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The cooperative action of two boronic acids is indispensable to the selective binding of saccharides in aqueous
solution and the binding process can be spectrophotometrically monitored by using porphyrins as a chromophoric probe. It
is not so easy, however, to synthesize porphyrins that satisfy these prerequisites, i.e., porphyrins bearing two appropriately-
arranged boronic acid groups within a molecule. In this paper, we report that such a diboronic-acid-based porphyrin
receptor can be easily designed by utilizing the self-assembling nature of a Zn(X) porphyrin and an axial ligand: That is, a
mixture of boronic-acid-appended Zn(Il) porphyrin (1-Zn) and 3-pyridylboronic acid (2) self-organizes to create a novel
diboronic acid system for saccharide (S) recognition. Thus, the 1-Zn-2-S ternary complexes give the CD spectral pattern
inherent to saccharide absolute configuration. The present study is a new example for sugar sensing using a boronic acid-

porphyrin self-assembly system.

The specific interaction between phenylboronic acids and
saccharides or related compounds has been attracting in-
creasing attention as a novel force for sugar recognition
in an aqueous system.'™ Since one phenylboronic acid
reacts with two OH groups to form a cyclic boronate
ester, monosaccharides usually bearing five OH groups
tend to form 1:2 monosaccharide/phenylboronic acid
complexes."*'% However, the stability order of these com-
plexes is always the same, depending on the structure of the
monosaccharides.>~''? Fructose is one of such monosac-
charides with a high association constant, whereas glucose
is one of such monosaccharides with a low association con-
stant. In contrast, diboronic acids which can react with four
of five OH groups show the different stability order, de-
pending on the specific spatial position of two boronic acid
functions. This idea was first realized with 3,3'-methyl-
enediphenylboronic acid which showed the highest affinity
towards glucose.” The finding offers a potential working-hy-
pothesis that the desired monosaccharide may be selectively
bound by adjusting the spatial position of two boronic acids
complementary to the OH groups in the monosaccharide.?
It is not so easy, however, to design and synthesize such a
diboronic acid host complementary to a saccharide guest.
Here, it occurred to us that the self-assembling nature of
metalloporphyrins’®*—'> might be useful to solve this prob-
lem: When both the metalloporphyrin and the axial ligand
possess a boronic acid group, the complex should behave
like a diboronic acid derivative and the spatial position
could readily be adjusted by changing the structure of ei-
ther the metalloporphyrin or the ligand. With this idea in
mind we here tested a combination of 5-[3-(dihydroxybo-
ryl)phenyl]- 10, 15,20-triphenylporphyrinatozinc(Il) (1-Zn)

(Chart 1) and 3-pyridylboronic acid (used as its dimethyl ester
2 (Chart 2) : It was confirmed by 'HNMR spectroscopy that
the exchange with diols to yield stabler cyclic boronate esters
readily takes place in solution). We have found that the 1-
Zn-2 complex shows a novel stability order for monosaccha-
rides and gives CD (circular dichroism) spectra for the Soret
band inherent to the absolute configuration of monosaccha-
rides. 5,10,15,20-Tetraphenylporphyrinatozinc(Il) (ZnTPP)
was used as a reference compound for 1-Zn.
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Results and Discussion

Complex Formation between 1-Zn and 2. Firstly,
we determined the association constant between 1-Zn and 2
(Eg. 1) in dichloromethane at 25 °C. As shown in Fig. 1,
the Soret band (4. 419 nm) shifts to longer wavelength
region (Apax 429 nm) with increasing 2 concentration. A
tight isosbestic point appears at 424 nm. From the analysis
of a Asp9 vs. [2] plot by the Benesi—Hildebrand equation, one
can estimate the association constant for the 1: 1 complex to
be 4.7x10* dm® mol~!. This value is comparable with those
determined for ZnTPP and pyridine derivatives (10°—10°
dm® mol—!).1®

