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In this study we self-assembled the four-armed porphyrin hetero dimer capsule Cap4, stabilized through
amidinium-—carboxylate salt bridges, in CH,Cl, and CHCls. The dimer capsule Cap4 was kinetically and
thermodynamically more stable than the corresponding two-armed dimer Cap2. The number of arms
strongly influenced their recognition behaviour; guests possessing small aromatic faces (e.g., 1,3,5-trini-
trobenzene) preferred residing in the cavity of the two-armed capsule Cap2, rather than in Cap4, both
thermodynamically and kinetically; in contrast, large aromatic guests (e.g., 9,10-dibromoanthracene) were
encapsulated predominantly by Cap4 because of favourable entropic effects. The number of arms
enabled self-sorting behaviour of the dimer formation; complexation studies using an equimolar mixture
of the four porphyrin constituents of the two capsules revealed the quantitative formation of the corres-
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ponding dimers Cap2 and Cap4. Furthermore, we examined the specific molecular recognition of Cap2
and Cap4; NMR experiments of mixtures of Cap2 and Cap4 in the presence of favourable guests for
Cap2 and Cap4 revealed that these guest molecules were encapsulated selectively by their preferred
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Introduction

The porphyrins have often been used as significant units in
supramolecular architectures.” In addition to the unique pro-
perties of porphyrins allowing them to be used as catalysts for
chemical reactions® and to induce specific photophysical and/
or electrochemical behaviour,>* multiporphyrinic functional
systems can also provide discrete spaces for molecular reco-
gnition and sensing.” For example, coordination-driven por-
phyrin cages have been developed to encapsulate biologically
relevant molecules in their cavities.® Porphyrin cages also have
been exploited as hosts for aromatic guest molecules, with
stabilization occurring as a result of the large area of the aro-
matic porphyrin rings.” Co-facial dimeric porphyrin containers
can incorporate flat aromatic guests with high association con-
stants;® expanding the distance between the porphyrin units
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can allow porphyrin cages to accommodate three-dimensional
aromatic guests (e.g., fullerenes)® or several guest molecules in
the form of multilayer z-aromatic structures.’”*°

Recently, we reported the construction of a hetero dimer
Cap2’ from a pair of two-armed porphyrin derivatives, P1 and
P2a, stabilized by complementary amidinium-carboxylate salt
bridges in aprotic and nonpolar solvents (Fig. 1a and 2); this
dimer host encapsulated electron-deficient aromatic com-
pounds inside its cavity, forming heteromeric three-layer
m-aromatic structures."’ Furthermore, we have synthesized a
D,-symmetric trimeric porphyrin host complex, comprising
the two- and four-armed porphyrins P1 and P4a, that recog-
nizes aromatic guests, forming highly organized m-aromatic
structures.’” To construct higher-order assembled multilayer
n-aromatic architectures from porphyrin derivatives bearing
complementary hydrogen-bonding pairs (e.g., aminoquinolino
and carboxy functionalities), we would need to introduce a
“complementary number” of binding pairs. For example,
Fig. 1c provides a cartoon representation of a 3 : 2 mixture of a
four-armed hydrogen-bond-acceptor porphyrin P4 and a six-
armed hydrogen-bond-donor porphyrin P5 that might selec-
tively form a heteromeric porphyrin pentamer through the
assembly of two four-armed and two two-armed complemen-
tary hydrogen bonding pairs. Such a porphyrin pentamer
would possess four cavities positioned between porphyrin
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Fig. 1 Cartoon representation of hetero porphyrin oligomer capsules
and their molecular recognition: (a) a two-armed porphyrin dimer Cap2
formed from P1 and P2, (b) a four-armed porphyrin dimer Cap4 formed
from P3 and P4, and (c) a porphyrin pentamer formed from P4 and P5.

faces, two of each type (two- and four-armed), that could
potentially bind different types of aromatic guests depending
on their flexibility and rigidity. Prior to construction of such a
porphyrin pentamer, we wished to confirm whether a “comp-
lementary number” of binding pairs would allow specific for-
mation of porphyrin oligomers and, if so, investigate their
molecular recognition properties.

In this paper we report the construction and molecular
recognition behaviour of the hetero four-armed dimer capsule
Cap4 from the components P3 and P4b (Fig. 1b), and compare
it with the corresponding two-armed dimer Cap2 (Cap2’)
formed from components P1 and P2b (P2a). In addition, we
observed self-sorting behaviour of a mixture of P1-P4 to form
the two capsules Cap2 and Cap4 selectively. Herein, we also
demonstrate the results of competitive molecular recognition
experiments of the dimers in the presence of aromatic guests.

