones, chloranil (CA) and DDQ, have
been known for quite a long time,61, 62 it is not surprising that a large number
of dierent chemical transformations have been published that utilize these
two and other quinones as oxidants∗ . Due to this, and also to the fact that
the experimental part of this thesis explores oxidative C(sp2 )-C(sp2 )-couplings,
the literature review of this thesis regarding dierent homogeneous reactions
has been restricted to some representative examples of oxidative dehydrogenative intra- and intermolecular reactions between sp2 carbons (Scheme 3.1, B).
Dehydrogenations of adjacent sp3 carbons to sp2 carbons (Scheme 3.1, A),
non-C(sp2 ) nucleophilic additions (Scheme 3.1, C) or other related reactions
will not be covered.
Nu
Q

Q

Q

A

B

C

Not covered

Covered

Not covered

Q = Quinone

Scheme 3.1

Nu = Non C(sp2)-nucleophile

Scope of the literature review of this chapter

It is worth noticing that many of the presented and similar reactions can
and have been performed with other oxidants including, but not limited to,
MoCl5 ,64, 65 FeCl3 ,6668 iodine(III) reagents,66, 69, 70 AuCl3 −AgOTf,71 VoCl3 72
or with electrolysis.73 Furthermore, perhaps for simplicity, in all of the presented examples in this chapter the focus is on the preparation of the target molecules and not on the catalytic use of quinone mediators. However,
∗

Although their true potential as reagents were realised only in 1954.53, 63
11
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easy isolation and many high-yielding hydroquinone oxidation methods allow quinones to work as ecient ex-situ mediators.7479

The in-situ cat-

alytic cycles still remain relatively unexplored in oxidative dehydrogenative
couplings.80 Yet, there are numerous of examples of other reactions where
quinones have been used as a catalyst with a terminal oxidant.

For ex-

ample, periodic acid,81 MnO2 ,82 Mn(OAc)3 ,83, 84 FeCl3 ,85 PbO2 ,82 Pt/O2 ,86

t−BuNO/O2 ,8789 NaNO2 /O2 ,9093 AIBN/O2 94 and electrochemical methods7, 95
have been used for the in-situ oxidation of hydroquinones to quinones.6

3.1 Cyclotrimerisations
It was already noted in 1965 that 1,2-dimethoxybenzene (33, Scheme 3.2)
undergoes an oxidative cyclotrimerization in highly acidic conditions to 2,3,6,7,10,11-hexamethoxytriphenylene (34) in the presence of CA, tetrabromo-p benzoquinone, 3,4,5,6-tetrachloroquinone, DDQ or 2,6-dichlorobenzoquinone
in yields up to 73%. When the quinone did not have high enough oxidative power, the 1,2-dimethoxybenzene (33) condensated with the quinone to
structures like 35. It was also possible to use a 1:1 mixture of 3,4,3',4'-tetramethoxybiphenyl and 1,2-dimethoxybenzene (33) as starting materials. In
this case, the yield was 154% based on the 1,2-dimethoxybenzene (33) which
indicates that 3,4,3',4'-tetramethoxybiphenyl is an intermediate in the reaction.40
O

O

O

O
X

O

O

X
O

O

X

O
O
O



70% aq (H2SO4)
RT

O

X
O
2.5 equiv

70% aq (H2SO4)
RT

O
O
O
O


<73 %

Scheme 3.2 One of the rst examples of quinone-mediated oxidative cyclotrimerization

In order to streamline the synthesis of circumtrindenes,96 a DDQ / TfOH
mediated cyclotrimerization of 4,7-di-tert -butylacenaptahylene (37, Scheme 3.3)
to 2,5,8,11,14,19-hexa-tert -butyldecacyclene (38) was developed. The reaction
proceeded at room temperature in DCM giving a 68% yield. It was also shown
that the DDQ / TfOH was capable of cyclotrimerizing 1,2-dimethoxybenzene
and its analogues containing dierent alkyl ether substituents, giving yields of
34 - 82%.45
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13

DDQ (1 equiv)
TfOH (1 equiv)
DCM (0.02 M)
RT




68%

Scheme 3.3 Synthesis of 2,5,8,11,14,19-hexa-tert -butyldecacyclene
Also, the use of 2-haloalkoxybenzenes (39, Scheme 3.4) as starting materials for the oxidative cyclotrimerization was demonstrated with fair to very good
yields and excellent regioselectivity. Interestingly, 5-methyl-1-benzothiophene
(40) was shown to be a viable substrate and cyclotrimerized to 41 with a 43%
yield; but unfortunately, other heterocycles such as benzofuran, thiophene and
indole did not yield the desired products.96

X
O

DDQ (1 equiv )
TfOH (3 equiv)
R

R
O

X
S

DDQ (1 equiv )
TfOH (3 equiv)

S
S

DCE, RT



DCE, RT

X

X
O
R

O
R





62 - 82%

S

42%



Scheme 3.4 Cyclotrimerization of 2-haloalkoxybenzenes and 5-methyl-1benzothiophene

3.2 Oxidative couplings of porphyrins
In 1999, meso -meso linked bisporphyrins (43, Scheme 3.5) were synthesized
using organolithium reagents and DDQ in a one-pot cascade reaction.97 In an
earlier study it was found that, when either free-base or Ni(II)-complexes of
5,15-disubstituted porphyrins are treated with 3.5 equiv of organolithiums, hydrolyzed and oxidized with 3.5 equiv of DDQ, 5,10,15-trisubstituted porphyrins
are obtained in almost quantitative yield.98 However, when the hydrolysis step
was omitted and the DDQ was added directly to the reaction mixture, meso 97
meso linked free-base bisporphyrins (43) could be isolated in 55 - 79% yields.
The dimerization is proposed to proceed via oxidation of the porphyrin
lithium anion to the π -stabilized radical that dimerizes. In this reaction, the
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R1
NH
N

R1

R1
1. R2Li (3.8 equiv)
2. DDQ (3.8 equiv)

N

THF

HN

NH

N

N

HN

NH

N
R2

R2

N

HN

meso
R1

β

R1

R1



Scheme 3.5

55 - 79%

DDQ-mediated oxidative coupling of free-base porphyrins

DDQ is also able to abstract a hydride from the anion which is evident from
the formation of the 1,10,15-trisubstituted and the 1,10,15,20-tetrasubstituted
porphyrins as dimerization side products. The same side products are obtained
exclusively when the Ni(II)-complexes of porphyrins are used as starting materials.97
In contrast to this, it was discovered that only zinc metallated 5-substituted-

10,20-diphenylporphyrins (45, Scheme 3.6) react to form

meso -meso

linked

bisporphyrins (46) when they are treated with 1.1 - 9.8 equiv of DDQ in DCM
at RT. When unmetallated free-base porphyrins were subjected to these reaction conditions, only

meso -chlorinated derivates were obtained.

