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Abstract

In order to simulate biological functions of naturally occurring multivalent clusters of
receptors, water-soluble dimeric cyclophane was synthesized by Fmoc-chemistry of cyclophane-
tethered Fmoc-lysine derivative. Analogous cyclophane oligomers such as dimer, trimer, tetramer,
and pentamer were also prepared by aminolysis of succinimidyl ester of cyclophane with lysine
and the corresponding lysine peptide as a scaffold, in a fairly good yield. The present cyclophane
oligomers demonstrated enhanced guest-binding affinities toward fluorescent guests such as
6-p-toluidinonaphthalene-2-sulfonate, in comparison with those of monomeric cyclophane, reflecting
multivalency effects in macrocycles. The effects of multivalent macrocycles on the guest-binding
of the cyclophane oligomers were also confirmed by surface plasmon resonance measurements.
In addition, it was found that effective local concentration in the macrocycles of cyclophane
oligomers caused favorable dissociation rate constant values on the guest-binding. On the other
hand, reduction-responsive cyclophane dimer having a disulfide linkage was also synthesized. The
dimeric cyclophane linked by disulfide bond showed enhanced guest binding affinity relative to that
by monomeric cyclophane, as confirmed by fluorescence spectroscopy. Reduction of disulfide bond of
the host by dithiothreitol gave monomeric cyclophanes having less guest-binding affinity. That is,

the entrapped guest molecules were released to the bulk phase by a treatment with dithiothreitol.
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Figure 1. Water-soluble cyclophanes (1 and 2) and
cyclophane-tethered Fmoc-lysine derivative
3. (Reprinted with permission from Chem.
Lett., 2011, 40, 137. © 2011, The Chemical
Society of Japan).



77 A =R L o THRIBL S NREN Y 707 7 Y EHOBE E 7 2 Miidng bk - 1) -89 -

TI/WH3 2=y b LTI®Fmoc FEx @M
W, Esicyrzuzy YEfizHR Lz 07y
Yyrma7 7 Y EREOFRFREICELIET TS
5.

2-2. W AT NVECED Y 70T 7 Y ERED
/E.‘EJE 10)

R L7z Fmoc #ETIEy 707 7 VEmikE B
BICART 52N TELY, ZTOTRRENZERIC
DY RFRENTH L EIEFVEEW. KX M2 RES
LCHRERIZE T 5720128, Yru7 7 48RO
BRI BRI OMBENLETH -T2, FESIE, R
frémEd ERLRIE, W AT VEY VL S
LIk o TlZEDOBR#E L BRI IE—B&ETcyrua7y
v 2~581K (C, Cy Cp C) ZRIHEMIZAMTE S
WM &ML L7 (Figure 2)0. $%bb, ¥ 2u77y
YOEANKUEE 6) POFEIND T/ O
T7 VDAY ITVNEHALZ A TR (7) % 1L

N\/\/\N’
:ﬁ B
TR,
H-Leu-NH N
PYBOP Z?/VA“\%

i) Piperidine, DCM

4 ii) 3, BOP, DMF
69% J/O N\q: \¢

i) Piperidine, DCM i) Piperidine, DCM
4 i) TFA, DCM i) TFA, DCM

77% 78%

EMELTHY, VY vRY I UYRTFREDT I/
VAL VHWET Y 2aT7 7 U 4E %%%ﬁ#
DEIRTHERT 52 K L7z BARMIZIE
kuvy(mw,ukuvy(uw,ukuv
WYYy (Lysy), VIVY LY YLDy
(Lys)? L ORISI2 k), FiBike by 7077
Y0 28ME, 3R, 4EME SEME B, 8,8, 8)
FNFNEK L7 (Scheme 2). BlX# 21
7 7 YISO TR TORER 2 FRE L TS 3 5K
w0y a7y 48K C, ~ C &7z (Scheme
). ZOEBRBIEY LT AERIE FOBO
DEENE S REALEY 7T 2 BMEICH W R EDO KIS
S XS TRIKEZ MR DI ENRNTEL7ZDOTH
b, ZOWEET AT VEEEHWIUL, X #HELRY ¥
VRTFFRBELOKET I/ EELOFTVRY
c—YRFrprorW LORBICE ST, 51T
RKipy a7y kOB THLEEZD
N5, —JF, Blo7 7ua—J & L C Hiisgen Kt &
LCHMSNDTNF v HELEKRT Y FILEWD [3+2]
FMBALEE " oFHIMHFLTBY, ¥ru77
VL BRROMEN L ERBEELE L THEHTHALZ LB
LML TWwS .

i " (n=2,8,4,5)

Figure 2. Peptide-based cyclophane C; and cyclophane
oligomers C,. (Reprinted with permission
from Bull. Chem. Soc. Jpn., 2012, 85, 715. ©
2012, The Chemical Society of Japan).

