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Abstract: Angle-strained alkyne-containing n-conjugated
macrocycles are attractive compounds both in functional materials
chemistry and biochemistry. Their interesting reactivity as well as
photophysical and supramolecular properties have been revealed in
the past three decades. This review highlights the recent advances
in angle-strained alkyne-containing w-conjugated macrocycles,
especially their synthetic methods, the bond angles of alkynes (£, at
C=C-C), and their functions. The theoretical and experimental
researches on cyclo[n]carbons and para-cyclophynes consisting of
ethynylenes and para-phenylenes are mainly summarized. Related
macrocycles bearing other linkers, such as ortho-phenylenes, meta-
phenylenes, heteroaromatics, biphenyls, extended aromatics, are
also overviewed. Bond angles of strained alkynes in n-conjugated
macrocycles, which are generable, detectable, and isolable, are
summarized at the end of this review.

1. Introduction

Curved n-conjugated systems, including angle-strained alkynes,
are one of the most attractive molecular architectures because
the distortion of t-conjugation leads to their specific structural and
electronic features. Because of the low overlap of outer p-
orbitals, highly angle-strained alkynes are more reactive than
unstrained alkynes, thereby being widely applied in organic
transformations, such as bioorthogonal labeling and natural
product synthesis.>%! In general, the straightforward approach to
construct angle-strained alkynes is the conjugation of both
acetylene carbons with a short linker. The simplest examples are
arynes and cycloalkynes (Figure 1a). ortho-Arynes, such as
benzyne, are well studied and widely utilized as a reactive
intermediate in organic synthesis.[>71 Because of their instability,
their application in materials chemistry is avoided. The small-ring-
sized cycloalkynes, such as cyclopentyne, cyclohexyne, and
cycloheptyne, have been experimentally validated as reaction
intermediates despite their very short lifetime.®-'2 |n contrast, a
series of isolable cyclooctynes is widely applied as promising
reagents for strain-promoted azide—alkyne cycloaddition in
bioorthogonal chemistry.[2-413.14]

Cyclocarbon, also called cyclyne, is one of the simplest curved
n-conjugated macrocycles composed of only sp carbons (Figure
1b).'"S" Cyclocarbons have not so far been isolated because of
their extremely high reactivity, although their generation was
confirmed by spectrometry and microscopy.!'>?" Compared with
cyclocarbons, cycloparaphenylenes (CPPs, Figure 1b) are stable
enough to be handled under ambient conditions.?'-%31 To date,
several elegant synthetic approaches have been developed by
Jasti and Bertozzi,?* Itami,”® and Yamago.?®!' Because of their
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fascinating and challenging architectures, studies on cyclocarbon
derivatives consisting of angle-strained oligoynes and para-
phenylene moieties (ethynylene units > phenylene units) have
been intensively pursued since the early 1990s. Owing to the
tolerance of benzene ring against the structural distortion, -
conjugated macrocycles bearing angle-strained monoynes and
para-phenylene or oligo(para-phenylene) moieties (ethynylene
units < phenylene units), such as cycloparaphenyleneacetylenes
(CPPAs),2l have been developed. Since the fullerene inclusion
complexes of CPPA were prepared in 2003,%% several inclusion
complexes of n-conjugated macrocycles have been reported.
Stimulated by these significant milestones, a variety of
macrocycles containing angle-strained alkynes have been
synthesized and characterized in the past three decades. This
review mainly summarizes the synthesis of r-conjugated
macrocycles (para-cyclophynes) consisting of angle-strained
alkynes and para-phenylenes, especially focusing on their
synthetic methods, the bond angles of alkynes (Zs, at C=C-C,
Figure 2a), and their functions. Besides para-phenylene spacers,
angle-strained alkyne-containing macrocycles bearing other n-
systems, such as ortho- and meta-phenylene, heteroaromatics,
and extended aromatics, are also described in this review. Most
recently, Stepien and a co-worker published an excellent review
summarizing curved aromatic molecules and synthetic
approaches to curved para-phenylene and ethynylene in
macrocycles.?

In this review, “angle-strained” is defined as a bond angle of the
alkyne (Zsp < 170°) according to a profound notion urged by Krebs
and Wilke.B®9 Because of classification based on this definition,
alkyne-containing m-conjugated macrocycles without strain (Zsp >
170°) are not included. The development of angle-strained
alkyne-containing macrocycles has been described in several
excellent reviews.®'#%  For alkyne-containing shape-persistent
macrocycles without strain*'#1 and macrocyclic metal
complexes,“*8-5 refer to other reviews.

In this review, the bond angles (Zs,) of compounds are
calculated by Mercury software (The Cambridge Crystallographic
Data Centre (CCDC)) using X-ray crystallographic data (cif)
deposited in the CCDC. The detailed data, including the standard
deviations of bond angles, are omitted. For accessibility to
deposited data, all published CCDC numbers are included. The
bond angles of optimized structures are also evaluated by the
same software when the coordinates are available.
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Figure 1. (a) Benzyne and cycloalkynes. (b) m-Conjugated macrocycles
consisting of sp-carbons (cyclocarbon), sp?-carbons (cycloparaphenylene), and
both sp- and sp?-carbons (cycloparaphenyleneacetylene).
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Figure 2. (a) Bond angle of alkyne (Zsp). (b) m-Conjugated macrocycles bearing
angle-strained alkynes.

2. Synthetic methods of mT-conjugated
macrocycles containing angle-strained
alkynes

In this section, we summarize the preparation of angle-strained
alkyne-containing n-conjugated macrocycles. As to synthesis, it
is surprising that limited numbers of synthetic methods are
available for the preparation of angle-strained alkyne-containing
macrocycles. Those methods are briefly summarized (Figure 3).

2.1. Direct method: single-step macrocyclization approach
to angle-strained alkyne-containing macrocycles

Angle-strained oligoyne-containing macrocycles cannot be
obtained through single-step macrocyclization due to the
instability of the oligoyne under macrocyclization conditions. A
milder transformation without transition metal reagents is awaited.
A less-strained tetrayne-containing macrocycle could be obtained
by Glaser coupling (Figure 4a). This implies that other Glaser-
type methods, such as Eglinton, Hay, and Cadiot—-Chodkiewicz
couplings,®™-%4 will be applicable to angle-strained oligoyne-
containing macrocycles.

Because of the stability of diynes under the conditions, copper-
mediated Glaser coupling reaction, as well as modified methods,
directly affords macrocycles containing angle-strained diynes. By
considering that these methods efficiently provide strained
macrocyclic structures, two alkyne moieties require nonlinear
conformation in the intermediate for a reductive elimination step
(Figure 4b). The mechanistic study of Glaser coupling is still
ongoing experimentally®®! and theoretically.®*%% These studies
suggest that the proposed intermediates I-IV depend on the
valence at the copper metals. The researchers have to pay
attention to the copper precatalyst used, which may affect the
efficiency of macrocyclization.

Palladium-catalyzed coupling reactions are also useful methods
to construct angle-strained diynes. Haley and co-workers
employed palladium-catalyzed and copper-mediated alkyne
homocoupling in macrocyclization (Figure 5).'-%1  The
homocoupling using a palladium catalyst, especially including cis-
bidentate bisphosphine ligand, afforded
dehydrobenzo[14]annulene-containing macrocycle V-b
selectively, whereas the Eglinton coupling with copper(ll) acetate
gave dehydrobenzo[15]annulene-containing macrocycle V-a as
the major product. These results imply that desired
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macrocyclization is finely tunable by palladium catalysts having a
variety of ligands.

Template-assisted macrocyclization is one of the most powerful
and efficient methods to create strained macrocycles. As to
porphyrin nanorings developed by Anderson and co-workers, 64
the template-assisted macrocyclization utilizing Glaser coupling
as well as Sonogashira—Hagihara coupling effectively afforded
the corresponding nanorings bearing angle-strained diynes and
monoynes. In the case of Sonogashira—Hagihara coupling, the
square planar alkynyl(aryl)palladium(ll) complex is formed prior to
reductive elimination.  This indicates that transition metal-
catalyzed macrocyclization, such as Sonogashira—Hagihara
coupling, would be applied to the direct synthesis of macrocycles
bearing angle-strained diynes and monoynes.

2.2. Stepwise method: macrocyclization and aromatization
or alkyne formation

Although many approaches to macrocycles were examined,
photoinduced retro-[2+2]cyclization (Tobe’'s method) and
photoinduced decarbonylation (Rubin’s method) are the ways to
obtain macrocycles bearing angle-strained oligoyne-containing
para-cyclophynes (Figure 3a). This indicates that these methods
might be applicable to the synthesis of less-strained oligoyne-
containing isolable macrocycles. Since Diederich’s cyclocarbon
synthesis was reported,' the laser irradiation-induced
elimination of anthracene,'® carbon monoxide,['"2% and
indanel'819.65661 has been applied to the synthesis of cyclocarbons
(Figure 6). These methods are considered to be candidates for
the preparation of angle-strained oligoyne-containing
macrocycles.
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Figure 3. Synthetic methods to construct angle-strained (a) oligoyne-, (b) diyne-, and (c) monoyne-containing macrocycles.

Compared with oligoyne-containing macrocycles, angle-strained
butadiyne in a macrocyclic system could be more easily
constructed. Photoinduced transformation of Dewar-benzene-
containing macrocycles is one of the best approaches to angle-
strained diyne-containing macrocycles (Figure 3b). Because of
the photostability of angle-strained diynes, Tobe’s and Rubin’s
photoinduced transformations shown above might be applicable
to the preparation of the related compounds. The reductive
elimination from platinum complexes generates angle-strained
diyne-containing macrocycles. This transformation is much better
when the target molecule is photosensitive.

The reductive aromatization using sodium naphthalenide or
tin(ll) reagents is not successfully applied to the preparation of
macrocycles, including angle-strained diynes or oligoynes,
probably due to their instability under the reaction conditions. On
the other hand, the tin(ll)-mediated reductive aromatization could
be applied to the synthesis of angle-strained monoyne-containing
macrocycles (Figure 3c). When compounds are sensitive to acids,
the use of preformed tetrachlorostannate(ll) (H.SnCls) might be
better in the synthesis.
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Figure 5. Selective macrocyclization through palladium-catalyzed or copper-
mediated alkyne homo-coupling.

For angle-strained monoyne-containing macrocycle synthesis,
bromination of alkenes followed by dehydrobromination is one of
the most reliable methods. This method was applied to the
synthesis of a series of CPPAs and thiophene-containing strained
macrocycles. Macrocycles containing an angle-strained alkyne
and an alkyl tether were also prepared by this method.[7-70
Orita—Otera alkyne formation is one of the best methods to
construct angle-strained alkyne-containing macrocycles because
the reaction proceeds under mild basic conditions at low
temperature.  The dehydrobromination of a gem-dibromo
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compound, as well as the elimination of a nitrogen molecule,
could afford a highly strained macrocycle.

The formation of a dicobalt—alkyne complex followed by
macrocyclization and demetalation was considered to be another
method to create angle-strained alkyne-containing macrocycles;
however, the demetalation conditions are so harsh that strained
alkynes cannot survive under the conditions (Figure 11a).

Regarding strained CPP synthesis, a variety of synthetic
approaches to construct angle-strained para-phenylenes were
reported (Figure 7).2"-22%  These methods are potentially

applicable but have not yet been applied to the synthesis of angle-
strained alkyne-containing macrocycles, except the reductive
aromatization using sodium naphthalenide.
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Figure 7. Synthetic methods for construction of angle-strained phenylene
moieties in macrocycles.

3. Angle-strained alkyne-containing 1r-
conjugated macrocycles.
3.1. Cyclocarbon

The simplest angle-strained alkyne-containing n-conjugated
macrocycle is cyclocarbon (Figure 8), but until now cyclocarbons



have not be isolated. The generation of cyclocarbons was
confirmed by spectroscopic measurements. These results are
summarized in preceding reviews.!"#871.72 |n this section, studies
on cyclocarbons are briefly summarized.

The structure of cyclo[n]carbon can be classified into four
isomers. For example, logical structures of cyclo[10]carbon
include polyyne Dsp, polyyne Csn, cumulene D1, and cumulene
Dsy, (Figure 9a). In the case of a smaller ring size, a cumulene
structure seems to be more stable than a polyyne structure.l’®
The most stable structure of each cyclo[n]carbon is dependent on
the calculation functional and basis sets.["4-761 A density functional
theory (DFT) calculation suggests that larger cyclocarbons are
less stable than “fullerene”-like carbon clusters.’” In the case of
C.4, the “fullerene’-like structure is thermodynamically favored by
~335 kJ mol™' over the ring structure.’® Most recently, the
microscopic observation revealed the polyynic structure of
cyclo[18]carbon (Figure 9b).[2%

Diederich and co-workers reported the first synthesis of
cyclo[18]carbon by the photoirradiation of 1 (Figure 10a).['®1 Other
precursors of cyclocarbons are summarized in Figure 10c. The
generation of cyclocarbons from the precursors 2,['7:79 5 [18.19]
6,985 and 7061 was confirmed by mass spectrometry and
ultraviolet photoelectron  spectroscopy.% Although the
demetalation of cobalt complexes successfully proceeded to form
linear oligoynes,®'! the synthesis of strained cyclo[n]carbons from
precursors 3 has not succeeded so far.['®#2 The acid-mediated
hydrolysis of benzylidene groups in 4 was unsuccessful.®3 The
computational modeling of cyclocarbons pointed out the
possibility of their deposition on graphene.® Anderson and co-
workers most recently succeeded in the generation of
cyclo[18]carbon and its observation using a microscope (Figures
9b and 10b).2% The elimination of carbon monoxide from the
precursor 2a successfully proceeded to afford cyclo[18]carbon on
bilayer NaCl on Cu(111) at low temperature (5 K). - The
observation by high-resolution atomic force microscopy (AFM)
revealed its polyyne structure with bond length alternation. The
AFM observation captured the reaction intermediates, indicating
that the on-surface formation of cyclo[18]carbon is stepwise.l’?
The method is capable of providing direct experimental insights
into the structure of other unstable molecules.
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Figure 8. Cyclo[n]carbon: cyclic polyyne and cumulene structures.
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Figure 9. (a) Logical structures of cyclo[10]carbon. (b) AFM images (A and B)
of cyclo[18]carbon and their simulated images (C and D). Reproduced with
permission from ref. 20. Copyright 2019 The American Association for the
Advancement of Science (AAAS), Washington, D.C.
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Figure 10. (a),(b) Synthesis of cyclo[18]carbon. (c) Precursors of cyclo[n]carbons. TMEDA: N,N,N’,N’-tetramethylethylenediamine, Co: Co(CO)2, STM: scanning
tunneling microscopy, AFM: atomic force microscopy.
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Figure 11. Preparation of (a) [82]paracyclophyne 8, (b) [122]paracyclophynes 10, and (c) [6n]cyclophynes 13. Co = Co(CO)..