The authors

proposed that the reaction proceeds through a coupling of two zincated porphyrin radical cations, as no unsymmetrical dimers were formed when equimolar amounts of two dierent porphyrins were used as starting materials.99
Ph
N
R

N
N

DCM
RT

Ph

N

N

N

N
R

Zn

Zn

R

N
Ph

Ph



Scheme 3.6

N

N

N

DDQ (1.1 - 9.8 equiv)

Zn
N

Ph

Ph



32 - 99%

DDQ-mediated oxidative coupling of zinc-porphyrins

In 2001, DDQ-Sc(OTf)3 was used to oxidatively couple

zinc(II)-porphyrins (47, Scheme 3.7) to

meso -meso,

meso -meso -linked

β -β , β -β triple-linked

zinc(II)oligoporphyrins (48) with fair to very good yields. Remarkably, even
dodecamers with 22 formed β -β bonds could be synthesized. In addition, the
DDQ-Sc(OTf)3 completely avoided the chlorination side reaction that occurred
when

p-(BrC6H4)3NSbCl6 was used as an oxidant.100

It is also possible to use the same catalytic system for the synthesis of por-
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60 - 91%

Scheme 3.7 DDQ-Sc(OTf)3 -mediated oxidative coupling of porphyrins to
'porphyrin tape'
phyrin oligomers where the

meso -substituents alternate between two dierent

aromatics. In these cases, the porphyrins have to be metallated with either

Ni or Zn for the reaction to proceed.101 Also, porphyrin-hexaphyrin diads can
be dehydrogenated with 5 equiv of DDQ/Sc(OTf)3 to
triple-linked

derivates.102

meso -meso, β -β , β -β

tert -butylphenyl)porphyrins (49, Scheme 3.8) can be oxidatively coupled regioselectively to either meso -meso, β -β , β -β triple-linked
porphyrins (50) in a similar manner as in the previous studies, or to meso -β
5,10,15-Tri-(3,5-di-

double-linked porphyrins (51), using 5 equiv of DDQ/Sc(OTf)3 as the oxidant.
The regioselectivity was inuenced by the central metal. The

50 and the 51

were obtained exclusively when the porphyrins were metallated with Zn or
with Pd, respectively.49
It is thought that the reaction proceeds by oxidation of the metalloporphyrin to a radical cation followed by nucleophilic attack of a neutral molecule
at the

meso -carbon. The dierent regioselectivity was attributed to the SOMO

of the radical cation. Depending on the central metal, either an a1u orbital

(Figure 3.1a) or an a2u orbital (Figure 3.1b) is the single-occupied MO. The
a1u orbital (Figure 3.1a) has a node at the

meso -carbon but a large coecient

on the β -carbon, whereas the a2u orbital (Figure 3.1b) has a large spin density
at the

meso -carbons.

Radical cations with an a2u symmetry SOMO will un-

dergo initial formation of
lead to

meso -meso bonds, whereas an a1u symmetry SOMO

meso -β bonds. This hypothesis is supported by ESR-measurements on
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(a)


17 - 86%
M = Zn, Cu, Ni

Ar

N

N

Ar = 3,5-di-tert-butylphenyl

N

N

N

N
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M

M

Ar

PhMe, 50 °C

N

N

N

N
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60 - 74%
M = Cu, Ni, Pd

DDQ-mediated oxidative coupling of metalloporphyrins

Porphyrin a1u orbital

Fig. 3.1

(b)

Porphyrin a2u orbital

Porphyrin a1u and a2u orbitals

Zn- and Pd-metallated porphyrin radical cations.49
Besides the dehydrogenative couplings of two porphyrins, 5 equiv DDQ

meso -anthracene or meso -pyrene
meso,β ) and double-fused (β ,meso ) derivates.103, 104
In addition, 3 equiv of DDQ without promoter transforms N -(3,5-dimethoxy-

/ Sc(OTf)3 can convert Zn-porphyrins with
substituents to triple-fused (β ,

phenyl)porphyrin-5-amine into the corresponding ring-fused product.105

3.3 Oxidative cyclodehydrogenations
Triphenylenes and related structures (52, Scheme 3.9) were synthesized by

intermolecular cyclodehydrogenation using acyclic substrates (53) with 1 equiv
of DDQ promoted with MsOH. The reactions proceeded in quantitative yields
in very short reaction times (5 - 30 min), except in two cases where unidentied
side products were formed.39 This synthetic method has been applied by other
research groups to the synthesis of phenyl-substituted triphenylenes and for the
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synthesis of triphenylene-based triptycenes.106, 107 Remarkably, two examples
of intermolecular couplings (see Scheme 3.23 on page 24) and three syntheses of
hexa-peri -hexabenzocoronenes (54, Scheme 3.10) were reported in the original
publication.39
R

R

DDQ (1 equiv)
X
R

DCM:CH3SO3H (9:1)
0 °C, 5 - 30 min

X

X = 1 or 2 carbon atom linker
such as Ar or alkyl



R



50 - 99%

Scheme 3.9 DDQ-mediated synthesis of triphenylenes and related structures

The same synthetic method developed earlier for the synthesis of hexa-

peri -hexabenzocoronene (54, Scheme 3.10) was applied later to the synthesis
of electron-poor hexa-peri -hexabenzocoronenes (55). In this case, DDQ/TfOH

was used as a redox mediator instead of DDQ/MsOH. The reaction could tolerate various electron withdrawing groups (Br, F, CF3) in the starting materials
and the yields obtained were either very good or excellent.108
R
R = H, CF3, F

R

R = alkyl

R

R
Br

R
R
R
DDQ (6 equiv)
CF3SO3H (6 equiv)
DCM
Br

R

81 - 91%
R

R

R

R DCM:CH3SO3H (9:1)
0 °C, 2 h
R


R

R
DDQ (6 equiv)



99%
R

Scheme 3.10 Synthesis of hexa-peri -hexabenzocoronenes with alkyl and

electron withdrawing substituents

DDQ / TfOH has also been used to synthesize hexa-peri -hexabenzocoronene
with 4 additional k-regions (57, Scheme 3.11) from 1,4-bis (6,8-bis (4-(tert butyl)phenyl)-5,9-diiodobenzo[m]tetraphen-14-yl)benzene (58) with a 89% yield.109
Tetra-arylethylenes (59, Scheme 3.12) are viable substrates for DDQ /
MsOH-mediated cyclodehydrogenations. Symmetric and unsymmetric 9,10-diarylphenanthrenes (60) and dibenzo[g,p ]chrysenes (61) can both be accessed.
The latter can be either synthesized in sequential reactions or in a one-pot
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I
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I
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Scheme 3.11

tional k-regions

I

tBu

t

Synthesis of hexa-peri -hexabenzocoronene with four addi-

fashion. The key point for explaining the reactivity was the oxidation potentials. Partial or no conversion was observed when the oxidation potential
was too high. In contrast to this, substrates with too low oxidation potentials formed dications that were quantitatively converted back to the starting
materials when the reaction was quenched.41
R

R

DDQ/H+
(1 equiv)

R

R



R

R

R

DCM, 22 °C
76 - 98% (brsm)

DCM, 0 °C
97 - 99%
R

DDQ/H+
(1 equiv)

R



R

R



R

DDQ/H+
(2 equiv)
DCM, 0 °C

Scheme 3.12

DDQ-mediated synthesis of 9,10-diarylphenanthrenes and
dibenzo[g,p ]chrysenes
Interestingly, in the conversion of 9,10-bis (diarylmethylene)-9,10-dihydro-

antracene (62, Scheme 3.13) to 63110 and in the synthesis of heptagon-embedded
hexa-peri -hexabenzocoronene from 1,4-bis(3,5-dihexyloxyphenyl)-2,3-diphen-

yl-9H-tribenzo[a,c,e][7]annulene,111 only incompletely cyclodehydronegated products were obtained when the reaction was mediated with DDQ / MsOH. To
obtain fully dehydrogenated products, both research groups used FeCl3 as an
oxidant which led to the formation of chlorinated side products. In the former case, the desired product could be obtained in a purer form if FeCl3 was

substituted with AlCl3 /Cu(OTf)2 (Scheme 3.13).110

Several polycyclic aromatic hydrocarbons (64, Scheme 3.14) were prepared

from dierent precursors (65) with DDQ / MsOH in DCM. The reaction yields
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R

R



R

R = H, F, Cl, Me

Scheme 3.13

dihydroantracenes

R

1) DDQ (2.2 equiv)
MsOH
DCM
2) FeCl3 (7.1 equiv)
MeNO2,
DCM
or
AlCl3 (4 equiv ) /
Cu(OTf)2 (5 equiv)
DCM, CS2
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R

R

R



R

44 - 81%

Cyclodehydrogenation of 9,10-bis(diarylmethylene)-9,10-

ranged from 71 to 95%. Apart from

64

shown in Scheme 3.14, there were

also several other molecular structures that were successfully cyclodehydrogenated.112, 113

DDQ (2.1 equiv)
MsOH / DCM (1:10)
0 °C, 30 min




95%

Scheme 3.14

Representative example of the polycyclic aromatic hydrocarbons synthesized with DDQ / MsOH
The impressive 26-ring C80 H30 nanographene (66, Scheme 3.15) consisting
of ve seven-membered and one ve-membered ring was prepared from

67.