1-Zn + 2

M

To estimate the stability order of 1-Zn-2- saccharide (S)
ternary complexes toward saccharides, one has to set up
measurement conditions where the ternary complex exists
predominantly over other species such as 1-Zn-S, (1-Zn),-S,
2-S, (2),-S, etc. One can compute from the above association
constant that more than 90% of 1-Zn (1.00x 10> mol dm—3)
can be converted into the 1-Zn-2 complex in the presence
of 2.00x 1073 mol dm—3 of 2. To suppress the formation of
other species, we decided to use a solid(S)-liquid (dichloro-
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methane) extraction system. CD and 'H NMR spectroscopic
studies of the extracted dichloromethane solutions estab-
lished that 2 (ca. 102 mol dm~3) cannot extract any saccha-
rides by itself. On the other hand, 1-Zn could extract certain
(relatively lipophilic) saccharides by itself (probably form-
ing the (1-Zn),-S complex) at the concentrations higher than
3x 107> mol dm~3. We thus prepared a dichloromethane so-
lution (100 ml) containing [1-Zn]=7.4x10~% mol dm—* and
[2]=2.1x 10~ mol dm 3 and extracted solid saccharides (10
mg) at 25 °C with sonication for 10 min (we confirmed that
the extraction equilibrium is attained within 10 min). The
top clear part was subjected to the CD spectroscopic exam-
ination. Under these extraction conditions the CD spectra
should reflect only those of 1-Zn-2-S complexes.

CD Spectra of 1-Zn-2-Saccharide Ternary Complexes.
The molecular size of monosaccharides is about 3.0—4.0
A. When 1,2-diol and 4,6-diol in pyranosides are used as
boronic acid complexation sites,**'? the distance between
two boronic acids in the host should be favorably adjusted
to 3.5 A. When 2 coordinates to Zn(Il) in 1-Zn as an axial
ligand, the distances from the axial ligand boronic acid to o-
and m-positions in the 5-phenyl ring of 1-Zn are estimated
from CPK molecular models to be 2.0 and 3.5 A, respec-
tively. We thus chose 1 bearing the boronic acids group
at the m-position, expecting that the two boronic acids can
cooperatively act to bind monosaccharides.

When solid saccharides were extracted with free base 1
and 2 or with ZnTPP and 2, they were not solubilized into
the dichloromethane phase at all: Neither the saccharide
proton signal in 'H NMR spectroscopy nor the CD spectral
band was observed. In contrast, the combination of 1-Zn
and 2 extracted saccharides and gave the CD spectral pat-
tern inherent to their absolute configuration. This means that
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Fig. 1.
of the absorbance change with increasing 2 concentration.

Absorption spectra of 1-Zn (3.00x 10~7 mol dm~>) in the presence of 2 in CH,Cl, at 25 °C. Arrows indicate the direction
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it is indispensable for efficient saccharide extraction to in- %0
tramolecularly organize two boronic acids with the aid of the
Zn(Il)—-pyridine interaction. These results allow us to pro- 40
pose that saccharides are bound to the 1-Zn-2 complex by a
cooperative action of two boronic acids (as shown in Eq. 2). _ 30 %
Typical CD spectra are shown in Fig. 2 and the CD param- '_g
eters (Apaxand Gyps) obtained from the extraction system are 3 sl
summarized in Table 1. £
(o]
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Fig. 2. CD spectra obtained fram extraction of solid sac-
charides into the dichloromethane solution at 25 °C: [1-
Zn]=7.40x107% moldm™>, [2]=2.10x107> moldm™:
— D-fucose, - - - D-arabinose, — - — D-threitol.

@)

ity (Ex%) of saccharides per 1-Zn-2 from which one can

The CD parameters [Aqax (Gops)] in Table 1 are data ob- draw the true CD spectra for 100 %-complexed 1-Zn-2-S.
served for the mixture of uncomplexed 1-Zn-2 and com-  This purpose can be basically accomplished by estimating
plexed 1-Zn-2-S. We tried to determined the extractabil- the ratio of 1-Zn-2 vs. 1-Zn-2-S by "HNMR spectroscopy.

