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A New Strategy for the Design of Water-Soluble Synthetic Receptors:
Specific Recognition of DNA Intercalators and Diamines.

Kenji Wada,!*! Tadashi Mizutani,*'*! Hideki Matsuoka,*! and Susumu Kitagawal®!

Abstract: Water-soluble zinc Dbispor-
phyrin receptors 1 and 2 having two
Lewis acidic sites (zinc) in the hydro-
phobic environment consisting of alkyl
chains and a bisporphyrin framework,
and covered with hydrophilic exterior
(twelve or eighteen carboxyl groups)
were prepared. The receptors show high
affinity for diamines and DNA interca-
lators in water where the binding con-
stants K, are of the order of 107 and
103M~!, respectively. Diamines and
DNA intercalators are bound to the
receptor through different mechanisms.
Diamines are bound through hydropho-
bic interactions and zinc-nitrogen in-
teractions, while DNA intercalators are

For the binding of DNA intercalators,
the following features are noteworthy:
1) Binding constants are similar be-
tween the zinc porphyrins and zinc-free
porphyrins; 2) the binding constant is
larger for the guest having the lower
LUMO:; this indicates the important
contribution of charge-transfer interac-
tions to binding; 3) the hydrophobic and
cationic nature of DNA intercalators is
substantially important, and 4) higher
ionic strength reduced the binding affin-
ities; this shows a moderate contribution
of electrostatic interactions. The confor-
mational instability of the receptors also
contributes to the tight binding: hydro-
phobic and electrostatic interactions

cannot both be favorable at the same
time in the guest-free receptor. Enthal-
py —entropy compensation observed for
the binding of diamines and DNA
intercalators is characterized by a rela-
tively small slope (a=0.74) and a large
intercept (8=775kcalmol™) in the
AH°® versus TAS® plot; this shows that
a conformational change of receptors
and a significant desolvation occur upon
binding. The receptor can competitively
bind to propidium iodide to deprive
DNA of the intercalated propidium
iodide. These features of water-soluble
receptors consisting of a rigid frame-
work and flexible side chains with a
large solvent-accessible area are in con-

bound through hydrophobic interactions
and charge-transfer interactions. Flexi-
ble alkyl chains can make van der Waals
contact with guests and create a hydro-
phobic environment around the bound
guest by an induced-fit-type mechanism.

recognition
receptors

Introduction

Considerable efforts in host—guest chemistry have been
devoted to the design of artificial water-soluble receptors
with high binding affinity comparable to that of proteins.!'"]
Kuntz et al.l¥l investigated the binding constants of various
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trast to highly preorganized rigid recep-
tors, and they can provide useful guide-
lines for rational design of induced-fit
artificial receptors in water.

molecular

guests to proteins as a function of the size of the guests, and
showed that the binding constants increase with increasing
guest size and reach saturation at about 10>*M~1. On the other
hand, synthetic receptors show much smaller binding con-
stants when compared with proteins. For instance, cyclo-
dextrins bind hydrophobic guests such as substituted benzenes
with association constants ranging from 10°-10*mM~!, thus
proteins bind ligands 10°-107 times more strongly.”l In
artificial receptor chemistry, a breakthrough to overcome this
gap has been intensively sought. To our knowledge there are
only a few examples of synthetic receptors with a binding
affinity similar to natural receptors. Lehn et al.l¥! demonstrat-
ed that the macrocyclic receptor composed of a polyammo-
nium moiety and an acridine side-chain bound tightly to ATP
(K,=10"m"!) and catalyzed its hydrolysis reactions, here
ionic or polar interactions between the receptor and guests
effectively stabilize the complex. Breslow et al.l reported
that the doubly linked f-cyclodextrin dimer binds strongly to
ditopic substrates in water (10'°m~"). The origin of this high
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affinity is ascribed to the geometrical optimization of hydro-
phobic interactions and van der Waals interactions. Appa-
rently, the strategy for guest design is based on the preorga-
nization principle: highly preorganized receptors having a
rigid framework such as aromatic groups or a cyclic structure
show minimal conformational reorganization upon binding,
leading to tight binding.['”] This preorganization strategy has
been successfully applied to receptors targeting relatively
small guests. We should note that, when the target guest is
larger and has larger molecular surface, preorganization is
especially difficult due to the complicated fabrication of the
receptor—ligand complementary interface and the many
obstacles in synthetic routes to receptors.

A number of studies from the biological''-"?l and chem-
icall3-1 points of view have suggested that a larger receptor—
guest contact surface area would result in a greater driving
force from receptor—guest interactions and solvent reorgan-
ization. To design a receptor having a large interfacial area, a
new strategy should be developed. Our strategy for the design
of artificial receptors is to use both a rigid scaffold and flexible
side chains to construct a binding pocket encompassing the
guest. The advantages of using flexible side chains are
twofold. First, they can make contact with the guest through
a wide surface area to have large van der Waals stabilization
energy as well as large desolvation entropic gain.['> 1 Second,
synthetic difficulties for the preorganized structure can be
partly avoided since the side chains can induced-fit!'! to the
shape of the guest. Another point, which might be important
for the receptor design, is to
append polar recognition
groups to the hydrophobic
binding pocket. We can expect
that the polar interaction in
the nonpolar microenviron-
ment would operate effective-
ly to drive the host—guest
complex formation.

We report here the synthesis
and guest-binding properties of
bisporphyrins designed by us-
ing this strategy. Porphyrins are
known as one of the most
versatile receptor scaffolds, be-
cause 1)there are systematic
and comprehensive studies on
their synthesis; 2)they have
high susceptibility for various
spectroscopic methods; and
3)they have a hydrophobic
surface area of 7 x 7 A2, all of
which are very attractive prop-
erties for water-soluble recep-
tors. Systematic studies here
clarified the importance of control of a variety of interactions,
such as hydrophobic interactions, van der Waals interactions,
electrostatic interactions, coordination interactions, and
charge-transfer interactions. Special emphasis is placed on
conformational reorganization of the receptors and its impli-
cation for binding energetics in water.

Chem. Eur. J. 2003, 9, 2368 —-2380 www.chememj.org
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Results and Discussion

Design and synthesis of bisporphyrin receptors: We designed
synthetic receptor molecules that meet the following require-
ments: 1) The molecule has enough hydrophilic groups on its
surface to have sufficient solubility in water. 2) It has hydro-
phobic groups inside the molecule, constructing a hydro-
phobic binding pocket for guest accommodation. 3) In the
hydrophobic pocket, there are polar recognition groups for
guest selectivity. The designed receptors 1 and 2 have a
dimeric-porphyrin structure combined at the meso position
with a m-phenylene spacer, which is commonly referred to as
a gable framework,['” and exhibit tight binding to diamines in
organic solvent due to the strictly fixed geometry of two Lewis
acidic centers at a distance of 11 A.['8 In our receptors 1 and 2,
as well as monomeric analogue 3,1} w-carboxyalkoxy groups
are introduced at the two ortho positions of the phenyl
groups; this gives spatial confinements around the metal
centers and the porphyrin plane. The alkyl moieties are
capable of making a hydrophobic environment together with
the rigid gable porphyrin framework. Twelve or eighteen
carboxyl groups form a hydrophilic exterior that imparts
sufficient water solubility of receptors at neutral to basic pH.
The zinc ions and highly polarizable porphyrins in the
hydrophobic binding pocket are expected to serve as an
additional driving force of binding such as coordinative
interactions and charge-transfer interactions. Receptor 1 has
twelve carboxyalkoxy groups and receptor 2 has eight

R = O(CH,)10C0,K
R' = CO,K

carboxyalkoxy groups. Comparison of binding affinity be-
tween the two receptors would clarify the importance of
flexible alkoxy groups for binding. The free base 1-H, was
prepared to probe the role of zinc in binding.