In

this DDQ/TfOH-mediated reaction, ten C-C bonds are formed in one step in
DCM at 0 ◦ C.114
Later, a similar 2,3,6,7-tetrabiphenylnaphthalene (68, Scheme 3.16) struc-

ture was transformed to a π -extended double helicene (69).115 In this study,

four C-C bonds were cyclodehydrogenated with 7 equiv of DDQ in a DCE/TfOH
mixture at 0 ◦ C. The products were obtained with a 64% combined yield as a
mixture of three isomers.
Synthesis of 'wizard hat shaped' tribenzotriquinacene fused cyclohepta-

triene (70, Scheme 3.17, page 21) has been accomplished from 1,4,8-tris(dimethoxyphenyl)-tribenzotriquinacene (71).116 The synthesis can be per-

formed either sequentially or in one pot in similar yields. In this case, the
DDQ/TfOH redox mediator outperformed the other tested oxidant systems
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DDQ (10 equiv)
TfOH / DCE (1:19)
0 °C, 30 min



Scheme 3.15
rings.

40%

DDQ-mediated synthesis of nanographene that contains 26

DDQ (7 equiv)
TfOH / DCE (1:100)
0 °C, 1 h
Three isomers
twisted (P,P) shown



Scheme 3.16 π-extended
tetrabiphenylylnaphthalene


double

helicene

64%

synthesis

from

2,3,6,7-

(FeCl3 −MeNO2 in DCM, AlCl3 −Cu(OTf)2 in CS2 and MoCl5 in DCM). Similarly, in the syntheses of tetrabenzo[8]circulenes, the DDQ/TfOH was a superior alternative to FeCl3 in DCM, CuCl2 and AlCl3 in CS2 or CuCl2 and AlCl3
in CS2 .117

With DDQ, benzo-fused double [7]carbohelicenes (72, Scheme 3.18) can

be prepared from tetranaphthyl-o -terphenyl based precursors (73) when triic
acid is used as a promoter under an Ar-atmosphere at 0 ◦ C in DCM. In the

synthesis, chiral twisted (72) and anti-folded (74) conformers were obtained
in racemic and in meso forms with a combined 74% yield.118

Besides polyaromatic hydrocarbons, it is also possible to synthesize polyaromatic heteroarenes with cyclodehydrogenation reactions using quinones as
redox mediators. For example, hexapyrrolohexa-azacoronenes can be synthesized from acyclic starting materials with 6 equiv of DDQ119 and tetrathienonaphtalene (75, Scheme 3.19, page 22) can be prepared from

76

with DDQ

/ BF3 · OEt2 . The latter reaction only proceeded in a fair yield if the 5,11-

positions were substituted; otherwise, dimers 77 and oligomers were formed as
side products.120
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DDQ-mediated oxidative synthesis of tribenzotriquinacene
fused cycloheptatriene
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Scheme 3.18
bohelicenes

DDQ/TfOH mediated synthesis of benzo-fused double [7]car-

3.4 Oxidative intermolecular dimerizations
Reports on intermolecular quinone-mediated oxidative dimerizations are relatively scarce. One of the reasons may be that, in some cases, it is dicult
to control the reactions. The products usually have lower oxidation potentials
than the starting materials and thus they oxidize preferentially. If more reaction sites are available, oligo- or polymers might form (i.e . Scheme 3.19).
Therefore, for dimerizations some driving force or intrinsic property of a particular molecule is usually necessary.

In this respect, the synthesis of quaterrylene (81, Scheme 3.21) from pery-

lene (82) with DDQ / TfOH in DCE is an excellent example. In this case, the

formation of oligomers were presumably inhibited by the precipitation of the
product (81) which ensured the excellent 92% yield.121

Similarly, 3-naphthyl-bis -N -annulated perylenes (83, Scheme 3.21) can be

converted to quaterrylene-derivates (84) using DDQ / ScOTf3 with 23% yield.
If the synthesis is performed in two subsequent steps, the product is obtained
with a 61% yield.122

1,2,3,4,8,9,10,11-octaalkylpentacenes (85, Scheme 3.22) can be intramolec-

ularly coupled to 6,6'-dipentacynyl derivates (86) with very good yields. The
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Scheme 3.19

DDQ/BF3 · OEt2 mediated synthesis of tetrathienonaphtalenes

S

CA (1.0 equiv)
S
TfOH / DCM (1:100)
0 °C, 10 min

CA (2.0 equiv)
TfOH / DCM (1:100)
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S

S





S


57%

53%

Scheme 3.20

S

CA-mediated 5,11-dithienyltetracene cyclodehydrogenation

DDQ can be activated with either CSA or DDQ-H2 in the synthesis. The
DDQ-H2 is formed

in situ

from DDQ when the

87 is dehydrogenated to 85.

This allows the reaction to be performed either in cascade or in two subsequent
steps.47

Dimethoxytoluenes (88,

89, Scheme 3.23) form dimers (90, 91) in quanti-

tative yields if the reaction is mediated with DDQ / MsOH in DCM at 0 ◦ C.39

88's and 89's substitution patterns resemble veratrole derivates (Scheme 3.2 -

Scheme 3.4 on pages 12 - 13) that have been cyclotrimerized.40, 45 However, in
this case one of the C-C trimerization sites is blocked by a substituent.
DDQ / MsOH and DDQ / TFA redox mediators can oxidatively dimerize

2-(aryl)benzo[b]furans and 2-(aryl)benzo[b]thiophenes (92, Scheme 3.24) to

2,2-bis(aryl)-3,3'-bibenzo[b]furans and 2,2-bis(aryl)-3,3'-bibenzo[b]thiophenes
(93) in DCE at 0 ◦ C with poor to excellent yields. This reaction is part of this

thesis and will be covered more thoroughly in subsection 6.1.3 on page 46 and
in attachment III. Briey, the synthetic method was applied for the synthesis
of the natural product Shandougenine B and qualitative prerequisites for the
dimerization were proposed to be an appropriate substrate oxidation potential and SOMO/HOMO-orbital localization.123 Similar orbital examination
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DDQ-mediated oxidative coupling of 1,2,3,4,8,9,10,11octaalkylpentacenes to 6,6'-dipentacynyl derivatives
has been used to explain the observed reactivity in the DDQ/TfOH-mediated
synthesis of tetranaphthyldiphenylbenzenes.124
DDQ / TFA is capable of oxidatively dimerizing 4,10-disubstituted chry-

senes (94, Scheme 3.25) to

95 with 32 - 67% yields.