3.2. para-Cyclophynes: ethynylene units > phenylene units

Cyclocarbons have not been isolated so far due to their high
reactivity. Because linear polyynes are highly reactive, thermally
cross-linkable, and explosive,®¥ the protection by cyclic
molecules, such as cyclodextrins,® and the capping by transition
metal complexes®'#7-89 s basically essential. In contrast, both
cyclic and linear oligo- and polyphenylenes are stable under

ambient conditions.  Despite its highly strained structure,
[S]cycloparaphenylene (average diameter: 0.669 nm) was
isolated.®®®1 By inserting para-phenylene units into a
cyclocarbon structure, the isolation of hybrid macrocycles, so-
called para-cyclophynes, has been attempted. The pioneering
works on cyclophynes consisting of para-phenylene and
ethynylene units were reported in the 1990s.

Diederich and co-workers synthesized a cyclocarbon—cobalt

complex as a potent precursor of cyclocarbon because cobalt



carbonyls can be removed to restore an alkyne moiety.l"®! This
approach was applied to the preparation of strained macrocycles
bearing curved para-phenylene and ethynylene units. Haley and
co-workers attempted to prepare [8:]cyclophynes 8 through
demetalation of cobalt complexes (Figure 11a).°4 The precursor
of cyclophyne 8 was synthesized by copper-mediated Eglinton
homocoupling reaction of biscobalt—diyne; however, the isolation
of 8 failed, probably due to its instability under oxidative
demetalation conditions.

Tobe and co-workers reported the propellanediyne-containing n-
conjugated macrocycles 9 and their transformation to [12;]para-
cyclophynes 10 under light or laser irradiation (Figure 11b).[%%
The precursors 9 were prepared by Cu-mediated Eglinton
homocoupling reaction. The generation of 10a involving the
elimination of indanes under irradiation by a low-pressure

(@)
o

1) TBAF

2) Cu(OAc),,
pyridine

CuCl

2) TBSOTf, Et;N

15 (R = CH,OTBS, 69% for three steps)

(b)

Br 1 equiv 16
MeO. 7 TequvNBS  MeO. 7 10 mol% CuBr
0.8 equiv AgNO3 20 mol% NHZOH HCI
—_—
acetone, rt piperidine/MeOH
MeO S MeO N It
Br
16 17

Figure 12. (a) [4e]cyclophyne 15.
triisopropylsilyl, TBS: tert-butyldimethylsilyl, NBS: N-bromosuccinimide.

Compared  with  oligoyne-containing  para-cyclophynes,
macrocycles bearing butadiyne moieties are more accessible. To
synthesize [4¢]cyclophyne, Ohkita, Tsuji, and a co-worker utilized
the isomerization of Dewar benzene (Figure 12a).*
Cyclohexamer 14 bearing Dewar benzene moieties as a
precursor was prepared through Eglinton homocoupling in
moderate yield. After changing the protecting groups from
acetonides to siloxys, [4s]cyclophyne 15 was obtained in 69%
yield from three steps by photoisomerization. The isosbestic point
observed in UV-vis spectra indicated the clean conversion of the

1) 1 N'HCI /
o)
3) hv, benzene, 12 °C 60
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mercury lamp at 77 K was confirmed by UV-vis absorption
spectroscopy; however, the isolation was unsuccessful due to
their high reactivity.

Tobe and co-workers then applied this synthetic method to the
preparation of [6,]cyclophynes 13 (Figure 11c).®¥ The precursors
12 having propellane moieties were synthesized by Sonogashira—
Hagihara coupling reaction of 11. While cyclotrimer 12a and
cyclotetramer 12b were obtained in high yields, the isolated yields
of precursors 12¢ and 12d with larger ring sizes were decreased.
[6n]Cyclophynes 13 were produced by light or laser irradiation, but
the isolation failed. Although the isolation and characterization of
curved oligoyne-containing macrocycles had been expected to
provide important information about the properties of the angle-
strained oligoyne system, the isolation of cyclophynes bearing
angle-strained oligoynes was unsuccessful.

14 (15% for two steps)

reducitve
1,4- ellmlnatlon

MeO jE OMe

18a (n =1, 8%), 18b (n = 2, 10. 5%
18c (n = 3, 32%), 18d (n = 4, 8.3%)
18e (n = 5, 13%), 18f (n = 6, 2.5%)
18g (n = 7, 6%)

3.0

[4,]cyclophyne

(b) Cyclic (Z)-1,4-diethynyl-1,4-dimethoxycyclohexa-2,5-diene oligomers. TBAF: tetra(n-butyl)lammonium fluoride, TIPS:

precursor 14 to cyclophyne 15 during photoisomerization. The
fast rotation of the p-phenylene moieties on the NMR time scale
was suggested by a 'H and *C NMR study.

Sankararaman, Hopf, and co-workers proposed other
approaches to [4n]cyclophynes, selecting cyclooligomers of (Z)-
1,4-diethynyl-1,4-dimethoxycyclohexadiene (16) as a precursor
(Figure 12b).°8l They obtained cyclodimer 18a and cyclotrimer
18b in only 2.5% and 9.1% yields, respectively, employing the
Eglinton homocoupling of 16. They then reported the improved
synthesis of cyclooligomer precursors 18 in 80% yield via Cadiot—



Chodkiewicz coupling of 16 and its dibromo derivative 17.°71 The
reductive 1,4-elimination of dimethoxy groups to construct curved
phenylene units has not been applied so far.

The calculated bond angles (Zsp) at sp carbons of 8, 10, 13, and
15 are summarized in Figure 13. The bond angles (Zsp) of larger
para-cyclophyne 10a are calculated to be less strained than for
para-cyclophyne 8. The bond angles (Zsp) of 13 are estimated to
be 166.1-167.1° (for 13a), 169.6-170.3° (for 13b), 171.6-172.3°
(for 13c), and 173.0-173.5° (for 13d) by semiempirical AM1
calculations. The calculated cavity size of 15 is about 1.5 nm, and
the calculated bond angles (Zsp) of C=C—C(sp?) and C=C-C(sp)
are 170.8° and 171.2°, respectively.
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13a (n =1): ZLgp = 166.1°, 167.1°, 167.0° (calcd)
13b (n = 2): £, = 169.6°, 170.3°, 170.2° (calcd)
13¢ (n = 3): Zgp = 171.6°, 172.3°, 172.2° (calcd)
13d (n = 4): Zsp = 173.0°, 173.5°, 173.5° (calcd)

15: £ = 170.8%(a), 171.2°(B) (calcd)

Figure 13. Bond angles at sp carbons in paracyclophynes 8, 10, 13, and 15.

3.3. Cyclophynes: ethynylene units < phenylene units

To obtain more stable cyclophyne derivatives as well as to reveal
the properties and reactivity of angle-strained alkyne units, some
research groups developed alkyne-containing CPPs.

Lee, Moore, and co-workers reported the preparation of alkyne-
containing CPP 20 ([3]cycloparaterphenyleneacetylene:
[3ICPP3A) by applying alkyne metathesis (Figure 14).°81 The
molybdenum-catalyzed alkyne metathesis quantitatively and
selectively afforded cyclotrimer 19 on the gram scale without
chromatographic separation. The reductive aromatization using
sodium naphthalenide smoothly proceeded to give the
corresponding alkyne-containing CPP 20 in 70% yield. The
obtained alkyne-containing CPP can encapsulate C, fullerene in
the inner sphere (theoretically estimated diameter: 1.5 nm),
forming an intriguing columnar assembly of 1:1 complex 20>C
in the solid state. Because of their high association constant (K,
= 1.02 £ 0.04 x 105 M™"), the 1:1 complex could be isolated by
silica gel column chromatography and could be stored in open air
for more than three months. Three alkyne moieties readily react
with azide at 50 °C in the absence of a copper catalyst to give
triangle-shaped molecule 21 because of their highly strained
structures.
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2 mol% Me—=Mol 3
12 mol% Ph3SiOH
MS5A
1,2,4-trichlorobenzene
(39 mM)

70 °C, overnight

MeO. Q OMe

1) 20 equiv NaNp 19 (quant)

‘ g THE@mM)

w _ N A

20 (70%)

4 equiv
l Cro Tg-Ng

50 °C

,

20=Cyo

v
Tg 21 (82%, mixture of isomers)

Figure 14. Synthesis of [3]JCPP3A 20 and its transformation. L: tert-butyl(3,5-
dimethylphenyl)amino, NaNp: sodium naphthalenide, Tg—Na:
H3C(OCH2CH2)3Ns.

(a)

alkyne
metathesis

desilylation
then
reductive
aromatization \\

:TQQQOOO

Figure 15. (a) [3]CPP®A 22. (b) Synthesis of [3]CPP*A 24. TES: triethylsilyl.

Most recently, Lee and co-workers synthesized alkyne-
containing CPP derivative [3]CPP5A 22 and [3]CPP*A 24 by a
similar method (Figure 15).9 Interestingly, the metathesis
macrocyclization of unsymmetrical diynes proceeded efficiently,
affording the precursor 23 in 82% vyield. The reductive
aromatization using sodium naphthalenide proceeded efficiently
to afford [3]CPP"As in high yields. It is noted that tin-mediated
reductive aromatization is not effective in their system even under
the improved conditions using H,SnCl, developed by Yamago.['%
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NG CN

THF/CH3CN
(v:v =3:10, 0.02 M)

CNNC
32a (68%, n =5, 100 °C for 8 h)
32b (97%, n=3, 45 °C for 10 h)
32¢ (57%, n=1, 0°C for 1 h)

Figure 16. Synthesis of alkyne-containing (a) [11]JCPP 26, (b) [9]CPP 27, and (c) [7]CPP 28. (d) Synthetic approach to highly-strained alkyne-containing CPP 30.
(e) Transformation of alkyne-containing CPPs. BPin: 4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl, [Pd]: (2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl)[2-(2’-

amino-1,1’-biphenyl)]palladium(ll) methanesulfonate (Buchwald G3 precatalyst).

Alkyne-containing [11]-, [9]-, and [7]CPP derivatives 26, 27, and
28 were prepared by Jasti and co-workers (Figures 16a—c).['01]
The Suzuki—-Miyaura coupling reaction was applied to this end.
The coupling reaction efficiently proceeded to afford the precursor
25in 72% yield. The corresponding precursors of 27 and 28 were
prepared in good yields as well. The modified tin-mediated
reductive aromatization developed by Yamago and co-
workers!'%! furnished alkyne-containing CPP derivatives 26 and
27 in good yields (50-57%), though highly strained 28 was
obtained in low yield (11%). The same research group reported
that the more strained precursor 29 could not be converted to the
corresponding alkyne-containing CPP 30 because of large strain
energy (473 kJ mol™") and highly strained alkyne angle (149°)

(Figure 16d).1'92 The high reactivity of strained alkyne embedded
in a CPP skeleton was well supported by the DFT calculation of
the Diels—Alder reaction.['! The theoretical study suggests that
the origin of the enhanced reactivity of curved alkynes is attributed
not only to the deformation energy but also to the strong
interaction energy between the reactants. The DFT calculation
also revealed that the frontier molecular orbitals exhibit a
significant contribution from the alkyne-centered orbitals, which
indicates the high reactivity of angle-strained alkyne. Alkyne-
containing [11]CPP derivative 26 undergoes strain-promoted
azide—alkyne cycloaddition with benzyl azide to give the
corresponding adduct 31 under mild conditions without copper
catalyst (Figure 16e). In the case of [2+2]cycloaddition—



retrocyclization (CA—RC) with tetracyanoethene, the reactivity of
strained alkyne depends on ring sizes. The [2+2]CA-RC of 28
proceeded at 0 °C within 1 h to give the corresponding adduct 32c
in modest yield, while the [2+2]CA-RC of 26 and 27 giving 32a
and 32b needed higher temperature and increased reaction time.

The structural information of alkyne-containing CPP derivatives
is summarized in Figure 17. The bond angles (Zs,) of alkynes in
the complex 20-C;o are 164.0-168.3°, determined by X-ray
crystallographic analysis (CCDC: 1500189). The minor and major
ring axes of 26 (CCDC: 1858070) and 27 (CCDC: 1858071) are
1.54/1.64 nm and 1.27/1.38 nm, respectively, indicating that both
molecules are slightly distorted into an ellipsoidal shape. As
expected from the failure of isolation of macrocycle 30, an alkyne
in a small ring system is predicted to be highly strained (£, =
149°).

30: Zsp = 149° (calcd)

26 (n = 5): Zg, = 166(1)° (CCDC: 1858070)
27 (n = 3): Zg, = 160.5(7)°, 162.8(8)° (CCDC: 1858071)
28 (n=1): Zsp =159.4° (calcd)

Figure 17. Bond angles at sp carbons in paracyclophynes (ethynylene units <
phenylene units).

3.4. para-Cyclophynes: ethynylene units = phenylene units

3.4.1. Synthesis of CPPAs and their supramolecular
chemistry

Macrocycles consisting of para-phenyleneethynylene, which are
so-called CPPA, are one of the most attractive n-conjugated
macrocycles (Figure 18). Pioneering work on CPPAs 33 was
reported by Oda, Kawase, and co-workers in 1996.271 The
preparation and supramolecular complexation with fullerenes or
smaller size CPPAs have been summarized in other review
articles.[3:37:38.104 |n this section, their method, as well as recent
advances in this area, are overviewed.

[4]CPPA 33a (n = 4)
[5]CPPA 33b (n = 5)
[6]CPPA 33c (n = 6)

Q O [7ICPPA 33d (n = 7)
== Q = [8]CPPA 33e (n = 8)
n-5 [9]CPPA 33f (n = 9)

Figure 18. Cycloparaphenyleneacetylenes 33.
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Oda, Kawase, and co-workers first reported the synthesis of
[nICPPA 27l in which the macrocyclization via low-valent titanium-
mediated McMurry coupling!'®! afforded a sterecisomeric mixture
of cycloparaphenylenevinylenes as a precursor of CPPAs (Figure
19).11%1 Macrocycles 34b and 34c were efficiently converted to
[6]CPPA 33c and [8]CPPA 33e through bromination and base-
mediated dehydrobromination sequence, although a mixture of
inseparable stereoisomers of precursors was used. The
transformation of macrocycle 34a did not afford [4]CPPA 34a
because of its instability under strongly basic conditions. [4]CPPA
readily reacted with tert-butoxide to form r-conjugated
macrocycle 35 having two vinyl ether moieties.?”l  The
dehydrobromination of 34a followed by Diels—Alder reaction with
furan gave the adduct 36 as a mixture of diastereocisomers. The
furan adduct 36 was aromatized by utilizing low-valent titanium
reagent to afford angle-strained alkyne-containing macrocycle 37.