We employed a novel synthetic route to the gable
porphyrins (Scheme 1) for versatile preparation of analogues
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Scheme 1. Synthesis of receptors 1, 2, and 1-H,: a) TFA/CH,Cl,, then
DDQ; b) Zn(OAc),/CHCI;; ¢) NBS/CHCl;, py; d) PdCl,(PPhs;),, pinacol-
borane, TEA/CICH,CH,CI; e) 1,3-diiodobenzene, Pd(PPh;),, Cs,CO,/
DMF; f) KOH/MeOH-THF (0.5Mm); g) HCI (5m).

of highly functionalized bisporphyrins. The route was quite
different from that reported by Tabushi et al.l'’l and enabled
us to synthesize the porphyrins in a fewer steps. Two
monomeric porphyrins (A;B-type 5 and trans-type 6) were
prepared by Lindsey’s method®! from aldehyde 4, dipyrro-
methane and pyrrole, by using trifluoroacetic acid as an acid
catalyst, followed by chromatographic separation. After zinc
insertion, each porphyrin was monobrominated?!! at the meso
position by N-bromosuccinimide, and a subsequent reaction
with pinacolborane yielded meso-substituted porphyrylboro-
nate.””! Dimerization of the two porphyrins was achieved by
the Suzuki cross-coupling reaction.l”’! In this reaction it was
particularly important to properly select solvent and base; the
reaction did not proceed when the bases triethylamine,
pyridine, KF, K,CO;, Na,CO;, Ba(OH),, NaOMe, LiOMe,
and the solvents THF, benzene, toluene, CH,Cl,, were used.
The reaction conditions were optimized and found to be a
Cs,COj/anhydrous DMF system. Finally alkaline hydrolysis
of all the ester groups of 7 and 8 afforded the water-soluble
gable porphyrins 1 and 2, respectively. The free base of 1, 1+
H,, was prepared by quantitative demetallation of 7 with HCI,
followed by alkaline hydrolysis.

Receptors 1 and 2 are soluble in polar solvents such as
water and methanol. In the 'H NMR spectra of 1 and 2
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([receptor]=1.5mm) in deuterated borate buffer (I=
100 mm, pD 8.6) at 25°C, all signals were broad; this indicates
that receptors are aggregated at the millimolar concentration.
When the temperature was raised to 80 °C, the proton signals
of 2 became partly sharp whereas those of 1 remained broad.
Bisporphyrin 1, therefore, has a stronger tendency to form
aggregates in water. High-resolution NMR spectra were
obtained in deuterated methanol (Figure 1). As would be

Ha
porphyrin porphyrin
Hp
He
p-pyrrole
a)
b)
- |
p pyri? © phenyl
c) / \
H, Ho H,
d) M
— T T
10 9 8 7
4]

Figure 1. '"H NMR spectra of porphyrin receptors 1, 2, 7, and 8 in the
downfield region at 25°C. a) 8 in CDCl;; b) 2 in CD;0D;; ¢) 7 in CDCls;
d) 1in CD;OD.

expected, the signal of H, on the benzene spacer underwent
remarkable downfield shifts (9.24 ppm for 7 and 9.17 ppm for
8) due to the diamagnetic anisotropy of the ring current of the
gable porphyrin. Pyrrole protons of 7 and 1 were observed as
two doublets (at 0 =9.31 and 8.90 for 7, 6 =9.24 and 8.83 for
1) and one AB quartet (6 =8.70 for 7 and 8.65 for 1), the same
splitting pattern as that of 1,3-bis(meso-triphenylporphinyl)-
benzene.['”] Proton signals from the ortho-substituted phenyl
groups of 2 were observed as two singlets (0 =7.66 and 7.72),
corresponding to one at the gabled inner space and the other
at the outer space. Rotation about all the porphyrin —benzene
bonds is therefore restricted at room temperature.

Analysis by small-angle X-ray scattering on a solution of 2
(740 um) in borate buffer (/=100 mMm, pH 9.0) at 25°C gave
an estimate of the particle radius of 15 A, which is in good
agreement with that of the discrete molecule. No micellar-like
aggregate was formed. The absorbance in the Q-band obeyed
the Lambert —Beer law up to at least 90 um in borate buffer
(I=100 mm, pH 9.0) at 25 °C, indicating that the porphyrins in
the micromolar concentration are monomeric. At pH <75, a
gradual decrease in the absorbance in the Soret band was
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observed; this suggests that partial protonation of the
carboxylate groups induced aggregation of the bisporphyrin.
Thus, the binding experiments were performed at pH 8 or 9.

Binding of diamines: The binding of diamines was inves-
tigated by using UV-visible and fluorescence spectroscopic
titration in borate buffer.?! As shown in Figure 2, addition of
the guest caused a red-shift in the Soret band, a typical

1.2
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Figure 2. Spectral changes of 1 in borate buffer (/=100 mm, pH 9.0) upon
addition of 1,2-bis (4-pyridyl)ethane G1 at 25°C. a) UV/Vis spectra; [1],=
1.7 uMm, [G1],=0-4.70 uM; b) difference spectra of (a); c) Fluorescence
spectra; [1], =48 nM, [G1],=0-662 nM, excitation at 424 nm.

spectral change due to the amino group coordinating to
zinc.’! The split Soret band is characteristic of the meta-
phenylenebis(porphyrin) framework, in which the angle
between the two transition moments of porphyrins is 120°,
resulting in two energetically inequivalent excited states.?% 27!
On the basis of the previous studies on complexation of
diamines to zinc bisporphyrins,?¥! the large magnitude of the
binding constants, and the clearly observed isosbestic points,
we concluded that guest forms a 1:1 complex with the
porphyrin. The fluorescence emission of the porphyrin was
also shifted to longer wavelength upon addition of diamines,
without quenching of the fluorescence emission. The binding
constants were determined by least-squares fitting of the
absorbance changes at 420, 428, 436 and 443 nm or fluores-
cence intensity changes at 655 nm to the 1:1 binding isotherm.
For G1 and G4, the binding constants determined by
fluorescence titration were in good agreement with those
determined by UV-visible titration, although the typical
concentration of porphyrins was 48 nm in the former and
1.7 uM in the latter experiments. The binding constants are
listed in Table 1.