In two cases triuoroace-

toxylation was observed (R1 = O(O)CF3 ) and in one case the obtained product
was also additionally cyclodehydrogenated. The triuoroacetoxy group originated from the TFA promoter. Regioselectivity of the coupling was rationalized
by examining the SOMOs and the spin densities of the radical cations.125
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DDQ-mediated oxidative intermolecular coupling of benzofurans and benzothiophenes
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R2

DDQ / TFA mediated oxidative intermolecular coupling of
4,10-disubstituted chrysenes. The cyclodehydrogenation site is indicated with
•

4 Heterogeneous Quinones
By the very denition, heterogeneous quinones must also contain sp2 hybridized carbons. Materials that can fulll this requirement are dierent kinds
of carbon nanoforms that contain only sp2 carbons126 or materials that have
dierent proportions of sp3 and sp2 carbons.127 Usually, the latter do not
have long-range crystalline order, hence the term amorphous carbon is used to
describe them.128 Polymers or oligomers derived from sp2 carbon containing
monomers also satisfy this denition.129, 130
In carbon materials that contain graphene or deformed graphene as a basic
structural unit (i.e. activated carbons,131 graphite, graphene and graphite
oxides,132 amorphous carbons), quinones can be formed either at the so called
zigzag-edge (96, Scheme 4.1) or at the armchair-edge (97). Moreover, there
are multiple possibilities (98, 99) regarding how the carbonyl/quinones can be
arranged at these edges.
This leads to a few important questions; some more semantic and others
more scientic: 1) How are the quinones in this case dened? How does one
dierentiate the isolated carbonyl from the quinone in the case of heterogeneous carbon materials? Does the IUPAC denition apply? 2) Do all the
arrangements have the same catalytic activity or are some of them completely
inert? In this thesis, no distinction is made between dierent arrangements and
all carbonyl/quinone moieties are treated as 'quinones'. However, it should be
noted that the dierent arrangements do have dierent calculated transition
state energies in dehydrogenation reactions.133
This applies also to carbon nanotubes as they can be 'constructed' from
parent graphene (101, Scheme 4.2) as zig-zag (n,0) (102) armchair (n,n)
(103) or as chiral (n,m) (not shown) forms by rolling the graphene to the
chosen lattice point as shown in Scheme 4.2.134 Depending on whether the
edge is armchair (103) or zig-zag (102) at the end of the carbon nanotube,
the carbonyl/quinone moieties are then arranged accordingly. In chiral nanotubes (n,m) there are both zig-zag and arm-chair sites that can accommodate
quinones.135
Concerning oxidized single-walled carbon nanotubes (o-SWCNT) or ox25
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Scheme 4.1

Carbonyl/quinones in graphene-based materials

idized multi-walled carbon nanotubes (o-MWCNT), it is also worth noting
that the majority of the oxygen functionalities are not at the end of the tubes
as depicted in Scheme 4.2. Most of the oxygen functionalities are probably
generated at the defect sidewall sites of the o-CNTs.136, 137

4.1 Synthesis of quinone materials
Heterogeneous quinones can be prepared by modifying existing heterogeneous
carbon materials with post-treatments by the so called 'top-down' approach or
they can be synthesized with the 'bottom up' approach from soluble starting
material monomers.

4.1.1

Bottom up -synthesis

Polyarylene quinones (104, Scheme 4.3) have been prepared with polymerization reactions between benzoquinone (105) and dierently substituted bis -

diazo compounds (106).138 Either linear or three-dimensional structures could
be obtained when the ratio of the starting materials was varied from 1:1 to 1:3
or 1:4 (105:106). This indicates that, when

106

is used in excess, the pol-

yarylenequinone is a mixture of mono-, di-, tri- and tetrasubstituted quinones.
In this synthesis, a considerable number of the quinone groups of the monomer
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were reduced to hydroquinones by the diazo functional groups. It was later
shown, that the hydroquinones could be easily converted to quinones by oxidation in air at elevated temperatures.139
O
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Scheme 4.3

Synthesis of polynaphthoquinones from bis -diazo compounds
and quinones. Cross-linking is also possible.
A similar kind of polynaphthoquinone-polymer (107, Scheme 4.4) has been

prepared by oxidizing 1,7-naphthalenediol (108) with 25 v% HNO3 in a 1:4

ethanol-water mixture followed by heating in air at 350 ◦ C.129

More recently, 9,10-phenanthroquinone (109, Scheme 4.5) was cyclotrimer-

ized to an armchair like dened heterogeneous quinone material (110). In the
preparation, 109 was rst brominated to 3,6-dibromo-9,10-phenanthroquinone

(111). The heterogeneous quinone was obtained in an overall yield of 84%
after nickel-catalyzed dehalogenative cyclization of

111.140

If a mixture of

3,6-dibromo-9,10-phenanthroquinone (112, Scheme 4.6, page 29) and 1,3,5-

tribromobenzene (113) were used as starting materials under similar reaction
conditions, the polymeric quinone containing material (114) was obtained.141

28

HETEROGENEOUS QUINONES

O
O

OH

O

25 v% HNO3

HO

O

1:4 EtOH : H2O

O
O





Scheme 4.4

Synthesis of polynaphthoquinone from 1,7-naphtalenediol.
Cross-linking in para -position is also possible.
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Scheme 4.5
4.1.2

Synthesis of the trimer of 9,10-phenantroquinone

Top down -synthesis

When heterogeneous quinone-containing carbon materials are prepared with
the top down approach, oxidation is usually the modus operandi. Generally,
the oxidation treatment is dictated by a couple of points: how oxidizable starting materials are used and the desired absolute and relative amounts of carbonyl/quinones versus other functional groups.
For example, it has been shown that when activated carbons are oxidized
with O2 in the gas phase, the resulting CO/CO2 ratios (vide infra ) are much
higher than when the oxidation is carried out with HNO3 or with H2 O2 in

the liquid phase.142 In other words, the gas-phase oxidation with dioxygen
generates more carbonyls and phenols than carboxyl containing groups. Micropore volumes and mesopore surface areas increase more in the O2 -oxidation
compared with the liquid phase oxidations. In addition to the oxidation methods above, activated carbons have been oxidized with NaOCl, (NH4 )2 S2 O8 ,

AgNO3 , HAuCl4 , CH3 COOOH and H2 PtCl6 .143, 144

Similarly, in the functionalization of carbon nanotubes, carbonyl / quinone
group formation is favoured over carboxylic groups when the oxidation is performed in the gas phase, due to the lack of available hydrogen atoms.145 Carbon
nanotubes have been oxidized with many methods: in the gas-phase with air,

4.2. CHARACTERIZATION OF QUINONE CARBON MATERIALS
O
Br
O

O

Ni(COD)2
COD, 2,2'-bipy
Br



Br

O

Br

+

Br

29



O

O

DMF, 75 °C

O

O



Scheme 4.6

Synthesis of the polymeric quinone containing material

HNO3 , CO2 , O3 and in the liquid phase with HNO3 , H2 SO4 :H2 O2 , KMnO4 ,

(NH4 )2 S2 O8 , to name just a few examples.136, 145151 Liquid phase oxidations
are more common, due to practical issues. A detailed systematic study of the
eect of dierent liquid-phase oxidants and conditions on the functional group
generation in MWCNTs is available in the literature.136

4.2 Characterization of quinone carbon materials
Heterogeneous quinone-containing carbon materials must be characterized thoroughly and properly, regardless of the preparation method used. In the bottomup approach, the analysis and linking of the functional group to catalytic activity is usually more convenient as the structure of the monomer is already
known.

Characterization of quinone carbon materials prepared with the
bottom-up approach
In the polymerization reaction (Scheme 4.3 on page 27), it is often sucient to
just use elemental analysis for determination of the amount of cross-linking and
IR-spectroscopy to conrm the oxidation state of the hydroquinone-quinone
redox couple.138 Remarkably, the oxidation state of the material can be concluded from the visual colour change.130
In other cases, the quinone-polymer (Scheme 4.4 on page 28) has been
characterized with IR, elemental analysis, BET, Mössbauer spectroscopy and
X-ray diraction (XRD).129
More recently, the MCT-cyclotrimer (Scheme 4.5 on page 28) was characterized with MALDI-TOF, elemental analysis, SEM/EDAX, BET, IR, TGA
and XRD; whereas, the related polymeric material (Scheme 4.6 on page 29)
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was characterized with NMR, XPS, IR, MS, elemental analysis, EDX and
TGA.140, 141

Characterization of quinone carbon materials prepared with the
top-down approach
In the top-down approach, the characterization is more demanding as conditions usually employed do not generate just the carbonyl/quinones but also
many other functional groups as well, such as carboxylic acids, phenols, epoxides, anhydrides, lactones, lactols, pyrones, ethers, chromenes, etc. depending
on the structure of the starting material carbon and on the oxidation conditions.152 The most common methods available for characterizing and quantication of dierent functional groups are described below in brief.

