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sandwich, dumbbell, and pseudorotaxane complexes

Hajime Maeda,*? Genki Saito, ? Taniyuki Furuyama *® and Masahito Segi® !

(1,6)Pyrenophanes 1 and 2 in which 1,6-positions of pyrene are bridged with respective tri- and tetra-ethylene glycol chains

were synthesized. Addition of Ba(ClOa)2 to a 10> M CHCl> : CH3CN =1 : 1 solution of 1 reduced the intramolecular excimer

emission with a maximum at 480 nm and increased the monomer emission around 370-400 nm. In contrast, addition of

Ba(ClO4)2 to the solution of 2 shifted the intramolecular excimer emission to shorter wavelengths. Addition of n-BuzNH>*PFs~

to the solutions of 1 and 2 both decreased the intramolecular excimer emission and increased the monomer emission. Based

on the results of these fluorescence changes, Job's plots, and NMR titration, it is concluded that 1 forms a 1:1 sandwich-type

complex with Ba?*, 2 forms a 1:2 dumbbell-type complex with Ba?*, and both 1 and 2 form pseudorotaxanes with n-BuNH.*.

It was also found that when the pyrenophanes 1 and 2 were mixed with tetracyanoethylene (TCNE) in CHCl,, charge-transfer

(CT) complexes were formed, that exhibited absorption maxima at 740 and 744 nm, respectively.

Introduction

Pyrene is known to emit monomer fluorescence from a single
excited singlet molecule and excimer fluorescence from an
excited singlet dimer in solution.1-3 Due to this dual fluorescence
character, in addition, high photostability and high fluorescence
quantum vyield, many pyrene-based fluorescent compounds
have been synthesized and investigated.*1® Among them,
pyrenophanes, in which two pyrenes are linked at two or more
sites, have attracted interest from the viewpoints of their
structures (planar/bending), fluorescence properties
(monomer/excimer emission), and guest inclusion abilities.320
Grouping the pyrenophanes by their bridging positions, there
are (1,6),2131 (2,7),222331-39 (1 3)4045 (1,8),2146 (7,1,3)47-49
pyrenophanes. Particularly, (1,6)pyrenophane skeleton has
been utilized for development of compounds that exhibit only
intramolecular excimer emissions,2227 inclusion ability of
aromatic compounds,?4#25 circularly polarized luminescence
(CPL),31 and mechanoresponsive luminescence and liquid-
crystalline behaviour.2830

On the other hand, many studies have been conducted on
compounds that link pyrene with crown ethers or oligoethylene
glycols as fluorescence sensors that recognize metal ions.50-92
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They can be classified into three types, turn-ON>0-58 and turn-
OFF types>9-63 depending on photoinduced electron transfer
and heavy atom effect, and monomer/excimer emission
switching type®4-84 depending on the spatial distance between
two pyrenes.

In earlier efforts, we synthesized (1,3)** and
(1,8)pyrenophanes?*t in which the 1,3- or 1,8-positions of pyrene
are linked with oligoethylene glycol chains, and have shown that
they work as effective fluorescence sensor molecules that can
switch the anti- and syn-structures that emit respective
monomer and intramolecular excimer fluorescence depending

have

on solvent polarity and temperature. In this study, we
synthesized (1,6)pyrenophanes in which the 1,6-positions of
pyrene are linked with oligoethylene glycol chains, and
investigated the absorption/fluorescence properties when
metal ions, ammonium ions, and electron-deficient compounds
were added.

Results and discussion

(1,6)pyrenophanes 1, 2 and reference compounds 3-6 were
synthesized by using the routes shown in Scheme 1.
Bromination of pyrene 7 with two equivalents of Br, gave 1,6-
dibromopyrene 8, that was treated with t-Buli followed by DMF
to give 1,6-diformylpyrene 9. Reduction of 9 with NaBH, gave
diol 10, whose iodination with Nal/MesSiCl produced 1,6-
bis(iodomethyl)pyrene 11. Pyrenophane 1 was synthesized by
Williamson ether synthesis using 11 and triethylene glycol in 3%
yield. Similarly, pyrenophane 2 was synthesized in 4% yield by
reacting 11 with tetraethylene glycol. As its by-product, the 1:1
adduct 3 was formed in 4% yield. On the other hand, when 11

was reacted with diethylene glycol, the corresponding
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pyrenophane was not obtained, however, ring-opened
compounds 12 and 13 were obtained in 13% and 5% yields,
respectively. The reaction of 11 with pentaethylene glycol was
slow, and 3 days reflux gave the corresponding pyrenophane in

Journal Name

diol 10 with Mel. Bis(pyrenylmethyl) oligoethylene glycols 5 and
6 were synthesized from pyrene in four steps according to
literature.’” The structures of the synthesized pyrenophanes 1,
2 and reference compounds 3-6 were determined by 'H NMR,

1% vyield, however, its isolation was unsuccessful. 1,6-
Bis(methoxymethyl)pyrene 4 was prepared by the reaction of

Br
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Scheme 1 Synthesis of (1,6)pyrenophanes linked by oligoethylene glycols 1 and 2 and reference compounds 3-6.
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Fig. 1 UV-vis absorption spectra of (a) 1 and (b) 2 (1.0 x 10~ M).
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Fig. 2 Fluorescence spectra of (a) 1 (1.0 x 105 M, Aex = 350.5-

352.5 nm) and (b) 2 (1.0 x 105 M, Aex = 350.5-352 nm).
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Fig. 3 UV-vis absorption spectra of (a) 1 and (b) 2 (1.0 x 10> M
in CH,Cl; : CH3CN =1 : 1) upon addition of Ba(ClO4), ((a) 0-2000
equiv, (b) 0-100 equiv).

