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Very Important Paper

Synthesis of a Substituted [10]Cycloparaphenylene through
[2+2+2] Cycloaddition
Jannis Volkmann,[a, b] Daniel Kohrs,[a, b] Felix Bernt,[a, b] and Hermann A. Wegner*[a, b]

Herein, we report the synthesis and investigation of a
substituted [10]cycloparaphenylene (CPP) incorporating a dieth-
ylphthalane unit. An efficient strategy relying on a symmetric
built-up starting with propargyl ether as [2+2+2] cyclo-
addition precursor was developed. The straightforward syn-
thesis required overcoming unexpected obstacles within the [2
+2+2] cycloaddition, protection and aromatization. These
results give valuable insights for accessing CPPs with highly

substituted subunits. Finally, a seven-step synthesis with an
overall yield of 8% provided the target nanoring, including
good to excellent yields for the critical macrocyclization and
aromatization. The synthesized nanohoop exhibits a hypsochro-
mic shift in fluorescence and absorption, compared to the
unsubstituted [10]CPP. This observation is proposedly caused
by an increased torsion angle between the bivalent substituted
phenyl moieties and the adjacent units.

Introduction

Cycloparaphenylenes (CPPs), the shortest cutout of an armchair
carbon nanotube, attract attention in the fields of organic
synthesis, as well as molecular materials:[1,2] The distortion of
their radially oriented π-systems in these nanohoops result in
unique optoelectronic as well as supramolecular properties,
which are not only dependent on the ring size, but also on the
substituents.[3] The extraordinary structure of these nanorings
makes the development of new syntheses still an ambitious
task. Hence, general access to CPPs with a high degree of
substitution represents still an unsolved challenge. In recent
years, different strategies were explored to introduce manifold
substituents and substitutional pattern to CPPs (Figure 1).[2,4,5–8]

Two major approaches can be distinguished: The post function-
alization of non-substituted CPPs[9–12] and the introduction of
substituents within the first building blocks.[13–15] The first
principally offers the largest flexibility as unsubstituted CPPs are
modified in the last step(s) of their synthesis. However, this
method is restricted by its low selectivity and suffers from a low substrate tolerance (i. e. ring size).[11] Besides this, the accessible

degree and pattern of substitution is still strongly limited.
Therefore, this approach is not practical to access a broad
variety of functionalized nanohoops.

The introduction of substituents within the first steps of the
synthesis, on the other hand, is restricted by the requirement,
that the introduced substituents have to tolerate every applied
reaction condition within the synthesis. This drawback can be
partially circumvent by using a dummy, which tolerates these
conditions and can be easily transferred into the desired
functionality.[17] Nevertheless, this approach is again limited to
specific substitution pattern and functionalities.

An alternative to these approaches is the introduction of
substituents at a more advanced stage of the synthesis. Here,
electrocyclic reactions,[20] as well as transition metal-catalyzed
[2+2+2] cycloaddition reactions (CA) have proven their
feasibility.[8,18,19] In general, the [2+2+2] CA is a highly efficient
method to synthesize substituted aromatic rings in a regiose-
lective fashion.[21] This methodology showed its potential in the
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Figure 1. Summary of strategies to access for substituted CPPs, classified by
their synthetic methodology.[5–20]
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preparation of substituted CPPs with either twofold,[7] or
fourfold[8] functionalized phenyl units. Tanaka and coworkers, as
well as our group exploited the strength of this reaction for the
synthesis of substituted CPPs, introducing different function-
alities, such as esters, ethers, aliphatic and aromatic side chains
(Figure 1).[7,8] Furthermore, highly complex structural motifs
such as a Möbius-shaped nanoring has been accessed via the
[2+2+2] CA.[22]

In 2014, our group realized the incorporation of diethylph-
thalane units in [8]CPPs.[8] The steric demand of the annulated
ring systems and the two substituents on the opposite side of
the phenyl unit led to a significant increase in the torsion angle
with their neighboring rings. As a consequence, the extinction
coefficient decreased significantly, while the absorption max-
imum λmax was hypsochromically shifted. This large torsion
angle, as well as the tetravalent substitution pattern are of
particular interest as design elements to control the optoelec-
tronic and non-covalent interaction properties of these nano-
hoops. Even though the developed synthesis furnished a variety
of novel, diverse [8]CPPs, the efficiency to access these
substitution pattern for further use and investigation has to be
improved.

Results and Discussion

Synthesis

In view of the drawbacks of the above discussed synthesis of
substituted [8]CPPs via [2+2+2] CA, the new strategy towards
such valuable tetra-substituted [10]CPP 1 was designed. By
slicing the CPP in two equal parts, two symmetric five-
membered building blocks (Scheme 1, 4 and 3) would be
obtained as precursors for a strain-reduced macrocyclic pre-
cursor 2. While the unsubstituted building block 4 can be
synthesized via a literature known procedure,[23] the substituted
coupling partner 3 should be accessible via a [2+2+2] CA with
3-hexyne (7). This reaction could either be performed in the
completing step of the building block synthesis towards 3
(path A), or one step in advance, forming a three-membered
building block 5 (path B). The former approach is preferable, as
one protection step is sufficient, while the latter approach
requires a successive two-step protection. Further, only a bulky
protecting group is suitable in path B to obtain a syn-selectivity
within the formation of 3. However, in path A the [2+2+2] CA
is executed with a more sterically encumbered substrate, which
might hamper the formation of the substituted core unit. Both
described paths have their origin in the tethered diquinone
derivative 8. This substrate already contains the cyclohexa-
dienes, which ensure the angular arrangement in the U-shaped

