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ABSTRACT: The synthesis of endo-functionalized cyclic oligo-
phenylenes in which adjacent benzene rings are perpendicular to
one another is described. Annulation precursors, OH- or NH,-
functionalized quinquephenyl diboronic acids, and septiphenyl
dibromo compounds were systematically prepared by using a
diprotected biphenyl-3,4’-diyl diboronic acid as a key compound.
Four endo-functionalized cyclic oligophenylenes were synthesized
by annulation of the precursors in dilute conditions through
Suzuki—Miyaura cross-coupling. X-ray analysis of the macrocycle
revealed the unique 1D channel packing structure formed by
connecting the nanometer-sized cavity of the macrocycle.
Furthermore, NH,-functionalized macrocycles could bind a chiral
phosphoric acid in the cavity in CDCl; solution.

B INTRODUCTION

Functional groups in an enzyme binding pocket play a
fundamental role in the selective recognition of substrates
and catalytic transformation." To mimic the active sites of
enzymes, endo-functionalization of synthetic host molecules is
one of the important topics in host—guest chemistry.”

Cyclic oligophenylenes are one of the well-studied shape-
persistent macrocycles, and functionalization of the macro-
cycles was also examined. For example, Cram’s famous
spherand where the inner space of the cyclic hexaphenylene
framework was functionalized by six OMe groups showed the
strong and selective binding of metal cations such as Li* and
Na*.> Schliiter et al. reported nanometer-sized hexagonal-
shaped cyclic oligophenylenes containing 12 or 24 benzene
rings whose alkyl chains were introduced to the frameworks for
the solubility and exohedral functionalization of the macro-
cycle with chloro groups for potential use as anchor groups.”
Cyclic oligophenylenes in which some benzene rings were
replaced by heteroarenes such as pyridine or thiophene were
also reported.” Since the advent of [n]cycloparaphenylenes
(CPPs), various size CPPs were synthesized.6 [10]CPP is
known to include Cg, and the related compounds, and [n
+S]CPP can include smaller [n]CPP (n = S, 6, 7, 8, 10) by
m—7x interactions within the unique hoop structure.’
Peripherally OMe-substituted CPPs associate weakly with
electron-deficient guest molecules by electrostatic interac-
tions.” Thus, the functionalization changes the electronic
property of CPPs and expands the variety of guest molecules.
However, compared to the exohedral or peripheral function-
alization, endohedral functionalization of cyclic oligopheny-
lenes, especially with different functional groups, has rarely
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been examined. Endo-functionalized cyclic oligophenylene with
a well-defined cavity surrounded by aromatic rings is expected
to exhibit characteristic molecular recognition through direct
interactions between the introduced functional groups and the
guest molecule. Furthermore, endohedral functionalization
with different functional groups is interesting for potential
applications for cooperative guest complexation, frustrated
pairs, or trans-spanning ligands for transition metals, as
reported in several phenylene-ethynylene macrocycles.

Herein, we report the synthesis of four endo-functionalized
cyclic oligophenylenes 1(OH), 1(OH, OH), 1(NH,, NH,),
and heterofunctionalized 1(OH, NH,) (Figure 1). Host—guest
complexations of NH,-functionalized macrocycles 1 with a
chiral phosphoric acid via interactions between polar func-
tional groups were also demonstrated.

B RESULTS AND DISCUSSION

We designed hexagonal-shaped cyclic oligophenylenes 1 in
which adjacent benzene rings are perpendicular to one another
by using o-methylated p-phenylene units (Figure 1).” The
macrocycle 1 has a well-defined nanometer-sized cavity
surrounded by six p-phenylene rings. This nonplanar arrange-
ment of the phenylene units and multiply introduced tert-butyl
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Figure 1. Chemical structures of endo-functionalized cyclic
oligophenylenes 1.

groups at the peripheral positions are expected to increase the
solubility due to the inhibition of the z-stacking of macro-
cycles. This molecular design allows endo-functionalization of
the macrocycle 1 by using appropriate m-phenylene units with
the desired functional groups (Figure 1). We expected that
introduced different functional groups such as OH and NH, in
the macrocycle 1 could work independently toward guest
molecules because these functional groups at the distal
positions could not show intramolecular interactions, although
phenol and aniline are known to interact each other in both
solution and the solid state.'’