Results and discussion
Design and synthesis of porphyrin derivatives P2b and P4b

We examined formation of four-armed porphyrin dimer
formed from porphyrin derivatives P3 and P4a, which was pre-
viously synthesized," first of all. Although the signals origi-
nated from the dimer P3-P4a appeared in the "H NMR spec-
trum of an equimolar mixture of P3 and P4a in CDCl;, the
signals of other assembled species were observed in the spec-
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Fig. 2 (a) Structures of the porphyrin derivatives used to prepare the
self-assembled dimers. (b) Cartoon representation of the amidinium—
carboxylate salt bridge and the resulting parallel arrangement of the two
porphyrin rings.

trum."® Therefore, bulky neopentylamino group instead of hex-
ylamino group in porphyrin derivatives P2 and P4 was chosen
for this study to prevent the formation of other species.
Scheme 1 presents the synthesis of neopentylaminoquinolino
porphyrin derivatives P2b and P4b. Aminations of chloride 1'*
with neopentylamine afforded aminoaldehyde 2, after hydro-
lysis of imino group. Treatment of the aldehyde 2 with dipyrro-
methane 3'" and pyrrole in propionic acid gave two-armed and
four-armed porphyrin derivatives P2b and P4b, respectively.

AN
N/ Cl
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(e]
1
1) neopentylamine
17%
l 2) HCI 47% propionic acid
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) NH 9%

Scheme 1 Synthesis of the porphyrin derivatives P2b and P4b.
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Formation of four-armed dimer Cap4

We used NMR spectroscopy to confirm the formation of the
porphyrin dimer Cap4. The 'H NMR spectrum (600 MHz,
CDCl3, 25 °C) of a 1:1 mixture of the porphyrin derivatives P3
and P4b possessed no signals of the individual component;
they had been replaced by a new single set of signals (Fig. 3
and S17). The signal of the aminoquinoline NHy, units shifted
downfield from 4.97 to 11.67 ppm, while the signals of the NH
units at the centres of both porphyrins appeared at signifi-
cantly high fields (moving from —2.65 and —2.82 ppm to
—-3.63 ppm for Hy and Hj), consistent with the formation of
the four-armed dimer capsule P3-P4b (Cap4) with co-facial
arrangement of its two porphyrin rings (Fig. 2b). These low-
and high-field shifts were quite similar to those of the two-
armed dimer P1-P2a (Cap2’). The mass spectrum (ESI) of a
solution containing a 1:1 mixture of P3 and P4b featured a
peak at m/z 1949.8565 (caled 1949.8609), corresponding to the
four-armed dimer [Cap4 + H]" (Fig. S47).

Kinetic and thermodynamic stabilities of each porphyrin
dimer in the presence of competitive solvent (DMSO)

In aprotic and nonpolar solvents, such as CHCl; and CH,Cl,,
both dimers (Cap2 and Cap4) formed quantitatively from equi-
valent mixtures. To weaken the hydrogen bonds between the
aminoquinolino and carboxy groups, we prepared equimolar
solutions of P1 and P2b in mixtures of CDCIl; and DMSO-d;. In
the "H NMR spectra of mixtures of P1 and P2b in CDCly/
DMSO-d; (from 100:0 to 65 : 35), the signals of the porphyrin
NH units of the two-armed dimer Cap2 appeared near
—3.6 ppm and those of the corresponding monomers appeared
in the range from —2.6 to —2.9 ppm (Fig. 4 and S57); the
signals of the dimer broadened in the 98:2 mixture, and only
the signals for the monomers appeared in the 65 :35 mixture

Fig. 3 Partial 'H NMR spectra (600 MHz, CDCls) of (a) the porphyrin
derivative P3 in the presence of EtsN (5.0 eq.), (b) a 1:1 mixture
(0.50 mM) of the porphyrin derivatives P3 and P4b (Cap4), and (c) the
porphyrin derivative P4b.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

CDCl, : DMSO-ds

100:0
Cap2

(b

)
M 98:2
RSl
(c)
M- 93:7
(d)
80:20
(e)
65:35

25 -3.0 35 ppm

&8
=Y

P2

Fig. 4 Partial *H NMR spectra (600 MHz, 25 °C) of a 1:1 mixture
(0.50 mM) of P1 and P2b (a) in CDCls, (b) in CDCl3/DMSO-dg (98: 2), (c)
in CDCl3/DMSO-dg (93:7), (d) in CDCls/DMSO-dg (80:20), and (e) in
CDCl3/DMSO-dg (65 : 35).

