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A Strong Positive Allosteric Effect in the
Molecular Recognition of Dicarboxylic Acids
by a Cerium(@Vv) Bis[tetrakis(4-pyridyl)-
porphyrinate] Double Decker**

Masayuki Takeuchi, Tomoyuki Imada, and
Seiji Shinkai*

Positive and negative allosteric effects are ubiquitous in
nature where biological events must be efficiently regulated in
response to chemical or physical signals from the outside
world. Typical examples!'# are the cooperative binding of
dioxygen to hemoglobin,[!! the hexamerization of the arginine
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repressor,?l and a cooperative effect that depends on the
concentration of arachidonate-containing phospholipids in
cytosolic phospholipase A,.*l The biomimetic design of such
allosteric systems is of great significance for regulating the
complexation properties or catalytic activity of artificial
receptors by means of allosteric effects.’] Furthermore, the
methodology is very useful for amplifying weak chemical or
physical signals and converting them into forms that can be
more conveniently measured. Several allosteric systems have
been reproduced.’7 To the best of our knowledge, however,
there is only one precedent for a positive allosteric effect with
a large Hill coeffi-
cient n which in-
volves cooperative
binding of saccha-
rides to a cyclic tet-
rameric resorcinol
derivative (n=4).[

We  previously
synthesized a por-
phyrinatoiron(i11) complex bearing four boronic acid groups
(1).7 The p-oxo dimer 2 is formed from 1 at alkaline pH
values and shows extraordinarily high affinity and selectivity
for glucose and galactose. However, only one pair of boronic
acid groups is used to form 1:1 complexes with saccharides,
and the remaining three pairs of boronic acids do not bind
saccharides.[”? The strong negative allosterism was attributed
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to an inclination of the two porphyrin planes, which was
induced by the binding of the first saccharide guest. Hence, if
the first guest could suppress the rotation of the two porphyrin
planes and maintain their parallel arrangement, the second
guest should be bound more efficiently, and the system should
exhibit positive allosterism.

To construct such a porphyrin-based positively allosteric
system, we chose a cerium(1v) bis(porphyrinate) double
decker,®°l namely, the tetrakis(4-pyridyl)porphyrin deriva-
tive 3a.% 1 This molecule satisfies our requirements: First,
slow rotation of the two porphyrin planes with respect to one
another should be possible at room temperature, in analogy to
similar cerium(1v) bis(diarylporphyrin) and bis(tetraarylpor-
phyrin) complexes studied by Aida et al.;* '% second, tilting
of the two porphyrin planes is more difficult than in 2; and
third, the four pairs of 4-pyridyl groups are available as
hydrogen-bond acceptor sites for diols, hydroxycarboxylic
acids, and dicarboxylic acids. Compound 3b, which has only
one pair of pyridyl groups, was used as a reference. Compound
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3a has a sharp positive allosteric effect with n =4 and shows
high selectivity for the enantiomers of BOC-aspartic acid (4;
BOC = tert-butoxycarbonyl) and of 1,2-cyclohexanedicarbox-
ylic acid (5).

Compounds 3a and 3b were synthesized from 5,10,15,20-
tetrapyridylporphyrint*l and 5,10,15-triphenyl-20-pyridylpor-
phyrin,'!l respectively, according to the method reported by
Buchler and Nawra.®? The products were identified by 'H
NMR spectroscopy, mass spectrometry, and elemental anal-
yses (see Experimental Section). The 'H NMR spectra were
recorded in dichloromethane/ethyl acetate (30/1) at 25°C. As
chiral guest molecules, we chose five a-amino acid deriva-
tives,'?l L-tartaric acid, dimethyl L-tartrate, and 5.

First, circular dichroism (CD) spectra of 3a and 3b were
recorded in the presence of each of the eight guest molecules.
As shown in Figure 1, exciton-coupling CD bands were clearly
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Figure 1. CD spectra of 3a (0.1 mm) in the presence of 4 (10 mm) at 25°C
in dichloromethane/ethyl acetate (30/1). Similar CD spectra were obtained
in the presence of the enantiomers of 5. The circular dichroism of (1R,2R)-5
has the same sign as that of that of L-4. [#] =molar ellipticity.

observed for 3a in the presence of 4 or 5. Compound 3a was
CD-inactive in the presence of the other six guest molecules.
Compound 3b was CD-inactive in the presence of all guest
molecules. Therefore, the strong CD bands in Figure 1 can be
observed for a only a portion of the host — guest combinations.
In Figure 2, [0]..x at 310 nm is plotted against the guest
concentration. The sigmoidal curvature indicates that the
binding of the guest to 3a is “self-accelerating”. This
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cooperative guest binding can be analyzed with the Hill
equation™ [Eq. (1)] where [G] is the concentration of the

lg(y/(1 —y)) =nlg[G] +1gK 1)

guest, K the association constant, and » the Hill coefficient,
and y = K/([G]™ + K). From the slope and the intercept of the
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Figure 2. Plots of [0],.x at 310 nm for 3a versus the concentration of the
guest compound [G] (measurement conditions as in Figure 1).

