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Introduction

Molecular evolution incorporating a dynamic combinatorial
library (DCL) has emerged as an approach for the identifi-
cation and preparation of new host±guest systems.[1] A DCL
is composed of members in a reversible equilibrium in
which all library members are interconverting, thus provid-
ing constant distribution under thermodynamic control.
Consequently, a molecular recognition event in the DCL en-
ables the stabilization of the fittest member that shifts the
equilibrium toward amplification of the selected member
with a consequent decrease in the proportion of poor bind-
ers. It requires two key steps for success: 1) continuous
DCL generation and 2) effective selection. To date, a
number of DCLs have been prepared using such diverse
chemical reactions as intermolecular transesterification,[2]

enzyme catalyzed peptide-bond exchange,[3] imine bond ex-
change of hydrazones or oximes,[4] olefin metathesis,[5] disul-
fide bond exchange,[6] photoisomerization,[7] hydrogen-bond
exchange,[8] and metal±ligand coordination.[9] While some
DCLs have successfully demonstrated molecular evolution×s
proof of concept, there is still a limited number of scaffolds.
In fact, most of the efficient DCLs form macrocyclic mem-

bers.[2,4, 6] Scaffold diversification is necessary for a highly ef-
ficient and practical system. One of the challenges in this
field is a successful carbohydrate dynamic library due to its
complexity. There have not been many attempts to generate
dynamic combinatorial libraries (DCL) on a carbohydrate
scaffold, and the selection method was not effective in
giving high yields or selective amplification.[6c,9d] Herein, we
report a highly efficient molecular evolution system utilizing
intramolecular acyl migration on a carbohydrate scaffold
coupled with boric/boronic acid as a selector.

Results and Discussion

Our carbohydrate scaffold is hexahydroxyl cyclohexane (in-
ositol), and we have chosen the most naturally abundant in-
ositol isomer, myo-inositol, as the model compound. The
polyhydroxyl nature of inositol allows for diverse regioisom-
ers depending upon the position of the attached functional
group. Under basic conditions, acyl functionalities on an ino-
sitol ring are able to undergo intramolecular migration and
generate various regioisomers, while also giving continuous
interconversion.[10]

One of the inositol benzoate derivatives, 1,4,5-tribenzoyl
myo-inositol [4, (myo-I(1,4,5)Bz3, Figure 1a], was synthe-
sized (for synthetic procedure, see Supporting Information).
The optimized migration condition was sought that would
give the least amount of side products, fast generation of all
members within a reasonable time, and also with applicabili-
ty to the selection system. A series of bases were investigat-
ed including pyridine, DMAP (4-dimethyl-aminopyridine),
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Abstract: A molecular evolution model
was successfully demonstrated by com-
bining the intramolecular acyl migra-
tion on inositol tribenzoates and boron
selectors. The addition of boric acid to
12 members of DCL (dynamic combi-
natorial library) induced the dramatic
amplification of myo-I(2,4,6)Bz3 (1)
with up to 94% under thermodynamic
(see Figure 1c) control while a portion

of phenyl boronic acid caused two sig-
nificant different distributions: under
kinetic control, the pre-equilibrium of

DCL shifted to induce the exclusive
amplification of 1,4,6-tribenzoyl myo-
inositol (7) with decrease of other
members up to 82% from the mixture
(see Figure 2b), and changed gradually
to form 2,4,6-tribenzoyl myo-inositol
(1) with up to 96% under thermody-
namic control (Figure 2c).
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DABCO (1,4-diazabicyclo[2.2.2]octane), DIEA (N,N-diiso-
propylethlyamine), BEMP (2-tert-butylimino-2-diethylami-
no-1,3-dimethyl-perhydro-1,3,2-diazaphosphorine) on poly-
styrene, DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) and
NaOH in aprotic solvents with and without water. We found
that increasing amounts of water accelerated benzoyl migra-
tion even with mild bases due possibly to the stabilization of
the tetrahedral intermediate, but it also accelerated benzoyl
group hydrolysis as a side reaction. With the optimized reac-
tion condition (isomer 4 with DBU in anhydrous acetoni-
trile), we generated all 12 of the expected and possible re-
gioisomers within the DCL and without significant side re-
actions. The DCL was analyzed by LC-MS, which allowed
for the identification of 12 peaks in the chromatogram (Fig-
ure 1b); the structure of each isomer was assigned by NMR
by using the literature (Scheme 1).[11]

It is well known that boronic acids are able to bind with
carbohydrates to form five- or six-membered cyclic esters, as
used in carbohydrate recognition.[12] Their binding prefer-
ence with 1,2 or 1,3-cis diols over trans diols in sugar sys-
tems was appropriate for selection amongst a carbohydrate
polyol system. It was also reported that the binding affinity
of boronic acid with a sugar depends on the pH of the
media.[12a] At pH values lower than the pKa of boronic acid
(acidic conditions), coupling between the boronic acid and a
sugar is disfavored, while the coupling is favored at pH
values above the pKa of boronic acid (basic conditions). In
our study, boric acid and phenyl boronic acid were investi-
gated for selective binding and amplification.