Scheme 1. Retrosynthetic perspective for the synthesis of target compound 1. Two synthetic paths were followed, whereat the order of steps is changed,
resulting in a difference in reactivity.
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building block 3 enabling the formation of strain reduced
macrocycle 2. Dialkyne 8 is conveniently accessible from the
commercially available propargyl ether 9 and 1,4-benzoqui-
none.

In the first step the propargyl ether 9 was deprotonated,
followed by the addition of 1,4-benzoquinone forming the
diketone 8 with a moderate yield of 37% (Scheme 2). Increasing
the amount of benzoquinone from 2.35 eq. to 3.52 eq. raised
the yield to 53%. The main side product was the mono addition
product. However, increasing the amount of benzoquinone
improved the ratio between double and single addition only
marginally. In the following step, the extension of the building
block was targeted (path A). Monolithiation of 1,4-dibromoben-
zene (10) and subsequent addition to the deprotonated diol 7
provided the tetraalcohol. As expected, one diastereomer was
obtained in large excess.[24] At this point, it was not possible to
remove traces of other diastereomers. Hence, the mixture of
diastereomers was exposed directly to the protection toward
tetra methyl ether 6-Me. During a protection using NaH and
iodomethane without an additive, no consumption of the diol

was observed. A proton-deuterium exchange experiment
proved the efficient deprotonation with sodium hydride (see
Supporting Information Figure S1). Hence, the following nucle-
ophilic attack of the sodium alcoholate emerged to be too
hindered. Only by addition of 15-crown-5 in this protection the
[2+2+2] precursor was accessed. The crown ether complexing
the sodium increased the nucleophilicity of the alcoholate and
thus enabled the completion of the ether synthesis of 6-Me.

The following [2+2+2] CA was executed with 3-hexyne (7).
Different temperatures and catalytic systems, as well as
reactions in a microwave and a pressure tube were tested for
this reaction (for further information see Supporting Informa-
tion Table S1 and Table S2). However, the product was only
obtained in traces. To elucidate this low reactivity, 1H NMR
experiments with stoichiometric and hyperstoichiometric
amounts of Wilkinson’s catalyst were performed (see Support-
ing Information Figure S3). The addition of a stoichiometric
amount of the catalyst led to the formation of a new set of 1H
NMR signals with a ratio of 1 : 1 with respect to the signals of
the starting material 6-Me. Upon addition of a second
equivalent of the catalyst, the signals of the starting material
vanished. This result indicates the formation of an undesired
1 :2 species of the dialkyne and the catalyst which did not
proceed to the desired [2+2+2] cycloadduct.

As this strategy (path A) did not proceed as desired, the
alternative pathway (path B) was followed. Here it was expected
that the strongly reduced steric hindrance arising from the two
para-bromophenyl groups should facilitate the [2+2+2] cyclo-
addition, more precisely the coordination and subsequent
insertion of the third alkyne. Therefore, diol 8 was protected as
di(triethylsilyl) ether in excellent yield. This protection prohibits
undesired interactions of the hydroxyl group in the [2+2+2]
cycloaddition, as well as ensures the syn-selectivity for the
subsequent addition. Indeed, the [2+2+2] CA with 3-hexyne
(7) and Wilkinson’s catalyst (7.5 mol%) gave phthalane 5-TES in
71% yield. When the catalyst loading was lowered to 5.2 mol%
the yield also decreased to 54%. Next, 1,4-dibromobenzene
(10) was lithiated and added to diketone 5-TES providing the
desired 5-membered building block 3-TES-H. Suitable crystals
for X-ray analysis of this key intermediate were obtained by
layering a solution of 3-TES-H in dichloromethane with n-
pentane. The obtained solid-state structure shows a U-shape
arrangement which is ideally oriented for the dimerization
forming the ten-membered macrocycle 2 (Figure 2).

The remaining two hydroxyl groups in 3-TES-H should be
protected, either as their methyl or silyl ethers to prevent side
reactions in the following steps. However, this protection
emerged to be an unexpected challenge. Different strong bases,
as well as protection agents were applied but the protection
was not achieved. In the majority of cases, starting material was
re-isolated, while harsh conditions led to decomposition.
Proton-deuterium exchange 1H-NMR experiments were per-
formed, whereat no deprotonation with NaH was observed (see
Supporting Information Figure S2). This finding is remarkable as
there should be a difference in pKa values of approximately 20–
25 orders of magnitude between the tertiary alcohol and the
corresponding acid of the applied base (based on the pKa value