linear plots we obtained K =2.63 x 10! (moldm~)~* and n=
3.9 for L-4 (correlation coefficient 0.988), and K=2.75 x
10° (moldm—)~* and n=4.0 for (1R,2R)-5 (correlation coef-
ficient 0.995). The 1:4 composition of the CD-active com-
plexes was further corroborated by a Job diagram.l'] As
shown in Figure 3, a plot of [6].. at 310 nm against
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Figure 3. Job diagram. The sum [3a] + [L-4] was kept constant (1 mm).

[3a)/([3a] + [L-4]) has a maximum at 0.2. This supports the
view that the complex consists of one 3a host and four L-4
guests. These findings consistently indicate that four pairs of
pyridyl groups in 3a cooperatively bind these chiral guest
molecules and that the two porphyrin planes are immobilized
in a chiral conformation to give the CD-active complexes.
Hence, this is a rare example of an artificial system with a
strong positive allosteric effect and n=4.

At this point, two important questions come to mind: First,
why can 3a bind dicarboxylic acids, whereas 3b cannot?
Second, why do only 4 and 5§ form CD-active complexes with
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3a? To clarify the first question, we recorded the 'H NMR
spectra [25°C, CD,Cl,/CD;CO,C,Ds (30/1)] of L-4 in the
presence of 3a (1.00mwm). The resonances of the NH, a-CH,
and 3-CH, protons of L-4 were shifted to lower field (from
0=5.59 to 5.70 for NH, from 6 =4.56 to 4.62 for a-CH, and
from 6 =2.95 to 3.06 for 5-CH,; [L-4] = 1.00mM) owing to the
anisotropic effect of the porphyrin rings of 3a, and the plots of
A6 versus [L-4] showed sigmoidal curvature. In contrast, 3b
does not induce such a downfield shift for these protons of L-
4. The difference reveals the mechanism that is responsible for
the positive allosteric effect in this system. Although host 3b
has a pair of pyridyl groups and could therefore potentially
bind 4 or 5 by hydrogen bonding, the unchanged chemical
shifts in the "TH NMR spectrum suggest that this site exhibits at
most a very weak interaction with dicarboxylic acids. In other
words, the first association constant K; for binding the first
guest is very small for 3b. Conceivably, the gain in Gibbs free
energy from the pyridine/carboxylic acid interaction is over-
compensated by the loss of Gibbs free energy associated with
suppression of the rotation of the porphyrin rings. This is also
the case in 3a for the binding of the first guest. In 3a, however,
once the rotation of the porphyrin rings has been suppressed
by the first guest, successive binding of the second, third, and
fourth guests can occur without such a loss of Gibbs free
energy. Thus, as the number of the bound guests increases,
rotation of the porphyrin rings becomes more strongly
suppressed, and guest binding becomes increasingly favorable
(Figure 4). This type of guest binding is possible only in the 1:4
complex.

According to the X-ray crystallographic studies of the
cerium(1v) bis(porphyrinate) double decker, the distance
between the two porphyrin planes is about 3.4 A.1B This

rotation

o{ : '\¢0
OH OH

low association
constant

CD-inactive

B — S
—_—

accelerated
association

CD-active

Figure 4. Schematic representation of the cooperative binding of 4 or 5 to 3a.
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distance is comparable with that between two the carboxylic
acid groups in 4 and 5, which are separated by a C, spacer, and
they can therefore quadruply bridge two porphyrin rings with
eight hydrogen bonds. In these complexes, the two porphyrin
rings are twisted in the right-or left-handed direction, depend-
ing on the configuration of the guest, but the distance between
two porphyrin planes should not be changed by cooperative
guest binding. The enantiomers of BOC-glutamic acid, which
have a C; spacer, cannot satisfy these requirements and
therefore do not result in CD-active species. It is surprising
that a difference of one methylene unit can be recognized in
an all-or-nothing manner. This is due to multiplication of the
small difference by the allosteric binding process. On the
other hand, L-tartaric acid, which has a C, spacer, satisfies the
basic structural requirement as a guest molecule. When a
solution of 3a in dichloromethane and an solution of L-
tartaric acid in ethyl acetate were mixed, a colored precipitate
formed immediately. The elemental analysis of this precip-
itate established that it consists of one 3a host and four L-
tartaric acid guests.'’) These results answer our second
question regarding host — guest selectivity.