Free-base porphyrin 1-H, did not bind all bidentate
diamines (G1-G4); this indicates that zinc is essential in
diamine binding. Tight binding of diamines to zinc bispor-
phyrin in organic solvents is reported in several studies.? The

Chem. Eur. J. 2003, 9, 2368 —-2380 www.chememj.org
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Table 1. Binding constants, K; (upper value), K, (lower value), between
porphyrin receptors and guests in borate buffer (/=100 mm, pH 9.0) at
25°C.lal

K, and K, [M71]
guest 1 1-H, 2
— 3.7 %107 n.b.l"! 3.1x10°
) /N
N =N
G1
G1 1800 n.b.l’) 1100
« ‘ N o ] 5.13 x 10° n.b.l"! 1.7 x10°
X H .
N N
G2
His-His (G3) 610 n.b.[b! 320
His-Leu-His-3-NAl 1.2 x 10° n.b.lb) 1.4 x10°
(G4
O \ 2.8 x10% 1.8 x 108 2.1 x 10136l
5.1 %107 5.6 x 107
G5
® ‘ \ O NHz 3.0 x10° 29%10° 1.1 x 101
HoN N NH, 22 x10° 6.4 x10°
H ®
NH,
G6
1.0 x 107 1.1 x 106 1.7 x 1013l
1.1 x 107 2.1x10°

G7
NH, 3320 n.d.o 100
R @ 270 10
NH

Gs
®
S, 760 n.dln 130
O/V 180 30
25%10°  72x10° 7.0 x 105
27x10°  12x107  2.5x10°

G11

[a] Binding constants are averages of 10—50 independent determinations.
Estimated errors of the binding constant are less than 10%. UV/Vis
spectroscopy was used for G1-G4 and G8-G9, and fluorescence
spectroscopy was used for G5-G7 and G10-Gll1. [b] Not bound.
[c] Binding constants were determined in MeOH/borate buffer 10:1 at
25°C. [d] f-naphthylamido is abbreviated as B-NA. [e] Determined as
KK, . [f] Not determined.
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high binding constants listed in Table 1 demonstrate that a
similar strategy is applicable to diamine recognition in water.

The binding constant of G1 to 1 was two orders of
magnitude larger than that of 2; this indicates the important
role of w-carboxyalkyl groups in the construction of a
hydrophobic pocket for guest binding. The binding constant
of G1 was high in water (~10"M~') but low in methanol
(~10°m71). These trends demonstrate that the strong binding
in water should be ascribed to the hydrophobic interaction
between the nonpolar moiety of G1 and that of the receptors,
and to the enhanced Lewis acid—Lewis base (Zn-nitrogen)
interaction in the nonpolar environment. The low affinity of
G3 can be ascribed to the anion —anion electrostatic repulsion
between its C-terminal carboxylate and the carboxylates of
receptors. The binding constants for tripeptide G4 were 2—-3
orders of magnitude larger than those for G3 because
tripeptide G4 has no negative carboxylate and has higher
hydrophobicity due to the leucine side chain and the f§-
naphthyl group.

Since the detailed investigation of conformational changes
of the alkyl chains by a 'H NMR titration experiment in
borate buffer failed due to aggregation of the receptors, we
performed a 'H NMR titration experiment in CD,Cl, using
dodecaester 8 and 1,2-bis(4-pyridyl)ethane G1 (K, > 108m71).
The assignments of signals are based on 'H-'H COSY and
homonuclear spin-decoupling experiments. As shown in Fig-
ure 3, addition of G1 to a solution of porphyrin 8 caused the
complexation-induced shifts of the proton resonances on the
alkyl chains: a downfield shift of the methyl protons of the
ester groups, H10" and HY’, and an upfield shift of the
methylene protons H1’ and H2'. Almost no changes in the
corresponding proton resonances (Me2, H10, H9, H2 and H1)
on the opposite side of the phenyl ring were observed. This

Me2'
Me0,C

|ll _2 =
COMe 1 510
Me1 9 toMe
Me2
3 Mel  Me2 Me2
10
1 i 29
| i "L'“l A
iy II._.U |~L. A | | .
1
| : |
| S ¥ |
b) " 10,10' i+
‘L. 9 ¥
k4
: ) A
A A il Ju' ’.\ WA
= T L4 T T L T
4 3 2 1 o0 ppm

Figure 3. 'H NMR spectra of gable porphyrin dodecaester 8 in the
downfield region in CDCI; at 25°C. a) 8 (1 mMm); b) 8 and G1 (both 1 mm).
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suggests the following conformational changes, the C1’ and
C2' carbons move toward the porphyrin framework, and
Me?2’, C10', and C9’ carbons are forced to move away from the
porphyrin framework. It is interesting to note that the induced
fit of the alkyl groups occurs even in organic solvent, and
these observations suggest that similar induced fits occur
more favorably in water owing to the hydrophobic interac-
tions. In our previous studies,!') similar guest-induced con-
formational changes were found for the binding of pyridine
derivatives to a monomeric analogue 3 in water. All of these
observations imply that similar conformational changes of 1
and 2 occurred during guest binding to accommodate non-
polar binding environment for the guest in water.

Binding of DNA intercalators: Receptors bind more tightly to
hydrophobic cations such as DNA intercalatorsi?’ in borate
buffer.*”! As shown in Figure 4, UV-visible spectra exhibit a
red-shift of the Soret band upon addition of acridine orange

2.0 8x10°

154
Abs

1.0

0.0 012 0?4 016 I
T (6511651, * [11,)

0.5+

0.0 | |

T 1
300 400 500 600 700
Wavelength/nm —

Figure 4. UV/Vis spectra of gable porphyrin 1 ([1],=2.4 pum) titrated with
acridine orange base G5 ([G5],=0-11.6 uM) in borate buffer (/ =100 mwm,
pH 9.0) at 25°C. Inset: the Job plot at 602 nm, the total concentration
([1]o+[GS],) is 8.7 pm.

base (GS5), and the inflection point on the Job plot was
observed at 0.66. The fluorescence emission of G5 was
completely quenched when the molar ratio of G5 to 1 is less
than 2 (Figure 5). Thus the stoichiometry of the complex was
determined as porphyrin/guest =1:2. Such phenomena were
also observed for 4',6-diamidino-2-phenylindole (G6) and
1-aminomethylpyrene (G7).

Figure 6 shows the fluorescence of G5 (47 nm) versus the
concentration of 1, and the quenching is visible even at a
nanomolar concentration of 1. The binding constants are
determined by least-squares-curve fitting of quenching be-
havior to the 1:1 and 1:2 binding isotherm: K,=[P-G]/
([P][G]) and K,=[P:G,]/([P-G][G]), see Equations (1) and
2).

P+G=P-G K 1)
P.-G+G=P.-G, K, ©)

www.chemeurj.org Chem. Eur. J. 2003, 9, 2368 —2380
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(G541,

Figure 5. Fluorescence intensity of G5 in borate buffer (/=100 mwm,
pH 9.0) at 25 °C in the presence of 1 ([1], = 1.2 um) versus the concentration
of G5 ([G5],=0-5.4 um). Excitation at 490 nm.
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Figure 6. The plot of fluorescence intensity of G5 (47 nm) against [1], in
borate buffer (/=100 mm, pH 9.0) at 25°C. The simulated curve is also
shown.

On the other hand, phenanthidium dyes such as ethidium
bromide (G10) and propidium iodide (G11) exhibit somewhat
different spectral changes. Although addition of a guest led to
a red-shift of the Soret band in UV-visible titration experi-
ments as shown in Figure 7, the titration curve shows
porphyrin/guest =1:1 complexation. Moreover the fluores-
cence emission of porphyrin 1 (81 nm) was quenched upon
addition of G11 (Figure 8), here the guest acts as an acceptor
for the porphyrin excited state. The binding constants were
determined from fluorescence-emission changes of porphyrin
by using the 1:1 binding isotherm. For tryptamine (G8) and
phenethylamine (G9), the binding constants were determined
by UV-visible titration experiments by using the 1:1 and 1:2
binding isotherm. The results are summarized in Table 1.

