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ABSTRACT: Controlled construction of four out of five
diastereomers of macrocyclic boronic ester was achieved in
high yield by utilizing the self-assembly of two chiral
components with the proper choice of reaction conditions.
Three diastereomers could be constructed as enantiopure
forms by properly changing the chirality combination
between the two building blocks. Furthermore, the
methodology could be applicable to the three-component
self-assembly of enantiopure macrocyclic boronic esters
having two different diboronic acid moieties.

Self-assembly of chiral, discrete structures based on the
reversible metal−ligand coordination1 or covalent bond

formation2,3 is becoming a powerful tool for the construction of
functional architectures, which often exhibit characteristic
properties that could not be attained by achiral, small organic
molecules.4−6 A majority of reported examples have been
limited to the systems which could afford one enantiopure
architecture selectively from a set of component molecules.4−8

As for the self-assembly of chiral but racemic architectures,
highly diastereoselective systems have been realized in which a
single, racemic compound is employed as one of the
component molecules,9−12 whereas the self-assembly from
two chiral, racemic components has not been explored
probably due to the apparent difficulty in controlling the
assembly process where the possible diastereomers increases
considerably.13,14 Therefore, the development of a new system,
which enables the selective self-assembly of diverse enantio-
meric architectures from the same set of component molecules,
is highly desirable for the further growth of this field. Herein,
we performed an extensive study on the self-assembly from two
chiral components: indacene-type chiral bis(1,2-diol) 1 and
chiral binaphthyl diboronic acid 2, which led to the establish-
ment of the prominent methodology for the divergent self-
assembly of chiral architectures.
Bis(1,2-diol) 1 was used as one building block since we have

already found that the diastereoselective self-assembly of
racemic discrete boronic esters was possible by utilizing
reversible boronic ester formation3d of racemic 1 with achiral
di- or triboronic acid.11e−g In the previous cases, there were
only two possible diastereomers (homo- and heterochiral
isomers) for each 2:2, 3:3, and 3:2 complex of two components
(abbreviated as [2 + 2], [3 + 3], and [3 + 2]). In contrast, by
introducing another chiral component, diboronic acid 2, the
number of possible diastereomers becomes five for [2 + 2],

which makes the selective construction of each diastereomer
increasingly difficult.
Self-assembly of bis(1,2-diol) 1 and binaphthyl diboronic

acid 2 was examined with four types of chirality combinations
between 1 and 2 (Figure 1). Initially, both racemic 1 and 2

were used for the self-assembly (Figure 1a). When equimolar
amounts of rac-1 and rac-2 were mixed in MeOH at room
temperature, a precipitate immediately began to form in the
reaction mixture. Although 1H NMR spectrum of the
precipitate collected after 5 min by filtration exhibited the
existence of a complex mixture of oligomeric boronic esters, the
ratio of a macrocyclic boronic ester gradually increased with
time. A single, thermodynamically stable product was obtained
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Figure 1. Controlled self-assembly of four diastereomers 3a, 3c, 3d,
and 3e. (a) Self-assembly of rac-3a (conditions A) and meso-3e
(conditions B) from rac-1 and rac-2. Possible five diastereomers of [2
+ 2] are shown. One enantiomer of each diastereomer is shown except
meso-compound 3e. (b) Self-assembly of (+)-3a from rac-1 (2 mol.
amt.) and (R)-2. Possible three enantiopure diastereomers of [2 + 2]
are shown. (c) Self-assembly of (+)-3d from (−)-1 and rac-2 (2 mol.
amt.). Possible three enantiopure diastereomers of [2 + 2] are shown.
(d) Self-assembly of (−)-3c from (−)-1 and (S)-2.
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in 91% yield after stirring for 1 week [Figure 1a, conditions A,
Table S1 in the Supporting Information (SI)]. Formation of [2
+ 2] was indicated by FAB-MS analysis of the precipitate.
Although there were five possible diastereomers 3a−3e for [2 +
2], the precipitate exhibited a simple 1H NMR spectrum, in
which only one set of signals was observed for each proton
(Figure 2a). X-ray crystallographic analysis of the single crystal

obtained by the recrystallization of the precipitate revealed that
the crystal was a racemic crystal, which consisted of both
enantiomers of 3a composed of the same enantiomers of both
1 and 2 (Figure 3b). The diastereoselectivity of the precipitate

was dramatically changed when the same components were
mixed in methanol/chloroform (2:1) mixed solvent system
(Figure 1a, conditions B, Tables S2 and S3 in the SI). The 1H
NMR spectrum of the precipitate exhibited two kinds of signal
for all protons, indicating the formation of another macrocyclic
boronic ester in 89% yield (Figure 2b). The structure could be
determined by X-ray analysis of its single crystal as meso-3e
composed of the different enantiomers of both 1 and 2 (Figure
3c). Thus, two diastereomers of [2 + 2], rac-3a and meso-3e,
could be selectively constructed and precipitated out in high
yields from rac-1 and rac-2 simply by changing the reaction
solvent. Powder X-ray diffraction (PXRD) analysis of the
precipitates revealed that the precipitates of rac-3a and meso-3e
were amorphous solid and aggregates of microcrystals,
respectively (Figure S5a in the SI). Therefore, the dramatic
change in the diastereoselectivity should be attributed to the
solvent-induced diastereoselective crystallization of meso-3e
similar to our previously reported crystallization-induced
selective self-assembly of boronic esters.11e−g,15,16 To further
confirm the role of the cosolvent, dynamic nature of the
product was explored. When rac-3a was refluxed in methanol/
chloroform (1:2) mixed solvent system,17 rac-3a was cleanly
converted to meso-3e in 97% yield (Figure S1 in the SI).18