4.2.1 Titration methods
Acidic groups such as carboxylic acids and their anhydrides, lactones, lactols
and phenolic hydroxyls can be characterized with so-called Boehm-titration.
In this procedure, the carbon material is neutralized with 0.05 N NaHCO3 ,
0.05 N Na2 CO3 and 0.05 N NaOH, followed by back-titration with HCl in
each case. The distribution of the acidic functional groups can then be related
to the acid consumption that changes with the base used. Moreover, the
carbonyl groups can be dierentiated from the other functional groups with
0.1 N sodium ethoxide which reacts to form the corresponding hemiacetals of
the carbonyls. Titration of the basic sites is also possible.143
A dierent kind of titration method that is based on the organic reaction between the functional groups and the titrant has been developed for
carbon materials.153 In this method, carbonyls, phenols and carboxylic acids
are rst reacted selectively with phenyl hydrazine, benzoic acid anhydride and
2-bromo-1-phenylethanone, respectively. Then, UV/Vis spectroscopy or gas
chromatography is used to determine the consumption of the reagents and thus
determine the concentration of the functional group indirectly. The accuracy
of the titration was found to be equivalent or more accurate when the results
were compared with those obtained with TPD and XPS analysis. The titration
can also be done in situ by feeding the titrant into the reaction feed.141, 154

4.2.2 X-ray photoelectron microscopy (XPS)
X-ray photoelectron microscopy measures the binding energy of the core electrons, which changes in dierent chemical environments. Both C1s155 and
O1s153 electron binding energies can be used to probe the surface groups
bonded to carbons and it is possible, for example, to dierentiate between
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Example of O(1s) XPS-spectra of oxidized carbon nanotube. Reprinted from
Reprinted from J. Mater. Chem. C, 2015, Phys. Chem. Chem. Phys. 2015,
3, 12484-12491 with permission from The 17, 1567-1571 with permission from the
PCCP Owner Societies.
Royal Society of Chemistry.
(a) Example of C(1s) XPS-spectra of GO.

(b)

Fig. 4.1 Examples of C(1s) and O(1s) XPS-spectra
carbonyl C=O groups, C-O (phenols, ethers) and O-C=O (carboxylic acids,
lactones) groups (Fig. 4.1a, Fig. 4.1b). The chemical shifts of the chemically
nonequivalent atoms usually overlap so, in order to determine the distribution
of the surface functional groups, the spectra has to be deconvulated. XPS is
also a surface sensitive method (≤ 10 nm) and therefore it can probe the surface layer and not the porous structure of some of the carbon materials.143, 156
To gain complementary information, it is also possible to examine the O2s and
C2s regions with valence-band XPS.157, 158
XPS has also been used in conjunction with chemical derivatization methods. One common strategy is to use uorinated derivatization reagents, as
the uorine is not found in the carbon starting materials and it is not introduced in the oxidation step with commonly used reagents. Fluorine has
also a high XPS cross section that improves the sensitivity of the measurements.159 Triuoroacetic anhydride (116, Scheme 4.7), triuoroethanol (117)
and triuoroethyl hydrazine (118) or triuorophenylhydrazine have been used
to derivatize hydroxyls (119), carboxylic acids (120) and ketones (121), respectively.159161 Also barium labelling of the acid groups has been used in
conjunction with XPS measurements.162, 163
4.2.3

Energy dispersive X-ray spectroscopy (EDX)

Energy dispersive X-ray spectroscopy (also known as EDS) has been used to
determine the oxygen content of carbon blacks, active carbons and MWCNTs.
It is a more bulk sensitive method than XPS and it can be used to determine
atomic oxygen concentrations at greater depths (∼ 5 μm).136, 159
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Fluorine derivatization method used in conjunction with XPS

Fluorescence labeling

The uorescence labelling of surface species (FLOSS) is a technique where a
uorescent tag is covalently attached to the functional groups. The analysis
is then performed on a silicon (111) wafer or from the consumption of the
chromophores. It is a very sensitive technique and the detection limit is a
mere ∼109 groups cm−2 whereas, for example, the XPS detection limit is ∼1014
groups cm−2 . This method of quantifying the dierent functional groups has
been used to characterize activated carbon bres and SWCNTs. In some cases,
uorescent tags have physisorbed to the studied material and the functional
groups were unquantiable.164, 165

4.2.5

Thermal desorption (TDS)

Thermal desorption spectroscopy (a.k.a. temperature programmed desorption,
(TPD)) and thermogravimetric analysis (TGA) can be used to partially identify and semiquantify functional groups that have dierent thermal stabilities
(Fig. 4.2).166 It is based on the hypothesis that dierent functional groups are
related to dierent generated gases such as carbonyls, ethers and hydroxyls to
CO and carboxyl groups to CO2 ; but this is not always the case.143 As thermal
stabilities are known approximately, TGA can be used when a spectrometer
analyzer is not available.

4.2.6

Fourier-Transform Infrared Spectroscopy (FT-IR)

The use of FT-IR in carbon material analysis is based on comparison of the IRvibration assignments with known molecular compounds (Fig. 4.3). However,
this is not straightforward and therefore studies have been made to conrm
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Fig. 4.2

Example of TPD-spectra of oxidized carbon nanotubes. Adapted
from Phys. Chem. Chem. Phys. 2015, 17, 1567-1571 with permission from
the PCCP Owner Societies.
the assignments by chemically modifying the surface functional groups.167 The
quantication of the dierent groups is also rather limited and only qualitative information is obtained, as it is possible that less abundant strong dipoles
cause signicant contributions to the spectra.159, 160 Apart from the diculties described above, the low concentration of surface complexes and the high
adsorption coecient of the carbons can cause additional problems.166

Fig. 4.3

Example of IR-spectra of carbon material containing carbonyl /
quinones. Nature Communications 2015, 6, 6478. Reprinted by permission
from Macmillan Publishers Ltd: Nature Communications, Copyright 2015.
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4.2.7

Determination of the catalytic active group

In the top-down approach, the catalytically active group is usually established
with three complimentary methods. Usually, in a typical study, many dierent
kinds of materials and treatments are screened, which generates catalysts with
dierent relative and absolute amounts of functional groups. Plotting the
catalytic activity against the characterization data of the entire set obtained
by any method described above, or by observing changes in the composition
when the catalyst is subjected to (modied) reaction conditions might, reveal
candidates for the active catalytic site.9, 168 However, it is possible that some
other functional group inhibits the catalytic activity.169, 170 In addition, the
characterization method employed might only reveal the surface composition
of the catalyst.
The candidates for the catalytically active site can then be removed or
blocked selectively. For example, quinone functionalities can be masked with
the selective chemical titration methods described above. In the case of gasphase catalysis, the titrant can be introduced directly to the reactor feed;
but in the case of liquid-phase catalysis, the titration is usually carried out
in a distinct step. Furthermore, some functional groups (e.g -COOH) can
be selectively removed with a simple heat treatment in an inert atmosphere.
After the treatments, lack of or a drop in the catalytic activity is usually a
telltale sign of correct assignment. Residual activity is commonly attributed
to some other, less active, functional group. After this, heterogeneous bottomup materials or homogeneous model compounds can be tried as catalyst mimics
for the active catalytic site.

