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ABSTRACT: Two distinct oligomeric structures were
obtained by the self-assembly of 4-(diethylboryl)pyridine
(1). In the 1H NMR spectrum of 1 in CDCl3, at least two
sets of signals were observed for the pyridyl α- and β-hydrogen
atoms. ESI-MS, VPO, and TLC analysis revealed that 1
assembles mainly into a mixture of cyclic pentamers and
hexamers in solution via intermolecular boron−nitrogen
coordination bonds. Crystallization of 1 in THF by vapor
diffusion of EtOH or in CHCl3 afforded the cyclic hexamer
incorporating one THF molecule (16·THF) or 1.5 mol equiv
of chloroform molecule (16·CHCl3), respectively. Similarly, a
solution of 1 in a mixture of benzene and hexane furnished the
cyclic pentamer bearing two benzene molecules (15·C6H6). It
seems that the solvent differences affected the crystallization of the two distinct cyclic oligomers of 1, either of which was
cocrystallized predominantly with the solvent molecule. Thermogravimetric analysis of the crystals and NMR studies of the
solution revealed that the noncovalent interactions between the host and guest are not strong enough to hold the guest molecule
in the cavity.

■ INTRODUCTION

Organoboranes have drawn significant attention, not only as
widely employed reagents in synthetic organic chemistry1 but
also as versatile building blocks in molecular self-assembly.2

Our studies on borylpyridines, which contain a boron atom as a
coordination center and a pyridine ring as a ligand, revealed
that these compounds form the cyclic oligomeric assembly via
intermolecular boron−nitrogen coordination bonds.3 Structure
construction with a coordination bond plays a critical role in
the formation of complex and functional structures for basic
research and industrial applications.4 Therefore, the extension
of our work to novel borylpyridine systems with functionality
would be a particularly interesting subject.
Herein, we report the self-assembly of 4-(diethylboryl)-

pyridine (1), the crystal structures of the two assemblies, and
the drastic solvent effect in crystallization. Compound 1
assembles into a mixture of cyclic pentamers and hexamers,
either of which are selectively cocrystallized with solvent

molecules. The ability to obtain pentamer or hexamer crystals
appears to be dependent on the solvent used for crystallization.
This simple method of selective crystallization is important as a
separation technique. The structure elucidation based on NMR,
ESI-MS, VPO, and thermogravimetric analysis (TGA) is also
provided, and some structural features are compared with 3-
(diethylboryl)pyridine (2)3a and 3-[4′-(diethylboryl)phenyl]-
pyridine (3).3b

■ RESULTS AND DISCUSSION

Synthesis. Compound 1 was prepared according to the
method described in the literature.5 The reaction of 4-
bromopyridine with n-butyllithium followed by diethylmethox-
yborane at −78 °C provided 1 in 68% yield as a colorless solid

Received: December 23, 2015
Published: February 19, 2016

Article

pubs.acs.org/joc

© 2016 American Chemical Society 2399 DOI: 10.1021/acs.joc.5b02886
J. Org. Chem. 2016, 81, 2399−2404

pubs.acs.org/joc
http://dx.doi.org/10.1021/acs.joc.5b02886


(mp >200 °C). The compound was stable and showed no sign
of degradation after storage for 1 year at −20 °C.
NMR Spectroscopy, Mass Spectrometry, and Vapor

Pressure Osmometry. In the 1H NMR spectrum of
compound 1 in CDCl3, at least two sets of signals were
observed for the pyridyl α- and β-hydrogen atoms (Figure S1 in
the Supporting Information). The integration values of the 1H
NMR signals were found to differ depending on the sample lot,
which implied the existence of at least two species. The TLC
analysis also indicated a mixture of at least two species, which
would likely be difficult to separate by the usual column
chromatography.
ESI-MS measurement of 1 in THF in the presence of LiCl

provided charged peaks at m/z 1030.83, 883.71, 736.59, and
589.48, which were assigned to [7M + H]+, [6M + H]+, [5M +
H]+, and [4M + H]+, respectively, as shown in Figure 1.6 The

observed and theoretical isotopic distributions of each fragment
were in close agreement. VPO was performed to estimate the
average aggregate size of the compounds. Various concen-
trations of 1 in benzene (from 0.025 to 0.114 mol dm−3) at 60
°C, in chloroform (from 0.009 to 0.087 mol dm−3) at 40 °C,
and in THF (from 0.023 to 0.105 mol dm−3) at 45 °C provided
values of 5.7, 5.4 and 5.3, respectively. In each experiment, the
VPO plots showed a linear relation (r = 0.996−0.999) between
the concentration and electrical differential within experimental
error. The results of the NMR, ESI-MS, and VPO data strongly
suggest the presence of aggregates of both 15 and 16.
The 2D 1H−1H NOESY spectrum of 1 in CDCl3 displayed