(1,6)Pyrenophanes have Czn and D, symmetrical atrop isomers
depending on the orientation of the pyrene ring.20.21.31 Variable
temperature 'H NMR spectra of 1, 2 was measured in CDCls (—
60 to 60 °C) and toluene-ds (—80 to 100 °C), however, no
coalescence was observed in this temperature range, indicating
that the pyrene rings are fully rotated (Fig. S1, S2). UV-vis
absorption spectra of pyrenophanes 1 and 2 were investigated
in DMF, CH,Cl,, CHCl3, THF, and toluene (Fig. 1). Both 1 and 2
showed absorption bands based on the m-m* transition of
pyrene (Amax =350-353 (1), 350-352 (2) nm), and no particular
solvent dependence was confirmed. The fluorescence of 1 and
2 was measured in the same five solvents, showing strong
intramolecular excimer emission (Amax = 480-482 nm (1, 2))
along with weak monomer emission (Amax = 379-380, 398-400
(1, 2)), especially no significant difference in wavelength due to
the solvent was observed (Fig. 2).

UV-vis absorption spectra were taken when Ba(ClO4); was
added to 1.0 x 10> M in CHxCl; : CH3CN =1 : 1 solutions of
compounds 1 and 2 (Fig. 3). Although no significant change was
observed, addition of Ba2* to the solution of 1 resulted in a slight

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Fluorescence spectra of (a) 1 and (b) 2 (1.0 x 10> M in
CH,Cl; : CH3CN =1 : 1) upon addition of Ba(ClO4); ((a) 0-2000
equiv, (b) 0-30 equiv), Aex =350 nm.
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Fig. 5 Job's plot for complexation of (a) 1 and (b) 2 with Ba2*
obtained from change of fluorescence at 480 nm in CHyCl; :
CH3CN=1:1,[1o0r2]+[Ba(ClO4)2] =1.0x 10> M.

—
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Fig. 6 Proposed structures of sandwich and dumbbell
complexes.

longer wavelength shift and an increase in absorbance. On the
other hand, addition of BaZ* to the solution of 2 resulted in a
longer wavelength shift and a significant decrease in
absorbance.

Up to 2000 equivalents of Ba(ClO4), was added toa 1.0 x 10> M
CH,Cl; : CH3CN =1 : 1 solution of pyrenophane 1, and changes
in the fluorescence spectrum were investigated (Fig. 4a). As a
result, intramolecular excimer emission decreased and
monomer emission increased. In contrast, in compound 2, the
maximum of intramolecular excimer emission shifts from 481
nm to 447 nm continuously with the addition of as few as 30
equivalents of BaZ* (Fig. 4b). In other words, it was found that 1
and 2 showed completely different fluorescence behaviors
against addition of BaZ*.

J. Name., 2013, 00, 1-3 | 3
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Fig. 7 500 MHz 'H NMR spectra of (a) 1 and (b) 2 upon addition
of Ba(ClO4),in CD2Cl; : CD3CN=1:1, [1]p =[2]0=3.0 x 103 M.

Job's plot was performed based on the change in the
fluorescence spectrum (Fig. 5). The results suggested that 1
forms a 1:1 complex with Ba?* and 2 forms a 1:2 complex. Based
on the fluorescence spectroscopic change and the results of
Job's plot, it was assumed that 1 forms a sandwich type 1:1
complex with Ba?*, and 2 formed a dumbbell-type 1:2 complex
with Ba?* (Fig. 6). The complexation constant was calculated
from the change in the fluorescence spectrum, and it was found
that 1 forms a complex with Ba2* in one-step equilibrium (K =
2.26 x 103 M), while 2 forms a complex with Ba%* in two-step
equilibrium (K; =1.95 x 105, K, = 2.76 x 10* M1).

It may be difficult to imagine the complex unrelated to the
oxygen atoms. However, we would like to propose the
formation of pyrene-BaZ*-pyrene sandwich complex 5. As
pyrene-metal-pyrene complexes, V, Nb, Ti complexes have
been isolated.?3 In addition, pyrene-metal cation-m interactions
are also confirmed in systems of unsubstituted pyrene with Ag*
94 and alkali metal ions,?> ionic liquid linked pyrene with K* and
Cs*,%¢ and azacrown ether linked pyrene with Li+.5?

Changes when Ba?* was added to CD,Cl, : CD3CN =1: 1 solutions
of 1 and 2 were monitored by *H NMR spectra (Fig. 7, full data
is Fig. S3). By increasing the equivalents of Ba?* added to the
solution of 1, a significant downfield shift of the resonance of
the pyrene ring of 1 was observed, while the symmetry on the
pyrene ring was maintained. A slight downfield shift of the
resonance at the pyrenylmethyl hydrogens of 1 was observed.
With the addition of BaZ*, splitting of the resonance of ethylene
glycol chain of 1 was observed, but the chemical shift of the
resonance was almost unchanged. On the other hand, in the
NMR titration experiment of 2, it was found that two 2H
resonances in the pyrene region shifted to the low magnetic
field, and the remaining two 2H resonances shifted to the high
magnetic field. The symmetry on the pyrene ring also
maintained. The ethylene glycol chain of 2 was split and shifted

4| J. Name., 2012, 00, 1-3
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downfield unlike 1. The hydrogens at the pyrenylmethyl
position of 2 underwent a large upfield shift. The downfield shift
of the pyrene region of 1 is thought to be due to the reduction
of the electron density in the pyrene region due to BaZ*
coordination. The change in the pyrene region of 2 might be a
consequence of the fact that the pyrene rings approach each
other while being twisted, and complexation with BaZ* causes
four hydrogens to enter the shielded region of another pyrene
and the remaining four hydrogens to enter the deshielded
region of the other pyrene. The ethylene glycol chain of 1 did
not change its electronic state much by the addition of Ba2*,
however, the ethylene glycol chain of 2 became electron-
deficient by the addition of Ba2*. The pyrenylmethyl hydrogens
of 1 became slightly electron-deficient by the addition of Ba2+,
while those of 2 came to a position that greatly suffer the ring
current effect of another pyrene by the addition of Ba2*. Thus,
these NMR spectral changes also support the formation of a
sandwich-type structure of 1 and a dumbbell-type structure of

(a) 3 + Ba?*, flu (b) 4 + BaZ*, flu
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Fig. 8 Fluorescence spectra of (a) 3, (b) 4, (c) 5, and (d) 6 (1.0 x
10> M in CH,Cl; : CH3CN =1 : 1) upon addition of Ba(ClO4), (O-
2000 equiv), Aex = (a) 351, (b) 350, (c)(d) 343 nm.