Our synthetic strategy of cyclic oligophenylene 1 stems from
an efficient preparation of annulation precursors, quinque-
phenyl diboronic acids 2, and septiphenyl dibromo compounds
3 (Scheme 1, see also the Supporting Information (SI),
Scheme S1). Diprotected biphenyl diboronic acid derivative 4
was designed as a key compound to provide facile access to
these precursors and prepared by five steps in 76% yield
starting from 3,5-dibromo-1-tert-butylbenzene (Scheme 1la).
Borylation of one of two Br groups of 3,5-dibromo-1-tert-
butylbenzene by using n-butyllithium (1 equiv) and
triisopropyl borate followed by the protection of the resulting
boronic acid by 1,8-diaminonaphthalene (= dan) gave
compound 5 (98%). The other Br group was converted to
the B(pin) group by using Pd catalyst (95%). Subsequently,
Suzuki—Miyaura coupling of 6 with 2-bromo-5-chloro-1,3-
dimethylbenzene gave compound 7 with a biphenyl framework
(88%). Borylation of the Cl group using a Pd catalyst afforded
the key compound 4 in 93%. It is noted that purification of the
compounds 5—7 is only a MeOH washing, and a gram-scale
synthesis of 4 is possible. Compound 4 has two boronic acid
units, one of which is protected by dan group. The dan-
protected boronic acids developed by Suginome is inactive in
the general coupling conditions, and it can be deprotected
easily by an acid treatment to activate.'" Therefore, annulation
precursors 2 and 3 can be efficiently prepared from the

compound 4 by sequential Suzuki—Miyaura coupling reac-
tions.

The synthesis of OH-functionalized precursor 3a using the
key compound 4 was as follows (Scheme 1b). The first
coupling of 8a with 4 gave quinquephenyl compound in 75%
yield. Subsequent demethylation by BBr; and deprotection of
the dan group by 6 N HCI gave the OH-functionalized
quinquephenyl diboronic acid 2a in 97% yield (two steps).
The second coupling of compound 2a with 4 equiv of 3-
bromo-6-iododurene 9 gave the OH-functionalized dibromo
septiphenyl compound 3a in 68% yield. In this reaction, when
10 equiv of 3,6-dibromodurene was used instead of compound
9, oligomeric compounds in which both sides of Br reacted
with compound 2a were formed as byproducts, and the
isolated yield of desired compound 3a dropped to 37%."” In
the '"H NMR spectrum of precursor 3a, three peaks derived
from OH were observed at 4.92, 4.98, and 5.04 ppm with an
integral ratio of 1:2:1, respectively. This spectrum indicated the
presence of three atropisomers in CDCly solution (see the SI,
Section 4). From the temperature-dependent "H NMR analysis
of the CDCl, solution, the activation free energy AG* (25 °C)
= 69 kJ/mol of the rotation was estimated. This activation
energy indicated that rapid exchange among the three
atropisomers would occur under the heated coupling
conditions (k = 40.1 s™" at 58 °C in CDCl,), and the presence
of atropisomers does not seem to be a problem in the
annulation reactions described below. Similarly, NH,-function-
alized quinquephenyl diboronic acid 2b and septiphenyl
dibromo compound 3b were synthesized from 8b, 4, and 9
(Scheme 1c). Dipropyl-substituted precursor 2c was also
synthesized from 8c and 4 in the same way (Scheme 1d). In
the 'H NMR spectrum of the dan-protected 2b, 2c¢, and the
precursor 3b in CDCI;, one set of signals was observed in
contrast to the precursor 3a. Thus, annulation precursors were
systematically prepared by using the key compound 4.