5 Heterogeneous Quinones in
Catalysis
5.1 Gas-phase catalysis

Heterogeneous quinone-containing materials have been used extensively as catalysts in the gas phase. Probably one of the rst examples was the study
by Manassen and Khalif in 1969 which was a continuation of their work
on dehydrogenative polymer catalysts.171, 172 In this particular study, polyarylenequinone (for preparation see Scheme 4.2 on page 27) was used to dehydrogenate limonene and 1-menthene (126, Scheme 5.1) to p -cymene and
isopropenyltoluene (127) and to convert 4-methyl-4-ethyl-1-cyclohexene (128)
to toluene (129).139 The colour of the heterogeneous quinone catalyst changed
after the reaction, presumably due to the reduction of the quinones to hydroquinones. The catalyst could be regenerated with air oxidation at elevated
temperatures which restored the original colour.
Polyarylenequinone

Polyarylenequinone

300 - 350 °C

300 - 350 °C



Scheme 5.1

genations







Early examples of heterogeneous quinone catalyzed dehydro-

Slightly dierent heterogeneous polymeric quinone (for preparation see
Scheme 4.4 on page 28) was shown to excel in various gas-phase reactions such
as formic acid decomposition, propan-2-ol oxidation and cyclohexene (130,
Scheme 5.2) dehydrogenation to benzene (131). When no terminal oxidant
was present, the quinones of the catalyst were converted to hydroquinones and
the reaction ceased. The catalyst could be regenerated and the catalytic activity restored when the reduced polymeric material was oxidized with O2 or
35
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with propene(!) to generate water and propane, respectively.129
Polynaphthoquinone

Polynaphthoquinone

200 °C

170 - 270 °C

½¿¼

Scheme 5.2
and styrene

½¿½

½¿¿

½¿¾

Dehydrogenation of cyclohexene and ethylbenzene to benzene

Dehydrogenation of ethylbenzene (EB,

132)

to styrene (133) is proba-

bly the most studied heterogeneous quinone-catalyzed reaction. In 1973, the
polynaphthoquinone (Scheme 4.4) was proven to be a viable catalyst for this
transformation as well in the presence of O2 .130 If helium was used as a carrier
gas, the reaction stopped after a while; but when oxygen was introduced, the
catalytic activity was restored.
Not so long after, several research groups reported that in the oxidative
dehydrogenation (ODH) of EB to styrene with several 'supports' so called
'active coke' is formed that is the true catalytically active species.173 The
active coke's active site was rst proposed to be a quinoid redox system in the
study by Emig and Hofmann who used zirconium phosphate as a supporting
material.174 Interestingly, the activity of the coke could be augmented by
feeding pulses of HCl and CCl4 . This presumably makes the quinones better
oxidants by halogen substitution, similar to the way that benzoquinone redox
properties are aected by EWG-substitution (see section 2.3 on page 6).
Later experiments and measurements with burn-o, XPS, TPD, secondary
ion mass spectroscopy (SIMS) and electron spin resonance (ESR) supported
the hypothesis that quinone-hydroquinone and/or aroxyl-phenol redox couples
were the catalytically active site of the 'active coke'.175 The same conclusion
was reached by a dierent research group with Al2 O3 as a support material

using similar methods.176 Also quasi

in situ

XPS has been used to probe the

reaction and the results obtained support the involvement of the carbonylquinone/hydroxyl redox pairs as the active catalytic sites.177
Logically, thereafter dierent kinds of heterogeneous carbons such as active carbons, carbon molecular sieves and graphites have been used as catalysts.178180 In these cases the 'active coke' was formed

in situ

on the carbon

materials by burning the starting material and the catalyst.
A seminal discovery was made when dierent functional groups were chemically introduced in the active carbon with gas and liquid phase oxidations and
a correlation was observed between the amounts of carbonyls/quinones and the
catalytic activity in EB dehydrogenation.142
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After that, many kinds of dierent catalytic systems with either preformed
or in situ generated quinones have been tested for the ODH of EB. For example,
oxidized multi-walled carbon nanotubes,149 activated carbon bres,181 onionlike carbon materials,182 carbon nanolaments,183 supported and immobilized
carbon nanobers,184, 185 ultra-dispersed diamond and onion-like carbons,186
highly-ordered mesoporous carbons187 and nanodiamonds188 have been used
as catalysts.
Similarly, the dehydrogenations of dierent aliphatics with carbon-based
catalysts have appeared in the literature. For example, propane (134, Scheme 5.3)
can be dehydrogenated to propylene with carbon nanobres,189 boron and
phosphorous-doped nanocarbons,190 ordered mesoporous carbon materials191
and HNO3 -activated mesoporous carbon.192









Scheme 5.3 Aliphatic hydrocarbons that can be dehydrogenated with heterogeneous quinones

1-Butene (136, Scheme 5.3) is also a viable substrate and its dehydrogenation to butadiene has been catalyzed with quinones on carbon nanotubes.193
Its congener butane can also be oxidatively dehydrogenated with phosphorousdoped oxidized carbon nanotubes194 or ultradispersed diamonds195 to give
butenes and/or butadiene. The structural isomer of butane, 2-methylpropane
(137), has been converted to 2-methylprop-1-ene with graphitic carbon196 and
nitrogen-doped carbon nanotubes.197 In addition, the dehydrogenation of 2methylpropane has also been carried out with phosphorous-modied graphitic
mesoporous carbon198 and modied activated carbons.144
Generally, the oxidations can usually be either dehydrogenative or oxidative dehydrogenative reactions. The dierence between these two concerns
how the quinone (138, Scheme 5.8) is regenerated back from the hydroquinone
(139) form. In the

oxidative

dehydrogenative route (Scheme 5.4, A), basal-

planes with metallic properties can dissociate gas-phase oxygen, which subsequently diuses to the hydroquinone and regenerates it back to the quinone
form with the concominant release of water.183, 199 In the dehydrogenative
route (Scheme 5.4, B), hydroquinones are regenerated with the thermal release of dihydrogen which is thermodynamically favourable at high temperatures.188, 191, 192
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Scheme 5.4 Dierence of oxidative dehydrogenative (A) and dehydrogenative (B) reactions. 138 and 139 portray heterogeneous quinone and hydroquinone, respectively.

5.2 Liquid-phase catalysis
Compared with the gas phase, heterogeneous quinone-catalyzed liquid phase
reactions are much less common. One of the rst examples in the liquid phase
was active carbon/molecular oxygen-catalyzed synthesis of 2-arylbenzazoles
(140, Scheme 5.5) from 2-aminophenols (141, X = O), 1,2-diaminobenzenes
(141, X = NH), 2-aminobenzenethiols (141, X = S) and aldehydes (141) in
2009. In this reaction, the quinones of the activated carbon oxidatively de-

hydrogenate the dihydrointermediate (142) to the desired nal product (140)
with generally fair to very good yields. The reaction was studied with nineteen
dierent activated carbons which were also characterized thoroughly. When
the yield of the reaction was compared with the amount of CO generating
groups obtained from TPD measurements, a clear relationship was established,
which supports the involvement of carbonyl/quinone groups as the catalytically
active site.9
Later, the same research group published active carbon/molecular oxygen-

mediated dehydrogenations of 1,2,3,4-tetrahydroquinolines (144, Scheme 5.6),

1,2,3,4-tetrahydroisoquinolines (145) and 1,2,3,4-tetrahydrocarbazoles (146)
to the corresponding quinolines (147), isoquinolines (148) and carbazoles

(149). Again, in this case∗ the carbonyls/quinones were found to be the ac∗
The research group has also published many other related transformations with this
particular catalytic system but, although the active sites are likely to be quinones, in these
cases it has not been reliable determined, so they are not covered in this thesis. See the
references for more information:10, 200
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2-Arylbenzazole synthesis catalyzed by active carbon - molec-

tive catalytic sites. The yields of the quinolines (147) and isoquinolines (148)
were better than the ones obtained with Pd/C but the yields of the carbazoles
(149), in contrast, were lower.201
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Scheme 5.6