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




:\[New Journal of (Chemistry; -

1 Journal Name ARTICLE
2
3 the addition of 2000 equivalents of Ba2* hardly changed the
4 < °© O‘> fluorescence spectra. In contrast, compounds 5 and 6 exhibit
5 o o intramolecular excimer emission in the absence of metal ions,
6 however, when Ba2* was added, the intramolecular excimer
7 1 *9 * fluorescence of both 5 and 6 decreased and monomer
8 O O fluorescence increased. Using this change in fluorescence
9 O ‘ spectra, the complexation constants of 5 and 6 with Ba2* were
10 Q ' calculated to be K=9.49 x 102 M1 (5), 8.13 x 102 M1 (6), which
11 are smaller values than those of pyrenophanes 1 and 2.
12 1(Ba2*@5)* Compounds 5 and 6 exhibit intramolecular excimer emission in
13 the absence of metal ions because their oligoethylene glycol
14 K\o/\ chains are free to move (Fig. 9). When BaZ* interacts with the
15 o o) o) oligoethylene glycol chains of 5 and 6 to form 1:1 complexes,
16 j [ @ j the molecular motion is suppressed and the two pyrenes are no
17 o o longer spatially close to each other.
18 When Li*, Na*, Mg2*, and n-Bu;NH;* ions were added to the
*
19 1 1 * solution of 1, the absorption spectra hardly changed (Fig. S4). In
20 O O the fluorescence spectra (Fig. 10), when Li* and Na* were added
21 O “ to the solution of 1, the intramolecular excimer emission was
22 O O slightly shifted to the shorter wavelengths (Amax = 479 (Lit), 477
23 nm (Na*)), however, when Mg2* was added, there was almost
24 1(Ba? @6)" no change in fluorescence wavelength (Amax = 482 nm). When
25 n-BuaNH,* was added to the solution of 1, the intramolecular
26 Fig. 9 Proposed excited state structures of 5 and 6 for the excimer emission decreased and the monomer emission
27 explanation of fluorescence spectral change upon addition of increased.
28 BaZ*.
29 (@) 2 + Li*, flu (b) 2 + Na*, flu
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47 10% 102 : i . Fig. 11 Fluorescence spectra of 2 (1.0 x 10> M in CH,Cl, : CHsCN
48 400 500 600 400 500 600 -1 - P i R : "
29 Wavelength (nm) Wavelength (nm) 1:1) u;fon addition of (a) LiClO4 (O 2900 equiv), (b) NaClO4 (O
2000 equiv), (c) Mg(ClO4)2 (0-2000 equiv), and (d) n-BuaNHy*PFg~
50 Fig. 10 Fluorescence spectra of 1 (1.0 x 105 M in CH,Cl, : CHsCN  (0-2000 equiv), Aex = (a)(c)(d) 350.5, (b) 351 nm.
51 =1:1) upon addition of (a) LiCIO4 (0-2000 equiv), (b) NaClO, (0-
52 2000 equiv), (c) Mg(ClO4), (0-2000 equiv), and (d) n-Bu,NH,*PFg
53 (0-2000 equiv), Aex = (a)-(c) 351, (d) 350 nm.
54
55 Next, the change in fluorescence spectrum when Ba(ClO4); was
56 added to each of reference compounds 3-6 was examined
57 under the same conditions (Fig. 8). Compounds 3 and 4 showed
58 only monomer fluorescence in the absence of metal ions, and
59
60
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Fig. 12 Job's plot for complexation of (a) 1 and (b) 2 with n-
BuzNH,*PFs~ obtained from change of fluorescence at 480 nm in
CH2Cl, : CHsCN = 1: 1, [1 or 2] + [n-BuaNH2*PFs] = 1.0 x 10-5 M.

Cations were also added to the solution of 2, and fluorescence
spectra were evaluated under the same conditions (Fig. 11). As
a result, unlike the case of 1, it was found that the amount of
change was small with Li*, and the amount of change was large
when Na* and Mg2* were added (Amax = 482 (Li*), 473 (Na*), and
469 (Mg2*) nm). Thus, as the oligoethylene glycol chain became
longer, it came to recognize metal ions with large ionic radii.
Addition of Li* and n-Bu;NH.* to the solution of 2 did not
significantly change the absorption spectrum, however,
addition of Na* and Mg?* to the solution of 2 slightly shifted the
absorption band to longer wavelengths and broadened it (Fig.
S5), similar to the addition of Ba?* to the solution of 2 (Fig. 3b).
The longer wavelength shift and broadening of the absorption
of 2 by the addition of suitable-sized metal ions might be a
consequence of the transannular t-r interaction3 caused by the
formation of a dumbbell-shaped complex and the distance
between the pyrenes becoming closer.

