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ABSTRACT: A new modular approach to the smallest substituted
cycloparaphenylenes (CPPs) is presented. This versatile method
permits access to substituted CPPs, choosing the substituent at a late
stage of the synthesis. Variously substituted [8]CPPs have been
synthesized, and their properties analyzed. The structural character-
istics of substituted CPPs are close to those of unsubstituted CPPs.
However, their optoelectronic behavior differs remarkably due to the
larger torsion angle between the phenyl units.

R = CHj, C(CH;OCH;,), O
R' = alkyl, aryl

S trained aromatic macrocycles have attracted the attention =L =
of chemists for over 80 years.' Recently, interest in f - :
cycloparaphenylenes (CPP) has increased dramatically, as they
can be viewed as the shortest fragment of an armchair carbon C
nanotube (CNT). The development of an efficient entry into
these compounds might allow the controlled preparation of i
CNTs from a CPP precursor.” Since the first synthesis of CPP R———<=};“ Il
in 2008,> several syntheses of various CPPs were proposed.* N >~ S
Interest for such molecules is not limited to the potential for e s ) '
CNT growth. Indeed, this class of molecules also finds I ! '
applications for complexation® and possesses appealing i\\_w L‘—O
characteristics itself. Their properties have been both N )
theoretically and experimentally investigated.>****® In order Ty J e
to gain deeper insight into this class of strained molecules, it b}—{}—f i

would be of great interest to study the effect of substituents on i o B

the properties of CPPs. Up to now very few substituted CPPs
have been synthesized.” Therefore, we aim to provide a highly
modular synthesis of substituted CPPs, allowing access to CPPs

Figure 1. Strategy toward the synthesis of substituted CPPs.

with different functional groups for further chemistry. Besides Structure 2 (Scheme 1) was synthesized according to
new host—guest possibilities, substituted CPPs could find literature procedures.“f’0 Building block 4 was obtained by
applications in nanoporous materials with a defined pore size, protecting dialkyne 3 with (3-cyanopropyl)dimethylsilyl
and also as chemosensors.® (CPDMS). This protecting group was chosen to facilitate the

Initially, our strategy relied on a [2 + 2 + 2] cycloaddition separation of the non-, mono-, and diprotected products
reaction. The strain required should have been compensated by obtained by this statistical reaction.'* The two building blocks 2
the aromaticity gained.” But unexpectedly, no attempt in this and 4 were subsequently assembled via Sonogashira reaction
direction was successful. Therefore, a modified approach has producing differently substituted diynes § again in statistical
been applied (Figure 1) still relying on a [2 + 2 + 2] yields. Deprotection of Sa—c using TBAF furnished the key
cycloaddition reaction, as it allows introduction of substituents intermediates 6a—c in moderate to good yields. Performing the
in a late stage of the synthesis. A building block containing reaction with K,CO; in MeOH/THF led to partial degradation.
methoxymethyl (MOM) protected cyclohexanediol units, With TBAF the reaction proceeded extremely fast. The

suggested by Vogtle'® and later bZ Hopf and Sankararaman''
and recently applied by Itami**’° provided the required Received: January 20, 2014
curvature. Published: March 5, 2014
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Scheme 1. Synthesis of the Macrocyclic Precursor
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reaction required careful monitoring in order to be stopped Table 1. [2 + 2 + 2] Cycloaddition
before degradation occurred. This improved method was also —\_ Omom
amenable to a larger scale (12 mmol). With monomer A ¢ 3
fragments 6a—c available, macrocycles 7a—c were prepared 4 S R OMOM
by dimerization via Sonogashira coupling. Treatment of 6a—c ||r g RACIPPhL), " O |
. . 1. . . | (20 mol %) |
with Pd(PPh3)f} and copper iodide in THF (38 mM) in the A\ ot Bsan e, e
presence of diisopropylamine generated the desired macro- 7 | Sme 10equ) itiste 1. £
. . . . = MW 100 °C, 6 h :
cycles 7a—c in yields between 4 and 11%. Suspension in the I| . i ol
. . MOMO R 46-80% T oy
ethylacetate/hexane mixture and filtration gave the pure / wond N _J TR
s itge . . = R—R
product after an initial purification by column chromatography L}@ Z
on silica. Halving the mixture concentration did not change the e
. . . Ta-c Ba-k
resultant yield. However, doubling the concentration dropped
. . . i R i ie
the yield to 2%. A single crystal was obtained and measured by enty  product K yield
X-ray spectroscopy. The solid state structure showed a unique ! 8a ©H Bt 2%
rectangular shaped macrocycle shown in Figure 2a. % & CH, Ve a0
3 8¢ CH Ph 67%
4 8d CH. CH:0H $6%
- 5 Se CH. p-Ph{n-Bu) 54%
6 sf CH. p-PhOCH,CH,OCH, 47%
e
i 8g CH m-biph 74%
. 8 sh o Et 46%
9 8i C(CH,OCH.); Et 68%

a)

