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Computer-Guided Design in Molecular
Recognition: Design and Synthesis of a
Glucopyranose Receptor**

Wei Yang, Huan He, and Dale G. Drueckhammer*

The design of compounds which are capable of specific
recognition of molecules and ions is a long-standing challenge
in organic chemistry. In addition to its fundamental interest,
this work is of increasing practical value in the development of
chemosensors for compounds of biological and environmental
importancell and is a key element of biomimetic catalysis.[
The specific binding of one compound from a complex
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mixture generally requires the interaction of multiple func-
tional groups of the receptor with complementary function-
ality of the guest compound. ¥ Good affinity and selectivity
requires the precise placement of the recognition elements of
the receptor in the proper position and orientation for optimal
complementarity to the guest. Nature uses proteins (enzymes,
antibodies, and other protein-based receptors) as a basis for
specific receptors. Efforts to achieve specificity and affinity in
smaller synthetic molecules has relied primarily on intuition
for the identification of molecular scaffolds that would permit
proper orientation of the functionality for molecular recog-
nition. We envisioned that the computer program CAVEAT,
developed by Bartlett and co-workers and previously utilized
for the design of enzyme inhibitors and conformationally
constrained peptides, could serve as a valuable tool for the
discovery of molecular backbones for the orientation of
functional groups for molecular recognition.> Described
here is the demonstration of a CAVEAT-based design
approach in the development of a glucopyranose receptor
incorporating precisely positioned arylboronic acid groups as
recognition elements.

Arylboronic acids have long been known to form stable
complexes with sugars and other diols in aqueous solution.[”]
Numerous arylboronic acids have been prepared and studied
as sugar receptors, and those incorporating fluorescent aryl
groups have been explored as fluorescence-based sugar
sensors.’131 Of particular interest are glucose sensors for
potential application in the maintenance of blood glucose
levels in persons with diabetes.l'> '] However, the simple
arylboronic acids form stable complexes with a variety of
sugars and thus are not useful as specific receptors or sensors
for a single sugar. Compounds have been prepared that
contain a pair of arylboronic acid groups in somewhat flexible
structures which form two cyclic boronates with a single sugar
molecule.["'-'4 These bis-boronic acids, while not designed for
complexation with a specific sugar, have demonstrated some-
what enhanced, though still modest, selectivity. A glucopyr-
anose receptor 1 containing a pair of precisely positioned
phenylboronic acid groups was chosen as an initial target for
receptor design using CAVEAT (Scheme 1). The large oval
structure in 1 represents a polycyclic organic framework to be
identified using CAVEAT. Since glucopyranose 2 can form
cyclic boronates between the o«-12 and 4,6-hydroxy
groups,['* 181 the receptor was designed to incorporate aryl-
boronic acid groups in the proper relative position to form a

HO
HO o)
Ho&ﬁ

HO
,MOoH
B(OH), _2H0"

B(OH),

1

Scheme 1. Complex formation between glucose and a bis-arylboronic acid.
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complex represented by structure 3. This is in contrast to the
simple arylboronic acids and the bis-arylboronic acids which
form complexes in aqueous solution with the a-furanose form
of glucose.['* 1

The design approach for the receptor 1 is illustrated in
Scheme 2. Initially a conformational search of the bis-p-
tolylboronate derivative of glucose, namely 4, was performed

HO, O

tae} (0]
computer

AR
Q C_)\B,O modeling /
oH —————
CH3 /

CHs vector pair
4

CAVEAT

Scheme 2. Computer-based design of a glucopyranose receptor.

using AM1-SM2, a semiemperical method incorporating an
aqueous solvation model.'” This search was followed by
geometry optimization using HF//6-31G* to predict the lowest
energy conformation of 4. The resulting computer-generated
structure was used to define a pair of vectors corresponding to
the methyl - aryl bonds (in bold) of 4. The program CAVEAT
was then used to identify polycyclic organic structures having
substituent bonds to the polycyclic framework matching the
vector pair. TRIAD, a computer-generated collection of
4 x 10° tricylic hydrocarbons, was used as the database for
the search.Pl This search identified about 300 structures
having substituent bonds closely matching the vector pair
defined by the computer-generated model of 4. After
elimination of most of the structures because of the presence
of several chiral centers and/or highly strained and unusual
ring systems, compound 5 was chosen as the lead structure,
primarily because of its apparent ease of synthesis. The C—H
bonds of § in bold correspond to the vectors defined by 4.
Simple replacement of these hydrogen atoms with phenyl-
boronic acid groups leads to the prospective glucose receptor
6. The structure was further modified to arrive at the structure
7. One significant modification in arriving at structure 7 from
6 is the replacement of the fulvene ring with the more stable