Chem. Eur. J. 2003, 9, 2368 —-2380 www.chememj.org
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Figure 7. a) UV/Vis spectra of gable porphyrin 1 ([1],=0.63 pm) titrated
with propidium iodide G11 ([G11],=0-1.9 pm) in borate buffer (/=
100 mM, pH 9.0) at 25°C; b) The plot of AAbs at 443 nm against [G11]y/
(1o
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Figure 8. The plot of the fluorescence intensity of 1 (81 nm) at 658 nm in

borate buffer (/=100 mm, pH 9.0) at 25°C against [G11],. Excitation at

424 nm. The curve fitted to the 1:1 binding model is also shown.
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It should be noted that both the free base 1+ H, and the zinc
complex 1 showed similar affinity for guests G5-G6; this
suggests that coordination to zinc is not necessary to bind the
DNA intercalators. For the binding of the DNA intercalator,
in place of a coordinative interaction, the charge-transfer
interaction is important as an additional driving force (vide
infra).

Figure 9 shows the fluorescence of G7 (77 nm), quenched
by 1 (745 nm), was recovered up to 70% by the addition of
excess diamine G2 (143 mm). It demonstrates that G7 binds
reversibly and competitively at the gabled cavity of 1 as well
as diamine, where pyrene moieties of G7 are presumably
dimerized. According to this binding model, the excimer
emission would also be quenched.

800 . a)

F 600

c)

400+ , b)

200 ~

y

T T T 1
400 450 500 550

Wavelength / nm

Figure 9. The fluorescence spectra of G7 (77 nM) in borate buffer (I=
100 mMm, pH 9.0) at 25°C. Excitation at 342 nm. a) G7 only; b) G7 and 1
(745 nm); ¢) G7, 1, and diamine G2 (143 mm).

The following observations suggest that hydrophobic inter-
actions provided by the alkyl chains play an important role:
1) Receptor 1, with more alkyl groups than 2, showed larger
binding constants for all intercalators, as was observed for
diamines. 2) Fluorescence quenching of G5 by a monomeric
analogue 3 provided the value of KK, of 2.4 x 10""M~2 as the
overall binding constant for 1:2 complex formation, indicating
that the values of K K, for the gable porphyrins are 4-5
orders of magnitude larger. 3) The affinity of G5 for 1 was
nearly diminished in MeOH/borate (9:1, v/v): no UV-visible
spectral change was observed upon addition of 5 um of GS to
0.23 um of 1. All these findings show that the bound DNA
intercalators are stabilized by a large number of alkyl groups
of the receptor through hydrophobic interactions.

Guest selectivity and driving forces of binding: The binding
constants of 1 increased in the order, G9 < G8 < G7; this
indicates that a larger aromatic system in the guest is favored.
Interestingly aliphatic cationic guests such as butylammonium
or N, N, N-trimethyl-2-adamantylammonium were not bound
to 1. This is in contrast to the binding behavior of cyclo-
dextrins and cyclophanes, which bind both aromatic and
aliphatic guest molecules.®! Significant spectral changes in
the Soret band of gable porphyrins upon binding (Figures 4a

2374
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and 7a) indicate that there are some perturbations to the
porphyrin’s electronic states caused by the interaction with
the aromatic moiety of the guest. All the guests of intercalator
type G5 - G11 caused a very similar red-shift in the Soret band
in spite of having different binding affinities. It is well known
empirically that porphyrin —guest - interactions induced a
red-shiftl? or hypochromicity™®! of the Soret band. Since both
aromatic systems of porphyrin® and intercalatorsP! have
very large polarizability, London dispersion forces must be
one of the major driving forces stabilizing the complex.
Figure 10 shows the plot of the binding free-energy change,
—AG"®, against the reciprocal of energy differences between
the HOMO of the porphyrin and the LUMO of the guests,
estimated from semiempirical molecular-orbital calculations
based on the PM3-COSMO aqueous solvation model.*®) The
guest having a low LUMO level is bound tightly. The linear
correlation®”) implies that the charge-transfer interaction
between the HOMO of the porphyrin and the LUMO of
the guest makes a significant contribution to complex
stabilization.

16+

12 G5

G10
AG° T
-1
keal mol 8

4 G8
GO

T T T T 1
5.5 6.0 6.5 7.0 75

(-1/AE) 1 10™ keal mol™”
Figure 10. The plots of —AG®° for 1-guest complexation against a
reciprocal of energy differences (AE) between the HOMO of Zn porphyrin

and the LUMO of guests. The least-squares line with R?=0.982 is also
shown.

Conformational energy as a driving force: Porphyrin recep-
tors show high affinity for cationic aromatic guests, while no
affinity for simple cationic guests (e.g. butylammonium),
neutral aromatic guest (acridine), or anionic aromatic guest
(acridine-9-carboxylate). This trend is associated with the
critical balance between electrostatic interaction and hydro-
phobic interaction on complexation. We suggest that the strict
selectivity discriminating the hydrophobicity and charge of
guest originates from conformational strain and conforma-
tional flexibility of the porphyrins. Without a guest, the folded
form of 1 with aggregated hydrophobic moiety is favored due
to the hydrophobic stabilization of alkyl-alkyl and alkyl—
porphyrin interactions, but unstable due to anion-anion
repulsion of the carboxylate groups (folded form, Figure 11).
On the other hand, the extended form in which terminal
carboxylates are arranged as far apart as possible to minimize
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Folded form

Extended form

Figure 11. Schematic representation of two extreme conformers of 1 and 2.
In the extended form, due to the repulsion of carboxylate anions the alkyl
groups take an extended conformation, and water molecules (@) come into
the hydrophobic pocket, destabilizing the conformer. In the folded form,
water molecules are expelled so as to have hydrophobic stabilization, but
the repulsion between the carboxylate anions destabilizes the conformer.

the electrostatic repulsions, is also unstable due to exposure of
the alkyl groups and the porphyrin plane to water (extended
form, Figure 11). In either conformation, the hydrophobic
interaction and electrostatic interaction cannot both be
favorable at the same time; this leads to the destabilization
of the initial state of complexation. According to this model,
the flexibility of the alkyl chains affects not only the
stabilization of the complex but also the destabilization of
the guest-free receptor. The binding of hydrophobic cations
only can relieve unfavorable conformational stresses and
produce larger binding free energies.

Some interesting insight into the conformational instability
was obtained by molecular dynamic simulation in the gas
phase by using CAChe-augmented MM2 force field param-
eters with electrostatic interactions incorporated by using a
partial charge model. As shown in Figure 12, receptor 1 with
18 carboxylate groups has a larger molecular surface area than
the fully protonated 1; this indicates that the electrostatic
repulsion between the carboxylate groups led to a more open
(extended) conformation in the gas phase. In water, however,
this open conformation should be destabilized due to the
larger solvent-accessible area and thus unfavorable hydro-
phobic interaction, while the folded conformation should be
stabilized. Although the relative energy of these two con-
formers in water is not known, we can expect that these two
factors, hydrophobic interactions and electrostatic interac-
tions, operate competitively to determine the actual confor-
mation in water.