Table 1. Amax (nm), Bups (degem 2 dmol ™), and Ex% under the CD Concentration® and
Ex% and Oor (degcm™ dmol ™) under the NMR Concentration®

Saccharide(s) CD NMR
Amax (Bobs) Ex% (CD)®  Ex% (NMR)? Ororr®
D-Glucose 429.0 (4.73x 10%) 31 12 1.58x 10°
435.5 (—9.01 x 10" —2.87%x10°
p-Fructose 429.0 (9.74 x 10 37 33 3.90x 10°
435.5 (—1.49%x 10%) —4.02x10°
p-Fucose 429.0 (—1.64x 10°) 97 30 —1.83x10°
432.0 (4.31x10%) 4.46x10°
L-Fucose 429.0 (1.76 x 10%) 85 — —
432.0 (—3.78 x 10°)
D-Arabinose 429.0 (5.38x 10%) 55 10 1.69x10°
432.5 (—1.57x 10°) —2.84x10°
L-Arabinose 429.0 (—5.47 x 10% 56 — —
432.5 (1.60x 10%)
D-Xylose? 429.0 (—3.5x 10% 2 6 —4.4x10°
433.5 (1.6 x 10% 7.9%10°
D-Threitol 433.5 (—7.17x 10%) 18 10 —4.00x 10°
L-Threitol 431.0 (7.83 x 104 19 — —

a) 25 °C, [1-Zn]=7.40x107% moldm~3, [2]=2.10x10~3 moldm—3. b) 25 °C, [1-Zn]

=[2]=4.00x 103 mol dm 3.

¢) The Ex% (CD) is defined as the ratio of O,ps versus Gsorr. d) The

Ex% (NMR) was determined by the ratio of saccharide protons versus total (complexed and uncom-
plexed) porphyrin protons. ¢) The NMR spectral measurement solution was directly subjected to the
CD measurement and the G5 Was corrected for 100% complex by Ex% (NMR). f) As the CD bands
are considerably weak, the € values are not so precise as others. The Amax under the NMR conditions
appeared at 426 nm, which was different by 3 nm from the Amax (429 nm) under the CD conditions.
The difference implies that extraction of xylose by 1-Zn-2 is so difficult that alternate extraction species
(1-Zn);-S (more advantageous under the NMR conditions) increases the Ex% (NMR).
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OH OH OH

D-Fucose :R=H
D-Galactose :R = OH

D-Arabinose :R = H
D-Altolose : R = CH,OH

Chart 3.

D-Xylose : R=H
D-Glucose : R = CH,OH

However, a dilemma arises that we must use the high 1-
Zn concentration for the "THNMR measurement where un-
desired (1-Zn),-S may be partially formed. We considered
that undesired (1-Zn),-S, even if it is formed, could be con-
verted into desired 1-Zn-2-S in the presence of excess 2.
The CD spectroscopic study proved that this is the case: as
shown in Fig. 3, extraction of L-threitol with 1-Zn gives a
positive exciton coupling band which is assignable to the (1-
Zn),-L-threitol complex. When excess 2 was added to this
solution, the CD spectrum changed to a simple positive ICD
band which coincides with that obtained for 1-Zn-2-L-threi-
tol under the diluted extraction conditions (see Amax (Gobs)
in Table 1). Hence, we extracted saccharides with the high
1-Zn and 2 concentrations (4.0x 1073 moldm—3) and de-
termined the Ex% by 'HNMR spectroscopy. The typical
"HNMR spectrum is shown in Fig. 4. The integral intensity
ratio of 1-H in saccharides and S-protons of pyrroles in 1-
Zn is useful for this calculation.'” The solution was directly
subjected to the CD spectral measurement with a 0.1 mm
thickness cell and the G.or (Gops (NMR)/Ex%) for 100%-
complexed 1-Zn-2-S was estimated. By dividing 6,ps (CD)
by Beorr NMR), one can estimate the Ex% (CD) under the
diluted extraction conditions. The results are all summarized
in Table 1.

Itis seen from Table 1 that the Ex% defined as S/1-Zn-2 is

pyrrol B-protons of 1-Zn

_
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higher in the diluted CD conditions than in the concentrated
NMR conditions (except for xylose: see footnote f to Ta-
ble 1). In particular, fucose and arabinose which correspond,
respectively, to 6-deoxygalactose and 6-de(hydroxymethyl)-
altorose and therefore should be more lipophilic than glucose
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Fig. 3. HT voltages and CD spectra of 1-Zn (6.60x 107>
moldm™2 in 1.0 ml of dichlomethane at 25 °QC): - -- after
extraction of L-threitol (solid, 1.0 mg), — after addition of
2 (4.00x107% moldm™3).

