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Abstract The preparation of cycloparaphenylenes ([n]CPPs) with their
bent π-system poses a long-standing challenge in organic synthesis. In
the current multi-step approaches to access CPPs, pre-angulated
precursors were combined using transitionmetal-catalysed ormediated
coupling reactions. Therefore, there is a long way to the realisation of
the idea of an ‘ideal synthesis’. An easy and efficient synthesis of different
[n]CPPs would represent a breakthrough, also pushing their incorpo-
ration into organic materials. By combining multiple steps in a one-pot
approach, the overall time and workload can be drastically shortened.
Herein, we present the application of this concept for the preparation of
[6] and [9]CPP as a simple and fast alternative to current methods.
By tuning the reaction conditions the selective synthesis of both [6] and
[9]CPP was demonstrated.

Key words cycloparaphenylenes, nanorings, organic synthesis, transi-
tion metal-free, carbon allotropes, macrocyclisation

Introduction

The preparation of complex structures, starting from
sustainablematerials, in 100% yield – the ‘ideal synthesis’ – is
every chemist’s dream.1 The concept is mostly discussed in
the context of natural products’ synthesis. However, there
are also highly elaborate compounds beyond natural
resources, which in no regards rank behind total syntheses
of natural products in terms of number of steps, complexity
and synthetic challenges. One example in this respect is the
class of [n]cycloparaphenylenes ([n]CPPs). These nanohoops
consist of para-connected benzene rings in a cyclic
arrangement resulting in considerable strain due to the
bending of the phenyl units. CPPs represent the conceivably
shortest segment of an armchair carbon nanotube.2,3 Early

on, the unique geometry of CPPs has attracted the creativity
of organic chemists. Already in the 1980s, Vögtle proposed a
synthetic strategy using pre-angled building blocks, how-
ever, without being able to succeed in its achievement.4 It
lasted until 2008, when Jasti and Bertozzi realized Vögtle’s
concept in the first synthesis of [9], [12] and [18]CPP
(Scheme 1).2 Their approach relies on a statistical palladi-
um-catalysed Suzuki macrocyclisation followed by reduc-
tive aromatisation using lithium naphthalenide. In the
following years, several syntheses based on similar meth-
odologies were reported.5,6 Itami’s strategy relying on a
cyclohexanedionemoiety as angular building blocks offers a
selective access to a variety of different-sized CPPs.7,8

However, it suffers from harsh oxidative aromatisation
conditions, which are only practicable on smaller scales.7

The group of Yamago reported a different approach for the
first time in 2010.9,10 They made use of the formation of a
stoichiometric Pt-complex to access an unstrained square-
shaped macrocycle ultimately leading to a CPP in only four
steps. Another approach based on stoichiometric transition
metal complexes was reported by Osakada and co-workers.
By using a gold complex, they obtained [6]CPP in good
yields.11 Various strategies were reported in the due course
to obtain also substituted CPPs using [2 þ 2 þ 2]12 or Diels–
Alder cycloadditions.13 All approaches are limited to specific
substitution patterns, though.

The necessity to access CPPs in a convenient and efficient
waywas recognised early on. Hence, some of these syntheses
have been optimised to a large scale. However, most of the
drawbacks of the initial attempts could not be overcome.
Yamago’s large-scale syntheses of [5],14 [6],15 [8]16 and
[10]CPP17 offer high overall yields, but are still based on
stoichiometric amounts of transitionmetals (Scheme 1). The
modular gram-scale synthesis of [8] and [10]CPP by Jasti and
co-workers requires multiple steps including protection and
deprotection. These time-consuming steps increase the total
synthesis duration to almost 2 weeks.6

All preparations of CPPs mentioned in this article do not
even remotely touch the idea of an ‘ideal synthesis’,1 in terms
of number of steps, the need for protection groups or the
utilisation of large amounts of expensive reagents or
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starting materials. The combination of multiple steps in a
one-pot procedure would offer the possibility to drastically
shorten the overall time and workload. The design of such a
one-pot synthesis bears the challenge to ensure the
compatibility of all reagents and intermediates. The
application of the concept to CPPs has to combine firstly
the formation of a less strained macrocyclic precursor
and secondly the difficult aromatisation. Starting from
cheap startingmaterials (<0.2 $/g)18 in combinationwith an
easy and non-labour-intensive purification, we herein
report a fast and simple method to access different-sized
CPPs. Furthermore, our method is the first example of a
transition metal-free synthesis of CPPs.