Ionic-strength dependence: The contribution of electrostatic
interactions to binding was studied in several literature
reports.?¢ 31 We observed that the binding affinity of DNA
intercalators was reduced when the ionic strength I was
increased in the range from 0.02-0.5M (Figure 13). These
results suggest the possible role of the carboxylate groups of
the receptor in binding as the electrostatic interaction site.
The plots of (Y2)log (K,K,) (or log K,) against the square root
of ionic strength exhibit a good linear correlation. The
Debye — Hiickel limiting law gives the relationship between
the binding constant and the ionic strength as

Yalog (K K,) = al'? + YV2log (Ko Kyp)
or

logK, =al"?+1og K,
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Figure 12. Top: molecular surface area versus simulation time in the
molecular dynamic simulation of tetradecaanionic 1 (a) and fully proton-
ated neutral 1 (@) in vacuo. After the molecule is equilibrated at 500 K for
3000 ps (1 fs per step), molecular dynamic simulation was performed at
300 K for 2000 ps, by using CAChe-augmented MM2 force field param-
eters. Bottom: snapshot of the 1100 ps frame from the molecular dynamic
simulation of a) dodecaanionic 1 and b) protonated neutral 1, indicating
that dodecaanionic 1 tends to take an extended conformation and neutral 1
a folded conformation.
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Figure 13. Plot of 2log KK, or log K, of 1 against the square root of ionic
strength (1'?) for G5 (@), G6 (m), G10 (0), and G11 (e).

here K and K, are the binding constants at /=0. For the
association between two simple ions with charge z, and zg,
a=1.018z,zp in water at 298 K. The line fitting gives a=
—233, —1.69, —3.92, and —2.97, and "2log(KyK,), or
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log Ky, =8.81, 6.94, 9.68, and 9.38 for G5, G6, G10, and G11,
respectively. Considering that 1 is a polyanion, the slope a is
much smaller than expected from the Debye — Hiickel limiting
law. This may be ascribed to an interaction mode in which
only one to four carboxylates of 1 participate in a salt-bridge
with the cationic guest.

Interestingly, the slope a observed for 1 is, except for G10,
lower than that observed for the binding of basic amino acid
derivative, Arg-OMe, to monomeric analogue 3 (a = —3.08),
which was reported in our previous work.['”! Furthermore,
there is no correlation between the number of charges on the
guest and slope a. For instance, monocation (G10) and
dication (G11) showed similar a. An explanation for these
curious trends remains to be found.

Thermodynamic parameters and enthalpy — entropy compen-
sation: Enthalpy and entropy changes in binding of various
guests to 1 in borate buffer were determined by van’t Hoff
analysis of the binding constants in the temperature range
283-333 K (Table2). Except for G8, the binding was
characterized by negative enthalpy changes. The major
contributor to the negative enthalpy changes for the binding
of diamines was the coordination interaction, and for the
binding of DNA intercalators was the charge-transfer inter-

Table 2. Enthalpy changes (AH°) and entropy changes (AS°) in binding of
guests by zinc gable porphyrin receptor 1 in borate buffer (/=100 mwm,
pH 9.0).0

guest AH° [kcalmol~!] AS° [calK'mol ]
G1 —-103 0.22
G2 —17.67 4.97
G4 —-6.73 5.25
GS —12.8 —6.40
Go6 -3.75 16.9
G7 —6.57 10.1
G8 16.3 66.9
G10 —11.9 -1.19
G11 —129 —4.41

[a] AH® and AS° were determined by fitting binding constants to either
InK,=—(1/RT)AH® + (1/R)AS° for G1, G2, G4, G10, and GI11 or
Y2In(K,K,)=—(1/RT)AH® + (1/R)AS° for G5-G8 in the range 283 <
T <333 K, over which the plot was linear.

actions. Entropy changes are from —7 to 17 calK-'mol~L
These values are in contrast to the large negative entropy
changes observed for the binding of guest in organic
solvents.["-2¢ 3] The positive entropy changes observed for
some of the guests demonstrate that there is significant
desolvation. A plot of TAS® against AH® for these equilibria
gives a linear relationship, TAS°=aAH°+f (a=0.74, f=
7.75 kcalmol~'); this shows an enthalpy —entropy compensa-
tion*! in this system (Figure 14). Surprisingly, both diamines
(G1, G2, G4) and DNA intercalators (G5-8, G10-11) are on
the same compensation line, in spite of the different binding
mechanisms: diamines bind only to the zinc porphyrins (1 and
2) while DNA intercalators bind both to the zinc porphyrins
and the zinc-free porphyrin (1:-H,). This result, that the
equilibria with different mechanisms exhibit AH® — TAS®
data on the same compensation line, seems contradictory. We
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Figure 14. AH® versus TAS° compensation plots of 1-DNA intercalator
and 1-diamine binding (e). 7=293 K. The correlation coefficient (r?) is
0.993. For comparison, AH° versus TAS® plots of 3—amino acid derivatives
are also shown (A).

would suggest that even for the binding of diamines,
desolvation makes significant contributions in addition to
the direct zinc—nitrogen interaction.

In Table 3, the slope and the intercept in the AH® versus
TAS® plots are compared with other representative host—
guest systems. According to Inoue et al.?! the slope ()
reflects the amount of conformational reorganization the host
undergoes upon binding. The value of 0.74 is similar to that of
cyclophane (0.78) and lower than that of cyclodextrin (0.9).[4]
The intercept (f3) is associated with the degree of desolvation
upon binding. The intercept values of cyclodextrin and
cyclophane are 3.1 and 3.4 kcalmol~!, respectively.l*) The
large intercept of 1, 7.75 kcal mol~, is unprecedented in any
artificial host — guest system; this indicates that a considerable
desolvation takes place upon binding in our system. Davis and
Teaguel'? pointed out that induced-fit binding of ligands or
drugs to proteins is most frequently driven by hydrophobic
contacts with guest rather than by polar interactions, and leads
to the hydrophobic collapse of receptors around ligands. In
our system also, the guest-induced conformational changes of
alkyl moieties provide a larger hydrophobic contact area in
the complex as a result of the desolvation of hydrating water
molecules around the hydrophobic alkyl groups. It is worth-
while to argue the difference between 1 and monomeric
analogue 3 in order to understand fundamental propensity of

Table 3. Slope («) and intercept () in the AH® versus TAS® plots for guest
binding equilibria of various receptors.

Host Slope (a) Intercept () Ref.
[kcalmol ']

1 0.74 7.7 This work
3 0.81 3.1 19
cyclodextrin 0.9 3.1 40
cyclophane/calixarene 0.78 34 31

crown ether 0.76 2.4 41
cryptand 0.51 4.0 41
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flexible dimeric structure. Although the slope of 1 (o =0.74) is
smaller than that of 3 (a=0.81),'"! the intercept of 1 (8=
7.7 kcalmol™') is much larger than that of 3 (8=
3.1 kcalmol ). The intercept reflects the larger size of the
gabled binding cavity where the hydrophobicity is effectively
enhanced. Such modification by synthetic chemistry has
rarely been found in artificial receptors.

Table 3 also compares the slope and the intercept in the
AH"® versus TAS® plots for typical ionophores of crown ether
and cryptand. It is apparent that a highly preorganized host
such as a cryptand is characterized by a small slope (high
compensation temperature) owing to the rigidity of host
structure. A similar strategy was also seen in antibody —anti-
gen complexes. Wedmeyer et al.?l showed that, in the
evolution of germline of antibodies by somatic mutation,
the matured antibody undergoes very little conformational
change between the bound and unbound form, confirming the
lock-and-key-type rigid binding. On the other hand, enzymes
and signal receptors have flexible binding cavities and
conformational diversity,**l so ligand-induced conformational
changes are essential for catalytic action or signal trans-
duction.* The artificial receptors of induced-fit type have the
capability of responding to external physical or chemical
stimuli®! whereas receptors of the lock-and-key-type, which
have a rigid framework, seem to have limited capability. It
should be noted again that our system is characterized by a
large intercept and a relatively large slope; this indicates that
the binding is accompanied by a high degree of reorganization
of solvent and moderate reorganization of conformation of
the receptor. This study is indicative of the possibility of
flexible receptor fabrication to enhance the binding affinity,
and gives new insights into the rational design of highly
functionalized induced-fit-type water-soluble receptors.

