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Porphyrins are widely used for functional molecular systems
based on their excellent photophysical and redox properties.!
In particular, multiple porphyrins arranged in a well-ordered
manner show unique functions such as photoelectron con-
version, catalysis, and molecular recognition, all of which
cannot be achieved by a monomeric porphyrin analogue.*?!
Cofacial porphyrin dimers can be readily constructed by
linking two porphyrin rings by covalent,*'? hydrogen,™ or
coordination bonds."*'! So far, a great number of porphyrin
dimers have been reported as host molecules for guest
recognition. For example, a fullerene molecule is captured by
m—m interactions,®*!% or various ligand molecules bind to the
axial site of the central metals from inside.[>!316:17:17]

When two aromatic rings are positioned parallel to each
other at a distance of about 6-7 A, the dimer can be a good
receptor for intercalating guest molecules through n—m
interactions. Many cofacial dimers of porphyrins®®!1%18 and
other aromatic compounds!’®**%! have been developed for
their recognition of aromatic guests. However, many aro-
matic-dimer host molecules either have low-binding ability
because of the structural flexibility (e.g., rotation of aromatic
moieties) or are difficult to synthesize (e.g., inefficient linking
or cyclization).

Coordination-driven self-assembly of organic ligands and
metal ions is an efficient way to construct three-dimensional
molecular architectures.”**”) Multiporphyrin supramolecular
structures made up of metal ions and porphyrin ligands
equipped with multiple coordination sites have been widely
investigated to explore their unique molecular func-
tions.> 1192834 We previously reported the tetrakis(bpy)
Zn-porphyrin 1 (bpy =2,2"-bipyridin-5-yl, see Scheme 1) as
a building block for coordination-driven self-assembled
systems, and found that complexation of Zn" ions and 1 in
a water-containing organic solvent produced the cage com-
plex [Zn;;14(H,0),5]***.P The cage complex was composed
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of tris(bpy) Zn" units and hydrated bis(bpy) Zn" units, which
adopted six-coordinate octahedral geometries. In the study,
the crystal structure of 1 revealed that the bpy groups did not
have a coplanar conformation with the central porphyrin ring
because of the steric repulsion between their hydrogen atoms.
Considering the structural limitation of this ligand, we
envisioned that complexation of the bpy groups of 1 with
metal ions, which can adopt a four-coordinate, square-planar
coordination geometry, would form a dimeric complex in
which two porphyrin rings are arranged face to face. Here,
Ag' was selected as a key element for coordination-driven
self-assembly. The Ag' ion is coordinatively labile and there-
fore rapidly provides thermodynamically-stable, self-assem-
bled products. In addition, Ag' is geometrically flexible in
coordination structures, and the four-coordinate, square-
planar geometry is dominant under certain conditions.?*%"]
Several square-planar Ag' complexes, wherein two N-N
bidentate diimine ligands face each other, have been reported
so far.?#41

Herein, we report the construction of the cofacial
porphyrin dimer [Ag,L,]*" (2*") by simple and quantitative
coordination-driven self-assembly of two components, Ag'
and 1 (Scheme 1). In the dimeric structure of 2**, four
bis(bpy) Ag' units are directly attached to every meso
position of the porphyrin rings, thus setting the two porphyrin
rings parallel to each other and making the whole framework
rigid. The distance between the two porphyrins was ideal for
intercalation of aromatic molecules. With these features, 2**
worked as an excellent receptor for binding aromatic guest
molecules with high selectivity. Notably, 2*" showed a high

[3C2]*

Scheme 1. Silver-mediated formation of a cofacial porphyrin dimer
[Ag,1,]*" (2*") and the intercalation of an acenaphthenequinone (3)
molecule between the two porphyrin rings of 2**.
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intercalation ability for acenaphthenequinone (3), intercala-
tion which results from efficient t—s interactions with the Zn-
porphyrins and from multiple hydrogen bonds between the
pyridyl C—H bonds of 2*" and the carbonyl oxygen atoms of 3.

