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Nickel-mediated synthesis of [9]cycloparaphenylene
([9]CPP) is described. L-shaped diphenylcyclohexane mono-
mers underwent cyclotrimerization under the influence of
[Ni(cod)2]/bipy. X-ray crystal-structure analysis and VT NMR
analysis of the thus-formed cyclic trimer confirmed its triangle
structure and interesting cyclohexane-flipping behavior in
solution. Cyclic trimer was converted to [9]CPP by acid-
mediated aromatization. The first X-ray crystal structure of
[9]CPP is also described.

Highly symmetric macrocyclic structures have fascinated
chemists for decades and centuries. Cycloparaphenylenes
([n]CPPs) (Figure 1), simple and beautiful ring-shaped com-
pounds in which n benzene rings are bound to each other at their
para positions, have been targeted by synthetic chemists.1

Recently, three groups included our own successfully achieved
the synthesis of CPPs with strain-attenuating strategies utilizing
cyclohexa-2,5-diene-1,4-diyl (Bertozzi et al.),2 cyclohexane-1,4-
diyl (Itami et al.),3 and platinum (Yamago et al.).4 To date,
[n]CPP where n is 8, 9, 12, 14, 15, 16, or 18 has been
synthesized.

In an effort to provide CPP in useful quantities by a more
concise, cost-effective, and scalable route, we recently devel-
oped a nickel-mediated synthesis of [12]CPP.3c One of the key
reactions en route to [12]CPP has been the Ni0-mediated
“shotgun” macrocyclization of cis-1,4-bis(4-halophenyl)cyclo-
hexane monomer 1a or 1b furnishing square-shaped tetramer 2
in moderate yield (2025%, up to 1 g) as shown in Scheme 1.
During our investigation trying to identify by-products in the Ni-
mediated reaction of 1, we found that the triangle-shaped trimer
3 could be also generated in the “shotgun” macrocyclization
reaction. We herein report the synthesis and structure of cyclic
trimer 3 and its conversion to [9]CPP. The ring structure of
[9]CPP¢2THF is also confirmed by X-ray crystallography.

A single crystal generated from a by-product fraction in the
macrocyclization was subjected to X-ray crystallography.
Counter to our initial approximation, the compound was found
not to be an acyclic oligomeric product but to be the cyclic
trimer 3.5 During the crystallization, one EtOAc molecule was
incorporated into 3 without any disorder. As shown in Figure 2,
all three cyclohexane moieties in 3 adopt chair conformations
with included angles of ca. 70°. To gain understanding of the
stability of cyclic trimer 3, strain energy was estimated by DFT
calculation using B3LYP with a 6-31G(d) basis set. Strain
energy of the framework of 3 was estimated to be 8.0 kcalmol¹1,
which is 6.3 kcalmol¹1 higher than that of 2 (see Supporting
Information for detail8).

Having identified the existence of a pathway forming cyclic
trimer 3, we re-examined the conditions of Ni-mediated macro-
cyclization (Table 1). The halogen atom of monomer (I for 1a,
Br for 1b) did not affect the ring-size selectivity significantly
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Figure 1. [n]Cycloparaphenylene ([n]CPP).
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Scheme 1. “Shotgun” synthesis of macrocycles 2 and 3.

Figure 2. Crystal structure of 3¢EtOAc (50% thermal ellip-
soids. All hydrogen atoms are omitted for clarity.).
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(Entries 1 and 2). In both reactions, 2 and 3 were formed in
similar yields. However, concentration of monomer 1 had a
certain effect (Entries 24). As somewhat expected, both the
combined yield of macrocycles and the selectivity of trimer
increased at lower concentration. It should be noted that under
optimized conditions (5mM of 1b), more than half of 1b could
be converted into CPP precursors 2 (23%) and 3 (32%) by the
“shotgun” method.