To investigate the structures of species formed by mixing 1 and
2 with n-BuxNH;* salt in solution, Job's plots were performed,
and the results supported the formation of 1:1 complexes with
n-Bu;NH,* for both 1 and 2 (Fig. 12). Equimolar amounts of 1
and n-Bu;NH;*PF¢~ were mixed in CDCl; and the H NMR
spectrum was compared with those of each alone (Fig. 13). n-
BuaNH2*PFs~ is difficult to dissolve in CDCl;, however, when
mixed with pyrenophane 1, it becomes completely soluble. In
addition, splitting of the resonance of the triethylene glycol
moiety and upfield shift of the n-butyl group were observed. A
similar change was observed in the *H NMR spectroscopic study
upon addition of n-BuxNH,* to 2 in CDCl; (Fig. S6). These results
suggested that mixing pyrenophanes 1, 2 and n-BuaNH3*
produced pseudorotaxanes (Fig. 14).

6 | J. Name., 2012, 00, 1-3
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Fig. 13 500 MHz 'H NMR spectra of (a) 1, (b) a mixture of 1 with
n-BuaNH,*PFg, and (c) n-BuaNH2*PFg~ in CDCls.
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Fig. 14 Structures of pseudorotaxanes comprised of 1 and 2
with n—BuzN H2+PF5_.

The values of the complexation constants K of 1 and 2 with
metal and ammonium ions obtained from the change in the
fluorescence spectra are summarized in Table 1. In both 1 and
2, the largest K values are obtained when Ba2* was added. In
addition, 1 has high affinity with Li* and 2 has high affinity with
Na*. In other words, as the oligoethylene glycol chain becomes
longer, the ionic radius of the recognized metal ion becomes
larger, which is a size matching effect. Complexation constants
K could not be determined for the combination of 1-Mg2* and
2-Li* because the amount of change in the fluorescence
spectrum was too small.

This journal is © The Royal Society of Chemistry 20xx
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60
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a peak top at 740 nm appeared, suggesting that a CT complex
was formed. Similarly, pyrenophanes 2 and 3 also showed new
absorption bands with peaks at respective 744 and 745 nm by
mixing with TCNE. Reference compounds 4-6 also formed CT
complexes with TCNE, however, the wavelengths were found to
be about 20 nm shorter than those of pyrenophanes. Therefore,
pyrenophanes 1-3 formed more stable CT complexes with TCNE
compared to reference compounds 4-6. This is a consequence
of the fact that pyrenophanes 1-3 are more electron donating
and less sterically hindered than the reference compounds 4-6.
From these experimental results, possible mechanism for the
complexation and fluorescence is proposed in Scheme 2. First,
in the absence of cations, the monomer emission of
pyrenophanes 1 and 2 is very weak, showing almost exclusively
intramolecular excimer emission. This is because one pyrene is
excited by the excitation light and readily forms an excited
dimer with the other pyrene. In the presence of metal cations,
the possibility of coordination outside the pyrene ring of 1 and
2 can be excluded. This is because the resonances of the two
pyrene regions in 1H NMR are equivalent and the fluorescence
spectra of 3 and 4 hardly change when metal ions are added.

If 1 and Ba2* interact in the oligoethylene glycol chain, the
symmetry of the eight hydrogens on one pyrene ring would be
broken, but no such collaps of symmetry has been observed.
These results indicate that 1 forms a sandwich type 1:1 complex
with BaZ*. When this 1:1 complex is irradiated with excitation
light, Ba2* spatially inhibits the formation of excited dimers, so
that no intramolecular excimer fluorescence is observed, and
only monomer fluorescence is observed. The possibilities of
quenching due to single electron transfer (SET) from the excited
singlet of pyrene in 1 to BaZ* and the process of intersystem
crossing (ISC) due to the external heavy atom effect10> cannot
be ruled out. However, since the decrease in fluorescence
intensity is small relative to the amount of Ba2* added, those
paths might be negligible.

J. Name., 2013, 00, 1-3 | 7
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Scheme 2 Complexation and fluorescence mechanism. 1[M]*, 3[M]* and [M]** means excited singlet and triplet states and radical

cation of M, respectively.

Pyrenophane 2 forms a 1:2 complex with Ba2*, but unlike 1, Ba2*
is in a position that does not interfere with the formation of the
excited dimer of pyrene, so intramolecular excimer
fluorescence is observed from the 1:2 complex. While the
metal-free 2 can form an intramolecular excimer with the
pyrene rings at an optimal distance, the 1:2 complex has a
somewhat unreasonable intramolecular excimer with the
pyrene rings in a twisted position due to the presence of Ba2*
ions. Therefore, the intramolecular excimer fluorescence of the
1:2 complex containing two Ba2* ions appeared on the shorter
wavelength region compared to that of the metal-free 2. In
other words, the addition of Ba2* changed the dynamic excimer
to a static excimer, resulting in a shorter wavelength shift in
fluorescence.31653 |n the complexation of 2 with metal ions,
fluorescence quenching by SET and heavy atom effect might be
negligible like 1.

8 | J. Name., 2012, 00, 1-3

When n-BuzNH* is added to the solutions of pyrenophanes 1
and 2, pseudorotaxane complexes are formed. Since the n-
BuaNHy* axis spatially prevents excimer formation, only the
monomer emission is observed. When TCNE is added to the
solutions of pyrenophanes, CT complexes with an absorption
maximum at 740-744 nm are formed in the ground state. Since
even unsubstituted pyrene interacts with TCNE to form a CT
complex, it is unclear whether TCNE is present on the outside or
inside of pyrenophanes.104

Conclusions

In summary, we synthesized (1,6)pyrenophanes 1 and 2 in
which two pyrenes are linked by two oligoethylene glycol chains,
and investigated the fluorescence properties when cations
were added. In the absence of cations, 1 and 2 showed almost
only intramolecular excimer emission. When Ba2* was added to

This journal is © The Royal Society of Chemistry 20xx
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the solutions of pyrenophanes, 1 showed monomer emission,
while the fluorescence of 2 remained excimer emission and
shifted to shorter wavelength. These fluorescence changes are
attributed to the formation of sandwich-type and dumbbell-
type complexes, respectively. When n-Bu,NH,* was added to
the solutions of pyrenophanes, pseudorotaxane-type
complexes were formed and the fluorescence changed to
monomer emission. Due to their electron-donating properties
and low steric hindrance, 1 and 2 formed stable CT complexes
with TCNE. These (1,6)pyrenophanes linked by oligoethylene
glycol chains are considered to be useful as fluorescence
sensors that recognize these additives.