? 6 equiv TiCly

or TICIyDME) 5
O 20 equiv Zn(Cu) O O CHCl, J — \
_— — )
DME, rt 2) 16 equiv KO'Bu Q O
= —=
O O Et,0,0 °C = Q =
n
| m
o

85% (33c/33e = 4:1)
mixture of cyclooligomers [6]CPPA 33c (n=1)

1) 10 equiv Br,
from a mixture of

34b and 34c
(34b/34c = 4:1)

34a (m = 1) 30-40% [BICPPA 33e (n = 3)
34b (m = 3) 11-16% =
34c (m = 5) 3-5% wwo. ST D
‘ bromination and \ :\O’B
) u
bromination and dehydrobromination s 0

in ether =

dehydrobromination | from 34a
from 34a

in furan
35 (30-40%)

7 - D TiClyzn 7 - D
colfie S ssfiies

36 (36%) 37

Figure 19. Bromination and dehydrobromination sequence for preparation of
[6]CPPA and [8]CPPA and transformation of 34a. DME: 1,2-dimethoxyethane.

The McMurry coupling of 38 in a mixed solvent system
(DME:toluene = 1:1) dramatically improved the macrocyclization
efficiency, predominantly producing ZZEZZE-cyclohexamer 34b
in good vyield while suppressing the formation of cyclotrimer
(Figure 20a).'"! This finding then improved the access to
[6]CPPA as well. The modified McMurry coupling afforded
cyclopentamer 39, which could be smoothly converted to
[5]CPPA 33b as the smallest CPPA so far reported (Figure
20b).I'%  The coupling of dialdehydes 38 and 40 (1:1 ratio)
enabled production of the precursor of [7]CPPA 33d (Figure
20c).['71 [9]CPPA 33f was obtained by the coupling of ZZ-38 and
ZE-38 (3:1 ratio), although separation from the major product
[6]CPPA 33c was necessary (Figure 20d)."1 By employing the
McMurry coupling—bromination—dehydrobromination sequence,
1,4- and 2,6-naphthylene-containing [6]CPPA derivatives 41 and
42 were successfully synthesized (Figure 21).'°1 To create a
deep cavity in the ring system, cyclic
[6](1,4)naphthyleneacetylene ([6]CNA) 43 was synthesized by a
similar synthetic procedure.['*!
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- -
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—0 TiCl4-Zn(Cu)
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[5]CPPA
33b

1) Bry
s
2) KO'Bu

25% 27%

TiCl,-Zn(Cu)
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20% of 33d was isolated after GPC.
TiCl;-Zn(Cu) 1) Br, 6ICPPA  [91CPPA
38 (zz isomer) + 38 (EZisomer) —————————> (el +[ !
31 rati DME/toluene  2) KO'Bu 33¢ 33f
(ca. 3:1 ratio) 33¢:33f = ca. 10:1

4% of 33f was isolated after GPC.

Figure 20. Modified McMurry coupling for preparation of (a) [6]CPPA 33c, (b)
[5]CPPA 33b, (c) [7]ICPPA 33d, and (d) [9]CPPA 33f.

o 6 equiv TiCl,

OO
[6]CPPA

20 equiv Zn(Cu) 1) Br,
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’ )

precursor of cyclophyne

Figure 21. Synthesis of naphthylene-containing CPPA derivatives.

Because of the symmetrical belt-shaped structure of [n]CPPAs,
the strong convex—concave rn—n interaction in the cavity of
nanorings was anticipated. Kawase, Oda, and co-workers
succeeded in the encapsulation of hexamethylbenzenel'''-"13
and fullerenes?'"4l with [6]CPPAs to afford 1:1 complexes
(Figure 22). The Gibbs activation energy for dissociation of
33coCeo complex is 41 = 1.3 kd mol~' in CD,Cl,, which is similar
to that of 33¢>C7o complex (40 + 0.8 kJ mol™").""3 From a DFT
calculation of 33¢>Cgy complex,''5-""7! the center of [6]CPPA is
aligned to the center of Cgg, forming a symmetric structure. The
binding energy was estimated to be 117 kJ mol~'. Two ortho
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protons (H. and H,) of phenylene moieties in the 33¢>Cq
complex were independently observed by variable temperature
NMR measurement in CD,Cl, at =90 °C. Three optimized
structures of the 33c>C7o complex were estimated by DFT
calculations, where Cy, is standing, lying, or half-lying (Figure
22).118.117 The inclusion structure, where Co is standing, was
estimated to be the most stable (binding energy: 130-134 kJ mol~
). The binding energies of the other two optimized structures
were only 8-17 kJ mol~'-smaller than the standing structure. As
expected experimentally and theoretically, the center of Cy is
about 0.11 nm above the center of [6]CPPA in the most stable
structure.

33¢>C,ocomplex (half-lying)

33¢>C,ocomplex (lying)

Figure 22. [6]CPPA—fullerene complexes.

By introducing 1,4-naphthylene moieties in [6]CPPA, the binding
constants for both Cgo and Cyo dramatically increased.['%%1101 |n
the case of 42, the incorporation of two 2,6-naphthylene moieties
changed the CPPA shape ellipsoidally, enhancing the
encapsulation toward C7. The encapsulation of [6]CPPA with Cg
and C;o derivatives revealed that the host—guest interaction is
affected by the electronic properties of substituents on fullerenes
rather than their bulkiness.['" Further information about the
encapsulation properties of CPPA derivatives with fullerenes,
including dynamic motion, is summarized in Kawase's account
paper.[104

Based on the strong interaction of CPPAs with the convex =n-
system, Kawase, Oda, and co-workers anticipated the formation
of ring-in-ring complexes. In fact, the ring-in-ring complex of
dibenzo[6]CPPA and tribenzo[9]CPPA was detected by NMR
measurement (Figure 23).['"8 Furthermore, in the presence of Ceo,
a double inclusion complex
tribenzo[9]CPPA>dibenzo[6]CPPASCs 44 was observed. From
the titration experiments, it was revealed that the association
constant of [9]CPPAS[6]CPPA complex 46 (ca 40 M~") is much
smaller than that of [8]CPPAS[5]CPPA 47 complex (9200 + 1400
M-") in CDCl; at 30 °C.'"" The association constant of
tribenzo[9]CPPASdibenzo[6]CPPA 45 is 470 + 80 M-, which is
larger than for 46 due to the n-expanded structure. The difference
of association constants can be attributed not only to van der
Waals forces but also electrostatic and charge-transfer



interactions. This finding points out the difference in electronic
properties between planar and curved n-conjugated systems.

[8]CPPAS[5]CPPA complex 47

[9]CPPAS[6]CPPA complex 46

Figure 23. Ring-in-ring complexes.

Because the benzo-fused CPPA showed better encapsulation
ability for fullerenes, CPPAs bearing polyaromatic compounds
were considered to be more favorable host molecules for
fullerenes. More recently, Miki, Ohe, and co-workers
demonstrated the preparation of anthracene-containing CPPAs
through an alternative synthetic method and their encapsulation
ability."'®! The Sonogashira—Hagihara coupling reaction followed
by tin-mediated reductive aromatization produced anthracene-
containing [6]CPPA derivatives 48 and 49 (Figure 24). The
palladium- and copper-catalyzed cyclotrimerization of 9,10-
diethynyl-9,10-dimethoxy-9,10-dihydroanthracene ~ with  1,4-
diiodobenzene afforded the precursor 50 of [6]CPPA in 15% yield
together with cyclodimer (3%) (Figure 25a). The precursor 51
having electron-rich n-butoxy groups was also obtained in 15%
yield, indicating that the macrocyclization of small fragments is not
efficient enough to provide precursors in high yield. [6]CPPA 48
has not yet been isolated through the conventional tin-mediated
reductive aromatization of the corresponding precursor 51 due to
the low stability of strained alkynes under strongly acidic
conditions (1 N HCl(aq)). In contrast, in the presence of Cgo, the
[6]CPPA—fullerene (48>Cs0) complex was obtained in 51% yield,
though excess amounts of tin(ll) chloride were necessary. This
finding pointed out that the strong encapsulation of guest
molecule Cg inhibits strained alkyne moieties of the host
molecule from decomposition. The association constant (K,) was
roughly estimated at more than 5.0 x 10° M-' by NMR
measurement, which was larger than for the 33¢>Cs, complex.
This result also supports the notion that the introduction of
polyaromatics in CPPAs enhances the Cgy encapsulation ability.
The electron-rich [6]CPPA derivative 49 also acts as a good host
molecule for Cgo.
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[6]CPPA derivative 48

[6]CPPA derivative 49

Figure 24. Anthracene-containing CPPAs.

Based on the high encapsulation ability of anthracene-
containing CPPA derivatives, Miki, Ohe, and co-workers
demonstrated the synthesis of twin [6]CPPA derivatives, in which
two [6]CPPAs are hinged by one benzene ring, and its
encapsulation of two Cg molecules (Figure 25b).'""1  The
precursors 55 and 56 were synthesized by stepwise cross-
coupling of 52 with dihydroanthracene 53 or 54. The precursor
55 underwent reductive aromatization in the presence of excess
amounts of Cg to give twin [6]CPPA—fullerene 1:2 complex
(8752C¢), which was detected by MALDI-TOF mass
spectrometry. After forming 575Csgo, the electron density of the
host [6]CPPA is decreased by charge-transfer interaction. The
second complexation afforded unstable 1:2 complex 5752Csgo,
which decomposed during purification. In contrast, the reductive
aromatization of 56 having electron-rich butoxy groups afforded
twin [6]CPPA—fullerene 1:2 complex (58-2Cg) in good yield.
Furthermore, electron-rich twin [6]CPPA derivative captured two
methanofullerene mCeo efficiently under identical conditions,
affording the 5852mCeo complex in good yield. The first cathodic
process corresponding to the reduction of the fullerene entity of
48-Cgp, 495Cq, and 5852Cq was —1.16 V, —1.29 V, and —-1.28
V (vs Fc*/Fc), respectively. All one-electron reduction peaks were
cathodically shifted by 60-180 mV as compared with that of a
pristine Cgo (—1.10 V). This difference in cathodic shifts indicates
that there is charge-transfer interaction between Cgo and electron-
rich [6]CPPAs 49 and 58.

Truhlar and co-worker clarified that the binding energy (181 kJ
mol~") between [6]CPPA and (5,5)-carbon nanotube (CNT) is
much larger than that between [6]CPPA and Cgo (117 kJ mol™")
from DFT calculation.['"™ Based on this background, Miki, Ohe,
and co-workers carried out the complexation of anthracene-
containing CPPAs with CNTs.['?l The cross-coupling of large
fragments afforded the precursors 60-63 in good yields (Figure
26). In contrast to the synthesis of [6]CPPA derivatives 48 and
49, CPPA derivatives 64—67 were obtained by the modified tin-
mediated reductive aromatization using HoSnCl,['% without guest
molecules. [9]- and [10]CPPA derivatives 65—67 could be stored
in a refrigerator in the dark for several months. In contrast,
[BICPPA 64 in the solid state gradually decomposed, probably
due to the high reactivity of strained alkynes.
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R=H, O"Bu OMe >:/ OMe
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51 (R = O"Bu, 15% yield)
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30 mol% Pd(PPhay),
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53 (R = H), 54 (R = O"Bu)

1 equiv 53 or 54
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40 mol% Cul

THF/Et;N (4:1, 1 mM)
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THF/EN (4:1, 1 mM)
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19% (R = O"Bu)
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CH,Cl,/ 1N HCl aq.
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N3

9

5752Cgp (R = H, detected but not isolated)
5852Cq0 (R = O"Bu, 79%)
58-2mCgg (R = O"Bu, 50%, mCgq was used instead of Cgq)

Figure 25. Preparation of inclusion complexes of (a) anthracene-containing [6]CPPA and (b) twin [6]CPPA derivatives with Ceo.
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[8]CPPA derivative 64 (87% from 60)

[9]CPPA derivative 65 (27% from 61)
[10]CPPA derivative 66 (40% from 62)
[10]CPPA derivative 67 (45% from 63)

THF, 1t, 6 h, in dark

(a)

(d)

65OCNT
complex

i — 67DOCNT
; complex

"'<1.49nm

Figure 27. Energy-minimized structure of CPPAs (a) 64, (b) 65, (c) 66, and (d) 67. Butoxy and butyl groups in 66 and 67 were replaced to methoxy and methyl
groups, respectively. Schematic illustration of optimized CPPASCNT complexes. Reproduced with permission from ref. 120. Copyright 2018 Wiley-VCH Verag

GmbH & KaA, Weinheim.



(a)

(c} (d)

Figure 28. (a) “Tube-in-ring” and (b) “ring-on-tube” structures of CPPASCNT
complex of (14,0)CNT and 64 optimized with Forcite program and visualized by
Mercury 3.6 software. Both terminals of CNT are capped with hydrogen atoms.
(c) High-resolution TEM image of 655CNT R complex. Scale bar, 2 nm. (d)
Model structure of the complex of (11,6)-CNT and CPPA 65. (e) Corresponding
TEM image simulation. Reproduced with permission from ref. 120. Copyright
2018 Wiley-VCH Verag GmbH & KaA, Weinheim.

The energy-minimized structures of [8]-, [9]-, and [10]CPPAs
were calculated at the B3LYP/6-31G(d) level of theory (Figure 27).
The diameters of anthracene-containing CPPAs 64—67 were 1.68,
1.89, 2.21, and 2.19 nm, respectively. These values are slightly
smaller than those of CPPAs ([8]CPPA 33e: 1.74 nm, [9]CPPA
33f: 1.96 nm, based on an AM1 calculation) reported by Kawase
and co-workers.'® Interestingly, calculations showed that the
ring sizes of CPPAs 64 and 65 could be expanded by 0.1 nm

Table 1. Spectral data of CPPAs.
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through complexation, whereas no expansion of 66 and 67 was
found. The diameters of the CNTs that can be interlocked by
CPPAs 64-67 were estimated at 1.10, 1.33, 1.53, and 1.49 nm,
respectively. Both “tube-in-ring” complexation and “ring-on-tube”
complexation were optimized by force field calculations with the
Forcite program (Figure 28a and 28b). The “ring-on-tube”
complexation is stabilized by C—H-= interaction as well as n—=
interaction of one of three anthracene moieties or one of three
phenyl moieties with a curved CNT surface.

The complexation with single-walled CNTs P (diameter (¢) =
0.7-1.0 nm), Q (¢=1.1-1.4 nm), and R (¢ = 1.2—1.6 nm) clarified
that CNTs P, Q, and R preferentially interact with [SJCPPA 64,
[9]CPPA 65, and [10]CPPA 66, respectively. The good size fit is
important for the formation of rotaxane-like structures of CNTs.

High-resolution transmission electron microscopy (TEM) of the
655CNT R complex revealed that CPPAs could interact with
CNTs in the “tube-in-ring” manner (Figure 28c). The model
structure of the CPPASCNT complex of (11,6)-CNT and 65
showed good agreement with the TEM image (Figure 28d and
28e). The “tube-in-ring” complexation was also supported by
scanning probe microscopy, thermogravimetric analysis, and
Raman spectroscopy. This “ring toss” method for the preparation
of functionalized CNTs, such as water-soluble CNTs, will find
application in electronic and biomedical applications.