Scheme 1. Preparation of water-soluble cyclophanes 1
and 2. (Reprinted with permission from
Chem. Lett, 2011, 40, 134. © 2011, The
Chemical Society of Japan)
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Scheme 2. Preparation of petide-based cyclophane oligomers C, (Reprinted with permission from Bull. Chem. Soc.
Jpn., 2012, 85, 715. © 2012, The Chemical Society of Japan)
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Figure 3. Computer-generated CPK models for C,(a), Cs;(b), C4(c), and Cs(d).
(Reprinted with permission from Bull. Chem. Soc. Jpn. 2012, 85, 715. ©
2012, The Chemical Society of Japan).
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Figure 4. Fluorescence spectra of TNS(0.25uM)upon addition of C,(a), Cs(b),
Cy(c), and Cs(d)in an aqueous HEPES buffer (0.01M, pH74, 0.15 with
NaCl) at 298K. [C,]=0, 25, 5.0, 7.5, 10, 12,5, 15, 17.5, and 20uM. [C, (n=3,
4, 5)1=0, 05, 1.0, 1.5, 2.0, 25, 3.0, 35, and 40uM (Reprinted with
permission from Bull Chem. Soc. Jpn. 2012, 85, 715. © 2012, The

Chemical Society of Japan).
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Table 1. Binding Constants (K, M) and Free Energies
of Complexation (-AG) for Host-Guest
Complexes of Cyclophane Oligomers C,_ with
TNS and 2, 6-ANS in HEPES Buffer at 298K

K M!

o AGK ma) K/K(C)
TNS 2, 6-ANS TNS 2 6-ANS

C, 48x10°  25x10° 92 49
(32.4) (30.8)

C, 27x10°  19x10° 52 37
(31.1) (30.1)

C, 17x10°  67x10" 33 13
(30.0) (275)

C, 54x10*  30x10* 10 6
(27.0) (255)

C,  52x10°  51x10°
(212) (21.1)

“Excitation: 322nm (TNS); 318nm (2,6-ANS) .
(Reprinted with permission from Bull. Chem. Soc.
Jpn., 2012, 85, 715. © 2012, The Chemical Society of
Japan) .
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Figure 5. Correlation of free energies of complexation
(-AG) for host-TNS complexes with the
numbers of cyclophanes of C,. (Reprinted
with permission from Bull. Chem. Soc. Jpn.,
2012, 85, 715. © 2012, The Chemical Society
of Japan).
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Figure 6. SPR sensorgram obtained during and after
injection of C; (25uM) on immobilized
PMA  surfaces. Aqueous glycine-HCI
(I0mM, pH15) solution was used to
regenerate the surface. Folw rate; 20mL
min™! in HEPES buffer. Arrows represent an
injection of C, and glycine-HCI, respectively.
(Reprinted with permission from Bull.
Chem. Soc. Jpn. 2012, 85, 715. © 2012, The
Chemical Society of Japan).
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Figure 7. Overlay SPR sensorgrams of C; (a, 5.0 uM),
Cs (b, 33uM), C4 (c, 25uM), and Cs (d,
20uM) on an immobilized PMA surface.
Flow rate; 20uL min® in HEPES buffer.
Arrow represents an injection of each of the
hosts. (Reprinted with permission from Bull.
Chem. Soc. Jpn. 2012, 85, 715. © 2012, The
Chemical Society of Japan).

Table 2. Association and Dissociation Rate Constants
(k, and k;) and Binding Constants (X,) of
Cyclophane Oligomers C,, Cs, C4, and Cs with
Immobilized PMA on a Sensor Chip.

host b, /M1 s ky/s” K,/M"
(R /M'sh? (B, /s)*? (K'/M™)®
Cs 2.9x10" 32x107 9.1x10°
(5.8x10%) (6.4x10™) (1.8x10°%
C, 2.0x10* 36x10° 56x10°
(5.0x10% (9.0x10™) (1.4x10%
C, 1.2x10" 4.2x10° 3.0x10°
(4.0x10°) (1.4x10°%) (1.0x10°)
C, 8.1x10° 9.6x107 84x10°
(4.1x10%) (4.8x107%) (4.2x10%)

*The corresponding association and dissociation rate
constants per binding site (£, and %) and binding
constants per binding site (K') are given in
parenthese.

(Reprinted with permission from Bull. Chem. Soc.
Jpn., 2012, 85, 715. © 2012, The Chemical Society of
Japan).
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Figure 8. Water-soluble cyclophane dimer having a
disulfide linkage S, and cyclophane S
(trifluoroacentate salts). (Reprinted with
permission from Chem. Lett,, 2012. © 2012,
The Chemical Society of Japan).
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Figure 9. Fluorescence spectral changes for an aqueous solution of TNS (1.0uM)
upon addition of S;(a) and S;(b) in HEPES at 298K; [S;]=[S,1=0, 5, 10,
15, 20, 25, 30, 35, 40, 45, and 50uM (from bottom to top). Ex. 326nm.
Inset: the corresponding titration curves. In a fluorescence titration
experiment of S;, DTT (10mM) was added in order to prevent
oxidation of S;. (Reprinted with permission from Chem. Lett., 2012. ©
2012, The Chemical Society of Japan).
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Figure 10. Time course for changes of fluorescence
intensity originating TNS (1.0uM) in
HEPES buffer in the presence of S, (25uM)
upon addition of DTT (5.0mM) at 298K;
[TNS]=1.0uM.(Reprinted with permission
from Chem. Lett, 2012. © 2012, The
Chemical Society of Japan).
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