350 40/
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Fig. 4. Pratial '"HNMR spectrum obtained after extraction of D-glucose (solid) to a CD,Cl, solution containing 1-Zn (4.00x 1073

mol dm~>) and 2 (4.00x 10~% mol dm?): 400 MHz, 25 °C.
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Table 2. Classification of Saccharides from the CD Sign

Positive exciton-coupling Negative exciton-coupling ICD
CHs HO
HO 0, o :\OH
OH OH OH OH HO ANNOH
HO N
o o HO
D-Fucose D-Glucose D-Threitol
HO (0] HO o OH
| CH0H,0H OH
OH OH
K HO
HO OH HO
L-Arabinose D-Fructose

L-Threitol

O,
HO

OH

L-Fucose

[¢]
HO /"~ OH
HO

OH

D-Arabinose

and fructose, show the high Ex% values (Chart 3). However,
xylose, which corresponds to 6-de(hydroxymethyl)glucose
and therefore should be relatively lipophilic, is extracted only
to a smaller extent. The difference is reasonably explained
by the difference in the absolute configuration. In fucose and
arabinose, the 3,4-diol possesses the cis configuration and the
1,2-diol can adopt the cis configuration in their one anomeric
form : Hence, both diols are favorably preorganized for the
boronate ester formation. In xylose, on the other hand, the
1,2-diol can adopt the cis configuration, but the 3,4-diol pos-
sesses the trans configuration. Thus, fucose and arabinose
which can bind two boronic acids through two cis-diols are
more advantageous than xylose for the formation of the 1-
Zn-2-S ternary complex.

Glucose, which is known to frequently form cyclic com-
plexes with diboronic acid compounds,*'? results in the
relatively low Ex% and small 8, in the present system.
Examination of CPK molecular models reveals that when
two boronic acids in the 1-Zn-2 complex are intramolecu-
larly bridged by glucose, the 5-phenyl ring in 1-Zn and the
pyridine ring in 2 are forced to become parallel to each other
and a serious steric hindrance appears between o-H in the 5-
phenyl ring and bound glucose. Because of this steric prob-
lem, the 1-Zn-2 complex cannot create a diboronic-acid cleft
favorable to the glucose binding. We previously reported

OGN
B\OH N
N HO_
| O B
OH
3
Chart 4.

that compound 3 strongly binds glucose in its pyranose form
(Chart 4).'® The '"HNMR study showed that 3-OH (which
is not used for complexation) of bound glucose exists in the
proximity of the anthracene plane.’® Provided that 1-Zn-2
also adopts the similar binding mode for glucose, the space
surrounded by the 5-phenyl ring and bound glucose will be-
come even more crowded. This is another reason why the
Ex% for glucose is very low. _

Here, we discuss the origin of the CD activity in the present
ternary complexes. We can raise several possible explana-
tions: (i) ICD spectra are induced by complexation with
chiral saccharides, (ii) the boronic-acid-appended 5-phenyl

4-Zn-glucose-6-phosphate complex !
Chart 5.

20)

5-Zn-a-amino acid complex
Chart 6.
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ring is chirally immobilized by saccharides to afford a sort of
chiral atropisomer, (iii) the porphyrin plane is deformed in
a chiral manner (ruffling of the porphyrin plane'®) and (iv)
exciton coupling between the porphyrin dipole moment and
the pyridine dipole moment. Possibility (i) is incompatible
with the fact that most saccharides bound to 1-Zn-2 give an
exciton-coupling band. We previously studied the saccha-
ride sensing with an o-boronic acid isomer of 1-Zn (4-Zn)
in aqueous solution.' It was shown that unless saccharides
have some additional group for the interaction with Zn(Il),
the saccharide complexes do not show any CD activity.'
Similarly, 1-Zn in aqueous solution did not show the CD ac-
tivity upon addition of saccharides used herein. The results
mean that the chiral rotation and immobilization of the 5-
phenyl ring (i.e., possibility (ii)) is not the origin of the CD
activity. Possibility (iii) is also unlikely, because a macro-
cyclic ring created in the 1-Zn-2-S is not so rigid as to deform
the porphyrin plane: The steric hindrance is easily relaxed
by the rotation of the axial ligand pyridine. Therefore, it
is most reasonable to attribute the CD activity to possibility
(iv). The finding that the 4-Zn-glucose-6-phosphate complex
(Chart 5) and the 5-Zn. ¢-amino acid complex (see below for
the structure of 5-Zn) (Chart 6) give the clear exciton-cou-
pling band because of the interaction between the porphyrin
dipole moment and P=0 or C=0 dipole moment'**” is also
compatible with this proposal.