of CDCl;/DMSO-d. In corresponding solutions of the four-
armed dimer (Cap4), small signals appeared in the '"H NMR
spectrum for the monomers when the content of DMSO-ds was
34%, whereas Cap4 had dissociated completely when the
content of DMSO-d¢ was 66% (Fig. 5 and S67). Thus, the four-
armed dimer Cap4 was more stable than the two-armed Cap2.
Next, we evaluated the thermodynamic stabilities of both
dimers. In the '"H NMR spectrum [600 MHz, CDCl;/DMSO-d,
(80:20)] of an equimolar mixture of P1 and P2b (0.50 mM) at
—50 °C, the signals for the porphyrin NH units appeared at
—3.80 ppm for Cap2 and at —2.97 and —3.02 ppm for its mono-
mers (Fig. 6 and S7t). Upon increasing the temperature, the
ratio of Cap2 decreased. From integration of these signals for
Cap2 and the monomers, we calculated the dimerization con-
stant (Kq) to be 6700 (M™") at =20 °C. The Arrhenius plots of
the data for the formation of Cap2 yielded a straight line
(Fig. S9aft), from which we calculated the thermodynamic para-

CDCl, : DMSO-d;
@ @ ﬂ 100: 0
Cap4 ) R _ I . ~ N

(b)

66 :34
© ]\ 60 : 40
@ 55:45
E P3 (e) 34 :66
T T
-3.0 -35 ppm

Fig. 5 Partial 'H NMR spectra (600 MHz, 25 °C) of a 1:1 mixture
(0.50 mM) of P3 and P4b (a) in CDCls, (b) in CDCl3/DMSO-dg (66 : 34),
(c) in CDCl3/DMSO-dg (60 : 40), (d) in CDCls/DMSO-ds (55 :45), and (e)
in CDCl3/DMSO-dg (34 : 66).
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Fig. 6 Partial IH NMR spectra [600 MHz, CDCls/DMSO-dg (80 :20),
0.50 mM] of a 1:1 mixture of P1 and P2b at (a) O °C, (b) =10 °C, (c)
—20 °C, (d) =30 °C, (e) =40 °C, and (f) =50 °C.

Table 1 Thermodynamic parameters of the formation of the hetero
porphyrin dimers Cap2 and Cap4?

AH [K] AS[JK™
Dimer K4 [M™] mol '] mol '] Solvent
Cap2® 6700 +260 (—20°C) —36+0.76  —72+2.2  CDCly/
DMSO-de
(80:20)
Cap4® 9200 + 1400 (20°C) —54+3.4 —109+12  CDCly/
DMSO-d;
(55:45)

“The thermodynamic parameters were obtained from the VT NMR
experiments. The NMR exgeriments were performed more than twice,
and the average is shown. ” 0.50 mM solution of P1 and P2b was exam-
ined from —50 to 0 °C. € 0.50 mM solution of P3 and P4b was examined
from 0 to 50 °C.

meters (Table 1). In a similar manner, variable temperature
(VT) NMR spectra (600 MHz, from 0 to 50 °C, 0.50 mM) of an
equimolar solution of P3 and P4b in CDCl;/DMSO-dg (55 : 45)
(Fig. S8t) allowed us to estimate the thermodynamic para-
meters for the formation of Cap4 (Fig. S9bT and Table 1).

The dimerization constant for the four-armed dimer Cap4
was higher than that for the two-armed Cap2, even though the
conditions for forming the two-armed dimer were more favour-
able than those of the four-armed dimer [two-armed: in
CDCl3/DMSO-ds (80:20) at —20 °C; four-armed: in CDCls/
DMSO-d; (55 : 45) at 20 °C]. Thus, formation of the four-armed
dimer Cap4 was enthalpically favourable—the result of
increasing the number of complementary hydrogen bonds.
Nevertheless, the presence of four strong interactions was
associated with the entropic cost of decreasing the flexibility of
the rigid dimer structure.

Recognition of small aromatic guests by Cap2 and Cap4

We reported previously that the dimer Cap2’ could accommo-
date the electron-deficient aromatic guests G;-Gs, each featur-
ing one or two rings, to form three-layer m-aromatic struc-
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tures." We used NMR spectroscopy to obtain the association
constants for the interactions of the four-armed capsule Cap4
with these same guest molecules (Fig. S10-S147). Similar to
the behaviour with Cap2', the rates of association and dis-
sociation of Cap4 and its guests were fast on the NMR spectro-
scopic time scale at 25 °C; therefore, we used BindFit soft-
ware'* to calculate the association constants (K,, Table 2) for
encapsulation from the changes in chemical shifts. The associ-
ation constants for the interactions of the two-armed dimer
Cap2’ with the guests G1-G5 were 13-51 times larger than
those of the four-armed dimer Cap4, even though they con-
tained the same types of porphyrin units. We recorded VT
NMR spectra of a mixture of Cap4 and the guest G1 to evaluate
the rates of association and dissociation of complexation
(Fig. S10df). Individual signals appeared for Cap4 and
G1@Cap4 when the temperature was less than —40 °C. In com-
parison, for the corresponding mixture of Cap2’ and G1, the
signals of the complexed and uncomplexed species were
detected separately when the temperature was below —20 °C."*
Thus, the complex G1@Cap2’ was also kinetically more stable
than that of G1@Cap4, even though the four arms of the latter