We then investigated the chair-flipping behavior of cyclo-
hexane units of cyclic trimer 3 (Figure 3) by using VT NMR. As
the flipping barrier of cyclohexane units of cyclic tetramer 2
has been already estimated (11 kcalmol¹1),3c knowing the
relationship of thermodynamic behavior and macrocyclic ring
size is important. The methyl signals of 3 in 1HNMR was
observed as one singlet (¤ 3.43) at 50 °C and it became two
singlets (¤ 3.40 and 3.57) upon cooling to ¹60 °C. By
simulating the spectral change observed from ¹20 to ¹40 °C,
the flipping barrier of 3 was calculated to be the following
values [¦H‡ = 10.1 kcalmol¹1, ¦S‡ = ¹7.6 calmol¹1K¹1].
Counter to our initial approximation, the cyclohexane units
within the triangle structure of 3 were found to be very flexible.

Cyclic trimer 3 was then treated with NaHSO4¢H2O in
refluxing m-xylene/DMSO under air to afford [9]CPP in 24%
isolated yield (Scheme 2). Lower yield compared to 65%
attained in the synthesis of [12]CPP may be due to higher
strain energy of [9]CPP (65.6 kcalmol¹1) than that of [12]CPP
(48.1 kcalmol¹1) calculated with B3LYP/6-31G(d).6 1H and
13CNMR spectra of [9]CPP showed the same chemical shifts
(¤H 7.52, ¤C 127.3, 137.9) as previously reported by Bertozzi.2

X-ray crystallography of [9]CPP was then performed. A
pale green single crystal of [9]CPP was obtained by recrystal-
lization with THF/pentane at 10 °C. In the solid state, [9]CPP
was slightly distorted to form an ellipsoid (Figure 4) unlike the
circular structure of [12]CPP.3c Two THF molecules were
incorporated in the [9]CPP ring with disordering. Averaged bond

lengths of [9]CPP and [12]CPP are summarized in Table 2.
From the lengths of CipsoCipso, CipsoCortho, and CorthoCortho

bonds, the benzenoid characters are reasonably preserved in
[9]CPP. However, one can see that CipsoCipso and CorthoCortho

bond lengths of [9]CPP are shorter than those of [12]CPP. This
clearly shows that the contribution of the “quinoid” property of
CPP becomes larger as the ring size of CPP decreases.7

In summary, we have synthesized [9]CPP through the Ni-
mediated cyclotrimerization of L-shaped unit 1a and 1b and
follow-up aromatization. Overall yield of [9]CPP from com-
mercially available materials (1,4-dihalobenzene and cyclohex-
ane-1,4-dione) is 6.2% in four steps. The X-ray crystal-structure
analysis of [9]CPP not only confirmed that benzenoid characters
are reasonably preserved in [9]CPP, but also uncovered the
emergence of a “quinoid” property in smaller CPP.
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Table 1. Effect of halogen and concentration in Ni-mediated
macrocyclization of 1a

Entry X (1) [1]/mM Yield of 2b/% Yield of 3b/%

1 I (1a) 10 20 23
2 Br (1b) 10 22 25
3 Br (1b) 33 13 12
4 Br (1b) 5 23 32

aReaction conditions: 1a (X = I) or 1b (X = Br) (0.82mmol),
[Ni(cod)2] (1.64mmol), 2,2¤-bipyridyl (1.64mmol), THF,
reflux, 24 h. bIsolated yield.
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Figure 3. Ring flipping of cyclohexane moieties in 3
(R = methoxymethyl).
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Scheme 2. Synthesis of [9]CPP by deprotection/aromatization
of 3.

Figure 4. Crystal structure of [9]CPP¢2THF (50% thermal
ellipsoids. All hydrogen atoms and a minor part of disordered
THF molecules are omitted for clarity. Half of the entire
structure constitutes an asymmetric unit.).

Table 2. Average bond lengths (¡) of [9]CPP and [12]CPP

CipsoCipso CipsoCortho CorthoCortho

[9]CPP 1.468(6) 1.398(6) 1.362(6)
[12]CPP3c 1.481(5) 1.394(5) 1.381(5)
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Sasamori (Kyoto University) for X-ray data processing of
[9]CPP¢2THF. The computations were performed using the
Research Center for Computational Science, Okazaki.
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