The complexation of 1 and AgOTf (OTf = CF;SO;") was
investigated by "H NMR spectroscopy using a mixed solvent,
CDCly/CD;0D =1:1 (v/v) (Figure 1 and see Figure S5 in the
Supporting Information). The solvent was chosen for the
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Figure 1. Formation of the porphyrin dimer [Ag,1,]*" (2*) and an
inclusion complex [3C2]*". "H NMR spectra of 1, 2:(OTf),, and [3C2]-
(OTf), (CDCl;/CD;0D=1:1 (v/v), 500 MHz, 300 K). See the chemical
formula in Scheme 1 for the assignment of the 'H signals. a) 1. b) 2**
constructed from 1 and AgOTf (2 equiv [/1]). ¢,d) Inclusion complex
Bca*.

good solubility of both 1 and the complexes. Upon addition of
AgOTf to a solution of 1, a set of sharp NMR signals was
observed when the ratio of 1 to Ag' reached 1:2, thus
indicating the quantitative formation of a new single species
(Figure 1b). The '"H NMR spectrum showed that 1 adopted
a C, symmetry in the complex. The metal to ligand ratio (1/
Ag'=1:2) suggested that all four bpy groups of 1 form
bis(bpy) Ag' units. ESI-MS measurements of the sample gave
a set of signals assigned to the porphyrin dimer [Ag,1,](OTf),
[2:(OTft),] (Figure S6).

In a control experiment, the complexation behavior of
2,2-bipyridine and AgOTf was investigated by 'H NMR
spectroscopy under the same reaction conditions (Figure S7).
In this case, however, the bis(bpy) Ag' complex was not
formed quantitatively when the ratio of bpy to Ag' was 2:1.
This result shows that the way in which the four bpy groups
are situated on the rigid ligand framework was important for
the cooperative formation of 2*". The dimer 2*" was also
constructed using Ag' salts with different counter anions,
namely, BF,~, CF;CO,”, CH;SO;~, and NO;™ (see Figure S8).
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The '"H NMR spectra of these complexes in CDCly/CD;0D =
1:1 (v/v) were very similar to each other, and suggests that the
solution structure of 2** was essentially identical, regardless
of the counter anions.

Next, guest intercalation between two porphyrin rings of
2*" was investigated. Acenaphthenequinone (3), a m-electron-
deficient aromatic molecule, was firstly chosen as a guest
molecule with the anticipation of m—m interactions between
the guest and the m-electron-rich Zn-porphyrin rings. Upon
the addition of 3 to the porphyrin dimer 2-(OTf), in CDCl,/
CD;0OD =1:1, an inclusion complex [3C2](OTf), was quanti-
tatively formed as observed in the '"H NMR spectrum (Fig-
ure 1c,d). In—out guest exchange of 3 was slower than the
"H NMR timescale at 300 K. '"H NMR signals of the interca-
lated 3 of [3C2](OTf), were observed at 6 =3.57, 3.04, and
2.31 ppm, which were significantly upfield shifted (Ad=
—4.35 to —6.06 ppm) compared to those in the absence of
2% This result indicates that the protons of the intercalated 3
were positioned between the two Zn-porphyrin rings of 2**
and therefore remarkably affected by the shielding effect. The
binding of 3 within 2*" was confirmed by 'H-'H NOESY
NMR spectroscopy (Figure S11), in which NOE (nuclear
Overhauser effect) cross-peaks were observed between the
protons (i, j, k) of 3 and the proton (g) of 2**. '"H DOSY
(diffusion-ordered spectroscopy) measurements gave the
same diffusion coefficient for 'H signals of 2** and 3, and
supports the formation of an inclusion complex [3C2]*"
(Figure S12). ESI-MS measurements of the sample also
confirmed the formation of the inclusion complex [3C2]-
(OT¥), (Figure S13). In synthetic-scale experiments, [3C2]*
complexes with different counter anions were prepared
almost quantitatively after recrystallization by diffusion of
Et,0 vapor into CHCl/CH;OH = 1:1 solutions of [3C2]*"
salts.