Experimental

Materials and equipment

CHCl3 was distilled from CaH,. CH,Cl, was washed with H-,O,
dried over CaCly, then distilled from CaH, under a nitrogen
atmosphere. Toluene was distilled from CaH; under a nitrogen
atmosphere. THF was distilled from CaH; and then from Na and
Ph,C=0 under a nitrogen atmosphere. DMF was distilled
without using a drying agent. Anhydrous grade of CH,Cl,
toluene, and THF were also purchased and used without further
purification. Spectral grade solvents were used for
spectroscopic studies. Most liquid substances were used after
purification by distillation. Most solid substances were used as
purchased. Melting points were determined on a Gallenkamp
MFB-595 melting point apparatus. 1H and 13C NMR spectra were
recorded using a JEOL JMN LA-400 (400 MHz and 100 MHz,
respectively) or a JEOL ECA-500 (500 MHz and 125 MHz,
respectively) spectrometer with MesSi as an internal standard.
IR spectra were determined using a Shimadzu FTIR-8300
spectrometer. Low- and high-resolution mass spectra were
taken on a JEOL JMS-700 instrument. UV-vis absorption spectra
were recorded using a Hitachi U-2900 or a JASCO V-570
spectrophotometer. Fluorescence spectra were recorded using
a JASCO FP-8500 spectrophotometer (Ex slit: 2.5 nm, Em slit: 2.5
nm, scanning speed: 500 nm/min, response: 50 msec). HPLC
separations were performed on a recycling preparative HPLC
instrument (Japan Analytical Industry Co. Ltd., LC-908 equipped
with a JAIGEL-H (GPC) column). Column chromatography was
conducted by using Kanto Chemical Co. Ltd., silica gel 60 N
(spherical, neutral, 0.04-0.05 mm). Thin-layer chromatography
was performed with Merck Kiesel gel 60 Fzs4 plates, and bands
were detected by using UV light and a phosphomolybdic acid
ethanol solution with heating.

Pyrenophane 1

To a stirred CCly (150 mL) solution of pyrene (7, 6.058 g, 30
mmol) was added dropwise a CCls (40 mL) solution of Br; (3.08
mL, 60 mmol) over a 2 h period at room temperature, and the
solution was stirred for 12 h at room temperature.1% To the
solution was added 1 N NaOH aqueous solution (50 mL) to give
white solid. The solid was collected by filtration, washed with

This journal is © The Royal Society of Chemistry 20xx
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EtOH, and dried overnight at room temperature. The solid was
dissolved in hot toluene and filtered to remove tribromo- and
tetrabromo-pyrenes. The filtrate was concentrated in vacuo to
give a residue. Recrystallization from toluene gave pale yellow
solid of a mixure of 1,6-dibromopyrene (8) : 1,8-dibromopyrene
= 4 : 1. Recrystallization from toluene again gave pure 1,6-
dibromopyrene (8, 2.305 g, 22% yield). Pale yellow solid; H
NMR (400 MHz, CDCl3) 68.07 (d, J = 8.3 Hz, 2H), 8.14 (d, J=9.3
Hz, 2H), 8.28 (d, J = 8.3 Hz, 2H), 8.48 (d, J = 9.3 Hz, 2H) ppm.
Lit.107

To a stirred THF (60 mL) solution of 1,6-dibromopyrene (8, 2.16
g, 6.0 mmol) was added dropwise t-BuLi (1.69 M in n-hexane,
16.4 mL, 27 mmol) at =78 °C under an argon atmosphere, and
the solution was stirred at =78 °C for 1 h. To the solution was
added dropwise DMF (4.6 mL, 60 mmol), and the solution was
stirred at =78 °C for 1 h, and then at room temperature for 1
h.108 To the solution was added H,0 (50 mL). The formed solid
was collected by filtration, washed with H,0 (30 mL), MeOH (30
mL), and hot toluene (30 mL) to give 1,6-diformylpyrene (9,
1.311 g, 85% yield). Yellow solid; 'TH NMR (500 MHz, CDCls) &
8.36 (d, / =9.2 Hz, 2H), 8.43 (d, / = 8.0 Hz, 2H), 8.55 (d, J = 7.4
Hz, 2H), 9.59 (d, J = 9.2 Hz, 2H), 10.82 (s, 2H) ppm. Lit.103

To a stirred THF (110 mL) solution of 1,6-diformylpyrene (9,
1.449 g, 5.6 mmol) were added NaBH, (0.849 g, 22.4 mmol) and
EtOH (25 mL), and the mixture was stirred at room temperature
for 18 h.199 To the solution was added 1 N HCl aqueous solution
(40 mL) to give white solid. The solid was collected by filtration,
washed with Et;0 (40 mL) and CHCl; (40 mL) to give 1,6-
bis(hydroxymethyl)pyrene (10, 1.371 g, 93% yield). White solid;
1H NMR (500 MHz, CDCl3) 65.44 (s, 4H), 8.09 (d, J = 8.0 Hz, 2H),
8.16 (d, J =9.2 Hz, 2H), 8.21 (d, J = 7.5 Hz, 2H), 8.40 (d, J = 9.2
Hz, 2H) ppm. Lit.110
To a stirred CHsCN (130 mL) solution of 1,6-
bis(hydroxymethyl)pyrene (10, 0.658 g, 2.5 mmol) were added
Nal (2.25 g, 15.0 mmol) and MesSiCl (1.90 mL, 15.0 mmol), and
the solution was stirred at room temperature for 2 h.111 To the
solution was added H,0 (100 mL). The formed yellow solid was
washed with H,0 (50 mL) to give 1,6-bis(iodomethyl)pyene (11,
1.111 g, 92% yield). Yellow solid; 'TH NMR (500 MHz, CDCls) &
5.21 (s, 4H), 8.05 (d, J = 8.0 Hz, 2H), 8.16 (d, / = 8.0 Hz, 2H), 8.22
(d, J=9.2 Hz, 2H), 8.34 (d, J = 9.2 Hz, 2H) ppm. Lit.112