Competitive binding to DNA intercalator with DNA: It is
well known that the fluorescence emission of the phenanthi-
dium dyes (G10 and G11) is strikingly enhanced when
intercalated into a double helix of DNA.M We performed
the competitive binding experiment with salmon sperm DNA,
G11, and receptor 1 in a borate buffer at pH8 and 9
([DNA]=8 pgL%, [G11] =0.67 pum, [1] =0-0.8 um). The flu-
orescence emission of the G11-DNA complex was quenched
by the addition of 1, as shown in Figure 15. Concomitantly, a
red-shift of the Soret band of 1 in the UV-visible spectrum was
observed. The emission spectra were very little affected by the
addition of 1.8 um of Zn-TCPP ([5,10,15,20-tetrakis(4-carboxy-
phenyl)porphyrinato]zinc) or 3 um of 3. This is the first
example where intercalator G11 is transferred from DNA to a
synthetic receptor in water.

Conclusion

We have shown that water-soluble gable porphyrin receptors
bind tightly to diamines and DNA intercalators where the
binding is driven, in general, by hydrophobic interactions. We
have further shown that this happens in particular by
coordinative interaction in the former guest and by the
charge-transfer interaction in the latter. The tight binding of
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Figure 15. The competitive binding experiment of salmon sperm DNA,
DNA intercalator G11, and receptor 1 in borate buffer (/=100 mm,
pH 9.0) at 25°C. The fluorescence spectral changes of G11 are shown.
a) G11 only (0.67 um); b) G11 and DNA (8 pgL~); ¢) G11, DNA, and 1
(0.5 um); d) G11, DNA, and 1 (0.8 um).

DNA intercalators was explained by the unstable conforma-
tion of the w-carboxylatoalkyl groups in the guest-free
receptor due to electrostatic repulsion and exposure of the
hydrophobic surfaces of alkyl groups/porphyrin framework to
water. This instability can be relieved by the binding of
hydrophobic cationic guest. The large intercept (a) in the
enthalpy —entropy compensation plot corroborates the im-
portance of hydrophobic interactions. The B value of
7.7 kcalmol ™! is unprecedented in the binding exhibited by
artificial receptors. The flexible nature of the binding pocket
and extensive desolvation upon binding are reminiscent of the
binding features of proteins. In that case, both conformational
energy and desolvation energy should make a significant
contribution to the binding energetics as well as the biological
functions such as catalysis and signal transduction. The
findings will help to understand the biological recognition
processes and provide a valuable insight into the rational
design of highly-functionalized induced-fit type water-soluble
receptors.

Experimental Section

General Methods: '"H NMR spectra were obtained by using a JEOL A-500
spectrometer and chemical shifts are reported relative to Me,Si or residual
protons of deuterated solvents. UV/Vis spectra and fluorescence spectra
were recorded on a Hewlett — Packard 8452 diode array spectrophotometer
or a Perkin Elmer LS50B luminescense spectrometer with a thermostated
cell compartment, respectively. High-resolution mass spectra were ob-
tained with a JEOL JMS-HX110A mass spectrometer by using 3-nitro-
benzyl alcohol as a matrix. Small-angle X-ray scattering experiments were
performed according to the published procedure.*’]

Materials: Methyl 4-formyl-3,5-bis(10-methoxycarbonyldecyloxy)benzo-
ate (4)"” and dipyrromethanel*! were prepared according to the literature
procedure. 1,2-Dichloroethane was distilled over CaH,. DMF was distilled
over P,0Os.

Titration experiment: Titration experiments were carried out with the aid
of UV/Vis or fluorescence spectrometers in the same manner as reported
earlier.”! Binding constants were evaluated by a nonlinear least-squares
parameter estimation based on the Damping Gauss—Newton algorithm or
the Marquardt algorithm.
5,10,15-Tri[4-methoxycarbonyl-2,6-bis(10-methoxycarbonyldecyloxy)phe-
nyl]porphyrin (5): Aldehyde 4 (1.90g, 3.2 mmol), pyrrole (152 puL,
2.2 mmol), and dipyrromethane (146 mg, 1.0 mmol) were dissolved in
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CH,(Cl, (100 mL) under N, and then TFA (149 pL, 2.0 mmol) was added.
After the solution had stirred at room temperature for 3 h, 2,3-dichloro-5,6-
dicyanobenzoquinone (510 mg, 2.2 mmol) was added and the mixture
heated under reflux for 2 h. The solution was then neutralized by addition
of triethylamine (278 uL, 2 mmol) and concentrated. The residue was
subjected to column chromatography (SiO,, CHClL;/AcOEt 100:1-10:1) to
separate 5 and 6, affording 5 as a purple oil (178 mg, yield 9% based on
dipyrromethane). 'H NMR (CDCl,): 6 = —2.89 (s, 2H; NH), 0.41-0.95 (m,
76H; CH,), 1.03 (quin, J=7.5 Hz, 8H; CH,), 1.34 (quin, /=75 Hz, 4H;
CH,), 1.45 (quin, J =7.5 Hz, 8H; CH,), 2.12 (t,/ =7.5 Hz, 4H; CH,), 2.18 (t,
J=175Hz, 8H; CH,), 3.60 (s, 6H; CO,Me), 3.61 (s, 12H; CO,Me), 3.80—
3.88 (m, 12H; CH,), 4.07 (s, 3H; CO,Me), 4.09 (s, 6 H; CO,Me), 7.63 (s,2H;
phenyl-H), 7.66 (s, 4H; phenyl-H), 8.65 (AB q, J=4.5 Hz, 4H, -pyrrole),
8.81 (d, J=4.5Hz, 2H; p-pyrrole), 9.18 (d, J=4.5 Hz, 2H; -pyrrole),
10.02 (s, 1H; meso-H); HRMS (FAB): calcd for C,;sH;sN,O,, [MH]:
1998.1813; found 1998.1874.

5,15-Bis[4-methoxycarbonyl-2,6-bis(10-methoxycarbonyldecyloxy)phe-
nyl]porphyrin (6): Following the procedures described above, the reaction
mixture was subjected to column chromatographic separation (SiO,,
CHCI3/AcOEt 100:1-10:1). Thorough washing with methanol afforded 6
as a purple solid (100 mg, yield 13 % based on dipyrromethane). 'H NMR
(CDCL,): 6 =—3.06 (s,2H; NH), 0.38-0.52 (m, 24 H; CH,), 0.61 (quin, / =
75 Hz, 8H; CH,), 0.80 (quin, J=7.5 Hz, 8H; CH,), 0.88-0.97 (m, 16H;
CH,), 1.40 (quin, J = 7.5 Hz, 8H; CH,), 2.16 (t,/ =7.5 Hz, 8H; CH,), 3.61 (s,
12H; CO,Me), 3.90 (t, /= 6.5 Hz, 8H; CH,), 4.12 (s, 6 H; CO,Me), 7.70 (s,
4H; phenyl-H), 8.90 (d, J=4.5 Hz, 4H; -pyrrole), 9.26 (d, /=4.5 Hz, 4H;
B-pyrrole), 10.14 (s, 2H; meso-H); HRMS (FAB): calcd for [M*]:
CgH,1,N,O ¢ 1434.8229; found 1434.8245.