Table 2 Association constants (K, M) for the interactions of aromatic
guests with the hetero dimers Cap2 and Cap4 at 25 °C

KCapZ/
Solvent Kcapa

NO, Cap2’: K, = 49 000 + 4400™”
Cap4: K, = 2190 + 450°

CH,Cl, 22
CD,Cl,

Cap2’: K, = 330 + 32%° CD,Cl, 18

62 Cap4: K, =18 + 3.2° CD,Cl,
[e]
CN Cap2’: K, = 6700 + 680°” CD,Cl, 51
F F Cap4: K, =132 +27° CD,Cl,
G3
F F
CN

Cap2’: K, = 280 + 16™”
Cap4: K, = 18 + 4.2

CD,Cl, 16
CD,Cl,

Cap2’: K, = 30 + 2%°
Cap4: K, < 2.4

CD,Cl, >13
CD,Cl,

Q O O Cap2: ND° ; —
Cap4: K, > 10 000 CDCly/
[¢) o] (93/7)
Br Cap2: K, = 80 + 1.7° CDCl, 1/8
OOO o Cap4: K, = 680 = 77/ CDCl,
7

“Ref. 12. ”Cap2’ formed from P1 and P2a. °Solutions of Cap4 and
guests were examined twice; BindFit software was used to calculate the
association constants, and average values are shown. ¢ A series of titra-
tion experiments did not give a valid value. * Cap2 formed from P1 and
P2b. /Solutions of Cap4 (0.50 mM) and guests were examined; associ-
ation constants were calculated from integration of signals from each
species.

This journal is © The Royal Society of Chemistry 2022
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could have better encapsulated the guest moiety in the
complex. We suspect that stronger n-stacking interactions in
the G1@Cap2’ complex resulted in slower dissociation.

Recognition of large and rigid guest by Cap2 and Cap4

Next, we examined naphthalenetetracarboxylic anhydride (G6),
possessing a larger aromatic surface, as a rigid guest for the
dimeric hosts Cap2 and Cap4. Because G6 is insoluble in
CDCl;, we used a small amount of DMSO-ds as a co-solvent
(Fig. $171). In the 'H NMR spectrum [600 MHz, CDCl;/DMSO-
ds (87 :13)] of a mixture of Cap2 (0.50 mM) and G6 (1.5 mM),
signals for the complex appeared independent of those aver-
aged for Cap2 and the monomers P1 and P2b. For example,
the signals of the pyrrole NH units of the complex G6@Cap2
appeared at —5.79 and —5.66 ppm, while the averaged signals
of Cap2 and the monomeric species appeared at —2.94 ppm;
this shifting is consistent with the shielding effects of the
guest G6. In addition, the signal of naphthalene moiety in the
complex G6@Cap2 appeared at 4.53 ppm; the complex
G6@Cap2 was the major species in solution at 25 °C when 3.0
eq. (1.5 mM) of G6 were present. We suspect that G6 induced
the assembly of the three components because it is a suitable
guest for the porphyrin dimer. Because DMSO interfered with
the formation of Cap2, as described above, we could not esti-
mate the association constant for the interaction of Cap2 and
G6 through integration of the signals of the various species; in
addition, small unidentified signals appeared near —4.5 ppm.

In a similar manner, we performed titration experiments of
Cap4 and G6 (Fig. S18t). The rates of association and dis-
sociation and the formation of the capsule Cap4 were slow on
the NMR spectroscopic timescale. The "H NMR spectrum
[600 MHz, CDCl3/DMSO-ds (91:9)] of a mixture of Cap4
(0.50 mM) and G6 (1.0 mM) featured the signals of the pyrrole
NH protons of G6@Cap4 shifted significantly upfield (—5.90
and —5.64 ppm) and the signal of the complexed G6 at
4.82 ppm. The ROESY spectrum featured a cross-peak for the
complexed and uncomplexed signals of G6 (4.82 and
8.82 ppm), based on association and dissociation. We tried to
estimate an association constant for G6@Cap4 [in CDCly/
DMSO-d, (93:7), at 25 °C], however the signal for the free G6
was too small to integrate accurately because of strong associ-
ation (Fig. S18bt). We were able to assign all of the signals of
the complexes G6@Cap2 and G6@Cap4 through two-dimen-
sional (2D) NMR experiments (Fig. S19-S221).