Angew. Chem. Int. Ed. 2001, 40, No. 9
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and synthetically accessible but isosteric furan ring. The other
major modification is the introduction of a bridging oxygen
atom to avoid the out of plane twisting caused by the
interaction of the two hydrogen atoms for which the oxygen
was substituted. More minor changes are the introduction of a
hydroxymethylene group on the furan ring for increasing
water solubility and for possible derivatization for further
solubility enhancement, and the introduction of a methyl
group on the pyran ring, a substitution which was dictated by
the availability of the commercially available starting material
9 (see Scheme 3) bearing this extra methyl group. Geometry
optimization of 7 using HF//6-31G* showed that its lowest
energy conformation matched very well with the bis-phenyl-
boronate glucose complex 4. Likewise, geometry optimization
of the glucose complex 8 by the same method indicated almost
no change in the conformation of the receptor 7 and no
accompanying increase in strain upon glucose binding. The
superimposed structures of 7 and 8 (Figure 1) give a root
mean square deviation (RMSD) of 0.279 A for common
atoms. On the basis of these positive results, the synthesis of
the designed glucose receptor 7 was undertaken.

.

Figure 1. Superposition of the energy-minimized structures of the glucose
receptor 7 and the glucose complex 8.

The right side of 7 was derived from compound 10, which
was prepared as shown in Scheme 3. Commercially available
7-hydroxy-4-methylcoumarin (9) was converted into the
triflate derivative followed by reaction with paraformalde-
hyde and HCI to introduce the chloromethylene group at C3
and give 10.2% 21 The synthesis of 7 is shown in Scheme 4.

0.0 OH 1. triflic anhydride Oy O oTf
| pyridine m
X — - Cl X
2. (CH0),, HCI,
CHg ZnCl, CHs

9 10

Scheme 3. Synthesis of the right side of the glucopyranose receptor. Tf=
trifluoromethanesulfonyl.
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LiAIH, 2. Hy0"

Scheme 4. Synthesis of the glucopyranose receptor 7. LDA =lithium
diisopropylamide; TBS = fert-butyldimethylsilyl; Tos = toluene-4-sulfonyl;
Ac=acetyl; dppf=1,1"-bis(diphenylphosphanyl)ferrocene; DMSO = di-
methyl sulfoxide.

Reaction of p-iodobenzoyl chloride (11) with 2,4-pentane-
dione (12) and samarium iodide gave the diketone 13.12
Formation of the dienolate of 13 followed by reaction with
the bromide 14, which was prepared in two steps from
2-butyn-1,4-diol,? gave 15. Conversion of 15 into the diazo
compound by reaction with tosyl azide followed by a
rhodium-catalyzed cyclization gave 16.%*! Deprotonation of
16 adjacent to the carbonyl group followed by alkylation of
the resulting enolate with 10 resulted in the formation of 17.
Reaction of 17 with the diboron diester 18 using a palladium
catalyst gave the protected bis-boronic acid 19.2%21 An
intramolecular McMurry reaction between the ketone and
lactone carbonyl groups produced 20.%" %1 Deprotection of
the boronic acids and the primary alcohol gave the glucose
receptor 7 in racemic form.?’]