[8]CPPA
64

<
e (&) -

[51CPPA 33b (n = 0), [6]CPPA 33c (n = 1) "By Br
[7ICPPA 33d (n = 2), [8]CPPA 33e (n = 3) [10]CPPA _ Hé._
[9]CPPA 33f (n = 4) 67 O O
Br Bu
J(phenylene) absorbance emission J(phenylene) absorbance emission
bond angl bond ang]
CPPAs | in'HNMR Onl O M) Ape(om) | CPPAS in 'H NMR Onl a)r[llf e (M) A ()
(ppm) y logel® [ (ppm) (e logel®  [o]
[5]CPPA 346 [8]CPPA 168.9°— 467 563
1 162.5° 449, 461 53
33b 713 62.3 [5.02] 9,46 64 753 170.0° [4.77] [0.005]
PPA 165.5° 471 PPA 169.9°— 4
[6]1C 735 65.5 ) 349 7 [91C 748,7.60 69.9 67 530, 568
33c¢ [164.4°14 [5.40] [0.27] 65 171.2° [5.17] [0.90]
[7]CPPA . 355 [10]CPPA “ 171.2°— 467 527, 564
33d 736 D N [5.41] 418,448 66 756 172.2° [5.21] [0.92]
[8]CPPA . 169.2° 355 416,447 | [10]CPPA 7 681 171.2°— 468 526, 563
33e \ [168.6°]4 [5.47] [0.15] 67 : 172.1° [5.15] [0.81]
[9]CPPA 354
4 170.4° 414, 442
33f 743 70 [5.51] ’

[a] In CDCls. [b] Calculated at B3LYP-6-31G(d) level. [c] In cyclohexane for 33, in CHCI; for 64—-67. [d] Average bond angle determined by X-ray crystallographic
data in ref. 111. [e] Averaged values of phenylene units of molecules. In the case of 66, butoxy-substituted phenylene protons were omitted.



3.4.2. Photophysical properties of CPPAs

The specific properties of CPPA and anthracene-containing
CPPAs are summarized in Table 1. In the '"H NMR spectra, all
phenylene protons were equally observed, indicating the highly
symmetric nature of CPPAs 33.1'% There are no large differences
in chemical shifts of phenylene protons except for [5]CPPA
33b.11041081 A significant difference in chemical shifts between the
[4n+2] n-electron system in odd-numbered CPPAs and the [4n] n-
electron system in even-numbered CPPAs was not observed.
Although the bathochromic shift of absorption maximum is not
significant, the emission spectra broadened and shifted
bathochromically as the ring size decreased. From the DFT
calculation, the HOMO-LUMO transition is forbidden and the
strong absorption can be assigned to the sum of HOMO-2 to
LUMO, HOMO-1 to LUMO, HOMO to LUMO+1, and HOMO to
LUMO+2 transitions, resulting in the small difference in absorption
maxima of CPPAs.['?% A similar tendency was found in the CPP
chemistry.l'?"l As to emission spectra, the bathochromic shift in
smaller rings is explained by the release of the strain energy in
the excited state of CPP. The emission of CPPAs is such a case.
Compared with the emission spectrum of [6]CPPA, that of
[5]CPPA shifted hypsochromically, probably due to the increased
strain and rigidity.

In the '3C NMR spectra, the sp carbon was observed at a lower
field like the sp? carbon, as the ring size of CPPA became smaller.
This result supports the notion that the contribution of quinoid form
increases as the ring size of CPPA decreases. This tendency is
also similar to CPPs.[21]

The solid-state structures of [6]CPPA 33c and [8]CPPA 33e with
guest molecules were determined using X-ray crystallographic
analysis (CCDC: 153427 and 153428).l'"""l The bond angles at sp
carbons are in the range of 162.5-165.6° (average: 164.4°) and
164.3-171.4° (average: 168.6°), respectively. The structure of
1:1 complex of [6]CPPA 33c with methanofullerene mCgy was
also determined using X-ray analysis (CCDC: 199147).?8 |n the
solid state, methanofullerene is captured on the bowl-shaped
[6]CPPA. The bond angles (Zs, = 162.2-166.2° (average:
164.5°)) are similar to those of [6]CPPA with hexamethylbenzene
(CCDC: 153427).

As to anthracene-containing CPPAs 64-67, no significant
influence of ring size in '"H NMR chemical shift of phenylene
protons, absorption maximum, and emission maximum was
observed.['?0  Although the molar extinction coefficients (&) of
CPPAs 64-67 are larger than 10° cm=' M, the quantum yield (@
= 0.005) of [8]CPPA is much smaller than those of the others (@
= 0.81-0.92). The absorption and emission spectra of [8]CPPA
64 (Lsp = 168.9-170.0°) and [9]CPPA 65 (L, = 169.9-171.2°)
have been reported (Figure 29).['>°' From the time-dependent
(TD)-DFT calculation, the shoulder signal of around 550 nm in the
absorption spectrum of [8]CPPA 64 is assigned as vertical
transitions, including the HOMO-LUMO transition, which is
forbidden in 65 but allowed in 64. Because linear oligo(p-
phenyleneethynylene)s exhibit high ¢ and @ values, the larger
CPPAs may not show specific strain-induced photophysical
properties. This difference in the photophysical properties
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between [8]CPPA (Zs, < 170°) and [9]CPPA (£, > 170°) supports
the notion that the arbitrarily defined borderline of angle (Zsp =
170°)?71 between strained and unstrained alkynes seems to be
quite reasonable.
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Abs and PL intensity (a.u.)
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Figure 29. UV-vis (solid) and photoluminescence (dotted) spectra of (a)
[8]CPPA 64 and (b) [9]CPPA 65. Reprinted with permission from ref. 120.
Copyright 2018 Wiley-VCH Verag GmbH & KaA, Weinheim.

3.5. Related m-conjugated macrocycles bearing angle-
strained alkynes

To clarify its high reactivity and specific photophysical properties,
angle-strained alkyne-containing macrocycles with various =-
conjugated spacers instead of para-phenylene were also
investigated. The representative macrocycles are summarized in
this section.

3.5.1. ortho-Phenylene and meta-phenylene spacers

Dehydroannulenes are a family of n-conjugated macrocycles
consisting of oligoenes and at least one alkyne. By introducing
several alkynes in the macrocyclic system, planar n-conjugated
molecules have been designed and synthesized for investigation
of their aromaticity and application to electronic materials.
Dehydroannulene analogues, such as dehydrobenzoannulenes,
in which oligoethynylene, oligovinylene, or a mixture of
ethynylene and vinylene are bridged by ortho-phenylene moieties,
are also attractive molecules as optoelectronic materials and
precursors of new two- or three-dimensional carbon
networks.®>122 So far, researchers have created a variety of
dehydroannulene derivatives with angle-strained alkyne moieties.
Their highly strained mono- and oligoethynylene structures were
anticipated by DFT calculations and confirmed by X-ray
crystallographic analyses. The representative molecules having
angle-strained alkynes are summarized.

Cyclooctatetraene is one of the [4n]annulenes with a tub-shaped
conformation.  Dehydro[8]annulenes, such as cycloocta-1,5-
diene-3,7-diyne (68), would presumably be planar, but its isolation
has not been reported (Figure 30a). Stevenson and co-workers
reported the generation of radical anion of 68 from 1,4-
dibromocyclooctatetraene  (Figure 30b).l'23 Benzo-fused
derivative 69 was synthesized through photoinduced bromination
of biphenylene and base-mediated dehydrobromination (Figure
30c); however, 69 decomposed within a few minutes at 0 °C due
to its low stability.['?*1 A sharp olefinic singlet peak (5 = 5.07 ppm
in CDCI3) was observed at —20 °C, but it gradually disappeared,



which means a short lifetime for 69 under ambient conditions.
Rapid purification followed by cycloaddition with dienes afforded
the corresponding adducts.
5,6,11,12-Tetradehydrodibenzol[a,e]cyclooctene (70), a
dehydrobenzo[8lannulene, so-called “Sondheimer diyne,” was
first synthesized by Wong, Sondheimer, and co-worker in 1974
(Figure 30d).'1 The angle-strained alkyne structure confirmed
by X-ray crystallographic analysis was then reported.'?! The
bond angles (Zsp) are 155.3—156.4° in the solid state. A much
better synthetic method for dehydrobenzo[8]annulene 70 and its
derivatives was reported by Orita and co-workers (Figure 30e).'?7]
The sequential inter- and intramolecular Wittig—Horner-type
olefinations and base-mediated elimination of sulfinic acid

afforded functionalized dehydrobenzo[8]annulenes in good yields.

The same group reported the facile transformation of
dehydrobenzo[8]annulenes to pentalenes.'?®! The photoinduced
elimination of CO from cyclopropenone is also applicable to the
generation of dehydrobenzo[8]annulene 70. The in situ
generated 70 was efficiently trapped by azide to form bistriazole-
fused macrocycle 73 (Figure 30f).['>*! This method enabled the
conjugation of azide-grafted bovine serum albumin with azide-
grafted biotin under physiological conditions. Most recently,
Sondheimer diyne was used as an intercalator of DNA.I'*®1 The
intercalation enhanced the crosslinking efficiency between azide-
grafted base pairs. The related macrocycle 71 was synthesized
by Romers, Wong, Sondheimer, and co-workers.['*"l  The
structures of two independent molecules were determined by X-
ray analysis, where one is planar and another is slightly tilted
(CCDC: 1139955). The bond angles at sp and sp? carbons are
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151.9-156.1° (average: 154.0°) and 143.9-146.2° (average:
145.0°), respectively. Phenanthrene-fused
dehydrobenzo[8]annulene derivative 72 (CCDC: 1268933) was
synthesized through a  bromination—dehydrobromination
sequence.['*? The bond angles at sp carbons are similar to those
of 70. Despite its  highly  strained  structure,
dehydrobenzo[8]annulene 72 is stable at high temperature
(decomposition temp.: 183 °C). Fukazawa, Yamaguchi, and co-
worker reported a new approach to dehydrobenzo[8]annulene
through sequential electrocyclization reactions (Figure 30g).l'
Copper-mediated coupling and valence isomerization of
dehydrobenzo[16]annulene afforded phenanthrene-fused
dehydro[8]annulene 74 in moderate yield.

By replacing the monoyne moieties in dehydro[8]annulenes with
diyne and tetrayne moieties, n-expanded dehydroannulenes were
synthesized (Figure 31a). Diederich and co-workers synthesized
dehydro[12]annulene 75['3413% and dehydro[20]annulene 76"
by Hay coupling (Figure 31b). The X-ray crystallographic analysis
of 75 revealed the planar structure (CCDC: 1229799) and the
bond angles of 164.5° and 166.9° at sp carbons, 75 being less
strained than dehydrobenzo[8]annulenes. The absorption edge
(660 nm (1.87 €V)) and the paratropic character observed in 'H
NMR spectrum suggest the antiaromaticity of 75. The strong
intramolecular charge-transfer interactions between peripheral
electron-donating N,N-diisopropylanilino groups and the electron-
deficient dehydroannulene core of 76 were suggested by UV—vis
absorption spectrometry.
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Figure 30. Dehydro[8]annulene and dehydro[8]benzoannulene derivatives: synthesis and transformation. LIHMDS: lithium bis(trimethylsilyl)amide
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Figure 32. Representative dehydrobenzoannulenes containing o-phenylenes. Bond angles of 84, 85, 87, 88, 89a, and 93 were given by DFT calculation.

Dehydrobenzo[12]annulene 77a was synthesized by Eglinton,
Raphael, and co-workers using copper-mediated coupling,[37:13]
and the strained structure was confirmed later by X-ray
crystallographic analysis of 77b (Zs, = 165-167°).%% ~ |ts
symmetrical and planar rn-conjugated structure induced the
formation of self-assemblies, such as nanofibers and gels.[40-"4%]
As expected from the highly strained structure, the strain-
promoted double azide—alkyne cycloaddition of 77c takes place
regioselectively to give adduct 79 (Figure 31c).'*6l The
electrophilic cyclization of 77d using an excess amount of iodine
under oxygen atmosphere gave two types of diiododiones, 80a
and 80b.['“1  The electrophilic cyclization of 77b using two
equivalents of iodine gave tetraiodide 81, which smoothly
converted to 80a’ under aerobic conditions.['*® The electrophilic
cyclization of 77d using n-butyllithium proceeded to give the
bicycle[7.3.0] ring system 82 in moderate yield.l'*®l By treating
82b with iodine, diiodobenzonaphthopentalene 83 was obtained
through the electrophilic cyclization of the strained nine-
membered ring. In contrast to 75, dehydrobenzo[12]annulene
77a does not exhibit paramagnetic properties and its absorption
maximum was observed at around 450 nm (2.74 eV).

The copper-mediated cyclodimerization furnished
phenanthrene-fused dehydro[12]annulene 78a.l'*®l  Although
benzo-fused dehydro[20]annulene was not isolated,!'5

phenanthrene-fused dehydro[20]annulene 78b was synthesized
by a similar copper-mediated cyclodimerization.['5"

Because of highly strained bond angles at sp carbons (135.1°
and 139.0°), tetradehydrodibenzocyclooctene 84 has not been

isolated so far (Figure 32).1'52153 |nstead, the derivatization by
Diels—Alder reaction with isobenzofuran afforded the
corresponding adduct 94 (Figure 33a). Although
dehydrobenzo[10]annulene 85 has less-strained alkynes than 84,
its isolation has not been reported. By considering that the bond
angles (Zsp) of 85 are similar to those of 70, the low stability of 85
might be caused by the high reactivity of angle-strained diyne.['54
By replacing the monoyne moiety in 85 with the para-phenylene
moiety, Fallis and co-workers synthesized less-strained
macrocycle 86 employing intramolecular Eglinton coupling.[!
The angle-strained alkyne structures were determined using X-
ray crystallographic analysis (CCDC: 133376). The synthesis of
dehydrobenzo[12]annulene 87 was reported by Tobe and co-
workers.['541%] The bond angles (Zsp) in the triyne component are
149.0°, 156.9°, and 164.0° estimated by DFT calculation. The
monoyne between phenylene moieties is slightly deformed to the
inside of the annulene ring by 7.2—-7.6°, making monoyne and
triyne moieties curve inward and outward, respectively. Because
of its high reactivity, dehydrobenzo[12]annulene 87 was
detectable only by spectrometric analyses in a matrix at low
temperature. The photoirradiation of 95 in furan afforded the
corresponding adduct 96, which indicated that
dehydrobenzo[12]annulene 87 is a highly reactive intermediate
(Figure 33b). The generation of less-strained macrocycle

dehydrobenzo[14]annulene 88 was confirmed by NMR
measurements, but it has not been isolated.l'56157]
Dehydrobenzo[14]annulene 89a containing three ortho-