With both precursors 2 and 3 in hand, we examined the
cross-coupling annulation conditions to obtain 1(OH) (Table
1, entries 1—4). Precursors 2c and 3a were reacted in a 1:1
ratio under the conditions that employed 10 mol % Pd(PPh,),
as a catalyst, 6 e(}uiv of Cs,CO; as a base, and toluene as the
reaction solvent.”” The optimized reaction concentration of
the substrates was studied by varying the value from 0.5 to 2.5
mM (Table 1, entry 1—4). The crude products were purified
by gel permeation chromatography (GPC), and the isolated
yields of the macrocycle 1(OH) were compared. It was found
that macrocycle 1(OH) was isolated in 33% yield when the
reaction was performed at 125 mM (Table 1, entry 2).
Interestingly, when the same reaction was carried out by using
1,4-dioxane as the reaction solvent instead of toluene, only a
trace amount of the product 1(OH) was obtained and
oligomeric byproducts were mainly observed in a GPC trace
(Table 1, entry 3). The formation of oligomeric byproducts
increased and the yield of 1(OH) dropped to 24% at a higher
concentration (2.5 mM) (Table 1, entry 4). At a lower
concentration (0.5 mM), the yield dropped to 16%, even
though a longer reaction time of 4 days was applied (Table 1,
entry 1).

In the "H NMR spectrum of 1(OH), the signal of OH was
observed as one sharp signal at 4.82 ppm, which was shifted
upfield by 0.1-0.2 ppm compared with that of the precursor
3a. MALDI-TOF MS analysis showed the molecular ion peak
at 1545.9409 ([M + Na]*), and the isotopic patterns were in
good agreement with the simulation (Figure S4).
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Scheme 1. (a) Preparation of Key Compound 4. (b)—(d) Preparation of Annulation Precursors 2a, 3a, 2b, 3b, and 2c

ACS Omega
(a)
t-Bu Br i) t-Bu. Br ii) t-Bu Br iii)
\©/ —_— B —— —_—
Br B(OH), Bdan
3,5-dibromo-1- 5

tert-butylbenzene

(b)

Br
(c)
t-Bu
1
Bi B i
r NH, r ix)
8b
(d)
\/j@i\/ 4
B
I 1 xi)
8c

1 - Bpin
y/
t-Bu O g v) t-Bu
—_—

t-Bu. Bpin

iv)
-

Bdan
6

Bdan

4
Bpin: E—E(i

(1)1 equiv of n-BuLi, THF, —78 °C; (2) B(Oi-Pr);; (3) 1 N HCL “1,8-Diaminonaphthalene, toluene, reflux, 98% in 2 steps. “/(Bpin),,
Pd(dppf)CL,-DCM, KOAc, 1,4-dioxane, reflux, 95%. *“2-Bromo-5-chloro-1,3-dimethylbenzene, Pd(PPh,),, Ba(OH),-8H,0, 1,4-dioxane, reflux,
889%. ¥(Bpin),, Pd(OAc),, SPhos, K;PO,, 1,4-dioxane, reflux, 93%. *’Pd,(dba),-CHCls, t-Bu;PHBF,, KOH, THE/H,0 (20:1), rt, 75%. **(1) BBr,,
DCM, 0 °C; (2) 6 N HCl, THF, rt, 97% in 2 steps. *"'Pd(PPh,),, Cs,COs, toluene/MeOH (2:1), reflux, 68%. (1) Pd,(dba);-CHCL, t-
Bu,PHBF,, KOH, THF/H,0 (20:1), rt, 90%; (2) 6 N HCI, THF, rt, 96%. *Pd(PPh,),, Na,CO;, DME/H,0 (3:1), reflux, 74%. ~'(1) Pd(PPh,),,

Ba(OH),-8H,0, 1,4-dioxane, reflux, 81%; (2) 6 N HCl, THF, rt, 95%.