1716 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

The formation of a complex with glucose was initially
analyzed by 'H NMR spectroscopy and mass spectrometry.
The receptor 7 was combined with 1.8 equivalents of NaOD
and 0.5 equivalents of D-glucose in CD;OD. Only 0.5 equiv-
alents of glucose were used in an effort to observe complex
formation with only the preferred enantiomer of 7 and thus
avoid the spectral complexity of diasteromeric complexes.
The resulting sample was used for both mass spectral and
'H NMR analysis. The electrospray ionization (ESI) mass
spectrum showed large peaks at m/z 301.12 for the dianionic
tetradeuterated complex 8 (C;;H,,B,0;;D4, M,=602) and at
m/z 603.25 for the corresponding protonated monoanion.
Smaller peaks were observed at m/z 249.01 for the dianionic
heptadeuterated boronate form of 7 (C,sH;,B,0,D;, M,=
497) and at m/z:498.72 for the corresponding protonated
monoanion. Importantly, no peaks were observed at m/z 321
or 643, which correspond to the dianionic and protonated
monoanionic forms, respectively, of a complex of glucose with
only one of the boronic acid groups of 7. Such a complex
would be 40 mass units (two equivalents of D,0) larger than
8. Interestingly, no peaks were observed that corresponded to
complete or partial exchange of the boronic acid OH groups
in complex 8 or the free receptor 7 with OCD; from the
solvent.

The 300 MHz 'H NMR spectra obtained within a few
minutes of mixing 7 and glucose showed complete disappear-
ance of the peaks corresponding to free glucose, with
substantial shifts of these protons mostly downfield, which is
indicative of complex formation. No further changes were
observed in the spectra taken 4 and 16 h after mixing, which
indicated that complex formation was complete within a few
minutes and that no isomerization of the initially formed
complex occurred.' The protons of the glucose moiety in the
complex were assigned using chemical shift predictions
generated using ACDLabs software. Coupling constants were
measured and compared to the coupling constants for 1,2:4,6-
di-O-benzylidine glucopyranose and 1,2;5,6-di-O-isopropyl-
idine glucofuranose (Table 1). The coupling constants be-
tween HS and the protons on C6 are not included, as they are
dependent upon the conformation of the C5—C6 bond and not
necessarily indicative of the ring form. A similar comparison
of coupling constants has been used in the assignment of the
structures of other boronate complexes of glucose.'! The
coupling constants, most notably J,; and J,,, are clearly
consistent with complex formation with the pyranose form of
glucose, as expected on the basis of the receptor design and
computer modeling studies.’” The NMR and mass spectral
results confirm the formation of complex 8 as predicted by
computer modeling studies.

Table 1. "H-'H Coupling constants for the glucose moiety of complex 8 and
related reference compounds.

Compound Jis Jrs Jsa Jus
8 6.3 7.8 8.0 8.8
pyranosel?! 4.9 6.4 9.4 9.2
furanosel”! 3.6 0 2.8 6.8

[a] 1,2;4,6-Di-O-benzylidine-a-bp-glucopyranose. [b] 1,2;5,6-Di-O-isoproyl-
idine-a-p-glucofuranose.
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Fluorescence experiments were conducted to evaluate the
affinity of 7 for glucose and its selectivity for glucose versus
other common sugars. Profiles of the changes in fluorescence
versus concentrations of glucose, galactose, mannose, and
fructose at pH 7.5 are shown in Figure 2.5 Glucose exhibited

1.0 1

! rel

0.6 1

0 B 4 T T T T T T
-6 -5 -4 -3 -2 -1 0

lgc ——

Figure 2. Relative fluorescence intensity I, of 7 as a function of the
saccharide concentrations lgc at 25 °C with 1.0 x 10~ ™ of 7 in 30 % MeOH/
aqueous phosphate buffer at pH7.5. A1,,=375nm, A.,=447 nm. m D-
glucose, 0 D-galactose, @ D-mannose, O D-fructose.

a 400-fold greater affinity than any of the other sugars for 7,
with an apparent dissociation constant for the complex of
2.5 x10°M.P? The dissociation constants for the galactose
and mannose complexes were 1.0 x 1072 and 1.6 x 1072M,
respectively. The dissociation constant for the fructose com-
plex appears similar to the latter two, although the change in
fluorescence intensity was too small for an accurate determi-
nation. The selectivity is attributed to the fact that only
glucose is believed to form a bidentate complex involving
both of the boronic acid groups of the receptor. The degree of
selectivity observed is unprecedented in receptors based on
boronic acid; the apparent previously most selective glucose
sensor exhibits a 12-fold and 25-fold selectivity versus fructose
and mannose, respectively.'”l The maximum change in the
fluorescence intensity was also much greater with glucose,
with a 50 % decrease in the intensity observed at saturating
glucose concentrations, while a change of less than a 30 % was
observed for the other sugars.