Aromatization of tetrahydrocompounds with active carbon molecular oxygen
Quinones on active carbon can mediate the oxidative dimerization of heterocycles and carbocycles (Scheme 5.7). This reaction is part of this thesis
and will be covered more thoroughly in subsections 6.1.1 - 6.1.2 on pages 43
and 45 and in attachments I-II. Briey, benzofurans, indoles, benzothiophenes
and naphthols can be oxidatively coupled with oxidized active carbon-based
catalysts.202, 203 The active site of the catalyst was characterized with XPS
and chemical blocking of the active site.
In 2014, carbonyl/quinone groups in nitric acid-oxidized carbon nanotubes
and ordered mesoporous carbons were used as catalysts in the reduction of
nitrobenzene (155, Scheme 5.8) to aniline (156) using hydrazine as a reduc-

tant. The active site was identied as carbonyl/quinones by chemical titration
which decreased the conversion of nitrobenzene notably but not compeletely.
The residual activity was attributed to structural defects, edges and to other
oxygenated groups. Due to the negative eect of the carboxylic groups on the
conversion, no linear correlation between the amount of carbonyl groups and
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Scheme 5.7

Substrate scope of the dimerization reaction catalyzed by oxidized active carbon or gold deposited on oxidized active carbon
the yield of the reaction could be established.169, 170
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Quinones
on carbons
N2H4 (5 equiv)
80 - 100 °C, 3 h



Scheme 5.8

Catalyst loading between 15 - 80 mg
per 1.2 g of nitrobenzene



Quinone catalyzed reduction of nitrobenzene

Better catalytic performance was obtained with H2 O2 -functionalized carbon nanotubes. When oxidized with hydrogen peroxide, the carbon nanotubes
contain more carbonyl groups that have a positive inuence and less carboxylic
groups that have negative inuence on the activity. The eciency of the catalyst was further increased when the H2 O2 oxidation was done at 60 - 100
◦C

instead of room temperature. In that study, six dierent nitroarene reduc-

tions were performed (Scheme 5.9) and they all proceeded with very good to
excellent yields.204
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H2N
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Scheme 5.9
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100%

Substrate scope of the reduction of nitroaromatics catalyzed by
carbonyl/quinones on o-CNT with N2 H4 as the terminal reductant
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A mechanistic scheme (Scheme 5.10) was proposed for the reduction of the
nitro (163) group based on the results obtained with model compounds.205 In
the rst step, quinone (164) oxygens interact with the hydrazine's hydrogens
(165). The weakened N-H bonds will then donate two hydrogens to the nitro
group (163) which is reduced to nitrosobenzene (166). After this step, the nitrosobenzene (166) is converted to aniline (167) quickly without the involment
of catalyst.
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Scheme 5.10 Proposed reaction mechanism for the o-CNT catalyzed nitroaromatic reduction

Isopropyl alcohol has been shown to be an excellent hydrogen donor in
carbonyl/quinone on carbon-catalyzed hydrogen atom transfer reactions (also
known as hydrogen borrowing reactions or hydrogen transfer reactions). For
example, nitrobenzene (168, Scheme 5.11) and aromatic (169) or aliphatic ketones can be reduced eciently to aniline (170) and benzylic (171) or aliphatic
alcohols, respectively. The yields vary between 60 - 85% in nitrobenzene reductions and in the ketone reductions they are generally excellent.168
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NO2
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i-PrOH

R1



60 - 85%

Carbocatalyst
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1 equiv KOH

O



R1

OH

130 °C, 24 - 48h, Ar
i-PrOH

R1


75 - 99%

Scheme 5.11 Carbocatalytic reduction of nitro- and ketone groups
It is also possible to apply the catalytic system to aniline (172, Scheme 5.12)
alkylation if the isopropyl alcohol is substituted for the desired alcohol (173)
and the reaction is performed in PhMe. In this case, the yields also generally
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vary from good to excellent. Besides anilines, three aliphatic amines react with
very good yields. The catalytically active groups were proposed to be carbonyl
/ quinones based on FT-IR (Fig. 4.3 on page 33). The C=O vibration intensity increases when the catalyst is heated in an O2 -atmosphere and decreases
when the carbocatalyst is treated with isopropyl alcohol with the concomitant
formation of acetone. Moreover, when benzophenone and tetraphenyl ethylene
were used as model compounds for the C=O and for the C=C groups of the
carbon catalyst, only the former worked. This implies that the catalytic system is the carbonyl/quinones as the metal impurity levels in the carbon, as
analyzed with ICP-AES, were insignicant.168
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HO (100 mg per 1 mmol of aniline),
0.5 equiv KOH
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Scheme 5.12

Alcohol amination catalyzed by quinones on carbon

Carbonyl/quinones in multi-walled carbon nanotubes have been identied
as catalytic active sites in electrocatalytic oxygen evolution reactions with high
Faraday eciency (99%). The active site was identied with thermal annealing
together with O(1s) XPS measurements. The functionalized nanotubes were
found to be stable under O2 -generating conditions in 0.1 N and in 1.0 N KOH
solutions and could withstand over ten hours of bulk water electrolysis.206

Carbon black modied with a similar procedure has also been used in water and
alcohol oxidation reactions. In this case, the carbonyl/quinone functionalities
were also identied as the main contributors to the catalytic activity.207

6 Results
6.1 Scope and Outline of the Thesis
The results of this thesis are described in detail in attachments I-III. Only a
short summary of the key results is presented in this chapter, together with
some results that were left out of the original publications.
6.1.1

Publication I

Due to our strong interest in homogeneous gold catalysis,208210 we began investigating whether the conventions of homogeneous gold catalysis could be
applied to heterogeneous gold catalysis as well. Our key hypothesis was, analogously with the homogeneous gold catalysis, that cationic gold nanoparticles
should activate alkynes for nucleophilic addition more eectively than neutral
nanoparticles.∗ After catalyzing several reactions successively (175 → 176,
177 → 178, Scheme 6.1), we chose 2-(p -tolylethynyl)aniline (179, Scheme 6.2)
cycloisomerization to 2-(4-methylphenyl)indole (180) as a benchmark reaction
for heterogeneous gold catalyst development.202
Ph

OH


Scheme 6.1

OAc

AcO

Au

Au

Ph

O







Dierent test reactions used in catalyst testing

In our studies, we found that when the gold was immobilized on an activated carbon support under oxidative conditions with aqua regia, the best
cycloisomerization conversion (181 → 182, Scheme 6.3) was obtained. During
the study of the substrate scope with the optimized catalyst, we discovered
One should note that in homogeneous gold catalysis, the generation of the 'cationic
catalyst' also generates a vacant coordination site L−Au−Cl −AgY
−−→ AgCl ↓ + L−Au−.
∗
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Scheme 6.2 2-(p -Tolylethynyl)aniline
methylphenyl)indole

cycloisomerization

to

2-(4-

that some electron-rich 2-alkynylanilines (181) furnished mixtures of the expected indoles (182) and unknown side products that were later characterized
to be 2,2'-bis(aryl)-3,3'-bi-indoles (183, Scheme 6.3). This intriguing nding
meant that the heterogeneous catalytic system was able to mediate sp2 - sp2
couplings in an oxidative dehydrogenative manner.202
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Scheme 6.3

2-Alkynylaniline cycloisomerization to 2-(aryl)indole and subsequent dimerization to 2,2'-bis(aryl)-3,3'-bi-indoles
In our preliminary mechanistic studies, we discovered that the 2,2'-bis(aryl)-

3,3'-bi-indoles (183) could be prepared directly from the 2-(aryl)indoles (182)
even without gold, using only an oxidized active carbon (oAC) support as a

catalyst. This raised concerns about transition metal contamination, as the
activated carbons are usually prepared from waste sidestreams211, 212 and they
can contain substantial amounts of transition metal impurities. Inductivelycoupled plasma mass spectrometry (ICP-MS) revealed that the puried active
carbon used in our catalyst preparation had only low levels of transition metal
impurities.202 However, the most abundant impurity, Fe, has been used as
a catalyst in the oxidative homocoupling of 2-(aryl)indoles to 2,2'-bis(aryl)3,3'-bi-indoles.213 Nevertheless, after spiking the catalyst with FeCl3 , the coupling products were obtained in diminished yields. We ended our preliminary
mechanistic investigation with the conclusion that, with a high probability,
the 2-alkynylaniline cycloisomerization to indole is a gold-catalyzed process,
whereas the subsequent coupling of 2-(aryl)indoles to 2,2'-bis(aryl)-3,3'-bi-indoles probably has a carbocatalytic nature.
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Publication II