Scheme 2. Synthetic routes A & B toward five membered building block 3-
TES-H.
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of known tertiary alcohols).[25] One explanation could be the
strong steric hindrance of the tertiary alcohol with the large TES
group in close proximity (Figure 2). The substituted phenyl ring
thrusts the silyl ether toward the cyclohexadienes, where the
bulky and flexible protecting group shields the free alcohol.
Indeed, the crystal structure shows a proximity between
protection group and the alcohols. Nevertheless, the hindrance
to such a degree is surprising. The free and flexible rotation of
the protecting group could increase this shielding drastically
and therefore might explain the observed inertness. Despite the
initial doubts the macrocyclization between substituted dibro-
mide 3-TES-H and non-substituted diboronic ester 4 was
performed without protection using Pd2(dba)3 and the Buch-
wald ligand S-Phos (Scheme 3). The Suzuki coupling led to the
macrocycle in an unexpectedly high yield of 31%. Deprotection
with TBAF provided the mixed OH/OMe-macrocycle. For the

final step, H2SnCl4, as well as sodium naphthalenide were tested
to form the desired CPP 1. While an aromatization with H2SnCl4
gave the product in traces, the product was not observed via
single-electron reduction with sodium naphthalenide. This
circumstance is presumably caused by the combination of
cyclo-hexadienols, as well as their methyl ethers for the
aromatization. In literature, the stannane-ate complex is majorly
used for the aromatization of cyclohexadienols,[26] while, to the
best of our knowledge, an aromatization with naphthalenide is
only reported for the methyl ethers.

Based on this rationale, the all-methyl protected macrocycle
2-Me was targeted. Therefore, the protection of the five-
membered building block 3-TES-H was resumed. The silyl ether
was quantitatively cleaved with TBAF to the tetraalcohol. By
applying NaH as base and iodomethane as the electrophile, the
fourfold methyl protected building block 3-Me was obtained in
81% over two steps. The fact, that this protection was
successful, strengthens the assumption that the deprotonation
of 3-TES-H was sterically strongly hindered by the large silyl
protecting group. With building block 3-Me and non-substi-
tuted diboronic ester 4 in hand, again, a macrocyclization with
similar conditions was executed, yielding the fully protected
macrocycle in an even better yield of 46%. As expected, the
aromatization with an excess of sodium naphthalenide led to
the desired diethylphthalane incorporated [10]CPP 1. In contrast
to the previous aromatization attempts of macrocycle 2-TES-H,
the outcome was strongly improved to a yield of 70%. In total,
an overall yield of 8% was achieved for this seven-step
synthesis. This displays an exceedingly increase in yield
compared to our previously reported synthesis of a similarly

Figure 2. a) Solid state structure of the TES/OH-building block 3-TES-H
(ORTEP drawing, solvent molecules were omitted). b) Illustration of the
proposed sterically shielding of the alcohol moieties by the bulky protecting
group.

Scheme 3. Completion of the synthesis. The faster synthesis without protection yielded in the desired macrocycle, but not in the targeted CPP (left path),
while a de- and reprotection of the five-membered building block 3-TES-H provided the substituted CPP after a successful macrocyclization (right path).
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substituted [8]CPP (0.01% yield).[8] Especially the critical steps,
the macrocyclization and the aromatization have been greatly
improved. By using a rigid U-shaped building block, the
macrocyclization is significantly enhanced in contrast to the
reaction with flexible building blocks. Furthermore, the use of
cyclohexadienes proved to be more efficient to aromatize
compared to cyclohexanes.[7,27]

Optoelectronic properties

Compound 1 exhibits an absorption maximum at 326 nm, as
well as a broad shoulder between 350 and 425 nm (Figure 3),
displaying a hypsochromic shift compared to [10]CPP (340 nm).
This blue shift can be rationalized by the larger torsion angle in
the substituted case resulting in a reduced conjugation. This
structural change has been well characterized by X-ray analysis
for a substituted [8]CPP.[8] The same circumstance leads to a
lower extinction coefficient for the substituted CPP 1. This
observation is in a good agreement to other functionalized
CPPs.[8,19] The hypsochromic shift (Δλ) in case of the analogous
substituted [8]CPP compared to the parent [8]CPP is slightly
larger (Δλabs([8]CPP)=28 nm) in respect to the here reported
[10]CPP (Δλabs([10]CPP)=14 nm).[8] CPP 1 has a larger ring size
and lower degree of substitution with respect to the reported
[8]CPP resulting in a less pronounced variation compared to the
parent CPP. The fluorescence spectrum shows two emission
maxima at 436 and 458 nm, respectively. The blue shifted
maximum exhibits the highest intensity, which can only be
observed as a shoulder in the unsubstituted case. According to
Tretiak and coworkers these two maxima can be ascribed to
vibronic features and accordingly decreased vibrational
coupling.[28] Similar to the absorption, the fluorescence is shifted
hypsochromically, compared to the unsubstituted case
(474 nm). In comparison to the previously reported [8]CPP the
aberration in [10]CPP 1 is much less distinct. While the
substitution within the [8]CPP led to blue shift in the

fluorescence of Δλem([8]CPP)=87 nm,[8] it is only Δλem([10]CPP) -
=16 nm in case of the [10]CPP.