A mixture of triethylene glycol (0.18 mL, 1.35 mmol), NaH (60%
in mineral oil, 0.48 g, 20.0 mmol), and THF (60 mL) was stirred
at reflux for 1 h under an argon atmosphere. To the solution was
added dropwise a mixture of 1,6-bis(iodomethyl)pyene (11,
0.460 g, 0.95 mmol) and THF (40 mL) over a 5 min period, and
the solution was stirred at reflux for 3 days.113 To the solution
were added H,0 (100 mL) and 1 N HCl aqueous solution (20 mL).
The product was extracted with CHCl; (100 mL x 3). The
combined organic layers were washed with 1 N HCI (100 mL),
dried over Na,S0O,, filtered, and concentrated in vacuo, giving a
residue that was subjected to silica gel column chromatography
(eluent; CHCI3 : EtOH = 30 : 1, R = 0.4) followed by recycling
preparative  HPLC  (GPC, eluent; CHCl5) to give
2,5,8,11,24,27,30,33-octaoxa[12.12](1,6)pyrenophane (1,
0.018 g, 3 % yield). Pale yellow solid; mp 185-187 °C; 'H NMR
(500MHz, CDCl3) 63.69 (d, J = 4.0 Hz, 24H), 4.96 (s, 8H), 7.70-
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7.75 (m, 12H), 8.10 (d, J = 9.2 Hz, 4H) ppm; 3C NMR (125 MHz,
CDCl3) 6 69.67, 70.89, 70.95, 71.74, 123.14, 124.37, 124.59,
126.76,127.32,129.13,130.53, 131.28 ppm; IR (KBr) 845, 1096,
1299, 1346, 2862 cm~1; MS (FAB+) m/z (relative intensity, %) =
136 (65), 154 (100), 307 (29), 753 (M*, 3); HRMS (FAB+) calcd for
CagH4903g: 753.3427, found: 753.3421.

Pyrenophanes 2 and 3

A mixture of tetraethylene glycol (0.19 mL, 1.1 mmol), NaH (60%
in mineral oil, 0.48 g, 20.0 mmol), and THF (60 mL) was stirred
at reflux for 1 h under an argon atmosphere. To the solution was
added dropwise a mixture of 1,6-bis(iodomethyl)pyene (11,
0.482 g, 1.1 mmol, see preparation of 1) and THF (50 mL) over a
5 min period, and the solution was stirred at reflux for 3 days.113
To the solution were added H,0 (50 mL) and 1 N HCl aqueous
solution (20 mL). The product was extracted with CHCI5 (100 mL
x 3). The combined organic layers were washed with 1 N HCI
(100 mL), dried over Na,SOy, filtered, and concentrated in vacuo,
giving a residue that was subjected to silica gel column
chromatography (eluent; CHCl; : EtOH = 30 : 1, Rf = 0.4-0.5)
followed by recycling preparative HPLC (GPC, eluent; CHCIs) to
give 2,5,8,11,14,27,30,33,36,39-
decaoxa[15.15](1,6)pyrenophane (2, 0.022 g, 3% yield) and
2,5,8,11,14-pentaoxa[15](1,6)pyrenophane (3, 0.015 g, 4%
yield). Data for 2; pale yellow solid; mp 149-152 °C, 1H NMR
(500MHz, CDCl5) 6 3.55-3.63 (m, 32H), 5.05 (s, 8H), 7.79 (d, J =
8.0 Hz, 4H), 7.86 (d, /= 9.2 Hz, 4H), 7.91 (d, J = 8.0 Hz, 4H), 8.13
(d,J=9.2 Hz, 4H) ppm; 133C NMR (125 MHz, CDCl3) §69.51, 70.67,
70.71, 71.75, 123.30, 124.49, 124.71, 126.93, 127.49, 129.26,
130.69, 131.41 ppm; IR (KBr) 845, 1096, 1246, 1357, 2866 cm™1;
MS (FAB+) m/z (relative intensity, %) = 77 (11), 107 (16), 154
(100), 307 (26), 841 (M*, 1); HRMS (FAB+) calcd for CsyHs7010:
841.3952, found: 841.3939. Data for 3; pale yellow solid; mp
123-126 °C; *H NMR (500MHz, CDCl3) 61.63-1.68 (m, 2H), 2.09-
2.13 (m, 2H), 2.39-2.44 (m, 2H), 2.49-2.52 (m, 2H), 3.12-3.15 (m,
2H), 3.27-3.29 (m, 2H), 3.47-3.51 (m, 2H), 3.68-3.72 (m, 2H),
4.73 (d, J=13.2 Hz, 2H),5.85 (d,J=13.2 Hz, 2H), 7.96 (d, /= 7.4
Hz, 2H), 8.16 (d, J = 9.2 Hz, 2H), 8.17 (d, J = 7.5 Hz, 2H), 8.57 (d,
J=9.2 Hz, 2H) ppm; 13C NMR (125 MHz, CDCl3) 6 68.19, 68.33,
69.06, 70.31, 72.18, 124.32, 124.75, 125.19, 127.40, 128.50,
130.28, 131.22, 132.23 ppm; IR (KBr) 848, 1087, 1249, 1361,
2858 cm~1; MS (FAB+) m/z (relative intensity, %) = 73 (20), 85
(17), 119 (26), 154 (30), 189 (5), 215 (39), 228 (76), 243 (35), 288
(7), 324 (8), 421 (M*, 1); HRMS (FAB+) calcd for CagHag0s:
421.2015, found: 421.2010.