\-.',3.-;:-.- . A i applied with solid alkynes as they are used in excess. For this

r_,‘;:"?'.' fiiccs: '\\'\TB ?g-ﬁ'g_ 2 Qx‘g_gg‘trsﬁ. intermediate, a solid state structure was also determined

o # R 1%) 7 ..i* A ﬁg? A (Figure 2b). The reaction proceeds for a wide range of
e L ja‘{-‘.;;{ 'A &?:3-) : 32 %&‘2‘{?5 i precursors, offering a reliable method of functionalization for

& )I-:__,f i 4 ,n'\) B/ s *&*&; ’-E‘% g _,ﬁ% this type of molecule.

- .‘i,:.s\ _ P { '33?} J ‘iﬁ? The final step of the synthesis of substituted CPPs involved
K& A N 15&, deprotection—elimination and aromatization of macrocycle 8.

© Seret @ Various conditions were tried to achieve the target compound,

Figure 2. (a) Crystal structure of macrocycle 7a (solvent omitted), (b) II)ase(f{ on ';}fn n[(;gmlcrogave ci;).ndllftlons' lngﬁlgfoc}evelo%) ed by
crystal structure of 8b (solvent omitted), (c) crystal structure of 9d tami et al. sing sodium bisulfate in m-Xylene at

(for a—c ORTEP drawings, hydrogen omitted), and (d) packing 130 °C under air, the aromatization reaction produced the
structure of 9d. desired CPPs. Differently substituted CPPs were obtained with

this method (Scheme 2). The larger torsion angle (see
discussion below) could account for the low yield in this last

We then investigated the [2 + 2 + 2] cycloaddition reaction step.
on macrocycles 7a—c. The reaction was performed under A suitable single crystal of 9d was obtained by slow
microwave irradiation (100 °C, 6 h) with Wilkinson’s catalyst evaporation of a solution in dichloromethane and measured
and an excess of alkyne. The results with various alkynes are by X-ray spectroscopy (Figure 2c). In the solid state only the
summarized in Table 1. The reaction proceeded in moderate to syn-isomer (R-groups on the same side of the ring) is observed.
very good yields. Purification was done by simple filtration and The 'H NMR shows for all CPPs prepared sharp lines of only
washing of the reaction mixture, affording easily the desired one species meaning that only one isomer is present as rotation
pure product. However, this method of purification cannot be is too high in energy according to preliminary calculations. The
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Scheme 2. Aromatization Reaction
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ring has a round shape with a diameter of 10.95 A (average
calculated between the ipso-bonds and the centers of the phenyl
rings). This value is comparable to the diameter calculated for
[8]CPP.** Bond lengths are 1.400, 1.379, and 1.489 A for
Cipso_cortho) Cortho_Cartho) and Cipso_cispo bonds respeCtively)
suggesting benzenoid character, as in the case for unsubstituted
CPPs. In all CPPs phenyl rings are distorted. The angles
between the normal benzene plane and the distorted out-of-
plane atoms (@) respectively the Cipso—Cigpo bond (p) display
the degree of distortion. Those parameters were determined for
a range of calculated CPP structures by Itami et al.® In the
substituted CPP 9d, a equals 8.5° and f equals 14.4° which are
comparable to the values for [8]CPP (a = 9.3°, ff = 13.7°).
The torsion angle between the middle unsubstituted ring C
(Figure 2) and the other unsubstituted rings B is 32.8°, which is
close to the value measured for [8]CPP.”” The angle between
the substituted ring A and its adjacent rings B is 53.8°. This
value is larger than that for unsubstituted CPPs. Based on these
results, even less z-conjugation can be expected in substituted
CPPs than the unsubstituted CPPs. Additionally, the packing
arrangement is different from unsubstituted CPPs, where
channels are sometimes observed. Here, pairs of rings arrange
parallel to each other, and these pairs assemble forming a basket
weave motif (Figure 2d).