Conclusion

In conclusion, a synthesis for a substituted CPP was developed.
The synthesis disclosed unexpected issues like a strongly
hindered [2+2+2] cycloaddition of building block 6-Me, as
well as a remarkable stability of diol 3-TES-H against deprotona-
tion. In the end, all obstacles were overcome and the targeted
substituted [10]CPP 1 was obtained in an overall yield of 8%. In
this context the extraordinary high yield of both, the macro-
cyclization and the aromatization has to be highlighted, which
is in contrast to the previously reported synthesis of a
diethylphthalane incorporated CPP and other syntheses of
substituted nanohoops. With a hypsochromic shift in absorption
and fluorescence, as well as a decrease in the extinction, the
observed optoelectronic properties are in good agreement with
other substituted cycloparaphenylenes.

Experimental Section

General Information

NMR spectroscopy: NMR spectra were measured on a Bruker
Avance II 200 MHz, Avance II 400 MHz, Avance III 400 MHz HD or
Avance III 600 MHz spectrometer at 25 °C if not otherwise noted. As
the internal reference, the shifts of the solvent residual peaks were
used.[29]

Mass spectrometry: ESI-MS spectra were measured on a Bruker
Daltonics Micro TOF LC. The samples were dissolved in methanol. A
positive voltage of 4500 V was applied to the capillary and –500 V
to the End Plate Offset. The nebulizer was set to 0.4 bar. The dry
heater was set to 180 °C and the flow of nitrogen as the dry gas to
4.0 l/min. For measurements in the negative ion mode, a negative
voltage of 3000 V was applied, while the other parameters
remained the same. For the MALDI-MS measurements a house
made MALDI-source was used with 2,5-dihydroxybenzoic acid as
the matrix. The mass spectrometer Q-ExactiveTM by Thermo Fisher
Scientific was connected to the MALDI-source.

Chemicals: The chemicals were purchased from Sigma-Aldrich,
Acros Organics, Alfa Aesar, BLD-Pharm and TCI Europe. Anhydrous
solvents were purchased from Acros Organics. Deuterated solvents
were purchased from Euriso-Top GmbH. Technical grade solvents,
used during work-up and purification, were distilled prior to use.
Dry THF used for the aromatization step was distilled prior to use to
remove the stabilizing agent. The unsubstituted diboronic ester 4
was synthesized according to a published synthesis.[23]

Column chromatography: Flash column chromatography was
carried out with Silica 60 M (0.04–0.063 mm) from Macherey-Nagel
GmbH & Co. KG. Thin layer chromatography was carried out on
Polygram® SIL G/UV254 from Macherey-Nagel GmbH & Co. KG.

Melting point determination: Melting points were determined on
a M5000 melting point meter from A. KRÜSS Optronic GmbH,
Germany. A heating rate of 1 °C min � 1 and a resolution of 0.1 °C
were used, with an accuracy of �0.3 °C (25–200 °C) and �0.5 °C
(200–400 °C).

Figure 3. Absorption (solid lines, 10� 5 m) and emission (dashed lines, 10� 6 m)
spectra of CPP 1 and [10]CPP measured in CHCl3.
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Microwave reactions: Microwave reactions were performed in a
Discoverer SP Activent® microwave reactor by CEM.

UV-Vis spectroscopy: Solvents for UV/Vis spectroscopy were
purchased from Merck or Chemsolute (Uvasol® or HPLC quality).
The measurements were carried out with a SPECORD® 200 PLUS
spectrophotometer equipped with two automatic eight-fold cell
changers and a Peltier element thermostat system (0.1 °C accuracy)
by Analytik Jena.

Fluorescence spectroscopy: Solvents for UV/Vis spectroscopy were
purchased from Merck or Chemsolute (Uvasol® or HPLC quality).
The measurements were carried out with a FP-8300 fluorescence
spectrometer from Jasco. The sample was irradiated with a Xe-
lamp. Excitation and emission bandwidth were set to 2.5 nm.

Synthetic procedures

Synthesis of diketone 8: Propargyl ether 9 (84% in toluene, 3.49 g,
31.1 mmol, 1.00 eq.) and 200 ml dry THF were placed in a flame-
dried flask and cooled to � 78 °C. A solution of n-BuLi (1.6 m in
hexanes, 46.0 ml, 73.6 mmol, 2.37 eq.) was added within 30 min
and the resulting suspension was stirred for another 30 min. In a
second flask, freshly recrystallized 1,4-benzoquinone (11.7 g,
109 mmol, 3.52 eq.) was dissolved in 150 ml dry THF. After cooling
to � 40 °C, the benzoquinone solution was transferred to the other
flask via a transfer cannula. The residue was dissolved in 40 ml dry
THF and again transferred to the reaction mixture, which was then
stirred at � 40 °C overnight. To quench the reaction, 80 ml saturated
aq. NH4Cl solution were added and the mixture was subsequently
allowed to reach rt. The organic phase was extracted with ethyl
acetate (3×150 ml) washed with brine (150 ml), dried over MgSO4,
filtered and concentrated under reduced pressure. The crude
product was dissolved in ethyl acetate, filtered through Celite© and
concentrated at reduced pressure. Afterwards, it was purified by
flash silica column chromatography with ethyl acetate/cyclohexane
as eluent (1 : 1 to 3 :1) to obtain an off-white solid (5.14 g,
16.6 mmol, 53%). 1H NMR (400 MHz, DMSO-d6) δ 7.01–6.93 (m, 4H),
6.72 (s, 2H), 6.16–6.09 (m, 4H), 4.23 ppm (s, 4H). 13C NMR (101 MHz,
DMSO-d6) δ 184.4 (2 C), 148.4 (4 C), 125.8 (4 C), 84.4 (2 C), 80.2 (2 C),
61.2 (2 C), 56.4 ppm (2 C). HRMS (ESI): calc. for [C18H14NaO5]

+ : [M+

Na]+ 333.0733, found 333.0731. MP >115 °C (dec.).