1,6-Bis(methoxymethyl)pyrene (4)

A mixture of 1,6-bis(hydroxymethyl)pyrene (10, 0.079 g, 0.3
mmol, see preparation of 1), NaH (60% in mineral oil, 0.072 g,
3.0 mmol), and THF (20 mL) was stirred at reflux for 1 h under a
nitrogen atmosphere. To the solution was added dropwise Mel
(0.112 mL, 1.8 mmol), and the solution was stirred at reflux for
2 days.”” To the solution was added H,O (50 mL), and the
solution was concentrated by a rotary evaporator to remove
THF. The product was extracted with CH,Cl; (30 mL x 3) from
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the aqueous solution. The combined organic layers were
washed with brine (30 mL), dried over Na;SO,, filtered, and
concentrated in vacuo, giving a residue that was subjected to
silica gel column chromatography (eluent; CHCl; : EtOH =30:1,
R: = 0.7) followed by recycling preparative HPLC (GPC, eluent;
CHCI3) to give 1,6-bis(methoxymethyl)pyrene (4, 0.044 g, 51%
yield). Yellow solid; 1H NMR (500 MHz, CDCls) 63.52 (s, 6H), 5.18
(s, 4H), 8.03 (d, J = 8.0 Hz, 2H), 8.13 (d, J = 9.2 Hz, 2H), 8.17 (d, J
= 8.1 Hz, 2H), 8.35 (d, J = 9.2 Hz, 2H) ppm. Lit.114.115

Compound 5

To a stirred CH,Cl; (150 mL) solution of pyrene (7, 3.11 g, 15.0
mmol) were added dropwise CH;OCHCI; (1.80 mL, 19.5 mmol)
and TiCls (27 mL, 27.0 mmol) at 0 °C under an argon atmosphere,
and the solution was stirred at 0 °C for 1 h, then at room
temperature for 1.5 h.116 To the solution was added cool water.
The organic layer was separated. The aqueous layer was
washed with CH,Cl; (100 mL x 3). The combined organic layers
were washed with brine (100 mL), dried over Na,SO,, filtered,
and concentrated in vacuo, giving a residue that was subjected
to silica gel column chromatography (eluent; CH,Cl,) to give 1-
formylpyrene (14, 3.410 g, 99% yield). Yellow green solid; *H
NMR (500 MHz, CDCls) 6 8.06-8.11 (m, 2H), 8.21-8.32 (m, 5H),
8.43 (d,J= 8.0 Hz, 1H), 9.41 (d, J = 9.2 Hz, 1H), 10.77 (s, 1H) ppm.
Lit.116

To a stirred THF (120 mL) solution of 1-formylpyrene (14, 0.919
g, 4.0 mmol) were added NaBH, (0.303 g, 8.0 mmol) and EtOH
(20 mL) at 0 °C, and the mixture was stirred at room
temperature for 16 h.10° To the solution was added 1 N HCI
aqueous solution (50 mL). The organic layer was separated. The
aqueous layer was washed with Et;O (100 mL x 3). The
combined organic layers were washed with brine (100 mL),
dried over Na,SO,, filtered, and concentrated in vacuo to give
1-(hydroxymethyl)pyrene (15, 0.965 g, 100% yield, including
impurity). Yellow solid, *"H NMR (400 MHz, CDCls) ¢ 1.83 (brs,
1H), 5.39 (s, 2H), 7.99-8.08 (m, 4H), 8.12-8.22 (m, 4H), 8.36 (d, J
=9.3 Hz, 1H) ppm. Lit.117

To a stirred CHCI5 (40 mL) solution of 1-(hydroxymethyl)pyrene
(15, 0.872 g, 4.1 mmol, including impurity) was added dropwise
PBr; (0.39 mL, 4.1 mmol) at 0 °C under an argon atmosphere,
and the solution was stirred at room temperature for 20 h.110
To the solution was added saturated NH4Cl aqueous solution
(40 mL). The organic layer was separated. The aqueous layer
was washed with CHCI; (50 mL x 3). The combined organic
layers were washed with brine (50 mL), dried over Na;SO,,
filtered, and concentrated in vacuo to give 1-
(bromomethyl)pyrene (16, 1.207 g, 99% yield). Yellow solid; *H
NMR (500 MHz, CDCl3) 65.27 (s, 2H), 8.02-8.06 (m, 3H), 8.08-
8.14 (m, 2H), 8.21-8.27 (m, 3H), 8.39 (d, J = 9.2 Hz, 1H) ppm.
Lit.116

A mixture of triethylene glycol (0.10 mL, 0.5 mmol), NaH (60%
in mineral oil, 0.48 g, 20.0 mmol), and THF (50 mL) was stirred
at reflux for 1 h under an argon atmosphere. To the solution was
added dropwise THF (30 mL) solution of 1-
(bromomethyl)pyrene (16, 0.295 g, 1.0 mmol) over a 30 min
period, and the solution was stirred at reflux for 3 days.113 To