The crystal structures of these three molecules illustrate the
increasing strain of the molecules toward the end of the
synthesis. The solid state structure of the macrocycle 7a (Figure
2a) shows no deformation of the phenyl rings. However, in
precursor structure 8b (Figure 2b), most of the phenyl rings are
already distorted with a = 3.7°. One ring shows a deviation
from planarity similar to the case of the equivalent CPP. The
torsion angle between most of the phenyl rings is 80.3° which is
far more prominent than that for CPP. This is due to the
remaining flexibility of the molecule.

Previous theoretical studies have calculated the structures
and strain energies of CPPs using density functional theory
(DFT) at the B3LYP/6-31G(d) level of theory. Strain energy
was estimated via a homodesmotic reaction of CPPn and n
biphenyls giving n p—terphenyls.ég However, we adopted a
different approach to calculate the strain energy of 9, which
seems more appropriate to us, due to the fact that only the
strain energy of the two relevant structures, the cyclic and the
infinite linear PP, are calculated. This is achieved by breaking a
bond in the CPP and straightening the fragment. This structure
was placed in a repeating supercell so that the broken bonds
connect to each other across opposite sides of the cell. This
approach avoids any additional energetic terms due to changes
in conjugation that may be present in the hypothetical
homodesmotic reaction approach and is better adapted to
substituted rings. With this method, via DFT optimization (see
Supporting Information for details), the strain energy obtained
was 63.7, 51.1, 73.6, and 62.4 kcal/mol for 9a, 9b, 9¢, and 9d
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respectively. The results show that side-group functionalization
can vary the ring strain within around +11 kcal/mol from the
unsubstituted [8]CPP ring strain (62.9 kcal/mol). This range is
comparable with the change in ring strain from [6]CPP to
[8]CPP.

The optical properties (UV—vis absorption and fluores-
cence) of the different substituted CPPs 9 were measured
(Figure 3). The absorbance maxima (4,,) of the substituted

30

450
Wavelength (nm)

550 650

Figure 3. UV—vis absorption (solid lines) and fluorescence spectra
(dashed lines) of substituted CPPs 9a—d. The fluorescence was
normalized to the absorption maximum (measured in chloroform 10~*

M).

Table 2. Photo-optical Properties of Substituted CPPs

Aws (nm) A, (nm)  quantum yield  fluorescence lifetime (ns)
9a 306 465 0.24 3.5
9b 301 451 0.06 3.3
9c 312 465 0.36 3.7
9d 312 453 0.46 4.3

CPPs lie between 301 and 312 nm (Table 2). These occur at
shorter wavelengths than those for the corresponding
unsubstituted [8]CPP (340 nm), which can be rationalized
by the larger torsion angle compared to that for unsubstituted
CPPs. Extinction coeflicients are also considerably smaller than
that for [8]CPP.* The emission maxima (4,,,) were observed
between 451 and 465 nm (Table 2). These values are again
smaller than that for the unsubstituted [8]CPP (540 nm).*®
The absolute fluorescence quantum yields were measured in
chloroform using a calibrated integrating sphere. These yields
are smaller than those measured for [9]CPP using the same
method,*® indicating an influence of the substitution on the
photoluminescence pathways. With these values our CPPs fit
perfectly into the expected range. They match the trend among
CPPs synthesized to date, namely the larger the diameter and
the larger the distortion due to substitution, the lower the
emission wavelength.“k’6b

In conclusion, using a [2 + 2 + 2] cycloaddition reaction as
the key step allowed us to synthesize the smallest substituted
CPPs in a highly modular way. The advantage of this strategy is
that the substitution can be chosen at a late stage of the
synthesis. Differently substituted CPPs were thus synthesized.
Structural properties of the substituted CPPs are similar to
those of unsubstituted CPPs, with small variations in optical
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properties. Future work will examine the special properties of
substituted CPPs, the synthetic strategy toward longer
fragments of carbon nanotubes, and applications in nanoporous
materials.
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© Supporting Information

Synthesis and characterization of all new compounds; crystallo-
graphic data of 7a, 8b, and 9d; details of theoretical modeling.
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