In conclusion, we have demonstrated that the cerium(v)
bis[tetrakis(4-pyridyl)porphyrinate] double decker shows a
high positive allosteric effect with a Hill coefficient of 4. Such
strong allosteric effects are very rare in artificial systems.[®]
The origin of the cooperative guest binding is attributable to
the successive suppression of the rotation of the porphyrin
rings without deformation of the basic structure of the cerium
double decker.'”l Thus, the present system should be readily
applicable to the regulation of association processes and
catalytic activity: For example, 3a is useful for the efficient
release or capture of 4 and 5 in solution, and the catalytic
activity of porphyrins can be
regulated by means of 4 or 5.

Experimental Section

3a: This compound was synthesized from
5,10,15,20-tetrapyridylporphyrin accord-
ing to the method of Buchler and Na-
wra.® 'H NMR (250 MHz, CD,Cl,,
27°C, TMS): 0=06.35 (brs, 8H, ArH),
8.34 (brs, 16H, pyrrole 5-H), 8.60 (brs,
8H, ArH), 945 (m, 16H, ArH); MS
(positive  SI-MS):  m/z caled for
CgHysN(Ce: 1372 [M*]; found: 1372;
elemental analysis caled for CgyH, 3N Ce:
C 69.96, H 3.51, N 16.32; found: C 69.92,
H 3.23, N 16.06.

3b: To a solution of 5,10,15-triphenyl-20-
(4-pyridyl)porphyrin (128 mg, 0.2 mmol)
in 1,2,4-trichlorobenzene (TCB, 60 mL,
distilled) was added rBuLi (1.6M in n-
hexane, 1.5 mL, excess). The color of the
solution changed from purple to green.
The solution was stirred under N, for
30min at room temperature, [Ce(a-
cac);]-H,O (270 mg, 0.6 mmol) added,
and the mixture heated to reflux under
N, for 5 h. After removal of TCB under
reduced pressure, the crude product was
dissolved in CH,Cl, and purified by
chromatography on a silica gel column
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with CH,Cl,/MeOH (95/5). Evaporation of the third fraction yielded 15 mg
(11%) of 3b as a brown-violet powder. '"H NMR (250 MHz, CD,Cl,, 27°C,
TMS): 6 =6.35 (m, 8H, ArH), 8.34 (brs, 16H, pyrrole 5-H), 8.60 (m, 8H,
ArH), 945 (m, 22H, ArH); MS (positive SI-MS): m/z caled for
CyeHsyNoCe: 1368 [M*]; found: 1368; elemental analysis calcd for
CgoHysNsCe: C 75.53, H 3.98, N 10.24; found: C 74.92, H 3.70, N 10.06;
UV/Vis (CH,CL): A, (Ig¢) =398 nm (5.22), 543 nm (4.20), 650 nm (3.57),
722 nm(3.48).

CD spectroscopy: A stock solution of dicarboxylic acid in ethyl acetate was
added to a 0.l mm solution of 3a or 3b in dichloromethane. The
dichloromethane/ethyl acetate ratio of the sample was adjusted to 30/1.
The CD spectra were recorded from 250 nm to 500 nm for different
concentrations of guest molecules at 25°C.

Instruments: Shimadzu UV-160A (absorption spectra), JASCO J-720W1
(CD spectra), and JEOL 400 MHz FT-NMR (GSX-400) ('"H NMR

spectra). .
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Unexpected cis-Selective 1,4-Addition
Reaction of Lower Order Cyanocuprates to
Optically Active 5-(tert-Butyldimethylsiloxy)-
2-cyclohexenone**

Georges Hareau-Vittini, Shinichi Hikichi, and
Fumie Sato*

We have recently reported an efficient and practical
synthesis of the 5-(tert-butyldimethylsiloxy)-2-cyclohexenone
(1; 98.3% ee) as a convenient chiral 2,5-cyclohexadienone
synthon.'?l The enone 1, as expected, undergoes highly
selective anti-1,4-additions with organocopper reagents such
as [R,CuLi] or [R,Cu(CN)Li,] to yield trans-2 as the major
products. These can be easily converted into the optically
active 5-substituted-2-cyclohexenone 3 upon treatment with
DBU or toluenesulfonic acid (Scheme 1).[1

0 o]
~ O QO

850" R R
o)

trans-2 (S)-3
[o)e = +49.6 "
(¢ =0.5in CHCly)

TBSO™ (

98.3% ee O

L. a4
TB8SO R R
cis-2 (R)-3
[0]2= ~49.6 (¢ =1.0in CHCy)
(ref.[5]: [a)]o =-51.2)

Scheme 1. Preparation of both enantiomers of 3 starting from (S)-1. a)
[nBu,Cu(CN)Li,], 92%, 98 % dr; b) DBU (3 equiv), DMF, 20°C, 5 h, 93%;
¢) [nBuCu(CN)Li], 91%, 99% dr; b) DBU (5 equiv), DMF 100°C, 1 h,
74%. DBU =1,8-diazabicyclo[5.4.0Jundec-7-ene, TBS = tert-butyldime-
thylsilyl.
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