Results and Discussion

The consecutive addition of a biphenyl building block to
benzoquinone analogous to Yamago’s gram-scale synthesis
should provide the first intermediate.17 If this precursor is
lithiated again at the terminal positions, a successive
addition to another quinone will be possible (Scheme 2).
However, here multiple problems arise: the double addition
to benzoquinone could occur from either the same or
different sides leading to the syn- or the anti-adduct. If the
addition happens only once in the undesired anti- fashion, it
will inevitably end upwith oligomers or polymers. The ratio
of syn- and anti-attack is reported to be around 95:5 and the
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yield of the double addition is about 77%.17,19,20 Another
pitfall is the intramolecular macrocyclisation, which is
entropically inherently disfavoured. Even if all steps are
proceeded according to plan, the final aromatisation has to
work without interaction with previously used reagents or
intermediates. In spite of all these challenges, we initiated
the development of a one-pot synthesis of CPPs, as a success
would be of high value.

In the first attempt, biphenyl 3 was dilithiated by 2
equivalents of n-butyllithium (n-BuLi) at�78 °C similarly to
the procedure reported by Yamago (Table 1, entry 1).14 To
this slurry, a solution of benzoquinone 2 was added. The
mixture was warmed up to�40 °C over 30 min. To ensure a
complete conversion of the arylhalide, the excess of n-BuLi
was increased further and 1 equivalent of quinone 2 was
added. The reactionmixturewas quenchedwith an aqueous
solution of tin(II) chloride dihydrate and hydrochloric acid
to aromatise the proposed macrocyclic intermediate. After
extraction with dichloromethane and purification by
column chromatography, crude [9]CPP was obtained. After
performing gel permeation chromatography (GPC) using
chloroform as the eluent, gratefully [9]CPP was obtained in
0.1% yield (5.1 mg). This is the first example of a transition
metal-free CPP synthesis. As expected, the synthesis
provided a large amount of side products and the column
chromatography was complex. Therefore, we established a
fast and selective separation technique to isolate the pure
CPP (Figure 1). The crude reaction mixture was extracted
with dichloromethane and adsorbed onto silica gel. The
resulting solid was purified via Soxhlet extraction. Firstly, n-
pentane was used to elute some of the side-products. No
CPP was washed out under this condition [controlled by
thin layer chromatography (TLC)]. Secondly, the solvent was
switched to toluene continuing the Soxhlet extraction. The
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Scheme 2 Synthetic strategy towards a one-pot CPP synthesis.

Table 1 Overview of the different optimisation conditions

ca (mol/L) and Solvent Addition of 2b Temperaturec Timed Yield

[6]CPP [9]CPP

1 3 � 10�2 THF 2 � 1.00 equiv �78 °C 2 h – 0.1%

2 7 � 10�2 THF 4 � 0.25 equiv �40 °C 5 he traces 0.01%

3 2 � 10�2 THF 1.00 equiv �78 °C 20 h – 0.03%

4 2 � 10�2 THF 1.00 equiv 50 °C 4 h 0.07% 0.05%

5 2 � 10�2 THF 2 � 0.50 equivf 50 °C 4 h – 0.03%

6 2 � 10�2 THF 1.00 equivf 50 °C 4 h – –

7 2 � 10�2 1,4-dioxane 1.00 equiv 50 °C 4 h traces traces

8 2 � 10�2 THF/TMEDA 1.00 equiv 50 °C 4 h – –

9 2 � 10�2 THF/benzene 1.00 equiv 50 °C 4 h 0.04% traces

aFinal concentration (c) after the addition of 2.
bSteps of the addition of 2 to the reaction mixture.
cReaction temperature (temperature) after the addition of 2.
dReaction time after the addition of 2 before aromatisation.
e1 h after every addition.
fAddition to monolithiated 3.
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crude CPP was completely extracted (TLC control). By this,
the total amount of material was reduced by roughly 90% by
weight and column chromatography became feasible.

After this encouraging result and an efficient purifica-
tion method in hand, the one-pot approach was further
optimised (Table 1). In a first attempt, the addition of
benzoquinone 2 was varied. Usage of an excess of the
lithiated species led to a higher conversion rate as reported
by the groups of Jasti and Yamago.17,19 Benzoquinone was
added successively to monolithiated dibromobiphenyl,

which increased the relative concentration of biphenyl
favouring the double addition (Table 1, entry 2).

After adding one additional equivalent of n-BuLi, the
remaining quinone 2 was added in three portions to the
reaction mixture. The reaction mixture was quenched as
mentionedbefore.TheSoxhletextract (seedescriptionabove)
was further purified by column chromatography, providing a
mixture of [6]CPP and [9]CPP. Finally, [9]CPP was isolated
in a yield of 0.01% and [6]CPP in traces (<<0.5 mg) after
purification using GPC. Next, the reaction time was altered
(Table 1, entry 3). TLC analysis showed nomore change after
18 h. Due to stirring problems using magnetic stirrers, an
overhead stirrer was introduced. Afterwards H2SnCl4 was
added to aromatise the expected macrocyclic intermediate.
The reaction mixture was purified by Soxhlet extraction as
mentioned before and column chromatography. After GPC
purification, [9]CPPwas obtained in 0.03% isolated yield. The
yield was higher than that in the successive approach, but
lower compared to thefirst synthesis. In order to increase the
reactivity even more, the reaction mixture of the dilithiated
biphenyl 7 and quinone 2 was heated to 50 °C immediately
after the addition of 2 and stirred for 4 h (Table 1, Scheme 3).
The reactionmixturewasagainpurifiedbySoxhletextraction
and column chromatography. [9]CPP was obtained in 0.05%
(1.2 mg)and [6]CPP in0.07%(1.7 mg) isolatedyieldafterGPC.