Table 1. Synthesis of Endo-Functionalized Cyclic
Oligophenylenes1 from 2 and 3

Pd(PPhs), (10 mol %)
! X ! ! Y ‘ Cs,CO; (6 equiv)
+ -
(OH), (OH), r r  toluene, reflux, 1d
a
2 (1:1) 3 1

Concentration of Isolated yield

Entry Substrates Product substrates (mM) of 1 (%)

1° 2¢, 32 1(OH) 0.5 16

2 2¢, 3a 1(OH) 1.2 33

3¢ 2¢, 3a 1(OH) 1.2 trace
2¢, 3a 1(OH) 2.5 24

59 2b,3a  1(OH, NH,) 1.0 32

67 2a,3a 1 (OH, OH) 1.0 35

7¢ 2b,3b 1 (NH,, NH,) 1.0 44

“Boronic acids were protected by pinacol before annulation.
PReaction time was 4 days. “Reaction solvent was 1,4-dioxane. 930
mol % Pd(PPh,), was used.

The structure of the framework of macrocycle 1 was also
clarified by X-ray crystallographic analysis of 1{OMe) (Figure
2; see also the SI, Section 7). As expected, a nanometer-sized
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inner space (12 A X 14 A) surrounded by six p-phenylene units
was formed (Figure 2a). Interestingly, macrocycles 1 stack in a
vertical orientation to lead the columnar structures meshed
with adjacent ones tightly to form the nanochannel array
(Figure 2b). The inner wall of the resulting nanochannels was
decorated by OMe groups of the macrocycles. In the pores,
there are highly disordered solvent molecules, and therefore,
the macrocycle structure was refined by the Squeeze routine of
PLATON to exclude the solvents. It is important to note that
the columnar structures formed by meshed stacking of the
cyclic oligophenylene framework, not the interaction with the
OMe groups. Therefore, endo-functionalized macrocycles 1
would make it possible to construct various nanochannel
structures modified by functional groups.

As the synthetic route for cyclic oligophenylene 1(OH) was
established, other endo-functionalized cyclic oligophenylenes
1(OH, NH,), 1(OH, OH), and 1(NH,, NH,) in which inner
spaces are functionalized with two different or same functional
groups were then synthesized from the corresponding
combination of 2 and 3. The annulation of the corresponding
precursors under the optimized conditions gave the hetero-
functionalized cyclic oligophenylene 1(OH, NH,) in 32%
(Table 1, entry S) and homodifunctionalized cyclic oligophe-
nylenes 1(OH, OH) and 1(NH,, NH,) in 35% and 44%

https://doi.org/10.1021/acsomega.2c05926
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Figure 2. (a) Single-crystal structure of 1(OMe). Left: stick model (¢-
Bu and n-propyl groups were omitted for clarity). Right: space-filling
model. (b) Top and side view of packing structure of 1(OMe).

yields, respectively (Table 1, entries 6 and 7). These
macrocycles were characterized by NMR spectroscopy and
MS measurements.

In the 'H NMR spectrum in CDCl; of 1(OH, NH,), the
signals of OH and NH, were observed at 4.87 and 3.59 ppm,
respectively (Figure S17). These chemical shifts were almost
the same as the 4.82 ppm of the OH signal in 1(OH, OH) and
the 3.65 ppm of the NH, signal in 1(NH,, NH,), respectively.
The chemical shifts remained unchanged from 0.5 mM to a
saturated concentration of about 3.5 mM, independent of
concentration. These observations indicate that the OH and
NH, groups within the well-defined cavity of 1(OH, NH,) do
not interact with each other either intra- or intermolecularly
and prevent self-association in CDCl;.'" In the IR spectrum of
the solid of 1(OH, NH,), the peaks corresponding to O—H
stretching were observed at 3539 cm™' and the peaks
corresponding to N—H stretching was observed at 3473 and
3378 cm™' (Figure S18). These frequencies were almost the
same as the 3525 cm™" of O—H stretching in 1(OH, OH) and
3478 and 3383 cm™' of N—H stretching in 1(NH,, NH,).
These results show that OH and NH, groups of 1(OH, NH,)
do not interact each other even in the solid state.'”