phenylene moieties was synthesized by Vollhardt, Youngs, and



co-workers employing Cu-mediated Eglinton coupling.['5815
Dehydrobenzo[14]annulene 89a is photosensitive, but it is stable
enough to be isolated in high vyield (83%) by column
chromatography on silica gel. In the solid state, two monoyne
moieties are curved inward, while a diyne moiety is curved
outward (CCDC: 1315186). Related macrocycles 89b and 89c
(CCDC: 1277747), including cis-alkene(s) instead of o-
phenylene(s), were reported by Haley and co-workers.['69-162]
These macrocycles are similar to 89a having strained monoynes
and a diyne. Because of its stability and planarity, Haley, Tobe,
Hisaki, and Miyata, and other research groups independently
explored the synthesis of related dehydrobenzo[14]annulenes,
their transformation, and their application as fluorescent material
and supramolecular assembly.[163-174] [16]DBA 90 was
synthesized by Haley and co-worker.['”>-'78  X-ray analysis
revealed that the diyne moiety is slightly strained. Orita, Otera,
and co-workers reported the other pathway to 90.1'"8 Youngs and
co-workers prepared angle-strained diyne-containing macrocycle
91 by Hay coupling.'"” The bond angles at a diyne moiety are
slightly curved (Zs, = 168.3—174.5°) by the X-ray crystallographic
analysis (CCDC: 1170130). Ohkita, Tsuji, and co-workers
synthesized mn-expanded dehydrobenzoannulene derivative 92
through Dewar benzene photoisomerization.['8% X-ray
crystallographic analysis of 92 showed 167.9-171.4° bond angles
(Zsp) (CCDC: 1296163), which indicates that the para-phenylene
insertion into diyne moieties of 77 leads to a less-strained
structure. Macrocycle 37 consisting of two ortho-phenylenes and
two diphenylacetylene moieties was synthesized by Wong.!"8"l
Oda, Kawase, and co-workers then independently reported an
alternative pathway (Figure 19).271  Although there is no
information about the angle at the alkyne moieties in the literature,
theoretical calculation estimates the bond angle (Zs) at around
162°. As expected from the highly strained structure of 37, the
alkyne moieties act as a good dienophile to give a cycloadduct
efficiently upon treatment with cyclopentadienone.l'®  The
generation of strained alkyne-containing molecule 93 bearing a
highly strained alkyne was examined by Wong.l'"  The
sequential dehydrobromination of dibromide 97 or transformation
of selenadiazole 99 accompanying nitrogen gas generation at
high temperature leads to the generation of 93 (Figure 33c).
Because of its highly strained structure, 93 was not isolated but
could be trapped by dienes to afford the corresponding adducts
98 and 100. Taking the bond angles (Zsp) into account, a strained
alkyne whose bond angle is less than 155° is considered to be too
reactive to be isolated.
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Figure 33. Diels-Alder reaction through the generation of

dehydrobenzoannulenes (a) 84, (b) 87, and (c) 93.

To construct angle-strained alkyne-containing macrocycles, a
meta-phenylene unit is also one of the useful linkers (Figure 34).
Ohkita, Tsuji, and co-workers reported a macrocycle 101
consisting of both para- and meta-phenylenethynylene units
through the photoisomerization of Dewar benzene moieties.['8]
In the solid state, the macrocycle forms a parallelogram-like
shape, and therefore, two of the four meta-
phenylenediethynylene moieties are strained (Zs, = 168.7—
179.9°) (CCDC: 134167). The para-phenylene moieties can
rotate along the macrocycle. Despite the sterically hindered side
chains, the interconversion between diastereoisomers is faster
than the NMR time scale at room temperature.

Some of the small-sized meta-cyclophanes having curved
alkyne moieties are strained. Oda, Kawase, and co-workers
synthesized [2.2.2]metacyclophane-1,9,17-triyne (102)['® and
[2.2.2.2]metacyclophane-1,9,17,25-tetrayne (103)!'8% by utilizing
the synthetic sequence of McMurry coupling and bromination
followed by dehydrobromination. Although the strained
macrocycle 102 is sensitive to silica gel, colorless crystalline
material was obtained after column chromatography (alumina) at
0 °C. X-ray analyses of 102 and 103 showed that the bond angles
(ZLsp) are 158.4-158.7° (CCDC: 1109524) and 167.6—169.9°
(CCDC: 1215943), respectively. The angle-strained alkynes in
102 smoothly underwent cycloaddition with cyclopentadienes at
room temperature to afford 1:2 adduct 113 in 76% vyield (Figure
35a). Because the bond angles (Zsp) in the monoadduct were
estimated to be more strained (152° and 163°) by AM1 calculation,
the monoadduct was not isolated at all. In contrast, less-strained
cyclophane 103 does not undergo Diels—Alder reaction with
cyclopentadiene. Cyclotetramer 104, including m-



phenylenediethynylene, was synthesized by Tobe and co-
workers using Eglinton coupling.['®! Cyclotetramers are strain
free, which is confirmed by AM1 calculation. By utilizing their
symmetrical and planar structure, Tahara, Tobe, De Feyter, and
co-workers succeeded in the preparation of two-dimensional self-
organized materials.l'8”188 More strained cyclotrimers have not
been synthesized so far.

Tobe and co-workers prepared the strained
dehydrobenzo[15]annulene 105 bearing a meta-phenylene unit
using an intramolecular coupling reaction (CCDC: 1149315).189
The diyne moiety is strain free, although one of the bond angles
at the monoynes is smaller than 170°. Fallis and co-workers
synthesized the more strained dehydrobenzo[11]annulene
derivative 106 according to their synthetic procedure of para-
phenylene-containing macrocycle 86.1'°7 Compared with 105, the
diyne moiety of 106 is highly strained (£s, = 153.5° and 164.1°)
(CCDC: 147868) because the length of the m-phenylene linker is
shorter than the diyne. Despite the highly strained structure,
Diels—Alder reaction of 105 with cyclopentadiene did not occur
either at room temperature or at reflux temperature for 24 h. The
reaction proceeded in a sealed tube at 120 °C, affording the
corresponding 1:1 adduct 114 (Figure 35b). A second addition
was not observed due to the unstrained linear structure of the
remaining alkyne. Recently, a macrocycle 107 containing both
ortho- and meta-phenyleneethynylene moieties  was
synthesized.['"  Although the mechanism is unclear, the most
strained alkyne of macrocycle 107 underwent intermolecular
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dimerization to afford macrocycle 115 (Figure 35c). The copper-
free click reaction of the highly strained alkyne of 107 also
proceeded to afford the corresponding triazole-containing
macrocycle 116 in good yield. Haley and co-workers synthesized
a series of bis(dehydrobenzoannuleno)benzenes 108 and 109
using Pd-catalyzed or Cu-mediated homocoupling reactions./6'-63l
The bond angles (Zsp) at alkyne moieties in 108 and 109 are
similar to those of dehydrobenzo[14]annulene 89a and
dehydrobenzo[15]annulene 105. By introducing donor/acceptor
substituents on corner benzene rings in 108 and 109, the
fluorescence wavelength could be fine-tuned. A macrocycle 110
having both ortho- and meta-phenyleneethynylene moieties was
synthesized, where bond angles at all alkyne moieties are strain
free (Zsp = 172-179°).'%2 Tobe and co-workers applied the
photoinduced elimination of indane to the synthesis of
macrobicycles 111a (CeoHs), 111b (CsoCls), 112a (CrgH1g), and
112b (C7gH12Clg).l'9%719%1  Interestingly, the ion peak of CeoHs™
together with that of fullerene anion (Ceo~) was detected during
photoirradiation to 111, implying the possibility of fullerene
synthesis from a macrobicycle. The n-expanded C;s was also
detected by a similar photoinduced transformation.'®¢! For the
preparation of oligoyne-containing macrobicycle 111a, Rubin and
co-workers © independently applied photoinduced carbon
monoxide-elimination of a cyclobutendione-containing
macrocycle.l'®71%81 |n negative-ion mode of laser desorption mass
spectrometry, prominent ions corresponding to 111a and Cg
were observed.
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Figure 34. Representative strained macrocycles having meta-phenyleneethynylene moieties.
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3.5.2. Pyridine spacer

Related to meta-phenylene-containing macrocycles,
macrocycles bearing pyridine and angle-strained alkyne moieties
were also reported. Representative examples are summarized in
Figure 36.

The synthesis of macrocycle 117 consisting of four para-
phenyleneethynylene units and four pyridine spacers was
reported by Yamaguchi, Yoshida, and co-workers.['*1 The AM1
calculation suggested that the structure of pyridinophanes 117 is
strain free. The related macrocycles 118 consisting of four meta-
phenyleneethynylene units and four pyridine spacers were also
reported.[' Although the macrocycles 118 are estimated to be
strain free by calculation, X-ray analysis revealed that the bond
angles (Zsp = 169.0-177.7°) became smaller by complexation
with two copper(ll) compounds (CCDC: 1150129). Compared
with acyclic compounds, macrocycles 117 and 118 exhibit
unusually strong fluorescence (@ = 0.18-0.59), probably because
of their rigid structures. By utilizing the cross-coupling and
reductive aromatization sequence, Miki, Ohe, and co-workers
synthesized pyridinophane 119 having strained alkynes.?° The
bond angles (Zsp = 167-171°) are larger than that of [6]CPPAs,
which was estimated by DFT calculation. The absolute quantum
yield of 119 (@ = 0.47), which is similar to that of 118, suggests
that the strained structure does not decrease the quantum yield
significantly. The Yoshida and Tobe groups reported strained
pyridinophanes 1202°" and 121[2°22031 containing monoynes and
butadiynes, respectively. Pyridinophanes 120 and 121 were
synthesized by Sonogashira—Hagihara coupling and Eglinton
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homocoupling, respectively. The bond angle (Zs,) of 120 was
around 169-171°, as determined by X-ray crystallographic
analysis (CCDC: 203785 and 203876). Tobe and co-workers
reported the laser irradiation-induced generation of octayne-
bridged pyridinophane 122.2° The photoinduced transformation
of azafullerene CssN2 from highly reactive pyridinophane 122 was
confirmed spectroscopically. Haley and co-workers synthesized
dehydrobenzopyrid[15]annulenes 123a and 123b containing
strained alkynes.[?52081 The X-ray crystallographic analysis of
123a and 123b indicated that the butadiyne bridge is not curved
(Zsp = 175-179°, CCDC: 665933), but the monoyne moieties are
curved (Zsp = 163-173°, CCDC: 665934).
Dehydrobenzopyrid[15]annulenes 123a and 123b bearing a
proton-accepting pyridine ring showed dynamic proton-induced
emission switching properties. Baxter and co-workers reported
terpyridine-containing macrocycle 124.2°71 The bond angles (Zsp)
of a butadiyne moiety are strained (165.4° and 170.1°), but two of
the four monoyne moieties are not significantly curved (Zs, >
174°) (CCDC: 913133).

Fallis and co-worker reported the template-directed synthesis of
phenanthroline-containing macrocycle 125 (Figure 37).2%1 The
copper(ll) template formation followed by Eglinton coupling
facilitates the desired macrocyclization, and side reactions such
as polymerization were efficiently suppressed. The helical
structure was proposed by molecular modeling, although the
structural details of strained angles were not reported.

Other macrocycles, including alkyne and pyridine moieties, were
reported by Baxter, Schliiter, Abe, and Inouye, and other
groups.?9-2211 Bipyridine and terpyridine spacers are also utilized,
but these macrocycles are all strain free.

3.5.3 Heteroaromatics as a spacer: furan, pyrrole,
tetrathiafulvalene, and carbazole

Strained macrocycles having furylene and diethynylfuran
moieties are rare. A few examples of alkyl-tethered macrocycles
or metal-containing macrocycles are known.??2-225 Macrocycles
having a diethynylpyrrole moiety are scarcely found in the
literature.  Because of their redox-active property, many
tetrathiafulvalene-containing macrocycles have been developed
so far; however, these are unstrained and shape-consistent
macrocycles. Macrocycles having a diethynylcarbazole moiety
have been intensively investigated, probably because of their
stability and application to functional materials.

The Sonogashira—Hagihara coupling reaction can provide
cyclooligomers containing 3,6-carbazolylacetylene moieties
(Figure 38a).22 Although the cross-coupling of 3,6-
diethynylcarbazole 126a and 3,6-diiodocarbazole 127 afforded
polymer (path A); cyclotetramer 129 was obtained from 126a and
diiodide 128 in 14.3% yield together with cyclooctamer (5.4%
yield) under Pd- and Cu-catalysis (concentration: ca 5 mM) (path
B). Zhang and Moore found that alkyne metathesis of 3,6-
diethynylcarbazole derivative 130 afforded cyclotetramer 129 in
84% vyield (path C).1??7-2281 Because of their nanoporous structure
in the solid state,??” this shape-persistent cyclotetramer 129 and
its derivatives were widely applied to molecular engineering, such
as self-assembled materials and sensing.?®% Although alkyne



metathesis dramatically improves the macrocyclization efficiency,
this method could not be applied to the synthesis of
thermodynamically less stable strained macrocycles. Glaser
coupling reaction of 3,6-diethynylcarbazole 126b afforded
strained cyclotrimer 131 in 6% yield together with a detectable
amount of cyclotetramer 132, although the structural data were
not provided (Figure 38b).[?%" Self-assembled layers of 131 and
132 were observed on the surface of graphite.?32 Although 131
forms a single layer self-assembly regardless of the existence of
coronene, the cavity inside 132 can be filled with coronene in the
self-assembled layer.

E——

174.9° 178.5° Q 179.(7 176.5°
R6 177.9° 177.9° Re R6 177.7° 177.8°
123a (R® = N"Buy) 123b (R® = N"Buy)

Figure 36. Strained alkyne-containing pyridinophanes.

124 (R” = C=CTIPS)

1) 0.5 equiv Cu(OAc),
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18 h
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5 min
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Figure 37. Copper-template-directed synthesis of helical macrocycle.
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Figure 38. Preparation of carbazole-containing macrocycles. L: tert-butyl(3,5-dimethylphenyl)amino.

The Eglinton coupling of 1,8-diethynylcarbazole afforded
cyclodimer 133a, cyclotrimer 133b, and cyclotetramer 133c in
35%, 4.9%, and 7.6% yields, respectively (Figure 39).2%1  The
bond angles (Zsp) of cyclodimer 133a (CCDC: 816648) and
cyclotrimer 133b (CCDC: 816649) are 168.2—174.9° and 170.2—
178.7°, respectively. The fluorescence quantum yield of 133a (@
= 0.426) is higher than those of 133b and 133c. Diyne moieties
in 133 can be converted to pyrroles and thiophenes, affording the
corresponding macrocycles 134 and 135 in good yields.[233234
Interestingly, the oxidation of 135 led to the formation of core-
modified porphyrin, whose Q-like bands are extremely redshifted.
Strained cyclodimer 133a can be accessible to furan- and
selenophene-containing porphyrinoids.?*!

As to 2,7-diethynylcarbazole-containing macrocycle, Hoger,
Lupton, and co-workers reported the giant macrocycle 136 to
demonstrate exciton localization in -conjugated macromolecules
(Figure 40).2%62371  The template-assisted macrocyclization
through Sonogashira—Hagihara coupling proceeded smoothly to
give 136 containing the main macrocycle (ring) and the template
(spoke), although the structural data are unavailable.