It was observed that the addition of boric acid to the
DCL significantly affects the distribution of the DCL by in-
ducing the amplification of myo-I(1,4,6)Bz3 (1) with up to
approximately 94% (Figure 1c). As the original amount of
isomer 1 was about 4% in the pre-equilibrium of the DCL,
the enrichment factor is a high 23.5. It was envisioned that
boric acid couples with the 1,3,5-trihydroxyl group of myo-
inositol in a ring-flipped conformation where there are no

more available hydroxyl groups. This leads to the isolation
of the product from the equilibrium and gives the amplifica-
tion of 1 (Scheme 1). Once at the final distribution, it re-
mained unchanged over time (Figure 4). This implies that
the selection is driven by thermodynamic control. It has
been also shown that direct migration from isomer 4 to
isomer 1 by adding base and boric acid together without
pre-equilibrium resulted in the same final distribution (94%
of isomer 1) (see Figure 5), which again supports the ther-
modynamic control mechanism.[4a]

Interestingly, when phenyl boronic acid was added to the
equilibrium mixture, two significant different stepwise distri-
butions were observed. At first, the pre-equilibrium of DCL
was shifted to induce an exclusive amplification of another
isomer, myo-I(1,4,6)Bz3 (7) with up to 82% (Figure 2b) as

Scheme 1. Library members generated by intramolecular acyl migration and two types of selection using boric acid and phenyl boronic acid.

Figure 1. Amplification chromatogram using B(OH)3 a) HPLC chromato-
gram (C18 column: 4.6î150 mm, eluted with a solution of water, acetoni-
trile, and methanol in a ratio of 52:18:30) of I(1,4,5)Bz3 (4), b) DCL at
1.5 h after addition of DBU, and c) 72 h after addition of boric acid
(94% of 1).
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the kinetic product, and changed gradually to form the ther-
modynamic isomer (1) up to 96% (Figure 2c). It is envi-
sioned that phenyl boronic acid coupled quickly (kinetically)
with the 1,2-cis diols of the DCL members, whenever availa-
ble during the acyl migration, to form a stable five-mem-
bered ring. Even though there are four possible regioisom-
ers with 1,2-cis coupling (compound 4, 7, 10, and 12), the 5-
benzoyl group seemed to have the most severe steric hin-
drance against phenyl ring of 1,2-cis-boronic ester, and thus
isomer 7, myo-I(1,4,6)Bz3, was kinetically favored and accu-
mulated (Scheme 1). When the reaction proceeds longer,
phenyl boronic acid is able to accept three hydroxyl groups
to form an even more stable complex giving the thermody-
namic isomer 1, as in the case of the boric acid selector
(Figure 6). Also, we investigated the direct migration from
myo-I(1,4,5)Bz3 (4) without pre-equilibrium, in which the
acyl migration occurred in the presence of phenyl boronic
acid. Absolute amplification of the kinetic product, 7, with
up to 98%, was obtained initially (see Figure 3b), with slow
transformation to the thermodynamic product 1 over time
(Figures 3c and 7).

The practical use of this concept beyond the analytical
scale was performed on a 30 mg scale, purifying the thermo-
dynamic and kinetic products from the reaction mixture, re-
spectively. The purification of the thermodynamic product

Figure 2. Amplification chromatogram using PhB(OH)2 a) chromatogram
of a 12 member DCL in pre-equilibrium by DBU, b) 5 h after the addi-
tion of PhB(OH)2 (82% of 7), c) 205 h after the addition of PhB(OH)2
(96% of 1).

Figure 3. Direct migration chromatogram using PhB(OH)2 a) The HPLC
chromatogram of I(1,4,5)Bz3 (4), b) 25 min after addition of DBU and
PhB(OH)2 (98% of 7), c) after an additional 124 h (96% of 1).

Figure 4. Amplification of 1 using boric acid after pre-equilibrium. Reac-
tion conditions: I(1,4,5)Bz3 (4) (1 mg), DBU (20 mL, 66 equiv) in acetoni-
trile (20 mL) for 1.5 h, and then boric acid (2 mg, 15 equiv) where t=0 at
that point, *: I(2,4,6)Bz3 (1), ~: I(1,4,6)Bz3 (7).

Figure 5. Direct migration to 1 using boric acid without pre-equilibrium.
Reaction conditions: I(1,4,5)Bz3 (4) (1 mg), boric acid (2 mg, 15 equiv) in
acetonitrile (1 mL), and then DBU (20 mL, 66 equiv) where t=0 at that
point, *: I(2,4,6)Bz3 (1), ~: I(1,4,6)Bz3 (7).

Figure 6. Amplification of 1 and 7 using phenyl boronic acid after pre-
equilibrium. Reaction conditions: I(1,4,5)Bz3 (4) (1 mg), DBU (20 mL,
66 equiv) in acetonitrile (20 mL) for 1.5 h. Phenyl boronic acid (3.7 mg,
15 equiv) was added and then concentrated to 1 mL where t=0 at that
point. Additional DBU (10 mL, 33 equiv) was added at 55 h to accelerate
the equilibrium, *: I(2,4,6)Bz3 (1), ~: I(1,4,6)Bz3 (7).
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(1) on silica gel after its amplification of up to 94% afforded
the 83% recovery of 1. The isolation of kinetic product (7)
that is amplified with up to 98% from the direct migration
without pre-equilibrium led to the 92% recovery of 7.