After screening of several polar guest molecules, such as
boronic acids, carboxylic acids, phosphoric acids, or sulfonic
acids, we examined the inclusion of a large chiral Phosphoric
acid (+)-10 which is known as an organocatalyst 13 within
the endo-functionalized cyclic oligophenylene 1(OH, NH,),
1(NH,, NH,), or 1(OH, OH) (Figure 3a). In the 'H NMR
spectrum of 1(NH,, NH,) (0.5 mM) with 1.0 equiv of (+)—10
in CDCl,, all of the signals of (+)—10 were shifted upfield
compared with those of free (+)—10 (Figure 3d,e). This result
suggested that the (+)—10 had been included within the
macrocycle and experienced a shielding effect from the six p-
phenylene units of 1(NH,, NH,). The only set of signals from
the guest molecule (+)—10 observed in the presence of an
excess amount of (+)—10 indicates a rapid exchange between
the free and included (+)—10 on the NMR time scale. On the

R (b) \ Observed
Host 1 association constant (Ky) | (
h
1(OH, NHy) 641 M~ ‘
1(NH,, NHj,) 608 M~ ‘ Simulated
1(OH, OH) —fa ( ‘\
|
[a] No spectral change was observed. I “ |
1890 1892 1894 m/z

8.0 7.8 7.6 7.4 7.2 70 6.8 22 20 14 ppm

Figure 3. (a) Complexation of 1 with (+)—10 and association
constant with various hosts 1{OH, NH,), 1(NH,, NH,), and 1(OH,
OH). (b) Molecular ion peak of [(+)-10@1(NH,, NH,) + K]" in the
MALDI-TOF MS spectrum. Partial '"H NMR spectra (400 MHz, 300
K, CDCl,) of (c) 1(NH,, NH,), (d) a 1:1 mixture of 1(NH,, NH,)
(0.5 mM), and (+)—10, and (e) (+)—10.

other hand, the signal Ha, which is located inside the
macrocycle, was shifted downfield compared with that of the
free 1(NH,, NH,), whereas the signals of tert-butyl groups
outside did not show a significant change (Figure 3c,d).
Furthermore, the methyl groups of host molecule Mel and
Me2 became diastereotopic and split into two signals upon
association with the chiral guest (+)—10 (Figure 3d). These
"H NMR spectral changes strongly suggest that (+)—10 was
included inside 1(NH,, NH,). Besides, MALDI-TOF MS
analysis clearly showed the molecular ion peak at 1890.07
corresponding to [(+)-10@1(NH,, NH,)+K]* (Figure 3b).
The detection of the ion peak of the 1:1 host—guest complex
(+)-10@1(NH,, NH,) on the MALDI-TOF MS indicated that
the host—guest complex is stable. The association constant was
determined to be 608 M™" at 300 K by dilution experiments
(see the SI, Section S for details)."® 1{OH, NH,) also included
(+)-10 with a similar association constant (K = 641 M™); on
the other hand, the complexation of 1(OH, OH) with (+)-10
was not observed at all by "H NMR analysis. The complexation
of 1(NH,, NH,) and 1,1’-binaphtyl was also not observed by
'"H NMR analysis. From these observations, this inclusion
behavior is thought to mainly derive from the interaction
between one NH, group of the host and the P(O)OH group of
the guest (acid—base pair formation), not from electrostatic
interactions between polar functional groups or CH-x
interactions between host and guest. This result clearly
demonstrated that endo-functionalized cyclic oligophenylenes
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1 with a well-defined cavity associate with a 1 nm sized guest
molecule through direct interaction with the functional group
of the guest molecule.

B CONCLUSIONS

In summary, we have successfully synthesized the four endo-
functionalized novel cyclic oligophenylenes 1(OH), 1(OH,
NH,), 1(OH, OH), and 1(NH,, NH,). It is noteworthy that
the annulation precursors 2 and 3 were systematically
synthesized by using biphenyl derivative 4 in reasonable
yields. This 4 enables facile access to the various unexplored
endo-functionalized cyclic oligophenylenes 1. The application
of other endo-functionalized cyclic oligophenylenes 1 to host
molecules is now in progress in our group. Construction of
nanochannels with a functionalized inner wall by using endo-
functionalized cyclic oligophenylenes 1 and their application to
porous materials are also under investigation.
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