NOEs between H-2 and H-6 of the pyridine moiety and
protons of the ethyl groups, and the 11B NMR spectrum of 1
displayed a strong signal at −0.425 ppm (Figures S3 and S4 in
the Supporting Information, respectively), showing that the
monomer−oligomer equilibrium was exclusively shifted to the
side of the oligomer.7 These data clearly indicate that 1
assembles mainly into a cyclic pentamer and hexamer that
coexist in solution at an approximately 1:1 molar ratio
according to the integration values of each corresponding 1H
NMR signal (vide infra). However, the molar ratios of the two
oligomers were found to differ depending on the column
chromatography fractions from which the samples were
derived, the crystallization solvent used, and so on. Therefore,

it was considered that the equilibrium between these oligomers
was sufficiently slow at ambient temperature, which was in
marked contrast to the thermally equilibrated cyclic oligomers
of compound 3.3b

Structure in the Crystalline State. The structures of the
oligomers of 1 were unambiguously determined by X-ray
crystallographic studies. Through the slow diffusion of ethanol
vapor into a THF solution of compound 1, we successfully
obtained colorless single crystals that were suitable for an X-ray
crystallographic analysis.8 Crystallization at 7 or 20 °C afforded
the cyclic hexamer incorporating one THF molecule (16·THF)
in the triclinic crystal system (Figure 2 and Figures S8 and S11

in the Supporting Information) or in the trigonal crystal system
(Figure 3 and Figures S9 and S12 in the Supporting
Information), respectively, which were polymorphic. The
crystal data and crystallographic refinement parameters of 16·

Figure 1. ESI-MS spectrum of 1 in THF in the presence of LiCl in
positive ion mode.

Figure 2. Crystal structure of a hexamer of 1 bearing a THF molecule
(16·THF). H atoms and THF molecules disordered over the 2-fold
axis are omitted for clarity. Color codes: B (pink), C (gray), N (blue-
gray), O (red). The crystallization was performed at 7 °C in THF by
vapor diffusion of EtOH.

Figure 3. Crystal structure of a hexamer of 1 bearing a THF molecule
(16·THF). H atoms and THF molecules disordered over the 3- (right)
or 6-fold (left) axis are omitted for clarity. Color codes: B (pink), C
(gray), N (blue-gray), O (red). The crystallization was performed at
20 °C in THF by vapor diffusion of EtOH.
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THF crystallized at 7 °C are summarized in Table S1 in the
Supporting Information, and the selected bond distances and
bond angles are listed in Table 1. Another crystal of 16·THF

obtained at 20 °C includes two crystallographically independ-
ent cyclic hexamers with different symmetry, and the crystal
data and crystallographic refinement parameters are summar-
ized in Table S2 in the Supporting Information. The
noteworthy intermolecular interaction for both hexamer·THF
complexes crystallized at different temperatures appears to be
the CH/π interaction directed from the CH groups of the THF
molecule to the pyridine ring. The shortest interactions
between a THF carbon atom and its closest CC (bond
midpoint) of the pyridine ring were found to be 2.93 Å (C34···
(C15C16)) for 16·THF crystallized at 7 °C and 3.22 Å
(C33···(C2C3) and C43···(C25C26)) for 16·THF crystal-

lized at 20 °C. The CH/π interaction, as well as van der Waals
contact, would play a dominant role in the host−guest
complexation and crystal packing.
As in the case of a THF solution, a CHCl3 solution of 1 at 10

°C furnished the cyclic hexamer bearing some chloroform
molecules as single crystals (Figure 4 and Figure S13 in the
Supporting Information),8 and the crystal data and crystallo-
graphic refinement parameters are summarized in Table S3 in
the Supporting Information. The crystal of the chloroform
complex of 1 consists of two crystallographically independent
hexamer·chloroform complexes, (hexamer)1·(chloroform)1 and
(hexamer)1·(chloroform)2, yielding an overall composition of
(hexamer)2·(chloroform)3. In the (hexamer)1·(chloroform)1
complex, the center of the cavity was filled with disordered
chloroform molecules over the 6-fold axis. The (hexamer)1·
(chloroform)2 complex should include a set of chloroform
molecules with full occupancy, which corresponds to two such
species perching on the hexamer from the upper and lower
sides of the cavity, to fill the space between the hexamer layers
of the crystal. In addition, the six carbon−chlorine bonds of the
two chloroform molecules point toward the faces of the
pyridine ring with a distance of 3.790 Å between either chlorine
and the center of pyridine ring. Accordingly, the Cl/π
interaction, an attractive dispersion interaction that is some-
times observed in protein−ligand complexes,9 appears to attract
the chloroform molecules to the hexamers. Packing analysis
revealed that these two complexes are alternately arranged on
the 3-fold helical alignment along the c axis, giving two pitches
in a lattice.
On the other hand, quite interestingly, a solution of 1 in a