Mullen and co-workers synthesized 2,7-disubstituted carbazole-
containing giant macrocycle 137 through template-directed
macrocyclization (Figure 41).238  This molecule formed a 1:1
host—guest complex with hexa-peri-hexabenzocoronene on
highly oriented pyrolytic graphite (HOPG). Scanning tunneling
microscopy visualized the well-aligned two-dimensional assembly
of 1:1 complex on HOPG with a hexagonal pattern.
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Figure 39. Cyclooligomers of 1,8-diethynylcarbazole and their transformation.

Figure 41. m-Conjugated carbazole macrocycle 137. R = C12Hzs.
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Figure 40. Giant mr-conjugated spoked-wheel macrocycle. R = CgH17.

3.5.4. Thiophene spacer

Compared with macrocycles bearing furan and pyrrole,
thiophene-containing macrocycles have been more intensively
investigated because of its stability and attractive electronic
properties.?*¥  Oda, Kawase, and co-workers reported the
synthesis of thiophene-containing strained macrocycle 139a
through McMurry coupling of 138a using the TiCl3(DME) 5/Zn(Cu)
system (Figure 42).2401 The coupling reaction mainly afforded
cyclotrimer (10-15%) together with a trace amount of strained



cyclodimer 139a. The planar structure of 139a was confirmed by
X-ray crystallographic analysis. The bond angles (Zs,) are 165—
166° in the solid state with cis-configuration of the two alkenes.
lyoda and co-workers reported that a modified procedure
(TiCls/Zn system) more efficiently gave the thiophene-containing
macrocycles 139b—139f.241-2481  The series of thiophene-
containing macrocycles 139 exhibited large molar extinction
coefficients (2.49-6.39 x 10° M~' cm™) at 447-488 nm and
moderate fluorescence around 559-606 nm (@ = 0.069-0.11).
Furthermore, larger macrocycles show remarkably large
maximum two-photon absorption cross section (8max = 15100—
107800 GM), probably due to the increment of n-conjugation.?42
Some of the macrocyclic oligothiophenes were applied to
fluorescence switching, field-effect transistor activity switching,
and electrical conductivity switching.?*!  The macrocyclic
oligothiophene (30mer) dramatically strengthens interaction
between chromophores in comparison with natural light-
harvesting antenna LH2 of purple photosynthetic bacteria.?*°!
Cyclo[n](3,4-dibutyl-2,5-thienyleneethynylene)s 140a-140c
were synthesized through bromination of macrocycle 139¢c—139e
followed by dehydrobromination (Figure 43a).[239241.244 |yoda and
co-workers developed two alternative synthetic routes to
cyclo[n](3,4-dibutyl-2,5-thienyleneethynylene)s, such as (1) the
intramolecular ~ Sonogashira—Hagihara  coupling  (Figure
43b)2392461  gnd (2) the double-elimination reaction(?3250
developed by Orita and Otera (Figure 43c). The intramolecular
Sonogashira—Hagihara coupling of linear oligomer 141a and
141b afforded cyclooctamer 140b and cyclodecamer 140c,
respectively. The double-elimination procedure through the
coupling of 142 and 138f gave cyclododecamer 140d. X-ray
crystallographic analyses revealed that the bond angles (Zs,) of
140a (CCDC: 1426417) and 140b (CCDC: 1038258) are 167.0—
171.4° and 168.0-179.8°, indicating that 140a and 140b are
circular and ellipsoidal shapes in the solid state, respectively.
Interestingly, cyclo[8](3,4-dibutyl-2,5-thienyleneethynylene) 140b
as well as its precursor 139d encapsulated fullerene to form
Saturn-like 1:1 inclusion complexes 140b—>Cg, (CCDC: 1038260)
and 139d-Cg (CCDC: 1038259) (Figure 44).2461  Macrocycle
139d having a planar structure formed a two-dimensional network
on the surface of HOPG, where the reversible photoisomerization
took place. The strong interaction between the convex surface of
fullerene and sulfur atoms enabled the formation of a 1:2 complex
of two fullerene molecules with the large macrocycle.?®'!

R
R—N
Ti-Zn system \ S
- .
CHO McMurry ‘
coupling s
R R (dimerization) //

138a (n=1,R=H) 138d (n =3, R ="Bu) RN

138b (n = 1, R ="Bu) 138e (n = 4, R = "Bu) R R

n

= =N = =N L d
138¢ (n =2, R="Bu) 138f (n = 5,R="BU) 139, (trace, from 138a) 138d (35%. from 138d)

139b (11%, from 138b) 139 (39%, from 138e)
139c (35%, from 138c) 139f (39%, from 138f)

Figure 42. Synthesis of thiophene-containing macrocycles through McMurry
coupling.
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Figure 43. Synthesis of cyclo[n](3,4-dibutyl-2,5-thienyleneethynylene)s.

139d>5Cgq

140b>Cg

Figure 44. Inclusion complexes of fullerene with macrocycles 139d and 140b.

The largest giant macrocycle 143 having diethynylthiophene
moieties was reported by Mayor and co-worker (Figure 45).1252
Because of the large molecular size (diameter: 12 nm), this
molecule is assumed to be strain free. The absorbance maximum
(A =461 nm) is in good agreement with the theoretical value (462
nm) estimated for the linear oligomers.

Bauerle and co-workers reported the synthesis of strained
thiophene-containing macrocycle 145 through oxidant-induced
elimination of platinum complexes (Figure 46).25% The formation
of dinuclear platinum(ll) complex from diyne proceeded smoothly
to afford macrocycle 144 in excellent yield. The strained
macrocycle 145 was obtained in good yield through ligand



coupling upon l,-mediated oxidation of platinum complex 144.
The bond angles (<) of 145 are 160-168°, and its longest and
shortest S-S distances are 1.10 nm and 0.81 nm, respectively
(CCDC: 201462). The thiophene formation from diyne using
sodium sulfide gave cyclo[8]thiophene 146.

pyridine (8.3x10° M)

R ="CgHy3 ‘ 150 equiv Cu(OAc),
85°C,7d

143 (38%)

Figure 45. Giant macrocycle containing 2,5-diethynylthiophene.
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Figure 46. Strained macrocycle through reductive elimination of platinum
complexes.
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Thiophene-fused dehydroannulenes were also reported.
Representative examples are shown in Figure 47. Although
thiophene-fused dehydroannulene 147 (CCDC: 1205022)254.25%
confirmed by X-ray analysis is strain free, its derivatives 1482562571
seem to be slightly strained. The X-ray data (CCDC: 1119562
(148b)) are not sufficient to discuss the bond angles of alkynes.
Haley and co-workers synthesized n-expanded thiophene-fused
macrocycles 149, but these series are strain free.?>® Haley and
co-workers synthesized thiophene-fused strained
dehydroannulenes 150 using intramolecular Eglinton diyne
formation.[162.259.2601 Both dehydrothieno[14]annulene 150a
(CCDC: 698377) and benzo-fused analogue 150b (CCDC:
698376) are planar structures, which were confirmed by X-ray
crystallographic analyses. Related macrocycles 150c and 150d,
including cis-alkenes, were synthesized by Haley and co-
workers.l"®2 The curved structures of 150 are similar to that of
dehydrobenzo[14]annulene 89a. Thiophene-fused
dehydrobenzo[15]annulene  analogues 151 also
synthesized by Haley and co-workers.[?6"]

were

147 148a (R = H)

148b (R = C=CCgHy3) <

1
-
=
j)
=]
=3
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9
‘\

»
l_

166.6° 169.9°
150b

169.9° 170.5°
150d

Figure 47. Thiophene-fused dehydroannulenes.
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Figure 48. Twisted and planar bithiophene-containing macrocycle.

Marsella and co-workers synthesized bithiophene-containing
twisted macrocycle 152 in moderate yield using a Sonogashira—
Hagihara coupling reaction (Figure 48a).?52263  Fykazawa,
Yoshizawa, Yamaguchi, and co-workers reported similar
thiophene-fused macrocycle 153 by copper-mediated
homocoupling (Figure 48b).241 X-ray crystallographic analyses
indicate the bond angles (Zsp) of 152 (CCDC: 194064) and 153
(CCDC: 937080) are 176.0-179.0° and 173.9-178.9° with strain-
free structures, respectively. Macrocycle 153 is readily
transformed to thiophene-fused biphenylene 154 under
photoirradiation or mild heating conditions.?%52%¢1 The interesting
sodium metal-mediated transformation of macrocycle 153 gave
thiophene-fused heptalene.?®® The diyne-containing macrocycle
155 was not isolated through the copper-mediated homocoupling
because the similar valence isomerization shown in Figure 30g
proceeded smoothly to give thiophene-fused
dehydrobenzo[8]annulene 156 (Figure 48c).l'*® Nishinaga and
co-workers synthesized planar dehydro[12]annulene 158 using
Sonogashira—Hagihara coupling (Figure 48d).%"! The copper-
mediated homocoupling of diyne 157 also proceeded to afford
dehydro[16]annulene derivative 159 in moderate yield. The
aromaticity of [4n] n-systems was reported very recently.[2681
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sequential
electrocyclizations

3.5.5. Biphenyl, binaphthyl, fluorene, phenanthrene, and
triphenylene spacers

Diethynylbiphenyl could be used as a good spacer to construct
angle-strained  alkyne-containing  macrocycles  involving
macrocycle  107. 2,2'-Diethynyl-1,1'-biphenyl-containing
macrocycle 160, which is the benzo-fused analogue of
bithiophene-containing macrocycles 152 and 153, was
synthesized in the 1970s (Figure 49a).?%%1 The bond angle of 160
at sp carbons (£, = 173.8°) determined by X-ray crystallographic
analysis indicated that it is twisted but unstrained.?’” Kawase,
Oda, and co-workers synthesized 3,3'-diethynyl-1,1’-biphenyl-
containing macrocycle 161 (Figure 49b).?""1 Based on X-ray
crystallographic analyses, the bond angles of macrocycle 161
(Zsp = 160—161°) are much smaller than those of 160. The chiral
D, symmetric structure of 160 was implied, but optically pure
macrocycle has not yet been isolated. More strained macrocycles
161 with axial chirality are in equilibrium between meso- and dI-
forms in solution, but only the meso-isomer of 161b was obtained.
Because of the steric hindrance of methoxy groups, the energy
barrier between dl and meso in 161b is larger than that in 161a.



As mentioned in Section 3.5.1 (Figure 30g), the cyclodimer of
2,2'-diethynyl-1,1’-biphenyl is readily converted to
dehydrobenzo[8]annulene 74 through sequential
electrocyclization reactions. Similarly twisted n-extended
macrocycle 162 (CCDC: 1249521) and related macrocycles were
also reported (Figure 49¢).72-2761 The racemization barrier of 162
through a planar structure was predicted to be 31 kJ mol-'.272
Macrocycle 162 is known to decompose explosively to give
carbon materials with concomitant CH4s and H, gas generation
under vacuum at 245 °C.

Tobe and co-workers synthesized the more strained 2,2'-
diethynyl-1,1'-biphenyl-containing macrocycle 163 using Eglinton
coupling (Figure 50).271  X-ray analysis revealed that two
crystallographically independent molecules are included in the
unit cell (CCDC: 1003171). The bond angles at sp carbons a, B,
v, and & in the two molecules are 166.7° (o), 159.3° (B), 160.8° (y),
169.7° (8) and 168.8° (a), 161.5° (B), 162.0° (y), 170.9° (3).
Because of its highly strained structure, the transannular
cyclization induced by electrophilic bromine proceeded smoothly
to afford dibromodibenzopicene 164 in good yield. The heating
of 163 in furan gave dibenzopicene derivative 165, indicating the
generation of a benzyne intermediate. The large strain energy
imposed on the diyne moiety leads to the intramolecular [4+2]
cycloaddition.

Lee and co-workers reported the synthesis of macrobicycle 166
containing monoyne and diyne moieties (Figure 51).278279 The
phenyl ring at the center of the molecule is perpendicular to the
basal bowl-shaped n-system due to the steric demand. Although
the structural data were not reported, the dynamic structural
change of the curved n-system would lead to the formation of a
supramolecular capsule with both planar coronene and bowl-
shaped corannulene.?’8279  Baldridge, Siegel, and co-workers
found that dehydro[10]annulene derivative 167b (18%) was
formed together with decapentynylcorannulene 167a (10%) in the
transformation of perchlorocorannulene (Figure 52).280 The X-
ray data (CCDC: 673329) supported the planar [10]annulene-type
structure comprised of two cumulenyl or alkynyl linkages.

)-161 a:R =H,b: R= OMe Meso-161

Figure 49. Biphenyl-containing macrocycles. One of chiral isomers is shown.
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Figure 51. Macrobicycle 166.
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Figure 52. Isomerization of decapentynylcorannulene.
diisopropylphenyl)imidazolium chloride. R = C=C—CsHy.

IPr-HCI: 1,3-bis(2,6-

The 1,1'-binaphthyl moiety was used as a spacer to construct
chiral macrocycles. 3,3'-Diethynyl-1,1’-binaphthyl was utilized to
synthesize strain-free macrocycles, some of which are applied to
a sensor.[281-284] Diederich and co-workers synthesized
binaphthyl-containing macrocycles 168 for sugar detection
(Figure 53).122-2831  The molecular dynamics simulation (no
information about bond angles) showed that these molecules are
strain free. The smaller macrocycle 168a is suitable for the
recognition of monosaccharides, whereas the wider rectangular-
shaped macrocycle 168b provided a good fit to disaccharides.
The association constant between smaller triangle-shaped



macrocycle 169 and monosaccharide is about half the value of
168a.

7.2 A (for 168a)
11.6 A (for 168b)

168a ((linker) = non) 168b ((linker] = p-phenylene)

Figure 53. Binaphthyl-containing macrocycles. R = OCH2zPh.

The introduction of a chiral spacer leads to the chiroptically
active macrocycles bearing angle-strained alkynes. Despite the
attractive chiral structure, a limited number of macrocycles have
been reported so far.

Orita, Otera, and co-workers synthesized dehydroannulene
derivatives 170 and 171 through an intramolecular Orita—Otera
reaction or intramolecular Eglinton homocoupling (Figure 54a and
54b).?%%1  The twisted m-conjugated structure, as well as the
curved structure of alkynes (Zsp = 169-174°) of 171, were
confirmed by X-ray crystallographic analysis (CCDC: 689743).
Macrocycle 170 is similarly twisted but less strained than 171,
which is suggested by DFT calculation. Carbon double-helicates
172-174 were prepared using intramolecular Sonogashira—
Hagihara coupling (Figure 54c).?8-281 From DFT calculations,
the bond angles (Zs,) of 172-174 are estimated to be 173.9—
175.0°, 175.2-177.8°, and 169.7-174.5°, respectively.?88289 |n
the solid state, bond angles (Zs,) of 172b (CCDC: 165479) are
around 171-177°, which is in good agreement with the data
obtained by the DFT calculations. The two meta-phenylene rings
are somewhat tilted from planarity due to the repulsion between
protons at the double ortho-position. Chemical shifts of acetylenic
carbon atoms in 172a, 173, and 174 were observed at 90.4-92.1,
92.1-94.2, and 91.4-92.3 ppm, indicating that 173 is more
strained than the others in solution.