Saccharides in Table 1 can be classified into three cate-
gories: (i) D-fucose and L-arabinose which show the positive
exciton-coupling band, (i1) D-glucose, D-fructose, L-fucose,
and D-arabinose which show the negative exciton-coupling
band, and (iii) D- and L-threitol which show the simple ICD
band (Table 2). It is known that when 4-OH and 6-OH in
the pyranose form a six-membered ring with a boronic acid,

the direction of the C~O-B—O—C plane is controlled by the .

configuration of 4-OH.%7%!® Careful examination of Table 1,
taking this concept into consideration, reveals that category
(1) includes such saccharides that can form a downward five-
membered ring with 1,2-cis-diol and an upward six-mem-
bered ring with 4,6-trans-diol. As a result, these saccharides
provide a = -shaped architecture upon complexation with
two boronic acids. One can consider that immobilization
of the 5-[3-(dihydroxyboryl)phenyl] group and the pyridyl-
boronic acid with this “lock” is the origin of the positive exci-
ton-coupling band. Category (ii) (except D-glucose) includes
such saccharides that can form the first upward ring and the
second downward ring. Therefore, these saccharides pro-
vide a r? -shaped architecture upon complexation with two
boronic acids. As expected, their CD sign (negative exciton-
coupling band) is symmetrical to that of category (i). Accord-
ing to this classification, D-glucose forms the first downward
ring and the second downward ring. This down—down con-
figuration is advantageous to the formation of intramolecular
complexes with diboronic acid compounds."® In the present
system, however, the bridging by D-glucose is hampered by
the steric crowding with the 5-phenyl group. We consider,
therefore, that this steric problem brings forth an exceptional
CD sign (i.e., negative exciton-coupling) for D-glucose. In
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category (iil), threitol is a relatively flexible molecule and
cannot make the pyridine plane so rigid as to give the dis-
tinct exciton-coupling band. As a result, a simple ICD band
is observed.

These results consistently support the view that the CD
sign in 1-Zn-2-S complexes appears in correlation with the
absolute configuration of saccharides acting as a “lock”.

Conclusions. Through the past studies on exploita-
tion of boronic-acid-based saccharide sensing systems, it has
been established that the cooperative action of intramolec-
ularly-situated two boronic acids is indispensable to real-
ize the high affinity and high selectivity towards specific
saccharides.!*~' In general, however, the synthesis of such
diboronic acid compounds is not so easy. On the other
hand, the present study demonstrates that the self-assem-
bly of monoboronic acids can act as a diboronic acid mimic,
also exhibiting the high affinity and selectivity which reflect
the absolute configuration of saccharides. From the syn-
thetic viewpoint, monoboronic acids are much easier than di-
boronic acids. Furthermore, the “fine-tuning” of the boronic
acid-boronic acid distance is possible by simply changing the
connection method of each assembly unit. This is exactly the
main advantageous point of self-assembled systems which
is difficult to attain in monomeric host systems. Further ex-
tension to polymeric self-assembled boronic acid systems is
currently continued to create more elaborated sugar sensing
systems.

Experimental

Materials. 3- Pyridylboronic acid dimethyl ester (2)
was synthesized from diethyl-3-pyridylborane according to the
literature:>Ymp>300 °C, yield 19% (lit,”" mp>300 °C, 25%).