Next, was examined the behaviour of 9,10-dibromoanthra-
cene (G7) as a guest for the dimers. Shifting of the signals of
the protons of Cap2 in its "H NMR spectrum (600 MHz, CDCl;,
25 °C) occurred upon the addition of G7 (0-3.45 mM) (Fig. 7
and S23aft). For example, the signals of the pyrrole NH protons
of Cap2 shifted significantly upfield (Fig. 7k: ca. —4.0 ppm in
the presence of 6.9 eq. of G7), consistent with the shielding
effects of the guest G7. From the signal shifting and the con-
centrations of the guest G7, we used BindFit software to esti-
mate an association constant (K,) of 80 (M) at 25 °C.™*

We performed titration experiments of Cap4 and G7 (Fig. 8
and S27%). In this case, the rates of association and dis-

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Partial *H NMR spectra (600 MHz, CDCls, 20 °C) of a mixture of
Cap2 (0.5 mM) and G7 (0-3.45 mM): (a) Cap2; (b) Cap2 and G7
(0.20 mM); (c) Cap2 and G7 (0.40 mM); (d) Cap2 and G7 (0.60 mM); (e)
Cap2 and G7 (0.80 mM); (f) Cap2 and G7 (1.25 mM); (g) Cap2 and G7
(1.65 mM); (h) Cap2 and G7 (2.1 mM); (i) Cap2 and G7 (2.55 mM); (j)
Cap2 and G7 (3.0 mM); and (k) Cap2 and G7 (3.45 mM).

1
—4.0 —5.0 —6.0
ppm

Fig. 8 Partial 'H NMR spectra (600 MHz, CDCls, 25 °C) of mixtures of
Cap4 (0.50 mM) and G7 (0-1.5 mM): (a) Cap4; (b) Cap4 and G7
(1.0 mM); (c) Cap4 and G7 (1.5 mM).

sociation for the complexation of Cap4 and G7 were slow on
the NMR spectral timescale at room temperature, as similar to
the case of Cap4 and G6. For example, individual signals for
the complexed and uncomplexed species are evident in the "H
NMR spectrum (600 MHz, CDCl;) of a mixture of Cap4 and
G7: signals of “uncomplexed” pyrrole NH protons appearing at
—3.63 ppm and those of their “complexed” counterparts at
—5.74 and —5.46 ppm. From integration of these corres-
ponding species, we calculated an association constant of 680
M~ (Table 2).
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Interestingly, the association constant for the binding of G7
in Cap4 was approximately eight times greater than that in
Cap2, while the rates of association and dissociation of Cap4
were slower than those of Cap2. These kinetic and thermo-
dynamic results are completely opposite from those obtained
when using 1,3,5-trinitrobenzene (G1) as the guest.

Thermodynamic parameters for complexation of dimers and
G7

We used VI NMR spectral titration to evaluate the thermo-
dynamic details of the recognition behaviour of the dimer
hosts Cap2 and Cap4 for complexation. Upon decreasing the
temperature, the relative concentrations of the complexes
G7@Cap2 and G7@Cap4 increased. From Arrhenius plots
recorded using the association constants for the dimers (Cap2
and Cap4) and G7 from —20 to 50 °C and from —50 to 50 °C
(Fig. S23-5287), we estimated the various thermodynamic para-
meters of these systems, respectively (Table 3). The formation
of both complexes was enthalpically favourable, but complexa-
tion of G7@Cap2 was entropically disfavoured. We suspect
that two porphyrin rings in the relatively flexible Cap2 dimer
underwent stacking with the anthracene ring to form the
complex G7@Cap2 with a resulting loss of freedom. In con-
trast, the more rigid Cap4 dimer could accommodate G7
without a large degree of conformational restriction.

As described above, the values of K, for the interactions of Cap2
with the small guests G1-G5 were larger than those for the inter-
actions of Cap4 with the same guests; whereas rigid and large-area
guests were recognized predominantly by Cap4, the large value for
the entropy of Cap4 contributed to this discrimination.