Synthesis of dialkyne 6-Me: Diketone 8 (0.620 g, 2.00 mmol,
1.00 eq.) was placed in a flame-dried flask, dissolved in 40 ml dry
THF and cooled to � 70 °C. Sodium hydride (60% in mineral oil,
239 mg, 5.98 mmol, 2.99 eq.) was added and the mixture was
stirred for 30 min. In a second flame-dried flask, 1,4-dibromoben-
zene (10) (1.94 g, 8.06 mmol, 4.03 eq.) was dissolved in 50 ml dry
THF and subsequent cooled to � 70 °C. n-BuLi (5.50 ml, 1.6 m in
hexanes, 8.80 mmol, 4.40 eq.) was added and the resulting
suspension was stirred for 30 min. Afterwards, the suspension
containing lithiated bromobenzene was transferred to the diketone
mixture via a transfer cannula within 10 min. The reaction mixture
was stirred and allowed to reach rt overnight. The reaction mixture
was cooled to � 55 °C and 80 ml half-saturated aq. NH4Cl solution
were added to quench the reaction. After reaching rt, the organic
phase was extracted with ethyl acetate (2×75 ml). The combined
organic phases were washed with brine (75 ml), dried over MgSO4,
filtered and the volatiles were removed at reduced pressure.
Cyclohexane (5 ml) was added to dissolve impurities, subsequently
removed with a pipette and the solid was dried under vacuum. One
third of the crude product was redissolved in 35 ml dry THF and
cooled to � 60 °C. Sodium hydride (105 mg, 60% in mineral oil,
2.65 mmol, 4.11 eq.) was added and the mixture was stirred for
30 min. Meanwhile, 15-crown-5 (0.55 ml, 2.75 mmol, 4.26 eq.) was
dissolved in 5 ml dry THF and subsequently added to the reaction

mixture at � 55 °C. After stirring for 30 min, iodomethane (800 μl,
12.9 mmol, 19.9 eq.) was added at � 50 °C. The reaction mixture was
allowed to reach rt and was stirred overnight. Water (20 ml) was
added to quench the reaction. The organic phase was extracted
with ethyl acetate (2×20 ml) and the combined organic phases
were washed with brine (20 ml), dried with MgSO4, filtered and the
volatiles were removed at reduced pressure. The product was
purified twice by alumina oxide (neutral) column chromatography
with cyclohexane/ethyl acetate/DCM (1st column: 10 :1 : 1 to 8 :1 : 1,
2nd column: 20 :1 :1 to 5 :1 : 1) as eluent to obtain the product 6-Me
as a yellowish waxy solid (249 mg; 0.366 mmol, 56%). 1H NMR
(400 MHz, THF-d8) δ 7.46–7.41 (m, 4H), 7.37–7.33 (m, 4H), 6.20–6.14
(m, 4H), 5.84–5.78 (m, 4H), 4.31 (s, 4H), 3.36 (s, 6H), 3.29 ppm (s, 6H).
13C NMR (101 MHz, THF-d8) δ 143.8 (2 C), 133.8 (4 C), 132.0 (4 C),
131.0 (4 C), 128.7 (4 C), 121.9 (2 C), 86.6 (2 C), 82.2 (2 C), 75.7 (2 C),
67.6 (2 C), 57.0 (2 C), 52.2 (2 C), 51.9 ppm (2 C). HRMS (ESI): calc. for
[C34H32Br2O5Na]

+ : [M+Na]+ 701.0508, found 701.0506. MP Due to
its texture, no melting point could be determined.

Synthesis of the TES-protected diketone 8-TES: Diketone 8
(318 mg, 1.02 mmol, 1.00 eq.) and imidazole (273 mg, 4.01 mmol,
3.91 eq.) were added to a flame-dried round bottom flask
containing dry DMF (20 ml). The mixture was stirred until all solids
were dissolved and subsequently TESCl (400 μl, 2.36 mmol, 2.30 eq.)
was added dropwise to the stirring solution. After the complete
addition, the resulting solution was stirred at rt overnight. Water
(15 ml) was added to the crude reaction, which was then extracted
with DCM (3×15 ml). The combined organic phases were washed
with water (3×15 ml), brine (15 ml), dried over MgSO4, filtered and
concentrated at reduced pressure. The product was obtained as a
yellow oil (527 mg, 0.980 mmol, 95%). 1H NMR (400 MHz, DMSO-d6)
δ 7.00–6.95 (m, 4H), 6.19–6.14 (m, 4H), 4.27 (s, 5H), 0.92 (t, 3J=

7.9 Hz, 18H), 0.65 ppm (q, 3J=7.9 Hz, 12H). 13C-NMR (101 MHz,
DMSO-d6) δ 184.2 (2 C), 147.8 (4 C), 126.1 (4 C), 83.8 (2 C), 81.8 (2 C),
63.4 (2 C), 56.5 (2 C), 6.8 (6 C), 5.7 ppm (6 C). HRMS (ESI): calc. for
[C30H42O5Si2Na]

+ : [M+Na]+ 561.2463, found 561.2464.

