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Abstract—The boronic acid functional group plays very important roles in sugar recognition, catalysis, organic synthesis, and supramolec-
ular assembly. Therefore, understanding the unique properties of this functional group is very important. 8-Quinolineboronic acid (§8-QBA) is
found to be capable of self-assembling in solid state through a unique intermolecular B-N bond mechanism reinforced by intermolecular
boronic anhydride formation, w— stacking, and hydrogen bond formation. NMR NOE and diffusion studies indicate that intermolecular
B-N interaction also exists in solution with 8-QBA. In contrast, a positional isomer of 8-QBA, 5-quinolineboronic acid (5-QBA) showed
very different behaviors in crystal packing and in solution and therefore different supramolecular network. Understanding the structural fea-
tures of this unique 8-QBA assembly could be very helpful for the future design of new sugar sensors, molecular catalysts, and supramolecular

assemblies.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Boron compounds are very useful in a wide variety of ways
in organic, bioorganic, and medicinal chemistry. For exam-
ple, because of its open shell, boron-based compounds have
been widely used as Lewis acids for chelation and catalysis
applications.!™ Boronic acids are known to bind the diol
moiety and thus have been widely used in the field of sensing
and sugar recognition.*'* In addition, there is a strong
interest in the synthesis of new boronic acids as potential
boron neutron capture therapy (BNCT) agents,'>~!7 antiviral
agents,'®!” and enzyme inhibitors.'®?° Recently, boronic
acids have been used as promising building blocks in crystal
engineering, in which various types of novel supramolecular
assemblies have been generated.>*~3 For example, Strongin
and co-workers found that a tetraarylboronic acid resorcin-
arene could form an infinite two-dimensional array through
extensive hydrogen bond interactions.’® Wuest et al. re-
cently reported a new molecular tectonics with 3-D supra-
molecular channel networks using the -B(OH), moiety of
tetraboronic acid.?! The Hopfl and Pedireddi labs generated
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different types of hydrogen-bonding supramolecular assem-
bly systems utilizing phenylboronic acid and its deriva-
tives.’>33 Lavigne and colleagues reported self-repairing
polymers*®37 based on boronic acid—diol interactions.®3827
Jakle and co-workers also developed boron-containing poly-
olefins as Lewis acid catalysts and precursors to luminescent
materials, sensors, and other materials.3* !

We envision that the boronic acid functional group can also
be used to build supramolecular architectures by taking ad-
vantage of its unique and strong Lewis acidity. Therefore,
a boronic acid compound with an appropriately positioned
Lewis base should allow for tight self-assembly of the bo-
ronic acid compound.*>*? Herein we report one such exam-
ple in which 8-quinolineboronic acid (§8-QBA) is shown to
self-assemble into a dimer in solid state as determined by
X-ray crystallography. NMR studies also indicate the same
tendency to self-assemble in solution.

2. Results and discussion
Again, we are interested in taking advantage of the unique

Lewis acidity of the boron due to its open shell for construct-
ing unique boronic acid-based self-assembly systems. In


mailto:wang@gsu.edu

3288 Y. Zhang et al. / Tetrahedron 63 (2007) 3287-3292

doing so, one can envision an approach that uses B-N bond
formation as a way to achieve self-recognition. B-N bond
formation involving a boronic acid in an intramolecular
fashion has been reported, especially in crystalline states
and in aprotic solvents.*>~>3-33 For example, Wulff and col-
leagues reported reversible formation of a B-N bond when
an amine is in a 1-5-relationship with a boronic acid.** A bo-
ronic acid protease inhibitor was found to have intramolec-
ular B-N bond formation when the boron atom and an amine
group are in a 1-6 relationship.*® Livant reported B-N bond
formation involving trapped boric acid, which is positioned
closely to an amino group.** In all these examples, strong in-
tramolecular B-N interactions only occur under favorable
entropic conditions. Therefore, for B-N mediated self-
assembly to work there needs to have a secondary reinforce-
ment for the interaction to be strong enough. Another
relevant system worth mentioning is an anthracene-based
fluorescent boronic acid reported by the Shinkai lab, which
changes fluorescent properties upon sugar binding.>*>3 Ini-
tially, it was thought that strong B-N bond formation was
the reason for the increased fluorescent intensity upon sugar
binding. Our lab has recently shown that solvolysis is re-
sponsible for the observed fluorescent intensity changes.>>>>
Such a mechanism is further substantiated by crystal struc-
tural studies of the Anslyn lab.*?