Competitive self-sorting of a mixture of the porphyrins P1-P4

Many self-assembled systems have been developed that display
self-sorting, with specific structures formed rather than all of
the possible noncovalent complexes of the compounds
present.’®> The specific assembled structures that form,
thermodynamically or kinetically, from all of the possible non-
covalent complexes are controlled by the number of binding
sites. For example, Lehn et al. observed the selective formation
of homomeric double strands from a mixture of four oligo-

Table 3 Thermodynamic parameters of the formation of the com-
plexes G7@Cap2 and G7@Cap4 in CDCl5?

Dimer K, M7 AH [kJ mol™"] AS[J K" mol™]
Cap2‘ 80+ 1.7 -15+1.1 -15+3.7
Cap4d 680 + 77 —-12 £ 0.01 15+ 0.90

“The thermodynamic parameters were obtained from the VT NMR
experiments. ?At 25 °C. “Solutions of Cap2 (0.50 mM) with G7
(0-3.45 mM) were examined from 0 to 25 °C and from —20 to 50 °C,
and BindFit software was used to calculate the association constants.
Average values of the association constants and thermodynamic para-
meters are shown. ¢ A solution of Cap4 (0.50 mM) with G7 (1.0 mM)
was examined from —50 to 50 °C twice, the association constants were
calculated from integrations of the corresponding species. Average
values of the association constants and thermodynamic parameters
are shown.
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bipyridines of different length;'® this approach has also been
applied to the specific formation of heteromeric aggregates
stabilized by complementary hydrogen bonds.'” In these
cases, the substrate bearings different numbers of binding
sites differed in terms of their molecular lengths. In the case
of Cap2 and Cap4, however, the number of arms is different,
but the molecular sizes of these units are quite similar.

The partial "H NMR spectrum of an equimolar mixture of
the porphyrin derivatives P1-P4 (Fig. 9 and S297) reveals signal
for only the two dimers, Cap2 and Cap4, as expected. Because
Cap4 was the more thermodynamically stable dimer, it formed
predominantly in solution, with the remaining P1 and P2b
units thereafter forming the dimer Cap2.

Competitive encapsulation of Cap2 and Cap4

Next, we examined the specific molecular recognition of Cap2
and Cap4; that is, we recorded NMR spectra of mixtures of
Cap2 and Cap4 in the presence of favourable guests (G1 and
G6, respectively). First, we added 1,3,5-trinitrobenzene (G1) to
a solution of Cap2 (0.50 mM) and Cap4 (0.50 mM) in CDCl;
(Fig. 10 and $307). The '"H NMR spectrum of a mixture of
Cap2, Cap4, and G1 (0.25 mM) at —50 °C (Fig. 10b) featured
the signal of H, of Gl@Cap2 at 11.8 ppm. Upon increasing
the concentration of G1, the signal of Hy of Gl@Cap4
appeared at 11.7 ppm at the same temperature. The signal of
Hy of G1@Cap4 was negligible initially, and G1 was encapsu-
lated when it was present more than 1.0 eq. (0.50 mM). When
the spectra of the same samples were recorded at 25 °C
(Fig. S30bt), the signals of Cap2 shifted preferentially when

_{g}@

(@)

P1 P2b
P3 P4b

=3

Cap2

g (b)
Cap2 Cap4 ___J

2

Cap4

A

85 8.0 75 7.0
ppm

Fig. 9 Partial *H NMR spectra (600 MHz, CDCls, 25 °C) of equimolar
(0.50 mM) mixtures of the porphyrin derivatives. (a) P1 and P2b (Cap2);
(b) P1, P2b, P3, and P4b; and (c) P3 and P4b (Cap4).
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Fig. 10 Partial *H NMR spectra (600 MHz, CDCls, —50 °C) of mixtures
of Cap2 (0.50 mM), Cap4 (0.50 mM), and G1 (0-2.0 mM): (a) Cap2 and
Cap4; (b) Cap2, Cap4, and Gl (0.25 mM); (c) Cap2, Cap4, and G1
(0.50 mM); (d) Cap2, Cap4, and G1 (0.75 mM); (e) Cap2, Cap4, and G1
(1.0 mM); (f) Cap2, Cap4, and G1 (1.25 mM); and (g) Cap2, Cap4, and G1
(2.0 mM).