1,3-Phenylenebis{10,15,20-tri[4-methoxycarbonyl-2,6-bis(10-methoxycar-
bonyldecyloxy)phenyl]porphyrinato zinc@} (7): A solution of 5 (939 mg,
470 pmol) and Zn(OAc),-saturated methanol (10 mL) in CHCl; (110 mL)
was heated under reflux for 3 h. The purification was carried out in a similar
manner to the literature procedure!” to afford a purple oil of zinc
porphyrin (937 mg, 454 pmol). A solution of zinc porphyrin (937 mg,
454 pmol) and pyridine (3 mL) in CHCl; (200 mL) was stirred in an ice
bath, then N-bromosuccinimide (89 mg, 500 umol) was added. After
40 min, fluorescence of porphyrin disappeared, and acetone (20 mL) was
added to the solution. Evaporation of the solvent and purification by flash
column chromatography (SiO,, CHCly/AcOEt 10:1) afforded a purple oil
of meso-brominated zinc porphyrin (930 mg, 434 pmol). Pinacolborane
(535 pL, 3.7 mmol) was added to a solution of brominated zinc porphyrin
(930 mg, 434 pmol), triethylamine (1 mL), and PdClL(PPh;), (14 mg,
20 umol) in 1,2-dichloroethane (60 mL) under N,. After the solution had
been stirred for 12 h at 80 °C, the fluorescence was recovered. The reaction
mixture was washed with saturated aqueous NaCl (100 mL x 2) and the
organic layer was dried over Na,SO,. Evaporation of the solvent and
purification by flash column chromatography (SiO,, CHCly/AcOEt 10:1)
afforded a purple oil of 5-(4',4',5,5'-tetramethyl[1’,3’,2']dioxaborolan-2’-
y1)-10,15,20-tri[4-methoxycarbonyl-2,6-bis(10-methoxycarbonyldecyloxy)-
phenyl]porphyrinato] zinc(ir) (870 mg, 398 pmol, 85% from 5). 'H NMR
(CDCL): 6=0.36-0.98 (m, 72H; CH,), 1.24 (t, /=7.0Hz, 12H; CH,),
1.30-1.42 (m, 12H; CH,), 1.81 (s, 12H; BO—CHs;), 2.12 (t,/ =75 Hz, 12 H;
CH,), 3.57 (s, 12H; CO,Me), 3.59 (s, 6H; CO,Me), 3.82 (t,/ = 6.5 Hz, 12 H;
CH,), 4.07 (s, 3H; CO,Me), 4.09 (s, 6H; CO,Me), 7.63 (s, 2H; phenyl-H),
7.65 (s, 4H; phenyl-H), 8.72 (AB q, J =4.5 Hz; 4H, -pyrrole), 8.87 (d,J =
4.5 Hz, 2H; p-pyrrole), 9.78 (d, / =4.5 Hz, 2H; B-pyrrole); HRMS (FAB):
caled for C,H;73BN,O5Zn [M*]: 2185.1721; found 2185.1704.

A solution of 1,3-diiodobenzene in DMF (23 umol, 71 mm, 324 pul) was
added to a solution of porphyrylboronate (125 mg, 57 pmol), Pd(PPh;),
(5 mg, 4.3 pmol) and Cs,CO; (40 mg, 123 pmol) in DMF (1.5 mL) under N,.
After the solution had been stirred for 5 h at 80°C, ethyl acetate (20 mL)
was added. The organic layer was washed with saturated aqueous NaCl
(20 mL x2) and dried over Na,SO,. Evaporation of the solvent and
purification by flash column chromatography (SiO,, CHCl/AcOEt 10:1)
followed by preparative layer chromatography (SiO,, hexane/AcOEt 1:1,
x 3) afforded a purple oil of 7 (58 mg, 60 %, based on diiodobenzene).
'H NMR (CDCl;): 6=0.30-1.06 (m, 176H; CH,), 1.18-1.24 (m, 4H;
CH,), 1.37-1.47 (m, 12H; CH,), 1.71 (t, /=75 Hz, 8H; CH,), 1.81 (t, /=
75 Hz,4H; CH,),2.14-2.18 (m, 12H; CH,), 3.21 (s, 12H; CO,Me), 3.26 (s,
6H; CO,Me), 3.57 (s, 12H; CO,Me), 3.62 (s, 6H; CO,Me), 3.67—-3.72 (m,
4H; CH,), 3.80-3.84 (m, 12H; CH,), 3.91 (t, / =7.5 Hz, 8H; CH,), 4.07 (s,
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6H; CO,Me), 4.11 (s, 12H; CO,Me), 7.63 (m, 8 H; phenyl-H), 7.69 (m, 4H;
phenyl-H), 7.93 (t, /=75 Hz, 1H; phenyl-H), 8.40 (dd, J=75Hz, Y=
1.5 Hz, 2H; phenyl-H), 8.70 (AB q, J =4.5 Hz, 8H; -pyrrole), 8.90 (d, /=
4.5 Hz,4H; -pyrrole), 9.24 (brs, 1 H; phenyl-H), 9.31 (d, /= 4.5 Hz, 4 H; -
pyrrole); UV/Vis (CH,Cl,): Ay (loge): 421 (5.72), 434 (5.69), 509 (3.84),
551 (4.66), 591 nm (3.80 mol~'dm?*cm~'); HRMS (FAB): calcd for
Cy35H306NgOysZn, [M*]: 4192.1894; found 4192.1897 (the observed isotopic
distribution of parent ion envelope matched the simulated spectrum).

1,3-Phenylenebis{10,20-bis[4-methoxycarbonyl-2,6-bis(10-methoxycarbon-
yldecyloxy)phenyl]porphyrinatozinc (@)} (8): Porphyrin 6 was converted to
the corresponding boronate in a similar manner to that described for 7 to
afford a purple oil of 5-(4'4'5 5 -tetramethyl[1’,3',2']dioxaborolan2’-yl)-
10,20-bis[4-methoxycarbonyl-2,6-bis(10-methoxycarbonyldecyloxy)phe-
nyl]porphyrinato]zine(tr) in a yield of 88%. 'H NMR (CDCl;): 6 =0.30—
0.52 (m, 24H; CH,), 0.59 (quin, J =7.5 Hz, 8H; CH,), 0.76-0.95 (m, 24 H;
CH,), 1.38 (quin, / =7.5 Hz, 8 H; CH,), 1.80 (s, 12H; BO—CH3), 2.13 (quin,
J=75Hz,8H; CH,), 3.58 (s, 12H; CO,Me), 3.80-3.91 (m, 8H; CH,), 4.11
(s,6H; CO,Me), 7.69 (s,4H; phenyl-H), 8.88 (d,/ = 5.0 Hz, 2H; -pyrrole),
8.93 (d,J=4.5 Hz, 2H; -pyrrole), 9.24 (d, J =4.5 Hz, 2H; -pyrrole), 9.78
(d,J=5.0 Hz, 2H; S-pyrrole), 10.08 (s, 1 H; meso-H); HRMS (FAB): calcd
for CyH;53BN,OsZn [M*]: 1622.8215; found 1622.8246.