Synthesis of 3-membered building block 5-TES through [2+2+

2] cycloaddition: Dialkyne 8-TES (527 mg, 0.978 mmol, 1.00 eq.), 3-
hexyne (7) (2.25 ml, 19.6 mmol, 20.0 eq.), dry i-PrOH (35 ml) and dry
THF (35 ml) were placed in a flame dried Schlenk tube under N2.
[Rh(PPh3)3Cl] (67.8 mg, 73.3 μmol, 7.50 mol%) was added and the
reaction mixture was heated to 50 °C overnight. Water (70 ml) was
added and the aqueous phase was extracted with DCM (3×70 ml).
The combined org. layers were washed with water (2×70 ml), brine
(70 ml) and dried with MgSO4. The solid was removed by filtration
and the volatiles were evaporated at reduced pressure. The crude
product was purified by flash silica chromatography with toluene/
ethyl acetate/NEt3 (10 :1; 1% NEt3) as eluent The product 5-TES was
obtained as a white crystalline solid (429 mg, 0.691 mmol, 71%). In
case the column chromatography does not liberate the pure
product, it can be further purified by recrystallization from n-
pentane. 1H NMR (400 MHz, CDCl3) δ 7.02–6.96 (m, 4H), 6.31–6.26
(m, 4H), 5.21 (s, 4H), 2.61 (q, 3J=8.0 Hz, 4H), 0.97–0.89 (m, 24H),
0.66 ppm (q, 3J=8.6, 7.9 Hz, 12H). 13C NMR (101 MHz, CDCl3) δ 185.6
(2 C), 150.7 (4 C), 141.2 (2 C), 138.9 (2 C), 134.4 (2 C), 127.5 (4 C),
73.8 (2 C), 73.4 (2 C), 21.2 (2 C), 17.6 (2 C), 7.1 (6 C), 6.3 ppm (6 C).
HRMS (ESI): calc. for [C36H52O5Si2Na]

+ : [M+Na]+ 643.3245, found
643.3247. MP 97–98 °C.

Synthesis of 5-membered building block 3-TES-H: 1,4-Dibromo-
benzene (10) (733 mg, 3.04 mmol, 3.79 eq.) was placed in a flame-
dried Schlenk tube and subsequently dissolved in dry THF (30 ml).
After cooling to � 78 °C, n-BuLi (2.20 ml, 1.6 m in hexanes,
3.52 mmol, 4.37 eq.) was added. The suspension was stirred for
30 min while reaching � 50 °C. At this temperature diketone 5-TES
(498 mg, 0.802 mmol, 1.00 eq.) was added and the reaction mixture
was allowed to reach rt overnight. The reaction mixture was cooled
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to � 20 °C and half-saturated aq. NH4Cl-solution (30 ml) was added.
The mixture was allowed to reach rt and the organic phase was
extracted with DCM (3×20 ml). The combined organic phases were
washed with water (3×50 ml) and brine (50 ml). Subsequently, the
organic phase was dried with MgSO4, filtered and the volatiles were
evaporated. A purification by flash silica chromatography with
cyclohexane/DCM/ethyl acetate/ NEt3 (20 :1 : 1 to 10 :1 : 1 with 1%
NEt3) as eluent afforded the product 3-TES-H as a white crystalline
solid (645 mg, 0.690 mmol, 86%). Note gram scale: On a 4.9 mmol
scale, 2.9 g product were obtained (65%). 1H NMR (400 MHz,
DMSO-d6) δ 7.55–7.48 (m, 4H), 7.38–7.33 (m, 4H), 6.13–6.05 (m, 8H),
5.83 (s, 2H), 4.80 (s, 4H), 2.48–2.36 (m, 4H), 0.90 (t, 3J=7.8 Hz, 18H),
0.75–0.62 ppm (m, 18H). 13C-NMR (101 MHz, DMSO-d6) δ 145.0 (2 C),
140.8 (2 C), 137.5 (2 C), 136.8 (2 C), 131.4 (2 C), 130.8 (4 C), 130.5
(2 C), 128.3 (4 C), 120.4 (2 C), 72.6 (4 C), 66.8 (4 C), 26.3 (2 C), 20.8
(2 C), 17.3 (2 C), 7.0 (6 C), 5.6 ppm (6 C). HRMS (MALDI): calc. for
[C48H62Br2O5Si2Na]