Upon a close examination of the structure of 8-QBA (Fig. 1),
it appears that the relative orientation and positions of the
quinoline nitrogen and the boronic acid moiety are perfect
for bidentate self-assembly. Hence, we were very interested
in studying the supramolecular properties of 8-QBA to see
whether self-association happens or not. As a comparison,
we were also interested in studying 5-QBA.

The crystals of 8-QBA and 5-QBA were obtained from meth-
anol solution and their structures were determined by X-ray
diffraction. Indeed, 8-QBA self-assembles through the for-
mation of two complementary B-N bonds leading to the
formation of a dimer (Fig. 2). The B-N interactions are
reinforced by the formation of a boronic anhydride group re-
sulting from the loss of one water molecule.® To the best of
our knowledge, this is the first example where a boronic acid
supramolecular structure is based on this kind of double B-N
interactions. The shape of the dimer resembles that of a chair
with an angle of 104.7°, which is consistent with the sp3
hybridization state of the boron atoms at the hinge position.
This dimeric structure is in direct contrast to that of 5-QBA
(Fig. 3), which exists in a monomeric form.>’ It seems that
the ability for 8-QBA to form two B—N bonds is the main
reason that differentiates these two and allows for dimer for-
mation in 8-QBA. The further ordering of the dimeric units
of 8-QBA is dependent on 7t-stacking of the quinoline rings
and hydrogen bond formation between the boronic anhy-
dride units (Figs. 4 and 5). There are two hydrogen bonds be-
tween two neighboring boronic anhydride units, which are

® ®
N =
Ho"® oH HO" 2 oH

8-Quinilineboronic acid (8-QBA) 5-Quinilineboronic acid (5-QBA)

Figure 1. The structures of 8-QBA and 5-QBA.

v B(1)-0(1) 1.423
B(1)-0(2) 1.435
B(1)-N(1) 1.708
B(2)-0(3) 1.427
B(2)-0(2) 1.434
B(2)}-N(2) 1.693

Figure 2. Crystal structure of 8-QBA dimer with thermal ellipsoids shown at
50% probability level.
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Figure 3. Crystal structure of 5-QBA with thermal ellipsoids shown at 50%
probability level.

reinforced by the presence of four additional hydrogen
bonds involving two water molecules (Fig. 4). The hydrogen
bond distances range from 1.67 to 1.91 A, indicating strong
interactions. There also exist strong m— stacking in the
supramolecular structure. In each dimeric unit (Fig. 5), one
quinoline ring shows m— overlap with two adjacent aro-
matic rings and the other shows stacking with only one.
In a face to face stacklng, the distance between two aro-
matic rings is 3.6 A (Fig. 4), which approaches the van der
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Figure 4. Perspective view of the molecular recognition pattern of 8-QBA:
a hydrogen bonded dimer of H,(B,03)(CoNHg)-H,O.



Y. Zhang et al. / Tetrahedron 63 (2007) 3287-3292 3289

Monaclinic, P2(1)/c; a = 8.3643(3), b = 17.5044(5), ¢ = 11.0456(3) A;
p=91511°

D-H..A d(D-H)  d(H..A) d(D..A)
O(1)-H(1)...0(2)#1 0.82 1.91 2.725
O(3)-H(3)..0(1W)#2  0.82 2.10 2.843
O(1W)-H(1W)..O(1)#1 1.11 167 2.751
O(1W)-H(2W)..0(3)  1.03 188  2.897

Figure 5. 3-D supramolecular network of 8-QBA through 7— interactions
and hydrogen bonds.

Waals minimally allowable radius, again indicating strong
interactions.

As a comparison, the crystal structure of 5-QBA (Fig. 3) has
also been examined. The pattern of recognition and self-
assembly between two 5-QBA units (Fig. 6) are under-
standably different from that of 8-QBA. First, B-N bond
formation does not play any role in the intermolecular inter-
actions in 5-QBA. Instead, the assembly is controlled by
head to head hydrogen bond formation between boronic
acid units. There is one water molecule bridging between
the quinoline nitrogen and a boronic acid hydroxyl group
on a neighboring molecule. As a consequence, each water
molecule is engaged in three hydrogen bonds, one through
its oxygen and two through its two hydrogen atoms. Simi-
larly, each hydroxyl group of the boronic acid moiety is
engaged in two hydrogen bond interactions, one through
its hydrogen and one through its oxygen. This intricate hy-
drogen bond network seems to be the dominant force in crys-
tal packing. Second, the boron atom is in the sp> hybridized
form, giving it a planar shape. However, the boron atom is

B(1)-0(2) 1.356
B(1)-0(1) 1.359

d 01 B .
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Monoclinic, C2/c; a =17.5355(10), b = 7.1309(4),
¢=15.2705(9)A; p = 93.576°

Figure 6. A cyclic hydrogen bond network is the dominant force in crystal
packing for 5-QBA.

twisted out of the plane of the aromatic system allowing
hydrogen bond formation in a ‘vertical’ fashion and m—m
stacking between the aromatic systems.