Crystals suitable for X-ray diffraction analysis were
obtained by slow diffusion of Et,0 vapor into a CH;OH
solution of the inclusion complex [3C2](CF;CO,),. The
single-crystal X-ray diffraction analysis clearly revealed the
structure of the inclusion complex [3C2]*" (Figure 2). As
expected, one acenaphthenequinone molecule was interca-
lated between two parallel Zn-porphyrin rings linked by four
bis(bpy) Ag' units (Figure 2a,b). There are two kinds of
bis(bpy) Ag' units for [3C2](CF;CO,), in the crystal (Fig-
ure 2c,d). Both Ag' centers can be described as four-
coordinate distorted square-planar geometries, since trans
N-Ag-N angles were in the range of 153-172°. In solution, all
bis(bpy) Ag' units are equivalent on the NMR timescale
(Figure 1c¢). The interplane distance between the Zn-porphy-
rin ring and the included guest was about 3.1-3.2 A, which
suggests strong si— interactions. The two carbonyl groups of 3
were found to point towards an opening in the dimer 2**. And
this orientation can be explained by the stabilization resulting
from multiple hydrogen bonds between the C—H of the
pyridyl groups (proton g in Scheme 1) of 2" and the carbonyl
oxygen atoms of 3 (C—H---O distance; 3.2-3.4 A) (Figure 2e¢).
The Zn-porphyrin was bound by one axial CH;0H ligand to
form a square-pyramidal geometry. In the packing structure,
several intermolecular hydrogen bonds including the C—H of
the pyridyl groups were found between neighboring [3C2]*
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Figure 2. The X-ray crystal structure of [3C(2) (CH;OH),]-(CF;CO,),.
CF,CO,™ anions and hydrogen atoms of CH,;OH coordinating to Zn"
are omitted for clarity. Ag yellow, Zn light purple, C black (for 2** and
CH;0H), C gray (for 3), N blue, O red, H white. 3 (a) as well as 3 and
the porphyrin rings (b) are shown as a space-filling model. The
structures in c) and d) are shown in an ellipsoidal model. The others
are shown as a stick model. Top view (a) and side view (b) of

[3C(2) (CH;0H),]*". c,d) Bis(bpy) Ag' units, in which Ag' centers
adopted a four-coordinate distorted square-planar geometry. Thermal
ellipsoids are set at 50% probability. Hydrogen atoms are omitted for
clarity. See the Experimental Section for selected bond lengths and
angles. e) Hydrogen bonds (purple dashed line) between C—H bonds
of pyridyl groups in 2*" and carbonyl oxygen atoms of 3.

molecules, and thus two-dimensional interconnected channel
structures were formed along the aaxis and b axis (Fig-
ure S15).

Next, the binding behavior of aromatic guests to 2*" was
investigated by guest titration experiments using UV/Vis
absorption and emission spectroscopy. The experimental
results using 1,4-naphthoquinone (4) and 2*" in a mixed
solvent CHCly/CH;OH =1:1 are shown in Figure 3. Absorb-
ance arising from 2** changed with isosbestic points during
the titration, and indicates the formation of the inclusion
complex [4C2](OTf), (Figure 3a). The fluorescence intensity
of the Zn-porphyrin units was reduced upon the addition of 4,
and suggests photoinduced electron transfer from the Zn-
porphyrin to 4 (Figure 3b). The binding constant, K,, of the
guest G to 2*" is defined by Equation (1).

4t
K= b 0
From the changes in absorbance at A=586 nm, the
binding constant K, of 4 with 2*" was determined to be
log K,=6.5 (CHCly/CH;0H =1:1, 300 K; Figure S16).
Binding constants of other aromatic guests were deter-
mined similarly by titration experiments using '"H NMR and
UV/Vis spectroscopy as summarized in Table 1. The porphy-
rin dimer 2*" shows high selectivity towards these guest
molecules. The selectivity in guest inclusion can be explained
by the following two points: 1) -electron-deficient guests
interact with a m-electron-rich Zn-porphyrin more strongly (3

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. UV/Vis absorption and emission spectra upon titration of
1,4-naphthoquinone (4) with the porphyrin dimer 2-(OTf),
([2*]=5.0 M, CHCl,/CH,OH=1:1 (v/v), A=1.0 cm, 300 K). 2.5 equiv
of AgOTf was added to 1 to ensure the complete formation of 2** at
this concentration (for the formation of dimer 2:(OTf),, see Figure S9).
a) UV/Vis absorption spectra. b) Emission spectra (excitation wave-
length; =360 nm).

and 4 versus 8 and 9); 2) guests comparable in size to
substituted naphthalenes are suitable for intercalation within
the cavity of 2** (3-5 versus 6 and 7). Remarkably, the binding
constant of 3 was too high to evaluate by UV/Vis titration
measurements, and was therefore determined by a guest
competition experiment using 4 (Figure S19). The exception-
ally high affinity of 3 (logK,=38.1) for 2*' is attributed to:
1) the electron-deficient it surface of 3, 2) the suitable size of
3 for intercalation, and more importantly, 3) multipoint
hydrogen bonding between the pyridine C—H of 2** and the
carbonyl O atoms of 3, as revealed by X-ray crystal analysis
(Figure 2e).