+ : [M+Na]+ 955.2395, found 955.2404. MP 106–
107 °C

Synthesis of OH-OTES-OMe-[10]macrocycle 2-TES-H: Tetra-substi-
tuted [5]building block 3-TES-H (310 mg, 332 μmol, 1.00 eq.) and
unsubstituted [5]building block 4 (251 mg, 319 μmol, 1.00 eq.) were
dissolved in 80 ml DMF and 10 ml H2O and subsequently degassed
with N2 (15 min). Pd2(dba)3 (31 mg, 33 μmol, 10 mol%), SPhos
(28 mg, 67 μmol, 20 mol%) and K3PO4×H2O (310 mg, 1.28 mmol,
3.85 eq.) were added and the reaction mixture was heated to
100 °C overnight. The reaction mixture was filtered through a plug
of Celite® and water (100 ml) was added. The organic phase was
extracted with DCM (3×100 ml), washed with water (6×100 ml),
dried with MgSO4, filtered and concentrated at reduced pressure.
The crude product was purified by silica column chromatography
with cyclohexane/DCM/EtOAc (10 :1 : 1 to 5 :1 : 1) and toluene:DCM:
EtOAc (5 :1 : 1 to 4 :1 : 1) as eluent to afford a white solid (130 mg,
102 μmol, 31%). 1H NMR (400 MHz, C6D6): δ 7.82 (s, 4H), 7.60–7.57
(m, 4H), 7.46–7.42 (m, 4H), 7.41–7.36 (m, 8H), 6.13–6.08 (m, 4H),
6.02–5.97 (m, 4H), 5.97–5.93 (m, 4H), 5.92–5.87 (m, 4H), 5.66 (s, 4H),
3.33 (s, 6H), 3.28 (s, 6H), 2.69–2.53 (m, 4H), 1.01 (t, 3J=7.8 Hz, 18H),
0.88–0.72 ppm (m, 18H). 13C NMR (101 MHz, C6D6) δ 144.2 (2 C),
143.8 (2 C), 142.8 (2 C), 141.4 (2 C), 140.8 (2 C), 140.1 (2 C), 139.1
(2 C), 137.9 (2 C), 133.5 (2 C), 133.5 (2 C), 133.4 (2 C), 130.2 (2 C),
127.6 (4 C), 127.2 (4 C), 127.2 (4 C), 127.0 (4 C), 126.8 (4 C), 74.5
(2 C), 74.4 (4 C), 74.3 (4 C), 73.7 (4 C), 68.5 (4 C), 51.8 (4 C, overlaying
signals), 22.1 (2 C), 18.0 (2 C), 7.4 (6 C), 6.8 ppm (6 C). HRMS(ESI):
calc. for [C82H94O9Si2Na]

+ : [M+Na]+ 1301.6328, found 1301.6329.
MP >160 °C (dec.)

Synthesis of all-OMe-5-membered building block 3-Me: Building
block 3-TES-H (1.00 g, 1.07 mmol, 1.00 eq.) was dissolved in 20 ml
THF and TBAF (2.60 ml, 1.0 m in THF, 2.60 mmol, 2.43 eq.) was
added. The mixture was allowed to stir for 2 h at rt before water
(20 ml) was added. The THF was evaporated whereat a white solid
was formed, which was filtered off and washed with water and n-
pentane to give the tetraalcohol as a white solid. The crude
tetraalcohol was redissolved in dry THF (55 ml) and cooled to
� 60 °C. NaH (186 mg; 60% in mineral oil, 4.64 mmol, 4.80 eq.) was
added and the reaction mixture was stirred for 30 min. MeI
(0.61 ml, 9.67 mmol, 10.0 eq.) was added and the reaction was
allowed to reach rt overnight. The reaction was quenched by
adding water (50 ml). The organic phase was extracted with DCM
(3×50 ml), washed with water (3×100 ml), brine (50 ml), dried with
MgSO4, filtrated and the volatiles were removed at reduced
pressure. Crude product was washed with n-pentane to give the
product as a white solid (670 mg, 0.879 mmol, 82%). 1H NMR
(400 MHz, CDCl3) δ 7.52–7.45 (m, 4H), 7.35–7.28 (m, 4H), 6.30–6.19
(m, 4H), 6.16–6.07 (m, 4H), 5.04 (s, 4H), 3.29 (s, 6H), 3.24 (s, 6H),
2.58–2.45 (m, 4H), 0.79 ppm (t, 3J=7.2 Hz, 6H). 13C NMR (101 MHz,
CDCl3) δ 141.6 (2 C), 141.4 (2 C), 138.4 (2 C), 136.4 (2 C), 132.8 (4 C),

131.7 (4 C), 131.6 (4 C), 128.5 (4 C), 122.2 (2 C), 75.4 (2 C), 73.7 (2 C),
73.3 (2 C), 51.8 (2 C), 49.8 (2 C) 21.7 (2 C), 17.5 ppm (2 C). HRMS
(ESI): calc. for [C40H42Br2O5Na]

+ : [M+Na]+ 783.1291, found
783.1294. MP 142–144 °C

Synthesis of all-OMe-[10]macrocycle 2-Me: Tetrasubstituted
[5]building block 3-Me (254 mg, 333 μmol, 1.00 eq.) and unsubsti-
tuted building block 4 (252 mg, 332 μmol, 1.00 eq.) were dissolved
in 80 ml DMF and 10 ml H2O and subsequently degassed with N2