mixture of benzene and hexane (2:1) at 12 °C provided a cyclic
pentamer including two benzene molecules (15·C6H6, Figure 5
and Figures S10 and S14 in the Supporting Information),8

which indicates that the solvent used for crystallization can
control the order of preference in which the oligomers will be
crystallized. The crystal data and crystallographic refinement
parameters are summarized in Table S4 in the Supporting
Information. In the pentamer·benzene complex, two benzene

Table 1. Selected Geometric Properties of 16·THF
a

Bond Lengths (Å)

B1−C4 1.611(4) B11−C19 1.617(4)
B1−C7 1.634(3) B11−N21 1.648(4)
B1−C9 1.620(4) B21−C24 1.626(4)
B1−N11 1.632(3) B21−C27 1.635(4)
B11−C14 1.621(4) B21−C29 1.637(5)
B11−C17 1.628(4) B21−N1ab 1.626(4)

Bond Angles (deg)

C4−B1−C7 106.60(19) C17−B11−C19 110.7(2)
C4−B1−C9 113.1(2) C17−B11−N21 105.6(2)
C4−B1−N11 108.84(19) C19−B11−N21 112.4(2)
C7−B1−C9 112.5(2) C24−B21−C27 107.0(2)
C7−B1−N11 111.05(17) C24−B21−C29 110.4(3)
C9−B1−N11 104.9(2) C24−B21−N1ab 109.05(18)
C14−B11−C17 112.5(2) C27−B21−C29 113.7(2)
C14−B11−C19 107.9(2) C27−B21−N1ab 110.3(3)
C14−B11−N21 107.8(2) C29−B21−N1ab 106.3(2)

aCrystallization was performed in THF by vapor diffusion of EtOH at
7 °C. bN1 atom of the symmetry-related molecule (−x, 2 − y, 1 − z).

Figure 4. Crystal structure of a hexamer of 1 bearing some chloroform molecules (16·CHCl3). (a) Stick style. H atoms and CHCl3 molecules
disordered over the 6-fold axis inside the left hexamer are omitted for clarity. (b) Packing diagram. Color codes: B (pink), C (gray), N (blue-gray),
Cl (green). The crystallization was performed at 10 °C in CHCl3.
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molecules are arranged almost perpendicular to the mean plane
of the cyclic pentamer due to CH/π interactions between the
hydrogen of the benzene molecule and the plane of the
pyridine ring with a distance of 3.99−4.22 Å from the carbon
atom of the benzene to the center of pyridine. It should be
stressed that the cyclic oligomers of 1 possess cavities large
enough to accommodate small organic molecules; thus, 1 can
form inclusion complexes in different ways, depending on the
solvent used for crystallization.
The distance between the boron atom and nitrogen atom in

the four crystals is in the range of 1.620−1.648 Å, which is
almost the same as that of the cyclic tetramer of compound 2
(1.638 Å).3a The bond angles constituted by the boron atom
and the three substituents enable calculation of the tetrahedral
character (THC) of the boron atom as proposed by Toyota
and O̅ki.10 The THC value for 1 in the four crystals is
estimated to be 84−92%, which is slightly higher than that of 2
(82%).3a Therefore, the cyclic oligomer of 1 appears to be only
slightly more rigid than that of 2, which might be because the
oligomers are tightened by host−guest complexation.
It is noteworthy that either of the two oligomers was

predominantly crystallized from the oligomer mixture solution,
and that the preference was dependent on the solvent used for
crystallization. As the cavity size of the cyclic hexamer of 1
(5.0−5.5 Å) is larger than that of the cyclic tetramer of 2 (1.5−
1.7 Å)3a or the cyclic trimer of 3 (∼4.0 Å),3b the solvent
molecule could be well-accommodated inside the cavity by
noncovalent interactions specific to the solvent, which afford a
packing diagram suitable for crystallization. It would be difficult
for both the cyclic pentamer and hexamer to be arranged in an
orderly fashion and form a crystal. The selective crystallization
may be explained by the fitness of the size and symmetry
between the cyclic oligomer and solvent molecule. Accordingly,
the choice of solvent could control the order of preference in
which the oligomers would be crystallized. To our knowledge,
this is the first report of the selective crystallization of
macrocyclic assemblies dependent upon the solvent.