To further investigate the formation of the correspond-
ing macrocycles, stepwise lithiation of biphenyl 3 was
performed (Table 1, entries 5 and 6). First, double addition

Figure 1 Purification work-flow.

Scheme 3 Reaction scheme of the one-pot formation of [6] and [9]CPP and their corresponding macrocyclic precursors.
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of monolithiated biphenyl 3 to quinone 2 was tested. In
theory, this would lead to a 5-membered precursor, which
then could react to macrocycles by further lithiation and
addition of 2. Using the same procedure as mentioned
before, only [9]CPP was obtained in 0.03% (0.7 mg) isolated
yield. Moreover, 1:1 addition of monolithiated biphenyl 3 to
quinone 2 was performed. After further lithiation, followed
by the standard procedure of aromatisation, no CPP was
obtained (TLC control).

Next, different solvents were screened. Following the
highest yielding procedure (Table 1, entry 4), the solvents
1,4-dioxane, THF/TMEDA (9:1) and THF/benzene (1:1) were
tested. In the case of 1,4-dioxane the addition of n-BuLi was
carried out at room temperature (rt). The use of 1,4-dioxane
and TMEDA as a (co-)solvent did not lead to the isolation of
CPPs. However, the mixture of THF/benzene (1:1) led to the
isolation of [6]CPP in 0.04% yield (0.9 mg) as well as [9]CPP
in traces.

Byaddingp-benzoquinone(2) successively to the reaction
mixture, theyielddroppeddramatically compared to thefirst
approach. Nevertheless, this reaction yielded the highly
strained [6]CPP under these one-pot conditions. Moreover,
subsequent lithiationofbiphenyl3 (entries5and6)combined
with different addition sequences of 2 did not give higher
yields.Thiscouldbeexplainedbythestepwiselithiationandit
has been reported that the lithiation of the double addition
product to benzoquinone leads to decomposition.2 Also
elongating the reaction time at a low temperature (�78 °C)
did not increase the initial yield of thefirst approach (Table 1,
entry 3). The longer reaction time and lower temperature
could favour linearadductsor rearrangements to lessstrained
meta-connected side-products.21

The highest total isolated yield was observed when
heating the reaction mixture to 50 °C in THF for 4 h in this
study (Table 1, entry 4). Furthermore, [6]CPP was the main
product, which led to the hypothesis that heating increases
the total yield and also favours the formation of more
strained cyclic precursor 11a (Scheme 3). In comparison to
the first approach, the concentration was lowered in this
case to favour intra- over intermolecular reactions. By
reducing the concentration in combination with a higher
reaction temperature, the one-pot synthesis showed a
preference for the smaller [6]CPP (Scheme 3). Furthermore,
the formation of [6]CPP was also favoured using
THF/benzene as the solvent. This could lower the total
reactivity of all lithiated species and favour intramolecular
reactions.

Conclusions

In summary, we describe a transition metal-free one-
pot synthesis of [6] and [9]CPP. This is the fastest and
easiest way to access cycloparaphenylenes reported so

far. By developing a convenient purification work-flow,
the targeted CPPs could be easily separated from the
complex reaction mixtures. Starting from cheap materi-
als, it opens up new ways and strategies for CPP
synthesis.

Experimental Section

All reactions were carried out under inert conditions.
Dry solvents were purchased from Acros Organics and
stored under a nitrogen atmosphere. Technical grade
solvents for column chromatography and extraction
were distilled once prior to use. All reagents were
purchased at reagent grade from commercial suppliers
and were used without further purification. For column
chromatography, silica gel 60 (0.04–0.063 mm) from
Macherey-Nagel GmbH & Co. was used. For TLC, SIL
G/UV254 with 0.2-mm SiO2-layer thickness from
Macherey-Nagel GmbH & Co. was used. Spots were
detected with a UV-lamp at the wavelength of 254 nm
or 366 nm. Proton-nuclear magnetic resonance (1H NMR)
spectra were measured on a Bruker Avance 400 (400 MHz)
or a Bruker Avance 600 (600 MHz) spectrometer. Carbon-
nuclear magnetic resonance (13C NMR) spectra were
measured on a Bruker Avance 400 (101 MHz) or a Bruker
Avance 600 (151 MHz) spectrometer. All measurements
were performed at rt. For GPC, a Shimadzu instrument
(consisting of an LC-20AD pump unit, an SPD-20A detector
unit (D2 lamp) and a CTO-20AC column oven) equipped
with a PSS SDV preparative column (100 Å, 300 mm
length, 20.0 mm diameter) was used. As eluent ‘Chloro-
form for HPLC stabilised with amylene’ by Acros Organics
(charge number: 268320025) was used.