(15 min). Pd2(dba)3 (31.5 mg, 33.4 μmol, 10 mol%), SPhos (28.0 mg,
66.6 μmol, 20.0 mol%) and K3PO4×H2O (323 mg, 1.33 mmol,
4.00 eq.) were added and the reaction mixture was heated to
100 °C overnight. The reaction mixture was filtered through a plug
of Celite® and water (100 ml) was added. The organic phase was
extracted with DCM (3×100 ml), washed with water (6×100 ml),
dried with MgSO4, filtered and concentrated at reduced pressure.
The crude product was purified by silica column chromatography
with cyclohexane/DCM/EtOAc (10 :5 : 3) as eluent. Washing with n-
pentane afforded the product as a white solid (169 mg, 153 μmol,
46%). 1H NMR (400 MHz, CD2Cl2) δ 7.57–7.51 (m, 8H), 7.50–7.43 (m,
8H), 7.42 (s, 4H), 6.34–6.28 (m, 4H), 6.13–6.03 (m, 12H), 5.07 (s, 4H),
3.42–3.38 (m, 2 overlaying singlets, 12H), 3.35 (s, 6H), 3.27 (s, 6H),
2.36–2.21 (m, 4H), 0.56 ppm (t, 3J=7.2 Hz, 4H). 13C NMR (101 MHz,
CD2Cl2) δ 143.3 (2 C), 143.3 (2 C), 141.5 (2 C), 140.8 (2 C), 140.0 (2 C),
139.7 (2 C), 138.4 (2 C), 136.0 (2 C), 133.2 (2 C), 133.0 (2 C), 132.6
(2 C), 132.0 (2 C), 127.4 (4 C), 127.0 (4 C), 126.6 (4 C), 126.5 (4 C),
126.0 (4 C), 75.9 (4 C), 74.0 (4 C), 74.0 (4 C), 73.7 (4 C), 73.6 (2 C),
51.7 (4 C, 2 overlaying signals), 51.6 (2 C), 49.4 (2 C), 21.7 (2 C),
17.3 ppm (2 C). HRMS (APCI): calc. for [C74H75O9]

+ : [M+H]+

1107.5406, found 1107.5405. MP >190 °C (dec.)

Sodium naphthalenide: Naphthalene (1.92 g, 15.0 mmol, 1.00 eq.)
was placed in a flame died Schlenk tube and dry stabilizer-free THF
(50 ml) was added. Sodium metal (517 mg, 22.5 mmol, 1.50 eq.) was
added in small portions resulting in a deep green suspension,
which was stirred at rt overnight. The metal residues were removed
by filtration through a glass fiber pad and the sodium naphthale-
nide concentration of the obtained solution was determined by
threefold titration of menthol.

Synthesis of substituted [10]CPP 1: Macrocycle 2-Me (70.0 mg,
63.2 μmol, 1.00 eq.) and dry stabilizer-free THF (30 ml) were placed
in a nitrogen filled flame dried Schlenk tube and cooled to � 78 °C.
Freshly prepared sodium naphthalenide (2.62 ml, 0.290 m in THF,
0.760 mmol, 12.0 eq.) was added and the reaction mixture was
stirred for 2 h at that temperature. Then, I2 (15 ml, 1 m in THF,
15 mmol) was added and the reaction was allowed to reach rt.
Saturated aq. sodium thiosulfate solution was added to remove the
excess of I2. Water (60 ml) was added and the organic phase was
extracted with DCM (3×60 ml). The combined organic layer was
washed with brine (60 ml) and dried over MgSO4, filtrated and the
volatiles were removed under reduced pressure. The crude product
was loaded on a pad of alumina oxide (neutral), whereat remaining
naphthalene was removed with cyclohexane:DCM 1 :1. The product
was subsequently eluted with DCM and obtained as a yellow
fluorescent solid (38.0 mg, 44.2 μmol, 70%). 1H NMR (400 MHz,
CD2Cl2): δ 7.64–7.54 (m, 26H), 7.54–7.50 (m, 4H), 7.17–7.13 (m, 4H),
4.01 (s, 4H), 3.04 (q, 3J=7.4 Hz, 4H), 1.24 ppm (t, 3J=7.4 Hz, 6H). 13C
NMR (101 MHz, CD2Cl2): δ 140.1 (2 C), 139.4 (2 C), 139.3 (2 C), 139.2
(2 C), 138.8 (4 C), 138.7 (2 C), 138.6 (2 C), 138.6 (2 C), 138.5 (4 C, 2
overlaying signals), 135.9 (2 C), 130.6 (4 C), 128.0 (4 C), 127.9 (4 C),
127.83 (4 C), 127.76 (8 C, 2 overlaying signals), 127.72 (4 C), 127.66
(4 C), 127.4 (4 C, 74.6 (2 C), 23.9 (2 C), 17.0 ppm (2 C). Digits were
added to show the difference in the chemical shift. HRMS (APCI):
calc. for [C66H51O]

+ : [M+H]+ 859.3935, found 859.3933. MP
>250 °C (dec.)
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