Rissanene, Herges, and co-workers reported the synthesis of
the triply twisted Mo6bius annulene 176 (Figure 55).2%1 |ts
precursor 175 was obtained using Pd- and Cu-catalyzed Cadiot—
Chodkiewicz coupling of dibromide and mono-protected diyne.
The intramolecular Eglinton homocoupling in a dilute solution for
over one month afforded the desired macrocycle 176 in 11% yield.
X-ray crystallographic analysis (CCDC: 938919) showed that the
bond angles (Zs,) are 168.8—178.0°, suggesting that a part of the
alkynes are strained. This molecule is the first example of triply
twisted Mobius annulene. DFT calculations on the triply twisted
annulene 176 and related macrocycles were recently reported
from other research groups.?1-2%4
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Figure 54. 2,2'-Diethynyl-1,1’-binaphthyl-containing macrocycles.
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Photoluminescence spectra of (c) 178 and (d) 179. (e) Circularly polarized luminescence from carbon double helices. Reproduced with permission from ref. 295.
Copyright 2018 Wiley-VCH Verag GmbH & KaA, Weinheim.

Miki, Ohe, and co-workers recently reported the 2,2'-diethynyl-
1,1'-binaphthyl-containing carbon double helices (Figure 56).[2%%
The precursor (S,S)-177 was synthesized using macrocyclization
under Sonogashira—Hagihara coupling conditions. The modified
tin-mediated reductive aromatization provided the carbon double
helix (S,S)-178 in good yield. The carbon double helices 179

having 9,9'-spirobifluorene was synthesized in a similar manner.
DFT calculations showed the bond angles (Zsp) of 178 and 179
are 173—-175° and 175-176°, respectively, indicating that neither
molecule is highly curved at the ethynylene units. The rigid
carbon double helix 179 emitted strong photoluminescence
around 500-650 nm (@ = 0.93, Figure 57d); however, weak



circularly polarized luminescence was observed (luminescence
dissymmetry factor: gi,m = 0.00071, Figure 57b). In contrast, the
flexible carbon double helix 178 emitted photoluminescence (@tal
= 0.49) around 500-650 nm along with photoluminescence
through intramolecular excimer formation (600-850 nm, 7> 20 ns)
(Figure 57c). Interestingly, strong circularly polarized
luminescence (Qum = 0.011) through intramolecular excimer
formation was observed in the near-infrared region (Figure 57a).
TD-DFT calculation suggested that ethynylene moieties grafted to
binaphthyl spacers are strained in the tightly interlocked excimer
structure of 178 (Zs, = 165.9-173.8°) (Figure 57e).

(@)

Ar. OMe
! ! 5 mol% Pd(PPh
Br Br b P 3k
+ DMF (4.2 mM)
80 °C, 36 h
"BuzSn——=——Sn"Bu,
(b)
OR

30 equiv CuCl
30 equiv Cu(OAc),H,0

pyridine (10 mM), 60 °C
slow addition for 18 h
XX then 60°C, 24 h

R =CgHq3

OR
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By utilizing a planar bridged biphenyl, such as carbazole,
fluorene, phenanthrene, and triphenylene, the macrocyclization
efficiency is usually improved. The majority of these macrocycles
are shape-consistent without angle-strained alkynes. Carbazole-
containing macrocycles are mentioned above (see Section 3.5.3).

Almost all of the fluorene-containing macrocycles are strain free.
Kim, Wu, and co-workers synthesized 3,6-diethynylfluorene-
based macrocycles 180 by Stille-coupling (Figure 58a).2%!
Although cyclotetramer 180b and cyclopentamer 180c¢ are strain
free, cyclotrimer 180a is slightly strained. Macrocyclic polyradical
species are efficiently generated upon treatment with tin(ll)
reductant.

180a (6%, n = 3)
180b (8%, n = 4)
180c (4%, n = 5)

n

181a (27%, n = 1), 181b (26%, n = 2), 181¢c (6%, n = 3)

137 equiv CuCl
20 equiv CuCl,

pyridine (1 mM), rt
slow addition for 96 h
then rt, 24 h

e

182 (79%)

Figure 58. Fluorene-, triphenylene-containing macrocycles. Bond angles of cyclodimer 181a are shown.



Reported phenanthrene-containing macrocycles are almost
strain free. Dehydrobenzoannulene derivatives, such as 72, 74,
and 78, and dithienothiophene-containing macrocycle 156 (vide
supra) are representative examples containing angle-strained
alkynes in their m-system. Cammidge and co-workers
synthesized triphenylene-fused macrocycles 181 by Eglinton
coupling (Figure 58b).2%72%1 Cyclodimer 181a is planar-shaped
and contains angle-strained alkynes. The protons H, in the cavity
are observed at downfield (9.23 ppm), indicating that cyclodimer
is formally a [4n] n-electron antiaromatic system. Interestingly,
cyclodimer 181a forms a nematic mesophase on heating,
although strong inter- and intracolumnar interactions were
confirmed by X-ray analysis (CCDC: 769122). The copper-
mediated intramolecular coupling of linear dimer improves the
macrocyclization efficiency, where the similar cyclodimer 182
could be synthesized in excellent yield (Figure 58c).2% A
systematic alignment on HOPG was observed by microscopic
observation.

3.5.6. Anthracene spacer

9,10-Anthrylene  moieties of 9,10-anthryleneethynylene-
containing CPPA derivatives 48, 49, 57, 58, and 64—67, and 9,10-
anthryleneethynylene-containing carbon double-helicates 178
and 179 play a pivotal role in attractive interaction. By utilizing the
interaction of n-expanded anthracene rings, macrocycles exhibit
a strong encapsulation property as well as near-infrared circularly

polarized luminescence through intramolecular excimer formation.

9,10-Anthryleneethynylene-containing strained macrocycles
have been intensively studied by Toyota and co-workers. 9,10-
Anthryleneethynylene-containing  macrocycles 183  were
synthesized using Eglinton homocoupling (Figure 59a).3% The
bond angles (Zs) of 183a are 171.1-177.8°, which were
determined by X-ray crystallographic analysis (CCDC: 756295),
indicating that the alkynes are not highly curved. The larger
macrocycles 183b and 183c are strain free. Two 9,10-anthrylene
rings similarly rotate by ~40° relative to the basal macrocyclic
plane. The calculation of 183a showed that the rotation energy is
as small as 8 kJ mol~' per unit.

Toyota and co-workers reported 1,8-anthrylene—ethynylene-
containing macrocycles.%'-3071 The intramolecular Sonogashira—
Hagihara coupling followed by Eglinton coupling afforded
monoyne- and diyne-containing macrocycles 184 and 185,
respectively (Figure 59b). While 184 and 186 show interesting
dynamic behaviors such as swinging and pedaling, these
macrocycles are strain free (Figure 60).304.307:3081 The selected
examples of strained macrocycles are depicted in Figure 61. Fan-
blade-shaped macrocycle 187 was synthesized as a racemic
mixture by Eglinton coupling.B%-3'2' The pure enantiomer could
be resolved using chiral high performance liquid chromatography.
DFT calculations pointed out that the macrocyclic structure is
slightly distorted because of the steric repulsion between a
hydrogen atom and a methoxy group inside the macrocyclic ring.
The monoyne moiety is slightly strained, although the diyne
moiety is strain free. The free energy of activation AG* for
enantiomerization is estimated at 122 kJ mol~' by kinetic analysis.
Fan-blade-shaped macrocycle 188 having a dodecyl group could
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form a self-assembled network on graphite.'?  All molecules in
each domain of self-assembly have the same two-dimensional
chirality. A theoretical calculation of cyclotrimer 189 suggested a
small energy difference (0.5 kJ mol™') between C,- and Cs-
symmetric structures. The C,-symmetric structure in the solid
state was determined by X-ray crystallographic analysis (CCDC:
611249).5'3 The bond angles (£Lsp = 165.6—174.3°) in the solid
state are consistent with those (£sp = 166.7—174.4°) estimated by
DFT calculation. In contrast, cyclotrimer 190 favored the much
more stable Cs-symmetric structure than C,-symmetric structure,
which was evaluated by DFT calculation. The bond angles (Zs,
= 166.0-171.0°) estimated by DFT calculation are similar to those
of cyclotrimer 189. Macrocycle 191 bearing two monoynes and
two diynes was prepared by Pd-catalyzed monoyne formation
and Cu-mediated diyne formation.°"! Anthracene rings in the
molecule are almost planar as depicted by the rhombus-shaped
structure with approximately D, symmetry. Diynes of 191 are
slightly curved (Zs = 169.7-175.7°) in the solid state, but
monoynes are not strained (£sp, = 173.2-176.7°) (CCDC: 630820).
Cyclic pentamers 192 and 193 possess strained alkynes.[43191
In DFT calculations, the acetylenes in 192 and 193 are estimated
to be curved up to £, = 168.0° and 165.5°, respectively.

(a)

R 7

TIPS — -

1) TBAF, THF
9490
X 2) 26 equiv Cu(OAc),-H,0
21 equiv CuCl
‘ ‘ pyridine, rt
| B R = CgH47
=
R % L _n
TIPS

183a (16%, n = 1)
183b (10%, n =2)
183c (4%, n = 3)

cat. [Pd], cat. [Cu]
m Sonogashira-Hagihara
coupling

(X = halogen)
184
(monoyne linker)

[Cu] complex

Eglinton coupling

n L q

185
(diyne linker)

Figure 59. Strained 9,10-anthryleneethynylene-containing macrocycles.
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193 (R = CBH17)

Figure 61. Strained 1,8-anthrylene-ethynylene-containing macrocycles. Bond angles were determined by X-ray (187-189 and 191) and DFT (190, 192, and 193),
respectively.

Figure 60. 1,8-Anthryleneethynylene-containing macrocycles showing dynamic
(a) swinging and (b) pedaling behaviors.

3.5.7. Porphyrin spacer

Anderson and co-workers reported an intelligent method to
synthesize macrocycles consisting of porphyrins and strained
alkynes (Figure 62).°4 Because there is an account paper on
porphyrin-containing  macrocycles,®™  the representative
macrocycles are overviewed in this section.

The ring size could be perfectly controlled by template molecules
that can coordinate to the center metal of porphyrins. The first
breakthrough was made by the template-assisted synthesis of n-
conjugated porphyrin cyclooctamer 194d in 2007.8'¢1 The other
size of macrocycles, such as cyclopentamer 194a, cyclohexamer
194b, cycloheptamer 194c, and cyclododecamer 194e, were
successively synthesized using appropriate templates in the
Glaser coupling reaction.'7-3201 For example, templates 196 and
197 were used for the synthesis of 194a and 194b, respectively.
The bond angles at alkynes in cyclopentamer 194a are estimated
at 169.8° and 173.0° by DFT calculation, whereas complexation
with corannulene-based template 196 slightly warped the alkynes
(Zsp = 166-170°).B""1 The bond angles at sp carbons in the
complex of 194b with template 197 were determined as 168-171°
by X-ray crystallographic analysis (CCDC: 860774),532 which are
in good agreement with values obtained by calculation.®?? Free
cyclohexamer 194b, whose bond angles are 171.7° and 174.3°
(DFT calculation), is strain free, indicating that the coordination of
template molecules changes the ring structure. Cyclododecamer
194e could be synthesized from linear porphyrin tetramer 199 and
template 197 by removal of two templates from the
supramolecular Vernier complex 200 (Figure 63).3203231  The
Vernier-template route is applicable to the synthesis of larger
porphyrin macrocycles, such as 24-porphyrin nanoring.243291
Cyclohexamer 195 bearing a porphyrin—alkyne alternative



structure could be synthesized using template 198 under
Sonogashira—Hagihara coupling conditions.*?8! The bond angles
at sp carbon of 195 are slightly strained in the structure without a
template (Zsp, = 169.1-170.9°) and with a template (Zs, = 170.0°),
which are estimated by DFT calculations. Cyclooctamer 203 was
obtained by the coupling reaction of linear octamer 201 with
template 202 (Figure 64).3%6] Template-free cyclooctamer 203 is
strain free (Zs, = 172.4°), but alkyne moieties in 203 (with
template) are more strained. The combination of Glaser coupling
and Sonogashira—Hagihara coupling enables obtaining porphyrin
macrocycles 204 and 205 containing monoyne or diyne moieties
upon treatment with templates 197 and 198, respectively (Figure

for 6mer
with template 197
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65).5221  The insertion of an ethynylene moiety into porphyrin
nanoring 195 dramatically enhanced the affinity to the template
198, increasing the binding constant by a factor 3 x 10°. The bond
angles of 204 and 205 are similar to those of 194b and 195,
respectively.

Template-assisted macrocyclization has most recently applied
to the preparation of tube-shaped,’®?7328 pall-shaped,2
caterpillar-like,®® and Russian doll-likel®*" supramolecular
assemblies. The evaluation of aromaticity in porphyrin nanoring
systems, 332333 as well as the preparation of heterometalated
porphyrin nanorings through the site-selective demetalation—
metalation strategy,*4 are also hot topics in this area.

/2 170.0° (without template)
169.1-170.9° (with template 198)

Figure 62. Macrocyclic porphyrin oligomers and templates. Ar groups in marocycles are 3,5-dioctyloxyphenyl, 3,5-di-tert-buthylphenyl, or 3,5-bis(trihexylsilyl)phenyl.
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3.5.8. [2.2]Paracyclophane spacer

[2.2]Paracyclophane is a spacer for through-space n-electron
delocalization. Several angle-strained alkyne-containing
macrocycles having [2.2]paracyclophane moieties have been
reported so far. Haley, Hopf, and co-workers synthesized
[2.2]paracyclophane-containing macrocycles 206 and 207 by
copper-mediated or palladium-catalyzed homocoupling (Figure
66).33533¢1 From the spectroscopic analyses, global transannular
n-electron delocalization, including [2.2]paracyclophane, was
confirmed. From the X-ray analysis of non-benzo-fused
macrocycle (CCDC: 160412), [14]DBA-like paracyclophane-
containing macrocycle 206 is strain free. The [14]DBA structure
of 207 is quite similar to [14]DBA 89a, confirmed by X-ray
crystallographic analysis (CCDC: 289410). “Step”-shaped and
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synthesized.31 The structures of these hybrid macrocycles are
similar to 206 and 207. Hopf and co-workers synthesized
[12]DBA-  and [14]DBA-like paracyclophane-containing
macrocycles using copper-mediated Hay coupling.?%!  The
homodimerization of 4,12-diethynyl[2.2]paracyclophane gave a
mixture of chiral macrocycle 208 and achiral macrocycle 209 in
67% yield. The copper-mediated cyclization of 4,12-
diethynyl[2.2]paracyclophane with o-diethynylbenzene afforded
the corresponding macrocycle 210 together with homodimer of o-
diethynylbenzene. [14]DBA-like - paracyclophane-containing
macrocycles 211 and 212 were synthesized from the
corresponding precursor.®® Both macrocycles are slightly less
strained than [12]DBA and [14]DBA, respectively. The cobalt-
mediated transformation of triacetylene 213 gave cobalt complex
214 in good yield.*! Because the alkyne moiety is strained, the
cyclotrimerization did not proceed.