This journal is © The Royal Society of Chemistry 20xx

Page 10 of 13



Page 11 of 13

oNOYTULT D WN =

the solution was added H,0. The organic layer was separated.
The aqueous layer was washed with CHClz (100 mL x 3). The
combined organic layers were washed with brine (100 mL),
dried over Na,S0O,, filtered, and concentrated in vacuo, giving a
residue that was subjected to silica gel column chromatography
(eluent; CHCI3 : EtOH = 30 : 1, R = 0.3) followed by recycling
preparative HPLC (GPC, eluent; CHCIs) to give triethylene glycol
bis(pyren-1-ylmethyl) ether (5, 0.076 g, 13% yield). Yellow soild;
1H NMR (500 MHz, CDCls) 63.71-3.68 (m, 12H), 5.23 (s, 4H), 8.14
(d, J=8.0Hz, 2H), 8.15 (d, J = 8.0 Hz, 2H), 8.35 (d, /= 9.2 Hz, 2H)
ppm. Lit.77

Compound 6

A mixture of tetraethylene glycol (0.09 mL, 0.5 mmol), NaH (60%
in mineral oil, 0.48 g, 20.0 mmol), and THF (50 mL) was stirred
at reflux for 1 h under an argon atmosphere. To the solution was
added dropwise THF (30 mL) solution of 1-
(bromomethyl)pyrene (16, 0.295 g, 1.0 mmol, see preparation
of 5) over a 30 min period, and the solution was stirred at reflux
for 3 days.113 To the solution was added H,0. The organic layer
was separated. The aqueous layer was washed with CHCI3 (100
mL x 3). The combined organic layers were washed with brine
(100 mL), dried over Na,SOy, filtered, and concentrated in vacuo,
giving a residue that was subjected to silica gel column
chromatography (eluent; CHCls : EtOH =30: 1, R¢=0.3) followed
by recycling preparative HPLC (GPC, eluent; CHCIs) to give
tetraethylene glycol bis(pyren-1-ylmethyl) ether (6, 0.081 g,
13% yield). Yellow oil; TH NMR (500 MHz, CDCl3) 63.61-3.71 (m,
16H), 5.21 (s, 4H), 7.94-8.02 (m, 8H), 8.08 (d, /= 8.6 Hz, 4H), 8.14
(d,J=8.0Hz, 2H), 8.14 (d, J= 7.5 Hz, 2H), 8.34 (d, /= 9.2 Hz, 2H)
ppm. Lit.77

Compounds 12 and 13

A mixture of diethylene glycol (0.05 mL, 0.55 mmol), NaH (60%
in mineral oil, 0.06 g, 2.5 mmol), and THF (40 mL) was stirred at
reflux for 1 h under an argon atmosphere. To the solution was
added dropwise THF (30 mL) solution of 1,6-
bis(iodomethyl)pyrene (11, 0.241 g, 0.5 mmol, see preparation
of 1), and the solution was stirred at reflux for 3 days.113 To the
solution was added H,0 (100 mL) and 1 N HCl aqueous solution
(20 mL). The organic layer was separated. The aqueous layer
was washed with CHCl; (100 mL x 3). The combined organic
layers were washed with 1 N HCI aqueous solution (100 mL),
dried over Na,S0Qy, filtered, and concentrated in vacuo. The
residue was filtered through silica gel and subjected to recycling
preparative HPLC (GPC, eluent; CHCl3) to give 1,6-bis[2-(2-
hydroxyethoxy)ethoxymethyl]pyrene (12, 0.030 g, 13% yield)
and triethylene glycol bis{6-[2-(2-
hydroxyethoxy)ethoxymethyl]pyren-1-ylmethyl} ether (13,
0.018 g, 5% vyield). Data for 12; orange solid; mp 67-73 °C; 'H
NMR (500 MHz, CDCls) 63.61 (t,J=4.6 Hz, 4H),3.73 (dd, /= 4.3,
3.4 Hz, 8H), 3.76 (t, J = 2.6 Hz, 4H), 5.30 (s, 4H), 8.04 (d, /= 7.4
Hz, 2H), 8.13 (d, J = 9.2 Hz, 2H), 8.17 (d, J = 8.0 Hz, 2H), 8.39 (d,
J=9.0 Hz, 2H) ppm; 13C NMR (125 MHz, CDCl3) 6 61.84, 69.47,
70.50, 71.95, 72.38, 123.46, 124.79, 125.00, 127.24, 127.75,
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129.55, 131.02, 131.30 ppm; IR (KBr) 883, 1072, 1354, 1654,
2901, 3483 cm~1; MS (FAB+) m/z (relative intensity, %) = 57 (33),
85 (26), 119 (41), 154 (39), 215 (18), 228 (29), 333 (100), 438
(M*, 1); HRMS (FAB+) calcd for CsgHsoOs: 438.2042, found:
438.2052. Data for 13; orange solid; 1H NMR (500 MHz, CDCl3) &
3.61 (t, J = 4.6 Hz, 4H), 3.68-3.76 (m, 16H), 3.76-3.79 (m, 4H),
3.78 (d, J = 5.5 Hz, 4H), 5.23 (s, 4H), 5.24 (s, 4H), 7.92-8.06 (m,
12H), 8.29 (d, J = 9.2 Hz, 4H) ppm; 13C NMR (125 MHz, CDCl5) &
61.82, 69.44, 69.60, 70.48, 70.91, 71.88, 71.94, 72.43, 123.20,
123.50,124.58, 124.68, 124.84,127.01, 127.13, 127.51, 127.65,
129.39, 129.41, 130.80, 130.88, 131.04, 131.59 ppm; IR (KBr)
883, 1072, 1354, 1654, 2901, 3483 cm=; MS (FAB+) m/z
(relative intensity, %) = 73 (17), 102 (46), 154 (81), 228 (65), 333
(100), 665 (21), 770 (M*, 12); HRMS (FAB+) calcd for CagHsgOo:
770.3455, found: 770.3456.
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