THCDonorfaccept [%] = THCDA [%]

S 16109546,
90°

=|1- x 100

(1)

With B-N bond formation in 8-QBA, the boron atom exists
in the tetrahedral form. The tetrahedral character THCp[%]
of the two boron atoms in 8-QBA structure has been calcu-
lated from a formula introduced by Hopfl, that includes all
six bond angles around the boron atom (Eq. 1). For the B1
atom, the d(N1—B1) bond length is 1.708 (3) A and the
tetrahedral character THCpa[%] is 77.53. For B2 atom, the
d(N2—B2) bond length is 1.693 (3) A and the tetrahedral
character THCpa[%] is 80.58. The results agree with those
listed by Hopfl and Norrild for related compounds.?>4943
5-QBA on the other hand has no N-B interaction and exists
in the trigonal form.

Although the crystal structure clearly shows intermolecular
B-N bond formation in 8-QBA, it was not clear whether
in solution such interactions would be strong enough to
promote dimer formation. In order to probe this issue, we
have used NMR to examine the NOE effect. Therefore,
2-D NOESY experiments were conducted (Figs. 7 and 8). If
8-QBA exists in a dimer form in solution, we would expect
to see NOE effect between Hy and Hp, (Fig. 7). Indeed, the
NOESY spectrum at 115 mM in deuterated methanol shows
an intense cross peak (Ha/Hp) corresponding to the interac-
tion between H, proton of one 8-QBA and Hp, proton of the
other 8-QBA unit (Fig. 8). This could only arise from dimer
formation since the intermolecular distance between H, and

Figure 7. The structure of 8-QBA dimer.
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Figure 8. 2D-NOESY spectrum of 8-QBA measured in CD;0D.

Hp in a non-associated form would be too long to allow for
the observed NOE. Furthermore, there was no NOE ob-
served between Hg and Hg, which has the same relationship
as Hp and Hp if there was no_dimer formation. Using the
X-ray Ha—Hg distance of 2.30 Aas reference, the calculated
Ha-Hp distance determined by NOESY in solution is
2.71 A, which is close to that obtained from X-ray crystallo-
graphic studies (2.98 A). The results suggest that 8-QBA
exists as a dimer in methanol solution under the conditions
of the experiments. In contrast, 5-QBA showed no such
intermolecular NOE effect.

In addition to the NOE experiments, we were also interested
in studying the molecular radius of 8-QBA at different con-
centrations. We envisioned that if self-association happens,
one would expect to see increased apparent molecular
radius. The pulsed field gradient (PFG) NMR techniques
have long been used for the direct measurement of diffusion
coefficients,”® which can be converted to molecular radii.>®
Therefore, 8-QBA was dissolved in methanol-d, at 1.0, 25,
50, 115 mM concentrations with dioxane spiked in as an
internal reference (about 100 mM).%® The diffusion con-
stants were obtained via fitting the integrated area of the res-
onance of each arrayed spectrum into the Stejskal-Tanner

equation.’’ The same experiments were conducted with
5-QBA as a comparison.

Table 1 summarizes the results of the molecular diffusion
experiments. At 115 mM, the molecular radius of 38-QBA
(5.43 A) is 20% greater than that of 5-QBA (4.50 A) at the
same concentration. The molecular radius of 8-QBA also in-
creases by 20% when its concentration changes from 1 mM
to 115 mM. It needs to be noted that since 8-QBA is not
a spherical molecule, one would not expect the dimer to
have a molecular radius twice that of the monomer. Further-
more, self-association in solution is not an ‘all or none’
situation. It is a concentration dependent event with the frac-
tion of those in the dimer form related to the association con-
stant and 8-QBA concentration. Thus the molecular radii
determined are the average results of the monomer and
dimer forms and are depending on the fraction of 8-QBA
in the dimer form and the true molecular radius of the dimer.
The combined results of the NOE and diffusion studies indi-
cate that in solution 8-QBA exists in the dimer form in suf-
ficient quantity at 115 mM to give rise to a strong NOE effect
between H, and Hp and to show an increased apparent
molecular size. All indications are that self-association of
8-QBA does occur in solution (methanol) as well.