Conclusion

We demonstrated highly efficient molecular evolution on a
myo-inositol model by combining intramolecular acyl migra-
tion and both kinetic and thermodynamic selectors. We be-
lieve that intramolecular acyl migration is applicable to an
even large number of dynamic carbohydrate libraries, and if
coupled with a broad range of selectors, this method will
open a wide range of applications.

Experimental Section

Materials and general methods : All reactions were performed in oven-
dried glassware under positive nitrogen pressure. Unless otherwise noted,
starting materials and solvents were purchased from Aldrich and Acros
organics and used without purification. Analytical TLC was carried out
on Merck 60 F254 silica gel plate (0.25 mm layer thickness) and visualiza-
tion was done with UV light, and/or by spaying with a 5% solution of
phosphomolybdic acid followed by charring with a heat gun. Column
chromatography was performed on Merck 60 silica gel (230±400 mesh).
1H NMR (200 MHz) spectra were determined on Varian Genini 200 spec-
trometer. Chemical shifts were reported in parts per million (ppm) rela-
tive to internal standard as tetramethylsilane, and coupling constants (J)
are in Hertz (Hz). All compounds were identified by LC-MS (Agilent
Technologies) using a C18 column (4.6î150 mm) with 65 minutes of elu-
tion time using a solution of H2O/CH3CN/MeOH in a ratio of 52:18:30
(containing 0.1% acetic acid) with a UV detector at l=250 and 230 nm
and an electrospray ionization source.

Molecular amplification experiment with pre-equilibrium : DBU (20 mL,
0.13 mmol) was added at room temperature to a solution of 4 (1 mg,
2.0 mmol) in acetonitrile (20 mL). After the reaction mixture was stirred
for 1.5 h, the full migration of 12 isomers was confirmed by HPLC-MS. A
solution of boric acid (2 mg, 0.032 mmol) in DMSO (50 mL) or phenyl
boronic acid (3.75 mg, 0.032 mmol) was added to the reaction mixture.
The change of the distribution was analyzed by HPLC-MS.[13]

Molecular amplification experiment without pre-equilibrium : Boric acid
(2 mg, 0.032 mmol) in DMSO (50 mL) or phenyl boronic acid (3.75 mg,
0.032 mmol), and DBU (20 mL, 0.13 mmol) were added at room tempera-

ture to a solution of 4 (1 mg, 2 mmol) in acetonitrile (1 mL). The reaction
mixture was analyzed by HPLC-MS.

Preparation of the thermodynamic product (1): DBU (600 mL, 3.9 mmol)
was added to a solution of 4 (30 mg, 0.061 mmol) in acetonitrile
(600 mL). After the reaction mixture was stirred for 1.5 h, boric acid
(60 mg, 0.96 mmol) in DMSO (0.5 mL) was added to the reaction mix-
ture. To accelerate the rate of amplification, the reaction mixture was
concentrated to about 60 mL, and stirred for 2 d. The reaction mixture
was quenched by acetic acid (1 mL), diluted with ethyl acetate, washed
with 1n HCl, aq. NaHCO3, and brine. The organic layer was dried over
MgSO4, concentrated, and purified by chromatography on silica gel
(EtOAc/Hex 1:1) to give 1 (25 mg, 83%). Rf = 0.30 (EtOAc/Hex 1:1);
1H NMR (CD3OD): d = 3.89 (t, J=9.5 Hz, 1H), 4.00 (dd, J=2.9,
10.0 Hz, 2H), 5.57 (t, J=9.7 Hz, 2H), 5.77 (t, J=2.8 Hz, 1H), 7.26±8.15
(m, 15H); LC-MS: m/z : 493 [M+H]+ , 475 [M�H2O+H]+ .

Preparation of the kinetic product (7): Phenyl boronic acid (113 mg,
0.96 mmol), and DBU (600 mL, 3.9 mmol) was added to a solution of 4
(30 mg, 0.061 mmol) in acetonitrile (30 mL). After the solution was stir-
red for 1 h, the reaction mixture was quenched by acetic acid (1 mL), and
diluted with ethyl acetate, and washed with 1n HCl, aq. NaHCO3, and
brine solution. The resulting organic layer was dried over MgSO4, con-
centrated, and purified by chromatography on silca gel (EtOAc/Hex 1:2)
to give 7 (27.5 mg, 92%). Rf = 0.37 (EtOAc/Hex 1:1); 1H NMR
(CD3OD): d = 4.04 (dd, J=2.4, 10.1 Hz, 1H), 4.34 (t, J=2.3 Hz, 1H),
4.48 (t, J=10.0 Hz, 1H), 5.13 (dd, J=2.4, 10.0 Hz, 1H), 5.49 (dd, J=9.3,
10.0 Hz, 1H), 5.80 (t, J=10.0 Hz, 1H), 7.32±8.11 (m, 15H); LC-MS: m/z :
493 [M+H]+ .
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