5-[3-(5,5-Dimethyl-1,3,2-dioxaborinane-2-yl)phenyl]-10,15,
20-triphenylporphyrin (6).  2-(3-Formylphenyl)-1,3,2-dioxa-
borinane (3.8 g, 20 mmol), benzaldehyde (3.0 ml, 30 mmol), and
pyrrole (3.5 ml, 50 mmol) were dissolved in propionic acid (200
ml) and the solution was refluxed for 3 h. After cooling, the so-
lution was concentrated in vacuo to 10 ml and poured into 150 ml
of hexane. The precipitate thus formed was recovered by filtration.
The product was purified by column chromatography (silica gel,
chloroform : hexane=10:1 v/v). However, the purple band was
so broadened in the column that the desired product could not be
isolated. We considered that the band broadening is due to the
decomposition of the protecting group (1,3-propanediol). We thus
added 2,2-dimethyl-1,3-propanediol (1.0 g/100 ml) to eluent so-
lution. As expected the band broadening could be suppressed by
this method and 1 was isolated as the 2,2-dimethyl-1,3-propane-
diol-protected title compound 6: mp>300 °C, yield 1%; 'H NMR
(CDCl3; 25 °C) dy=-2.76 (2H, s, NH of pyrrole), 1.07 (6H, s,
Me), 3.80 (4H, s, CH,), 7.77 and 8.23 (19H, ArH), 8.84 (8H, s, CH
of pyrrole).

5-[3-(Dihydroxyboryl)phenyl]-10,15,20-triphenylporphyrin
(1). Deprotection of 1,3-propanediol derivatives from the boronic
acid group is usually accomplished by the treatment with acid
(e.g., triflucroacetic acid). In the present system, however, the
2,2-dimethyl-1,3-propanediol group is too stable to remove by the
conventional method. We thus developed a new method using
N-methylbis(2-hydroxyethyl)amine which forms strong complexes
with boronic acids but is readily removed by the acid treatment.””
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Compound 6 (5.0 mg, 6.9 pmol) was stirred with N-methylbis(2-
hydroxyethyl)amine (0.16 ml, 1.4 mmol) in a mixed solvent of THF
(200 ml) and buffered water (40 ml, pH 10.5 with 50 mmol dm™3
carbonate). ‘After 8 h, 1 moldm™> HCI aqueous solution (20 ml)
was added. The organic layer was separated, washed with 5%
Na,COs3 aqueous solution (100 ml) saturated with sodium borate
and dried over Na;SO4. The concentration of the solution under re-
duced pressure gave 1 as purple powder: mp>300 °C, yield 66%;
'"HNMR (CDCls; 25 °C) du=—2.78 (2H, s, NH of pyrrol), 7.74
and 8.20 (19H, ArH), 8.80 (8H, s, CH of pyrrol).

5-(3-Dihydroxyborylphenyl)-10,15,20-triphenylporphyrina-
tozinc(I) (1-Zn). Compound 1 (0.11 g, 0.17 mmol) in chlo-
roform (20 ml) and (CH3COOQ), Zn-2H,O (1.83 g, 8.4 mmol) in
methanol (15 ml) were mixed and the resultant solution was stirred
at room temperature for 30 min. The solution was concentrated to
dryness and the residual solid was subjected to the preparative TLC
separation (silica gel, chloroform : ethylacetate=5 : 1 v/v): mp>300
°C, yield 81%; "HNMR (CDCls; 25 °C) 8u=7.75 and 8.28 (19H,
ArH), 8.79 (8H, s, CH of pyrrol). Found: C, 72.19; H, 4.59; N,
7.07%. Calcd for Ca4sHoBN4O,Zn-0.5CH3 COOC,Hs: C, 72.13;
H,4.34;N, 7.31%.

Typical Proceadure of Liquid-Solid Extraction. A dichloro-
methane solution (98.36 ml) of 2 (2.13x 10~* mol dm ™) was added
to adichloromethane solution (1.64 ml) containing 1-Zn (7.4 x 1079
mol dm™?). To the resulting solution of the 1-Zn-2 complex well-
powdered solid saccharides (10 mg, large excess) were added at 25
°C with sonication (Mitamura Riken Kogyo CA-40) for 10 min (we
confirmed that the extraction equilibrium has been attained within
10 min). The top clear part was subjected to the CD spectroscopic
examination. Under these extraction conditions the CD spectra
should reflect only those of 1-Zn-2-S complexes.

Miscellaneous.  Spectroscopic data were obtained by means of
aBrucker 250 MHz FT-NMR (AC-250P) and a JEOL 400 MHz FT-
NMR (GSX-400) for "H NMR spectroscopy using tetramethylsilane
as a reference. The absorption spectroscopy and circular dichroism
were measured by a Shimadzu UV-visible spectrophotometer (U-
3000) and a JASCO spectropolarimeter (J-720), respectively.
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