Table 1. The results of molecular diffusion experiments for 8-QBA and 5-QBA

Concentration 5-QBA studies 8-QBA studies

(mM) 5-QBA Internal dioxane reference 8-QBA Internal dioxane reference
Diffusion Molecular Diffusion Molecular Diffusion Molecular Diffusion Molecular
constant radius (A) constant radius (A) constant radius (A) constant radius (A)
(x107% cm?/s) (x107° cm?/s) (x107% cm?/s) (x107% cm?/s)

1 10.6 3.96 18.5 2.27 9.32 4.50 19.4 2.16

25 10.6£0.2 3.95+0.08 16.7£0.06 2.5340.01 8.08+0.13 5.20+0.08 18.9+£2.6 2.25+0.29

50 11.34£0.2 3.7240.07 16.84+0.15 2.49+40.02 7.87+0.04 5.3340.03 17.0+0.2 2.46+0.02

115 9.324+0.06 4.50+0.03 15.940.6 2.654+0.10 7.744+0.34 5.434+0.24 16.6+0.1 2.534+0.02
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3. Conclusion

In conclusion, we have demonstrated that 8-quinolinebor-
onic acid (8-QBA) forms a dimer through the formation of
two B—N bonds reinforced by intermolecular anhydride for-
mation, hydrogen bonds, and Tt stacking in crystal form.
NMR studies indicate that the same dimer form exists in
solution as well. Such results may help the future design
of boronic acid-based new molecules, supramolecular as-
semblies, and materials for organic, bioorganic, medicinal,
and crystal engineering applications.

4. Experimental
4.1. General

Chemicals and solvents were obtained from Frontier Scien-
tific, Aldrich, and Acros and used without purification. Crys-
tals were grown from a mixture of methanol and methylene
chloride.

4.2. X-ray crystallographic studies

Suitable crystals each of 5-QBA and 8-QBA were coated
with Paratone-N oil, suspended in small fiber loops and
placed in a cooled nitrogen gas stream at 173 K on a Bruker
D8 SMART 1000 CCD sealed tube diffractometer using Cu
Ka radiation. Data were measured using a series of combi-
nations of phi and omega scans with 10 s frame exposures
and 0.3° frame widths. Data collection, indexing, and initial
cell refinements were all carried out using SMART®? soft-
ware. Frame integration and final cell refinements were
done using SAINT software.®> The SADABS®* program
was used to carry out absorption corrections.

The structures were solved using direct methods and differ-
ence Fourier techniques (SHELXTL, V6.12).95 All the hy-
drogen atoms were located in a difference Fourier map and
were included in the final cycles of least squares with iso-
tropic Uj;’s or as riding atoms; all non-hydrogen atoms were
refined anisotropically. Scattering factors and anomalous
dispersion corrections are taken from the International
Tables for X-ray Crystallography.®® Structure solution, re-
finement, graphics, and generation of publication materials
were performed by using SHELXTL, V6.12 software. Addi-
tional details of data collection and structure refinement are
given in Table 1 of the Supplementary data.

4.3. NMR studies

The NOE studies were conducted in deuterated methanol at
115 mM. Pulsed field gradient (PFG) NMR techniques were
used for the direct measurement of diffusion coefficients.”®
8-QBA and 5-quinolineboronic acid (5-QBA) were dis-
solved in methanol-d, at 1.0, 25, 50, 115 mM, respectively.
The spectra were collected using a modified PG-SLED pulse
sequence with 16 or 8 K complex data points for each FID
with dioxane spiked in as an internal reference (about
100 mM) at 25 °C.%° The diffusion constants were obtained
via fitting the integrated area of the resonance of each ar-
rayed spectrum into the Stejskal-Tanner equation (Eq. 2).5!

A= Ag exp[—(v6G)*(4 - 6/3)D] )

where v is the gyromagnetic ratio of proton (26,752), ¢ is the
PFG duration time (2 ms), and 4 is the time between PFG
pulses (200 ms). The gradient strength (G) was arrayed
from 0.195 G/cm to 28.32 G/cm using 25 steps. A is the
integrated area of desired resonances at each array spectrum
after subtraction of baselines. A is the integrated area of the
desired resonances when the PFG strength is minimal.®” The
data are treated by plotting the log of the signal intensity
against (Y0G)%(4—0/3), the slope of which gives the diffu-
sion coefficient.

The diffusion coefficient (D) is related to the size of the
diffusing object according to the Einstein—Stokes equation
(Eq. 3).>°

D = KT /67cnRy (3)

where K is Boltzmann constant (1.38x10"2 J/K), 7 is
viscosity of methanol-d, at 25°C (5.2x10"*Pas), and T
is absolute temperature (298 K).
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