“propeller’-shaped larger hybrid macrocycles were also
Q _ 1.4 equiv CuCl
_ 13 equiv TMEDA
— CH,Cl, (0.03 M)
AN air, 2 h

=
©< (1.1 equiv)
X

100 equiv CuCl
100 equiv TMEDA
L -

air, 24 h
slow addition

17 equiv CuCl
67 equiv TMEDA

CH,Cl5 (1.2 mM)
air, 12 h

— O 5.5 equiv CpCo(CO),
<>
// p-xylene (10 mM)
N daylight lamp (500 W)
reflux, 0.5 h
213

Figure 66. [2.2]paracyclophane-containing macrocycles.
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3.5.9. Cyclobutadienyl- and cyclopentadienylmetal
complexes as a spacer

Cyclobutadienyl- and cyclopentadienylmetal complexes have
been used as a spacer in angle-strained n-conjugated
macrocycles.%! Bunz and co-workers synthesized
cyclooligomers of (1,2-
diethynylcyclobutadienyl)(cyclopentadienyl)cobalt complex and
1,2-diethynylferrocene (Figure 67).340.3411  Because of planar
chirality, cyclooligomers 215 and 216 were obtained as a mixture
of diastereoisomers. Upon treatment of 215a with fluoride, the
deprotection of trimethylsilyl groups proceeded smoothly to afford
215b. The bond angles (Zsp) of trans-215a (CCDC: 1248671) and
trans-216 (CCDC: 1294802) are 171.6—-177.5° and 171.0-178.7°,
respectively. Bunz and co-workers synthesized [14]DBA
analogues 217-220 using intramolecular alkyne-coupling of

215a (R = TMS), 215b (R = H)

T™MS TMS ™S
(37 CoCp
Y X
ipr 168.6° 175.2°

217 218

TMS
@/COCp

176.0°

FeCp

219 220

172.7°173.1°

i
171.9° 17120 Pr 174.9°

222

Figure 67. Metallocene-containinig macrocycles. TMS = trimethylsilyl.

174.0°174.2°
223
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metallocene-containing diynes.[342.343 From  X-ray
crystallographic analyses, both cobalt- and iron-containing
[14]DBA analogues 218 (CCDC: 157835) and 220 (CCDC:
157834) have similar structures to [14]DBA 89a. 'H NMR
measurement revealed that cyclobutadienyl moieties in 217 and
218 and cyclopentadienyl moieties in 219 and 220 are more
aromatic than the benzene ring in 89a according to the ring-
current criterion. n-Expanded macrocycles 221-224 containing
cobalt and iron complexes were synthesized.?*4-34"1 Because of
the square-shaped cyclobutadienyl ligand, cobalt complexes 221
(CCDC: 154093), 222 (CCDC: 176513), and 224 (CCDC:
176515) containing n-expanded cyclobutadienyl ligands are strain
free. In contrast, pentagon-shaped cyclopentadienyl ligand
distorts the macrocyclic structure of 223, in which both monoyne
and diyne moieties are strained (CCDC: 176514).

~FeCp

173.7° 167.0 -
170.1° 176.8° u
224

i n
162.8°  Fr



3.5.10. r-Expanded radialenes and radiaannulenes

Radialenes consisting of exocyclic double bonds are not
stabilized by m-conjugation, but researchers pursued them
because of their unique reactivity as well as attractive symmetrical
structures (Figure 68).3*81 In the 1990s, the groups of both
Diederich and Tykwinski reported various n-expanded radialenes
and radiaannulenes. Among them, angle-strained macrocycles
are highlighted in this section. For shape-persistent n-expanded
radialenes refer to account and review articles.[4%-3%2

Diederich and co-workers synthesized diyne-containing =-
expanded radialenes 226 using Hay coupling of 1,1-
diethynylethene 225 (Figure 69a).2% Although there is no
structural information about bond angles, cyclotrimer 226a would
be categorized as a strained macrocycle. When the
triisopropylsilylethynyl group was used as R' substituent in 225
instead of an arylethynyl group, the macrocyclization did not take
place.['* The cyclodimerization and cyclotrimerization of 227
proceeded to give 228a and 228b in moderate yields (Figure 69b).
This cyclization was further applied to a substrate containing
arylethynyl substituents, affording the corresponding macrocycle
226b in 10% yield. The photophysical properties are much
affected by the substituents. The molar extinction coefficients are
increased by electron-donating substituents, whereas those of
macrocyclic cross-conjugation in 228 bearing silyl substituents
are not affected. The donor—acceptor polarization induces a
bathochromic shift of the absorption maxima. The aromaticity of
n-expanded radialenes was demonstrated experimentally and
theoretically.3%4

Tobe and co-workers reported the synthesis of m-expanded
radialene derivatives 229 by Eglinton coupling of
diethynylmethylenebicyclo[4.3.1]decatriene derivative 229
(Figure 69c).[58 Although no structural information was described,
[3]radialene 7a seems to be strained. All cyclooligomers 7 were
converted to the corresponding cyclocarbons through
photoinduced indane elimination.

R R
R R
R n R
R R
radialenes

n-expanded radialenes

Figure 68. Radialenes and m-expanded radialenes.
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=~ T CHLl20°C,2h
225 RT = C=C-CgH4N(C1zH2s)2
R1
226a (8%, N = 0) Amax =646 nm (¢ = 1.71 x 105 M'ecm™)
226b (10%, N = 1) Ay = 574 nm (¢ = 1.45 x 10° M'ecm™)
226¢ (2%, N =2) Amay =517 nm (¢ = 2.34 x 105 M'em™)
(b)
RZ__R? R2
Z X 9 equiv Cu(OAc),
% & pyridine/benzene
(2 mM)
R2 “R2 rt, 20 h 2
227 R2= C=C-TIPS
228a (15%, N = 1) Ay = 451 nm (e = 7.72 x 10* M'ecm™)
228b (20%, n = 3) Apax = 446 nm (¢ = 7.77 x 104 M'cm™)
C
(c) H
——H
15 equiv Cu(OAc), 7a (3%, n=0), 7Tb (33%, n=1)
pyridine (3 mM) 7c (15%, n=2), 7d (7%, n = 3)
t,2h
229 (dropwise)

Figure 69. Synthesis of diyne-containing m-expanded radialenes.
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Figure 70. Synthesis of radiaannulenes.



To explore the unprecedented electronic properties of acetylenic
carbon sheets, Diederich and co-workers synthesized
radiaannulenes, whose structure contained both 1,1-
diethynylethene and 1,2-diethynylethene moieties (Figure
70).3%53%1  The intramolecular Hay coupling afforded angle-
strained alkyne-containing radiaannulene 230. X-ray
crystallographic analysis revealed that the bond angles (Zs=
163-170°) of nearby exo-methylene moieties are smaller than
those (Zs, = 174-179°) around cis-alkene (CCDC: 208124).
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Bicyclic radiaannulenes were also synthesized by the
intramolecular Hay coupling.[%53%6l Remarkably, bicyclic
radiaannulene 231 bearing eight 3,5-di-tert-butylphenylethynyl
groups at R® substituents was obtained in 88% yield. It was
shown that radiaannulenes can act as powerful electron
acceptors. Bicyclic radiaannulene 231 can be reversibly reduced
at —0.83 V (THF, vs Fc*/Fc), which indicates that 231 is a better
electron acceptor than fullerene Cgo.

(a)
Ph Ph Ph Ph
TBS 1) TBAF, THF
Z X = 7\ or
TBS . 2) Br__Br
. Ph
Ph Ph I 1 equiv — Rh
Ph™ "Ph Ph Ph
232a,b (n =1 and 2) 5 mol% Pd(PPh3),
30 mol% Cul 233a (32%, from 232a) 233b (75%, from 232b)
'ProNH/THF, reflux, 18 h
(b) @) pn Ph
Ph Ph
\\ & Ph Ph
[Pd], [Cu] [Pd], [Cu]
catalysis catalysis
Br —_— Br Br ——
+ +
232a 232b Ph  Ph
235 (64%)
(d)
Br: Br Ph
[Pd], [Cu]
Br™ 'Br catalysis
—_—
+
232a
(e)
Br Br
j]i [Pd], [Cu]
Br®  Br catalysis
—_—
+
232b

237a (17%)

Figure 71. Monoyne-containing m-expanded radialenes and radiaannulenes.

237b (7%)



Tykwinski and co-workers prepared monoyne-containing m-
expanded radialenes 233 by Sonogashira—Hagihara coupling of
232 (Figure 71a).%503571 The strained planar structure of 233b
was determined using X-ray crystallographic analysis (CCDC:
652685).13%9.3%81 The introduction of a larger substituent on an exo-
methylene moiety caused the puckering of mn-expanded
[4]radialene 235 (38.5°) like cyclobutane rings, which was
observed in X-ray crystallographic analysis (CCDC: 952887)
(Figure 71¢).13593801 Although a PM3 calculation suggests that the
bond angle at the sp carbon of 233a is smaller than 160°, 233a
was isolated in 32% yield through the Sonogashira—Hagihara
coupling. By introducing phenylethynyl groups, the crystal
structure of n-expanded [3]radialene derivative 234 could be
analyzed (CCDC: 942887) (Figure 71b).®% This synthetic
method could be applied to the preparation of cyclopentamer
(45% vyield), but is not applicable to cyclohexamer (<5%) due to
the competitive polymerization. Bicyclic radiaannulene was
obtained using tetrabromoethene instead of 1,1-dibromo-2,2-
diphenylethene (Figure 71d).3%  Bisradialene 236a was not
obtained due to its highly strained structure, whereas less-
strained 236b was isolated in 18% yield. X-ray crystallographic
analysis revealed that 236b has an almost planar structure and
contains highly strained alkyne next to two exo-methylene
moieties (CCDC: 652688). Both bisradialene 237a and bicyclic
radiaannulene derivative 237b were obtained from 232b and
tetrabromoethene (Figure 71e).5%1 The core structure of both
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compounds is nonplanar, but the position of strained alkyne
moieties in 237a (CCDC: 652687) is slightly different from that in
233b, probably because of the disorder of the cocrystallite formed
from 237a and 237b.

Sankararaman and co-workers reported the preparation of
dehydrobenzo[13]annulene -~ analogues 239 and 240 by
deprotection of 238 followed by intramolecular Eglinton coupling
(Figure 72)."  Both benzo-fused precursors 238 bearing
saturated and unsaturated cross-conjugation are smoothly
converted to bis-dehydro[13]annulenes. Interestingly, non-
benzo-fused precursor 241 gave bis-dehydro[18]annulenes 242.
Both structures were determined by X-ray crystallographic
analysis (CCDC: 622536 (239) and 621595 (242)). Bis-
dehydro[13]annulenes 239 and 240 are less strained than
[12]annulene 75 and dehydrobenzo[12]annulene 77a due to their
one sp? carbon-inserted structures. In the structure of 242, the
benzenoid rings and annulene skeletons are not positioned on the
same plane due to the steric demand (£, > 175°). Although 239
bearing saturated cross-conjugation exhibits fluorescence around
400-500 nm, the fully cross-conjugated annulenes 240 and 242
are nonfluorescent, probably because the nonradiative decay
effectively competes with the emission pathway. These results
are apparently different from highly emissive bis-

dehydrobenzo[15]annulene 108 and bis-
dehydrobenzo[14]annulene 109 reported by Haley.[6'-63

1) TBAF
2) 40 equiv Cu(OAc),
pyridine/CH3CN
(2 mM), 1t, 10 h
‘Bu ‘Bu
239 (48% from 238a) 240 (48% from 238b)
238a (non-benzo-fused)
238b (benzo-fused)
(b)
= X
N, P
1) TBAF H “‘ H
2) 40 equiv Cu(OAc),
pyridine/CH 3CN ‘ ‘ A ‘ ‘
(2 mM), 1t, 10 h . = A _

Figure 72. Cross-conjugated bis-dehydroannulenes.

242 (40%)

bond angles: 174.2°-179.3°



During the investigation of cumulene synthesis, Chauvin and co-
workers found the interesting over-reduction of polyyne 243
affording angle-strained alkyne-containing macrocycle (Figure
73).3¢21 By controlling the tin-mediated reduction conditions and
careful quenching by sodium hydroxide, cyclic
dibutatrieneacetylene 245 was obtained in 16% yield together
with linear butatrieneacetylene 244. The strained structure of 245
was confirmed by X-ray crystallographic analysis (CCDC:
951899).

1) SnCl,
HCI, CH,Cl,

2) NaOH (quench)

ph, 1028 o
==
f (H169.6°
TIPS .
S W () 168.9°
TIPS
I Ph FZ A
TIPS™ TIPS TIPS TIPS
TIPS 244 (15%) 245 (16%)

Figure 73. Synthesis of cyclic and non-cyclic dibutatrieneacetylenes through
tin-mediated reduction.

4. Conclusion and outlook

In the 20th century, a limited number of r-conjugated
macrocycles bearing angle-strained alkynes = such as
cycloparaphenyleneacetylene and dehydrobenzannulenes were
discovered. These molecules were incidentally found in the
course of synthesis of cyclocarbons. In the last two decades,
many new and structurally attractive macrocycles, including
cycloparaphenylenes, carbon nanobelts, thiophene-containing
giant macrocycles, and porphyrin nanorings, could be
synthesized owing to newly developed sophisticated synthetic
methods. Because of their curved n-conjugated system of angle-
strained alkyne-containing macrocycles, unique photophysical,
electronic, and supramolecular properties have been unveiled.
Based on these properties, curved macrocycles have been
applied to electronics, molecular sensors, and molecular imaging
in cells. Considering that the angle-strained cycloalkynes such as
cyclooctyne have been utilized in bioorthogonal chemistry in this
past decade, the upcoming application of curved macrocycles
emerges not only in electronic materials but also in biochemistry.

Bond angles at sp carbon in strained macrocycles are
summarized in Figures 74 and 75. The deformation at sp carbons
is mainly caused by the ring strain, especially in a small ring
system. In less-strained ring system, steric hinderance and/or
intramolecular/transannular  interactions can induce the
deformation of ethynylenes. Itis noted that the structural features
as well as properties of rn-conjugated system are generally
specified by not only bond angles but also bond distances and
torsion angles. For isolation of macrocycles, 155-160° seems to
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be the lower limit of the bond angle at monoyne sp carbon,
although this limitation heavily depends on the molecular
structures. Because phenylene moieties are tougher against
strain than ethynylene, it is important to clarify the relationship
between ratio of phenylenes/ethynylenes and bond angle at the
sp carbon. These factors should affect the photophysical and
electronic properties as well as their stability. The utilization of
heteroaromatics as a spacer in a m-conjugated macrocyclic
system changes these properties dramatically. Not only by
utilizing promising synthetic methods shown in this review but also
by exploring new synthetic methods, we believe that new curved
n-systems bearing angle-strained alkynes will successively
emerge.
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