Compound 8 was prepared from this porphyrylboronate (225 mg,
138 umol) and 1,3-diiodobenzene (55 pmol) in a similar manner to that
described for 7, affording a purple solid in 50% yield (82 mg, 27 pmol).
'H NMR (CDCl,): 6=0.10-1.02 (m, 120H; CH,), 1.39 (quin, /=75 Hz,
8H; CH,), 1,65 (m, 8H; CH,), 2.12 (t, /=75 Hz, 8H; CH,), 3.23 (s, 12H;
CO,Me), 3.57 (s, 12H; CO,Me), 3.72-3.76 (m, 4H; CH,), 3.82-3.87 (m,
4H; CH,), 3.94 (t,/=6.5 Hz, 8H; CH,), 4.13 (s, 12H; CO,Me), 7.66 (s, 4H;
phenyl-H), 7.72 (s, 4H; phenyl-H), 7.98 (t, J=7.5 Hz, 1 H; phenyl-H), 8.49
(dd, 3/ =75Hz, *J=1.5Hz, 2H; phenyl-H), 8.92 (d, /=4.5Hz, 4H; -
pyrrole), 8.96 (d,J =4.5 Hz, 4H; -pyrrole), 9.17 (s, 1 H; phenyl-H), 9.25 (d,
J=4.5Hz,4H; B-pyrrole), 9.35 (d,J =4.5 Hz, 4H; -pyrrole), 10.07 (s, 2H;
meso-H); UV/Vis (CH,CL,): A, (loge): 415 (5.75), 425 (5.68), 506 (3.75),
545 (4.63), 580 nm (3.76 mol-'dm*cm~!); HRMS (FAB): calcd for
C17,H26NgO3,Zn, [M*]: 3067.4883; found 3067.4886 (the observed isotopic
distribution of parent ion envelope matched the simulated spectrum).

Octadecapotassium 1,3-phenylenebis{10,15,20-tri[4-carboxylato-2,6-
bis(10-carboxylatodecyloxy)phenyl]porphyrinato zinc@)} (1): Zinc gable
porphyrin 7 (34 mg, 8.1 umol) was dissolved in a solution prepared by
mixing THF (14 mL), methanol (4 mL), and KOH (0.5M, 10 mL). After
being stirred at room temperature for 24 h, the solution was concentrated
and passed through Sephadex G-15 followed by lyophilization to afford a
pink solid of 1 (26 mg, yield 70% ). 'H NMR (CD;0D): 6 =0.20-1.50 (m,
192H; CH,), 1.91 (t,/=7.5 Hz, 6H; CH,), 2.00-2.10 (m, 18 H; CH,), 3.70 -
3.75 (m, 4H; CH,), 3.82-3.98 (m, 20H; CH,), 7.67-7.74 (m, 12H; phenyl-
H),8.04 (t,/ =75 Hz, 1 H; phenyl-H), 8.53 (dd,*/=7.5 Hz,*/ = 1.5 Hz, 2 H;
phenyl-H), 8.65 (AB q, J =4.5 Hz, 8H; -pyrrole), 8.83 (d, /=4.5 Hz, 4H;
p-pyrrole), 9.24 (m, 5H; B-pyrrole and phenyl-H); UV/Vis (borate buffer,
I=100 mMm, pH 9.0 at 25°C): A, (loge): 423 (5.74), 436 (5.69), 516 (3.87),
557 (4.63), 598 nm (3.99 mol~'dm3*cm™').

Octadecapotassium 1,3-phenylenebis{10,20-bis[4-carboxylato-2,6-bis(10-
carboxylatodecyloxy)phenyl]porphyrinato zinc(@n)} (2): This compound
was prepared from 8 (30 mg) in a similar manner to that for 1: pink solid,
yield 76 % (25 mg). 'H NMR (CD;0D): ¢ =0.06-1.08 (m, 120H; CH,),
1.45 (quin, J =75 Hz, 8H; CH,), 1,78 (t, /=75 Hz, 8H; CH,), 2.10 (t, /=
7.5 Hz,8H; CH,), 3.76 (m,4H; CH,), 3.83 (m,4H; CH,), 3.98 (t,J = 6.0 Hz,
8H; CH,), 7.69 (s,4H; phenyl-H), 7.75 (s, 4 H; phenyl-H), 8.08 (t,/ = 7.5 Hz,
1H; phenyl-H), 8.59 (d, /=8.0 Hz, 2H; phenyl-H), 8.84 (d,/=4.5 Hz, 4H;
p-pyrrole), 8.90 (d, J=4.5 Hz, 4H; -pyrrole), 9.13 (brs, 1 H; phenyl-H),
9.22 (d, J=4.5Hz, 4H; S-pyrrole), 9.28 (d, J=4.5 Hz, 4H; S-pyrrole),
10.01 (s, 2H; meso-H); UV/Vis (borate buffer, I =100 mm, pH 9.0 at 25°C):
Amax (loge): 416 (5.70), 427 (5.61), 509 (3.78), 551 (4.54), 588 nm
(3.81 mol~'dm3cm™).

Octadecapotassium 1,3-phenylenebis{10,15,20-tri[4-carboxylato-2,6-
bis(10-carboxylatodecyloxy)phenyl]porphyrin} (1-H,): An aqueous solu-
tion HCI (1M, 5 mL) was poured into a solution of 7 (50 mg, 12 pmol) in
CH,C], (5mL), and the mixture was stirred vigorously for 1h at room
temperature. The organic layer was washed with saturated aqueous
NaHCO; (20 mL x 2) and saturated aqueous NaCl (20 mL x 2) and dried
over Na,SO, to afford a purple oil of 1,3-phenylenebis{10,15,20tri[4-
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methoxycarbonyl-2,6-bis(10-methoxycarbonyldecyloxy)phenyl]porphyrin}
(48 mg, quant). '"H NMR (CDCly): 6 =—2.59 (s, 2H; NH), 0.35-1.17 (m,
176 H; CH,), 1.33 (quin, /=75 Hz, 4H; CH,), 1.38-1.49 (m, 12H; CH,),
1.92 (t, J=175Hz, 8H; CH,), 2.06 (t, /=75 Hz, 4H; CH,), 2.15-2.19 (m,
12H; CH,), 3.46 (s, 12H; CO,Me), 3.48 (s, 6H; CO,Me), 3.58 (s, 12H;
CO,Me), 3.61 (s,6 H; CO,Me), 3.69 (m, 4H; CH,), 3.81 (q,/ =6.5 Hz, 12 H;
CH,), 3.91 (m, 8H; CH,), 4.07 (s, 6H; CO,Me), 4.10 (s, 12H; CO,Me), 7.61,
7.62 (s, 8H; phenyl-H), 7.68 (s, 4H; phenyl-H), 7.93 (t, J=75Hz, 1H;
phenyl-H), 8.40 (dd, 3J=7.5 Hz, J=1.5 Hz, 2H; phenyl-H), 8.60 (AB q,
J=4.5Hz, 8H; -pyrrole), 8.80 (d, J=4.5 Hz, 4H; -pyrrole), 9.19 (d, /=
4.5 Hz, 4H; -pyrrole), 9.25 (brs, 1 H; phenyl-H); LRMS (FAB): calcd for
Cy35H330NgOys [MT]: 4068.36; found 4068.60. This compound (20 mg) was
converted to 1+ H, in a similar manner to that for 1: purple solid, yield 70 %
(15 mg). '"H NMR (CD;0D, 50°C): 6 =0.05-1.47 (m, 192H; CH,), 1.79 (t,
J=175Hz, 6H; CH,), 1.97-2.08 (m, 18 H; CH,), 3.73 (m, 4H; CH,), 3.81 -
3.98 (m, 20H; CH,), 7.67-7.74 (m, 12H; phenyl-H), 8.13 (t, /=75 Hz, 1H;
phenyl-H), 8.58 (dd, 3/ =7.5 Hz, 4/ = 1.5 Hz, 2H; phenyl-H), 8.67 (brs, 8H;
B-pyrrole), 8.86 (brs, 4H; B-pyrrole), 9.23 (brs, SH; -pyrrole and phenyl-
H); UV/Vis (borate buffer, /=100 mm, pH 9.0 at 25°C): 4., (loge): 419
(5.63), 430 (5.65), 517 (4.61), 551 (4.15), 592 (4.09), 649 nm
(3.70 mol~'dm3cm™).
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