In conclusion, the novel dimeric complex 2*" was synthe-
sized by a one-pot and quantitative self-assembly of 1 and Ag'
ions. In the structure of 2**, two parallel Zn-porphyrin rings
are rigidly preorganized by four bis(bpy) Ag' units. The
distance between two Zn-porphyrin rings of 2** is ideal for
intercalation of aromatic molecules, and indeed 2** served as
a selective and effective receptor for m-electron-deficient
guests. Notably, 2** exhibited a remarkably high intercalation
ability towards 3 owing to the strong si—m interactions and the
multipoint hydrogen bonding. This dimeric sandwich motif
deserves further investigations on unique photochemical,
redox, and catalytic properties.
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Table 1: Binding constants, K, [M™'], of aromatic guests with the
porphyrin dimer 2-(OTf),.

Compounds Structures log K, Method®
O, O

3 0.0 8.11 C
0.0._0
(0]

4 6.5 A
(0]
(0]

N o
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7 @ 3.0 B
(0]

2.5

© )
'/'
|
o]
/
~N
w w

10 <1 B

[a] CHCl;/CH,OH or CDCl;/CD,0D=1:1 (v/v), 300 K. [b] Method A:
UV/Vis titration ([2-(OTf),] =5.0 um). Method B: '"H NMR titration
([2-(OTf),]=1 mm). Method C: Competitive "H NMR titration in the
presence of 100 equiv [/2*'] of 4 ([2-(OTf),]=1 mm). [c] In CDCl,/
CD;0OD=1:1. 3 was in equilibrium with its methyl hemiketal form, 2-
hydroxy-2-methoxyacenaphthylen-1(2H)-one (11). At 300 K, the equilib-
rium was achieved within 5 minutes and the ratio was 3/11=4:1. See the
Supporting Information for the details.

Experimental Section

Crystals suitable for X-ray analysis were obtained by slow vapor
diffusion of Et,0O into a CH;OH solution of [3C2](CF;CO,), at room
temperature in the dark. Crystal data for [3C(2)(CH;OH),]-
(CF5CO,)4:  CipHgAgF N, 0,Zn,, Fw=3110.61, red blocks,
0.22 x0.20 x 0.10 mm?®, triclinic, space group P1 (#2), a =13.7356(7),
b=17.1048(9), c=18.0872(8) A, a=80.591(2), f=76.037(2), y=
72.554(2)°, V=3915.1(4) A>, Z=1, T=93 K, A(Moy,)=0.71075 A,
262 =155.0°, R;=0.0728, wR,=0.2608 (after SQUEEZE), GOF =
1.049, largest diff. peak and hole 1.37/—1.66 e~ A3, See the Support-
ing Information for refinement details. Selected bond lengths [A]:
Agl-N5 2.306(6), Agl-N6 2.429(5), Agl-N7 2.369(5), Agl-N8
2.338(5), Ag2-N9 2.395(6), Ag2-N10 2.328(8), Ag2-N11 2.527(8),
Ag2-N12 2.282(8). Selected bond angles [°]; N5-Agl-N6 71.98(17),
N5-Agl-N7 154.9(2), N5-Agl-N8 118.33(16), N6-Agl-N7 101.33(16),
No6-Agl-N8 167.71(18), N7-Agl1-N8 72.15(16), N9-Ag2-N10 70.8(2),
NO9-Ag2-N11 171.6(3), N9-Ag2-N12 120.0(2), N10-Ag2-N11 102.4(3),
N10-Ag2-N12 153.42(19), N11-Ag2-N12 68.2(3). CCDC 937862 con-
tains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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