Apparently both enantiomers of 7 form glucose complexes
with similar binding constants: the fluorescence curve of
Figure 2 shows no evidence for two discernable binding
constants and the 50 % decrease in fluorescence is too large to
be attributed to complex formation with only half of the
racemic 7. This proposal is supported by computational
evaluation of the glucose complexes with both enantiomers
of 7 and the fact that the two phenyl boronic acids and their
point of attachment to the rigid structure are almost coplanar
and parallel.

Work is underway to further explore the potential applica-
tion of 7 and derivatives thereof as fluorescence-based glucose
sensors. In addition to the practical application of 7, this work
demonstrates a novel computer-based design approach for
molecular recognition that uses the computer program
CAVEAT. It is anticipated that this general approach may

Angew. Chem. Int. Ed. 2001, 40, No. 9
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find use in the design of receptors for the recognition of a wide
range of molecules and ions.
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A Porphyrin Prism: Structural Switching
Triggered by Guest Inclusion**
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Shigeru Sakamoto, and Kentaro Yamaguchi

Porphyrin assemblies play an essential role in biological
systems for oxygen transport,l'l electron transfer, and energy
migration and conversion.? In this regard, designing molec-
ular assemblies with porphyrin units is a promising approach
for constructing artificial functional systems. Both covalentl®!
and noncovalent!! syntheses of polyporphyrins have offered
some novel classes of compounds with respect to their
structures and functions. Here, we report a porphyrin-based
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hollow framework which is expected to open up a new area of
porphyrin chemistry based on host—guest interactions. Our
strategy employed here is the molecular panelingl’! of a
pyridine-functionalized porphyrin by metal coordination. A
prismlike hollow structure is quantitatively assembled from
three porphyrin ligands and six [Pd"(en)]** (en=-ethylene-
diamine) building blocks (Scheme 1). The spatially fixed
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Scheme 1. Self-assembly of porphyrin prism 3'2*.

porphyrin ligands surround a large hydrophobic cavity which
can accommodate neutral organic molecules, such as pyrene
and perylene, in an aqueous solution. Though metal-linked
porphyrinic square arrays have been reported by several
groups,® the porphyrin cores in the arrays seem to adopt
cofacial rather than perpendicular conformations and provide
no distinct hollow structures capable of guest inclusion. Quite
recently, a Pd!-linked porphyrin cage which bound diamines
was reported by Shinkai and co-workers.”]

The ligand designed here is the (3-pyridyl)-functionalized
porphyrin 1. This square panel-like ligand can be hinged by
[Pd"(en)] units at two opposite ridges of the square, and
hence is anticipated to give a discrete porphyrin box
structure.® Thus, the treatment of porphyrin ligand 1 with 2
(2 molequiv) in H,O/CH;CN at 80°C gave a purple homoge-
neous solution after one day. 'H NMR spectroscopic analysis
showed the formation of a single product, which was isolated
as a violet precipitate in 96 % yield by adding acetone to the
solution. After exchange of NO;~ with PF,~ ions, the structure
of the product was assigned as 3'?* by coldspray-ionization
mass spectrometry (CSI-MS)P! and NMR analyses. The CSI
mass spectrum displayed prominent peaks corresponding to
[M —n(PF;)+m (CH;CN) ", (n=3-9, m=0-16)I'" (see
Supporting Information). Interestingly, one NO;~ ion was
not exchanged by an PF;~ ion even when the complex was
treated with a large excess of NH,PF,. The unexchanged
NO;™ ion was strongly trapped by the prism 3'>*. This was
clearly evidenced by exact mass measurement.['!] For exam-
ple, the highest peak at m/z 567.7613 (7* charge) corresponds
to [M — 6 PFg~ — NO; +7 CH;CN]"* (calcd 567.7561) and not
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