I B Cap4
L (a) Cap2
Cap2 Cap4
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(d) GG@CapZ

 F

=

G6@Cap2
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Fig. 11 Partial *H NMR spectra (600 MHz, 25 °C) of mixtures of Cap2
(0.50 mM) and Cap4 (0.50 mM) in the presence of G6 (0—1.25 mM): (a)
Cap2 and Cap4 in CDCl3; (b) the sample in (a) + G6 (0.25 mM) in CDCls/
DMSO-dg (96 : 4); (c) the sample in (a) + G6 (0.50 mM) in CDCl3/DMSO-
dg (92:8); (d) the sample in (a) + G6 (0.75 mM) in CDCl;/DMSO-dg
(89:11); (e) the sample in (@) + G6 (1.00 mM) in CDClz/DMSO-dg
(86:14); and (f) the sample in (a) + G6 (1.25 mM) in CDCl3/DMSO-dg
(83:17).

the content of G1 was increased up to 1.0 eq. (0.50 mM); in the
presence of more than 1.0 eq. of G1, shifting occurred of the
signals of Cap4.
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Similarly, we added naphthalenetetracarboxylic anhydride
(G6) to an equimolar mixture (0.50 mM) of Cap2 and Cap4
(Fig. 11 and S317). Cap4 bound G6 predominantly, with the
ratio of G6@Cap4 to G6@Cap2 being approximately five in the
presence of 0.50 eq. of G6 (0.25 mM) (Fig. 11b). When more
than 2.0 eq. of G6 (1.0 mM) was present, we could not detect
any signals for free Cap4 (Fig. 11e); in the presence of 2.5 eq.
of G6, most of the Cap2 dimer had recognized G6. During
these experiments, signals for the monomeric two-armed por-
phyrins P1 and P2b were evident, owing to the dissociation of
Cap2 in the presence of DMSO-ds.

Although the specificity of the recognition of guests by
Cap2 and Cap4 was not particularly high, the identities of
complementary pairs of guests for Cap2 and Cap4 were con-
firmed through these competitive titration experiments.

Conclusion

We have constructed the four-armed hetero dimer capsule
Cap4 through self-assembly of a pair of porphyrin derivatives
—one bearing four carboxy units at its meso positions and the
other four 2-aminoquinolino functionalities—in CH,Cl, and
CHCIl;. The four-armed dimer capsule was kinetically and
thermodynamically more stable than the corresponding two-
armed dimer capsule Cap2. The co-facial porphyrin units of
the four-armed dimer capsule Cap4 could accommodate
various electron-deficient aromatic guests; small and flexible
guests were encapsulated predominantly by the two-armed
dimer capsule Cap2, whereas the four-armed capsule Cap4
preferred large and rigid aromatic guests. Competitive self-
sorting of Cap2 and Cap4 occurred from a mixture of the four
porphyrin components in CHCl;; the two- and four-armed
pairs self-assembled individually to form their corresponding
hetero dimers. Furthermore, when we added G1 and G6
(favourable guests for Cap2 and Cap4, respectively) to a
mixture of Cap2 and Cap4, these guest molecules were encap-
sulated selectively by their preferred hosts. The present results
will be encourage construction of higher-order assembled mul-
tilayer n-aromatic architectures.

Experimental

Materials and methods

Compounds 1'* and 3'" and the porphyrin derivatives P1'*

and P3'® were prepared according to literature procedures.
Solvents and commercially available chemicals were used as
received. "H and *C NMR spectra were recorded using JEOL
ECX-50011, ECZ-500, and ECA-600I1 spectrometers, with tetra-
methylsilane as the internal standard. Mass spectra were
recorded using JEOL JMS-700T (FAB), Bruker Daltonics auto-
flex (MALDI), and Bruker Daltonics solariX (ESI) spec-
trometers. Infrared spectra were recorded using a JASCO FT/
IR-4100 spectrometer. All reactions were performed under a
positive atmosphere of dry N,. All solvents were evaporated
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through rotary evaporation under reduced pressure. Silica gel
column chromatography was performed using Kanto Chemical
silica gel 60N. Thin-layer chromatography was performed
using Merck Kieselgel 60PF,5,.

Compound 2. A solution of 2-chloro-7-formylquinoline 1
(197 mg, 1.03 mmol) in neopentylamine (546 mg, 6.24 mmol)
was heated at 100 °C for 10 days in a sealed tube. After
cooling, THF (8.0 mL) and conc. HCI (aq) (1.0 mL) were added
to the mixture. After evaporation of THF, the residue was
diluted with CH,Cl, and washed sequentially with H,O, sat.
Na,CO; (aq), and sat. NaCl (aq). The organic phase was dried
(Na,S0O,) and concentrated. The residue was purified chro-
matographically (SiO,; toluene/AcOEt, 8:1) to give 2 (116 mg,
47%) as a yellow solid. "H NMR (600 MHz, CDCl;) &: 1.03 (s,
9H), 3.37 (d, ] = 5.5 Hz, 2H), 4.87 (br s, 1H), 6.77 (d, ] = 8.9 Hz,
1H), 7.66 (d, J = 8.9 Hz, 1H), 7.69 (dd, J = 8.3, 1.4 Hz, 1H), 7.84
(d, J = 8.3 Hz, 1H), 8.12 (br s, 1H), 10.1 (s, 1H). *C NMR
(150 MHz, CDCl;) 8: 27.5, 32.0, 52.8, 114.0, 119.0, 127.2, 128.4,
131.6, 136.9, 137.1, 147.8, 157.9, 192.8. IR (KB, Umax, cM):
3405, 2962, 2864, 2821, 2720, 1688, 1616, 1569, 1542, 1498,
1409, 1394, 1374, 1363, 1316, 1298, 1261, 1202, 1167, 1112,
895, 846, 742, 597, 551. HRMS (MALDI): calcd for C;5H;oN,0"
[M + H]', m/z 243.1492, found 243.1499.