Procedures

Selective synthesis of [9]CPP (Table 1, entry 1):
Dibromobiphenyl 3 (6.37 g, 20.0 mmol, 1.00 equiv) was
dissolved in dry THF (500 mL). The solution was cooled to
�78 °C. A solution of n-BuLi (1.6 M in hexanes, 26.3 mL, 2.1
equiv) was added slowly. The resulting light-green
coloured suspension was stirred for 60 min at �78 °C.
Then, p-benzoquinone (2) (2.16 g, 20 mmol, 1.00 equiv)
was dissolved in dry THF (100 mL, in a second flask) and
cooled to�78 °C. The solution of quinone 2was transferred
to the first flask via a cannula and the solution was stirred
for 2 h at �78 °C, then allowed to warm to �40 °C for
30 min and again cooled to �78 °C. Again, a solution of
n-BuLi (1.6 M in hexanes, 26.3 mL, 2.10 equiv) was added
slowly and stirring was continued for 60 min at �78 °C.
Quinone 2 (2.16 g, 20 mmol, 1.00 equiv) was added as
mentioned before, followed by stirring for 2 h at �78 °C.
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The mixture was allowed to warm to rt. Tin(II)chloride
dihydrate (39.7 g, 176 mmol, 8.80 equiv) was dissolved in
HCl (38%, 35.0 mL, 434 mmol, 21.7 equiv) and stirred for
30 min. The resulting solution was slowly added to the
reaction mixture, which was heated under reflux for 1 day.
The yellow-white solution was allowed to cool to rt. Water
(100 mL) and CH2Cl2 (100 mL) were added. The organic
layer was separated and washed with water (100 mL) and
brine (100 mL). The organic layer (very viscous) was dried
with MgSO4, filtered off and washed with CH2Cl2
(3 � 200 mL). The solvent was removed under reduced
pressure and column chromatography was performed
(SiO2, 400 g, cyclohexane/CH2Cl2 ¼ 1:1). Fractions con-
taining [9]CPP (green spot, Rf ¼ 0.45) were combined and
further purified by GPC (6 mL/min, retention time ¼ 12.29
min). [9]CPP was obtained as a green solid (5.1 mg, 7.5
μmol, 0.1%). The analytical data correspond to the
literature data.2

Synthesis of [6] and [9]CPP (entry 4): Dibromobiphenyl 3
(3.18 g, 10.0 mmol, 1.00 equiv) was dissolved in dry THF
(500 mL). The solutionwas cooled to�78 °C. A solution of n-
BuLi (1.6 M, 12.8 mL, 20.5 mmol, 2.05 equiv) was added
slowly and the resulting mixture was stirred (mechanical
stirrer) for1 h at�78 °C. Quinone 2 (1.08 g, 10.0 mmol, 1.00
equiv) was added neat. The resulting solution was warmed
up to 50 °C and was stirred for 4 h at that temperature. Tin
(II)chloride dihydrate (9.93 g, 44.0 mmol, 4.40 equiv) and
HCl (38%, 8.72 mL, 108 mmol, 10.8 equiv) were mixed and
slowly added to the reaction mixture followed by heating
under reflux for 1.5 h. The reactionwas quenched by adding
water (100 mL) and CH2Cl2 (200 mL). The layers were
separated, and the aqueous layer was washed with CH2Cl2
(3 � 100 mL). The combined organic layers were washed
with brine (200 mL) and dried with MgSO4 and concentrat-
ed under reduced pressure. The residue was taken up in
CH2Cl2 and loaded onto silica gel (20 g). This solid was used
for Soxhlet extraction with pentane (10 h), followed by
toluene (4 h). TLC analysis showed a spot for [9]CPP (green,
Rf ¼ 0.45) only in the toluene extract. Column chromatog-
raphy (SiO2, 100 g, toluene/cyclohexane ¼ 1:1) provided
crude [9]CPP and [6]CPP. GPC was performed (6 mL/min,
retention time ¼ 12.29 and 13.57 min) and pure [6]CPP
(1.7 mg, 3.72 μmol, 0.07%) and [9]CPP (1.2 mg, 1.75 μmol,
0.05%) were obtained. Analytical data correspond to the
literature data.2,15

Please see Supporting Information for other entries
(Table 1, entries 2, 3, and 5–9).
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