Release of the Incorporated Solvent Molecule. To gain
insight into the stability of solvent molecules proximally
positioned inside or around the cavity of oligomers of 1, we
performed TGA of the crystals and NMR analysis of the
solution. The sample for TGA was prepared by removing the
supernatant from the crystal (solid) followed by drying in
vacuo. TGA of three solids, the THF complex (crystallized at 7
°C), the chloroform complex, and the benzene complex, upon
heating at a rate of 5 °C/min revealed that the weight losses
were approximately 7% (70−210 °C), 13% (70−210 °C), and
14% (70−200 °C), respectively, as shown in Figure 6 and

Figures S15 and S16 in the Supporting Information. The
theoretical weight loss is 7.6% for 16·THF (hexamer/THF =
1:1), which is in good agreement with the observed value.
However, the theoretical weight losses for 16·CHCl3 (hexamer/
CHCl3 = 2:3) and 15·C6H6 (pentamer/C6H6 = 1:2) are 16.9%
and 17.5%, respectively, which are larger than the observed
values. The solid might contain the solvent adducts of other
compositions or solvent-free oligomers. For example, the
chloroform complex might contain a 1:1 hexamer·CHCl3
complex (theoretical weight loss of 11.9%) or a pentamer·
CHCl3 complex. Although it is difficult to identify such species,
these TGA data clearly demonstrate that the solvent molecule
included in the macrocycle is released gradually in the
temperature range of approximately 70−200 °C. Because this
temperature is just slightly higher than the boiling points of the
guest solvents, it appears that the guests were not tightly
included in the cavity of the macrocyclic host in the crystalline
state.
In order to investigate how strongly the cyclic oligomers of 1

can retain the cocrystallized solvent molecules inside or around
the cavity in solution, we performed 1H NMR measurements of
the THF complex and benzene complex (using identical
samples with TGA) dissolved in CDCl3 and of the chloroform
complex dissolved in C6D6. The solvent molecules proximally
positioned in the crystalline state of the oligomers showed
chemical shifts identical to those of the free solvent in 1H NMR
spectra (Figures S5, S1, and S6 in the Supporting Information,
respectively). This observation indicates that the guest
molecule is liberated immediately in solution and replaced by
the solvent molecules around it.11 Therefore, it appears that the
noncovalent interactions between the host and guest are not
strong enough to hold the guest molecule in the cavity in
solution.

Assignment of the Cyclic Pentamer and Hexamer in
the 1H NMR Spectrum. The single-crystal X-ray analysis

Figure 5. Crystal structure of a pentamer of 1 bearing two benzene
molecules (15·C6H6). H atoms are omitted for clarity. Color codes: B
(pink), C (gray), N (blue-gray). The crystallization was performed at
12 °C in benzene/hexane (2:1).

Figure 6. TGA of a THF complex of 1 (crystallized at 7 °C).
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clearly revealed that each compound preferentially obtained
from the crystallization solution was a cyclic pentamer or
hexamer. However, the solution usually involved a different
order of oligomers. In order to separate the pentamers and
hexamers, we repeated the column chromatography using silica
gel. Unfortunately, this resulted in an incomplete separation.
However, when single crystals of 16·CHCl3 were carefully
picked up under a microscope, the pure hexamer12 was isolated,
which can be clearly seen in the 1H NMR spectrum (Figure S7
in the Supporting Information). The assignment of 1H NMR
signals and a TLC spot originating from the hexamer facilitated
the characterization of those from the pentamer. Thus, the set
of 1H NMR signals of pyridyl α- and β-hydrogen in the cyclic
oligomers exhibited chemical shifts at 7.94 and 7.24 ppm for
the pentamer and at 8.00 and 7.26 ppm for the hexamer. The
pentamer was slightly less mobile than the hexamer on a TLC
plate with hexane as the developing solvent.