Porphyrin derivative P2b. The dipyrromethane 3 (250 mg,
898 pmol) was added to a solution of the aminoquinoline 2
(282 mg, 1.16 mmol) in propionic acid (20 mL) at 130 °C and
then the mixture was heated at the same temperature for 2 h
and at room temperature for 2 h under air. After concen-
tration, the residue was diluted with CH,Cl,, washed sequen-
tially with sat. Na,CO; (aq) and sat. NaCl (aq), dried (Na,SO,),
and concentrated. The residue was purified chromatographi-
cally (SiO,; toluene/MeOH, 30:1-20:1) to give P2b (77.6 mg,
17%) as a purple powder. 'H NMR (600 MHz, CDCl;) §: —2.70
(s, 2H), 1.05 (s, 18H), 1.60 (s, 18H), 3.40 (d, J = 6.4 Hz, 4H),
4.94 (br, 2H), 6.90 (d, J = 9.6 Hz, 2H), 7.72-7.78 (m, 4H), 7.88
(d, J = 8.0 Hz, 2H), 8.07 (t, J = 8.0 Hz, 2H), 8.11-8.18 (m, 6H),
8.51-8.55 (m, 2H), 8.85 (d, J = 4.8 Hz, 4H), 8.88 (d, J = 4.8 Hz,
4H). *C NMR (150 MHz, CDCl;, 25 °C) 8: 27.5, 31.7, 32.0, 34.9,
53.2, 111.6, 119.9, 120.3, 122.7, 123.6, 125.0, 129.3, 132.0,
134.5, 137.5, 139.2, 143.7, 146.6, 150.4, 158.4. Four aromatic
carbon signals were missing/overlapping; broad signals were
observed at 130-132 ppm at 25 °C; these broad signals became
sharp at 45 °C (see Fig. S33bf). IR (KB, vmay, cm '): 3447,
3320, 2958, 2905, 2867, 1617, 1521, 1476, 1388, 1249, 1200,
1127, 969, 939, 802, 730, 629, 572. HRMS (MALDI): calcd for
CesH71Ng" [M + HJ', m/z 999.5796, found 999.5762.

Porphyrin derivative P4b. A solution of aminoquinoline 2
(366 mg, 1.51 mmol) and pyrrole (101 pL, 1.46 mmol) in pro-
pionic acid (10 mL) was heated at 140 °C for 2 h and then
stirred for 11 h at room temperature under air. After concen-
tration, CH,Cl, was added to the residue and then the mixture
was washed sequentially with sat. Na,CO; (aq) and sat. NaCl
(aq), dried (Na,SO,), and concentrated. The residue was puri-
fied chromatographically (SiO,; toluene/EtOH/NEt;, 160:8:1)
to give P4b (75.2 mg, 18%) as a purple powder. '"H NMR
(600 MHz, CDCl;) 8: —2.64 (s, 2H), 1.04 (s, 36H), 3.32-3.42 (m,
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8H), 4.82-5.13 (m, 4H), 6.88 (d, J = 8.0 Hz, 4H), 7.83-7.91 (m,
4H), 8.01-8.14 (m, 8H), 8.50-8.57 (m, 4H), 8.87 (s, 8H). **C
NMR (150 MHz, CDCl;, 25 °C) &: 27.5, 32.0, 53.2, 111.6, 120.0,
122.7, 125.0, 129.3, 132.0, 137.4, 143.6, 146.6, 158.4. Two aro-
matic carbon signals were missing/overlapping; broad signals
were observed at 130-132 ppm at 25 °C; these broad signals
became sharp at 45 °C (see Fig. S34b7). IR (KBTI, Upmax, cm):
3428, 3318, 2953, 2864, 1616, 1522, 1476, 1388, 1249, 1201,
1128, 974, 937, 802, 729. HRMS (MALDI): calcd for C,¢H5oNy,"
[M + H], m/z 1159.6545, found 1159.6538.
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