Next, we proceeded to study the active site of the catalyst and the scope
of the homocoupling in more detail. We rst prepared two series of dierently oxidized active carbons and tested their catalytic properties using 2(phenyl)indole (184, Scheme 6.4) dimerization to 2,2'-bis(phenyl)-3,3'-bi-indole (185) as a test reaction. The rst carbocatalyst series was prepared using
subsequent treatments with aqua regia, whereas the other series was prepared
by varying the concentration of a pure nitric acid. In both cases, the yield of
the reaction rose when the molarity or the number of the treatments was increased. Moreover, we could use oxidized carbon nanotubes as well as catalysts
with comparable yields.203
H
N
oAC or oCNT
Conditions

N
H

N
H





Scheme 6.4 Test reaction used in carbocatalysis development
Characterization of the two sets of the oAC catalysts with XPS revealed a
correlation between the relative amount of C−O groups and the yield of the
reaction. We could also inhibit the catalytic activity completely by chemically
selectively blocking153 the carbonyl moieties (186, Scheme 6.5) with phenyl
hydrazine (187). Blocking the phenol (188) and the carboxylic acid (189)
groups with benzoic acid anhydride (190) or with bromoacetophenone (191)
did not lower the catalytic performance.
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It is widely known that oxidative power of molecular quinones can be in-

creased by an acid additive (see section 2.4 on page 8). Analogously, we
discovered that heterogeneous quinones could also be activated by a strong
Brønsted acid, which allowed the synthesis of substrates that were unreactive
or reacted sluggishly without the acid additive† (Scheme 6.6). Moreover, we
could use a molecular quinone, DDQ, to mediate 2-(phenyl)benzofuran dimerization with a 61% yield. With these facts in mind, we concluded that the
quinone/hydroquinone redox pairs are the active sites for the homocoupling
reaction.
R
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R
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R
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PhMe (0.25 M),
90 °C, 89 h



6.1.3
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R = OMe, 95%
R = H, 63%

Eect of an acid additive in the oAC-catalyzed coupling

Publication III

During our previous study, we had discovered that DDQ can mediate 2-(phenyl)benzofuran homocoupling.203 In our next study, we wanted to investigate
whether other similar transformations could also be performed with DDQ.123
Moreover, DDQ is commercially available so the couplings might be more utilizable by others if the preparation of the heterogeneous catalyst could be
omitted. In addition, we had encountered unreactive substrates so we sought
to rationalize our ndings, as well as to study the reaction mechanism. In this
respect, DDQ is also more suitable for this purpose as it is more dened than
heterogeneous quinones.
After optimizing the reaction conditions with a two-level full factorial design using three factors,214 we proceeded to study the reaction scope, which
was quite similar to our previous study of benzofurans and benzothiophenes
(Scheme 6.7). Reactivity correlated well with the oxidation potentials of our
substrates, which is known from the literature. However, there were a few cases
where the oxidation potentials alone could not explain the lack of reactivity.
This can be illustrated with two examples. 2-Phenylbenzofuran was found
to be reactive (Eox = 1.070 V vs. FcH/FcH+ ) whereas 5,6-dimethoxybenzofuran-2-carboxylic acid methyl ester (Eox = 1.100 V vs. FcH/FcH+ ) did not

There is no experimental evidence whatsoever that the acid additive activates the heterogeneous quinones in the same manner as molecular quinones
†
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Scheme 6.7 Optimized conditions for the DDQ-mediated
(aryl)benzo[b]furans and 2-(aryl)benzo[b]thiophenes

coupling of 2-
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0.17
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0.14

O
0.08

2-(Phenyl)benzofuran (b)
2-(Phenyl)benzofuran (c) Selected HOMO coeHOMO
radical cation SOMO
cients of 2-(phenyl)benzofuran
(a)

Fig. 6.1

HOMO and SOMO of the 2-phenylbenzofuran and selected coecients of HOMO. Coupling sites indicated by arrows in gures a and b.
form the corresponding dimer under the reaction conditions. It did, however,
form a colourful reaction mixture that could not be monitored with NMR due
to strong broadening, indicating that radicals were formed under the reaction
conditions.
Instead, molecular orbitals can be used to explain the lack of reactivity. We
originally proposed that the SOMO (Figure 6.1c) of the neutral radical or radical cation will interact with the HOMO (Figure 6.1a) of the neutral substrate,
although also SOMO-SOMO couplings may be possible.123 Nevertheless, both
HOMO and SOMO share a similar morphology. For a successful reaction, a
high coecient of the SOMO/HOMO of the substrate should be at the C−H
bond where the substrate should react. From this perspective, it is clear why
5,6-dimethoxybenzofuran-2-carboxylic acid methyl ester (Figure 6.2a, Figure
6.2b) fails to give any product, whereas the 2-(phenyl)benzofuran does (Figure
6.1a, 6.1c). It should be noted that oxidation potential and MO morphology
are only proposed to be qualitative requisites for a successful reaction that can
be evaluated quickly with computational methods to assess possible reactivity.
Fullling them does not guarantee a succesful reaction.
As our attempts to synthesize Kynapcin-24215 from 5,6-dimethoxybenzofuran-2-carboxylic acid methyl ester had failed previously, we used our predictative tool before we endeavoured the synthesis of the Shandougenine B.216
As the monomer seemed suitable, with regard to both its oxidation potential
and molecular orbital morphology (Fig. 6.3), we prepared the starting material
(194, Scheme 6.8) via a published route.217 As predicted, the monomer (194)
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(a) 5,6-dimethoxybenzofuran- (b) 5,6-dimethoxybenzofuran-

2-carboxylic acid methyl ester 2-carboxylic acid methyl ester
HOMO
radical cation SOMO

Fig. 6.2

HOMO and SOMO of the 5,6-dimethoxybenzofuran-2-carboxylic
acid methyl ester. The lack of orbital coecients is indicated by arrows.
was converted smoothly to the dimer (195, R = Bn) with a 80% yield and
the subsequent removal of the benzyl groups aorded Shandougenine B with
a 73% NMR yield (195, R = H).
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Synthesis of Shandougenine B

6.3 HOMO
of
2-(2',4'-dihydroxyphenyl)-5,6methylenedioxybenzofuran; monomer of Shandougenine B

7 Conclusions
Both the molecular and the heterogeneous quinones are powerful synthetic
tools for various organic reactions, as has been shown in the preceding chapters and demonstrated in the experimental part of this thesis. Importantly,
in a rare example, we demonstrated that heterogeneous quinones can also mediate the formation of the carbon-carbon bond, the essential bond of organic
chemistry.
From the synthetic point of view, the heterogeneous quinone-hydroquinone redox couples are perhaps more interesting. They can be prepared with ease from
widely available starting materials and they can be regenerated by dioxygen.
In addition, there are the usual useful properties of the heterogeneous catalysis, such as the easy separation of the catalyst from the reaction mixture. On
the down side, it is dicult to control the functional groups formed when these
heterogeneous catalysts are prepared. Attaining a uniform structure might require extra steps and treatments.
In order to understand heterogeneous quinones, it is essential to know the
properties and the reactivity of the quinones at the molecular level. In addition, a knowledge of homogeneous quinone-mediated transformations can help
in designing new heterogeneous quinone-based catalytic systems as well.
Perhaps the most important observation of this thesis is that extreme care
should be taken when carbon materials are used as a transition metal supports
in catalysis. The quinones, and the other functional groups as well, exhibit
some catalytic activity of their own.
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