■ CONCLUSIONS

In summary, two distinct oligomeric structures of a cyclic
pentamer and hexamer were obtained by the self-assembly of 1
via intermolecular boron−nitrogen coordination bonds. The
use of different solvents appears to have affected the
crystallization of both cyclic oligomers. Although complete
separation of the isomers still requires some effort, one of the
oligomeric isomers seems to preferentially precipitate as single
cocrystals with the solvent molecules. Thus, it is clear that the
cyclic oligomers of 1 possess an inclusion capability and can
form a crystalline host−guest complex, which is the first
instance identified in the borylpyridine system. The large
cavities of the oligomers would be efficient for complexation
with small organic molecules mainly through CH/π inter-
actions. It is well-known that cyclodextrins can include a variety
of guest molecules, including ions, through weak interactions in
water, such as hydrophobic interactions, hydrogen bonds,
electrostatic interactions, etc.13 The introduction of a polar
functional group into the unit molecule may therefore facilitate
complexation with diverse guest molecules. In addition, the
combination of self-assembly and further derivatization might
open a new route to a cage-like molecule with advanced
functions, which could selectively encapsulate certain organic
molecules or metal ions. Further design and synthetic studies
are in progress.

■ EXPERIMENTAL SECTION
4-(Diethylboryl)pyridine (1). To a solution of n-butyllithium (1.9

M in hexane, 7.7 mL, 14.6 mmol) in ether (30 mL) was added a
solution of 4-bromopyridine (2.124 g, 13.4 mmol) in ether (15 mL) at
−78 °C for 8 min. After 1 h of stirring at the same temperature, a 1 M
THF solution of diethylmethoxyborane (26 mL, 26 mmol) was added
over 20 min. The mixture was gradually warmed to 0 °C over 1 h and
stirred for 1 h. The reaction mixture was poured into water (30 mL)
and extracted with ethyl acetate (100 mL, 30 mL). The organic layer
was washed with brine, dried over MgSO4, and concentrated. The
crude product was subjected to column chromatography using silica
gel (15 g) and benzene/hexane (1:1) as eluent to afford 1 (1.350 g,
68%) as a colorless solid. Mp: >200 °C (lit.5 mp >300 °C). 1H NMR
(400 MHz, CDCl3, δ): benzene complex, 0.50−0.58 (m), 0.62−0.80
(m), 7.24 (d, J = 6.4 Hz), 7.26 (d, J = 6.4 Hz), 7.36 (s), 7.94 (d, J = 6.4
Hz), 8.00 (d, J = 6.4 Hz). 13C NMR (100 MHz, CDCl3, δ): 9.2, 9.3,
13.8, 14.7, 128.3, 129.0, 142.2, 142.3. 11B NMR (192 MHz, CDCl3, δ):
−0.425. IR (KBr): benzene complex, 3446 (br), 2943, 2905, 2866,
2820, 1618, 1424, 1167 cm−1. EIMS (20 eV): m/z 147 (M+, 60%), 118
(M+−Et, 100%). HRMS (EI): m/z calcd for C9H14BN 147.12193,

found 147.12205. ESI-MS (LiCl, THF): m/z calcd for
[(C9H14BN)7H]+ 1030 .86 , found 1030 .83 ; ca l cd for
[(C9H14BN)6H]

+ 883.74, found 883.71; calcd for [(C9H14BN)5H]
+

736.62, found 736.59; calcd for [(C9H14BN)4H]
+ 589.50, found

589.48. Anal. Calcd for C58H92B6N6O (hexamer·THF complex): C,
73.00; H, 9.72; N, 8.81. Found: C, 72.95; H, 9.53; N, 9.10.

Vapor Pressure Osmometry Results for 1. The sample, purified
by column chromatography with benzene/hexane (1:1) as eluent, was
used for VPO. The 1H NMR analysis revealed that the product
consisted of 1 (92.6%) and benzene (7.4%). 5.7 in benzene at 60 °C
[benzil (79, 290, 593, 1073 for 0.0056, 0.021, 0.041, 0.075 mol dm−3,
respectively); 1 (54, 97, 165, 279 for 0.025, 0.041, 0.068, 0.114 mol
dm−3, respectively)]; 5.4 in chloroform at 40 °C [benzil (92, 321, 663,
1198 for 0.0069, 0.025, 0.049, 0.090 mol dm−3, respectively); 1 (46,
56, 154, 234 for 0.009, 0.015, 0.052, 0.087 mol dm−3, respectively)];
5.3 in THF at 45 °C [benzil (127, 340, 612, 1060 for 0.0054, 0.021,
0.042, 0.076 mol dm−3, respectively); 1 (33, 89, 148, 245 for 0.023,
0.038, 0.063, 0.105 mol dm−3, respectively)].
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