Next, the selective self-assembly of enantiopure diaster-
eomers was examined by changing the chirality combinations of
two components, wherein at least one component was
employed as an enantiopure form. Enantiopure (+)-3a could
be constructed as precipitate in 77% yield when (R)-2 (>99%
ee) was mixed with 2 molar amounts of rac-1 in methanol/
benzene mixed solvent system (Figure 1b, Tables S4−S7 in the
SI).19 The structure of (+)-3a was confirmed by X-ray analysis
(Figure 3d). It should be noted that the optical resolution of
rac-1 occurred during the self-assembly process14 and other
possible diastereomers 3b and 3c were not formed at all.
Enantiopure (−)-1 could be isolated in quantitative yield after
(+)-3a was treated with 30% aqueous H2O2 solution.
Enantioenriched (+)-1 was also obtained from the filtrate
(Figure S3 in the SI).
Another enantiopure diastereomer (+)-3d was obtained as

precipitate in 85% yield by the self-assembly of (−)-1 and rac-2
(2 mol. amt.) in methanol/benzene (2:1) mixed solvent system
(Figure 1c).16,19 Although a trace amount of (+)-3a was
detected in the 1H NMR spectrum of the precipitate, the major
compound was another boronic ester (Figure 2c), the structure
of which was confirmed by X-ray analysis to be (+)-3d
composed of the same enantiomers of 1 and the different
enantiomers of 2 (Figure 3e).
Another combination of chirality, (−)-1 and (S)-2, was also

examined aiming at the construction of the third enantiopure
diastereomer 3c (Figure 1d). Although complex mixtures of
oligomeric boronic esters were obtained as precipitates when
the two components were mixed in methanol solution with
various additives (Tables S9−S11 and Figure S2 in the SI),
further investigation finally revealed that (−)-3c could be
constructed as a predominant compound in CDCl3 solution
(not as precipitate) when morpholine (5 mol. amt.) and
MgSO4 (4 mol. amt.) were added to the mixture of (−)-1 and
(S)-2. After removing MgSO4 by filtration, the filtrate was
purified by gel permeation chromatography to give (−)-3c in
76% yield, which exhibited a simple 1H NMR spectrum (Figure
2d). FAB-MS and DOSY NMR analysis of the product
supported the formation of [2 + 2] (Figure S4 in the SI).

Figure 2. Partial 1H NMR spectra (500 MHz) of four diastereomers
(in CDCl3, rt). (a) Partial

1H NMR spectrum of 3a obtained in Figure
1a (conditions A) and Figure 1b. (b) Partial 1H NMR spectrum of
meso-3e obtained in Figure 1a (conditions B). (c) Partial 1H NMR
spectrum of (+)-3d obtained in Figure 1c. The trace signals marked
with the red circle correspond to (+)-3a (other signals are
overlapped). (d) Partial 1H NMR spectrum of (−)-3c obtained in
Figure 1d. The proton assignments of these spectra correspond to the
labels shown in Figure 3a.

Figure 3. Chemical and X-ray structure of macrocyclic boronic esters.
(a) Chemical structure of 3a. The labels (a−h) correspond to the
assignment of 1H NMR signals in Figure 2. (b−e) ORTEP structures
of rac-3a (b), meso-3e (c), (+)-3a (d), and (+)-3d (e) with thermal
ellipsoids shown at 30% (b,d) or 50% (c,e) probability (C = black, O =
red, B = orange). All hydrogen atoms and solvents are omitted for
clarity.
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As shown in Figure 1a,c, the selective construction of the
macrocyclic boronic esters (+)-3d and meso-3e composed of
the different enantiomers of the boronic acid 2 was realized by
utilizing the chiral discrimination feature in the assembly
process. The methodology was then applied to the construction
of unsymmetrical enantiopure macrocyclic boronic esters,
which have different boronic acid units with different chiralities.
Generally, the incorporation of two building blocks with the
same functional group into one discrete structure is difficult to
achieve in the reversible covalent bond-based self-assembly, and
the reported examples are limited to achiral systems.20 When
each 0.5 molar amount of (S)-dimethoxy diboronic acid 2 and
(R)-diethoxy diboronic acid 4 were mixed with (−)-1 in
methanol/THF (2:1) mixed solvent system at room temper-
ature for 24 h, a macrocyclic boronic ester was obtained as a
precipitate in high selectivity (Figure 4a, conditions A, and

Table S12 in the SI). The incorporation of different boronic
acid units was supported by 1H NMR spectrum, which
exhibited the existence of both methoxy and ethoxy groups
(Figure 4b, top). Signals of other protons were similar to those
of (+)-3d. X-ray crystallographic analysis confirmed the
formation of the desired structure (+)-5a (Figure S10 in the
SI). Similarly, (−)-5b could be constructed by three-
component self-assembly from rac-1, (S)-2 (0.5 mol. amt.),
and (R)-4 (0.5 mol. amt.) in methanol/chloroform (2:1) at
room temperature for 24 h (89% yield, Figure 4a, conditions B,

and Table S13 in the SI). All protons of each bis(1,2-diol) and
diboronic acid unit were observed independently in 1H NMR
spectrum of the product, indicating the formation of unsym-
metrical structure (Figure 4b, bottom). The structure of (−)-5b
could also be confirmed by X-ray crystallographic analysis
(Figure S11 in the SI). Note that 5b, constructed from rac-1
with quasi-racemate (S)-2 and (R)-4, is a chiral compound
owing to the incorporation of different boronic acid units,
although 3e, constructed from rac-1 with rac-2, is meso-
compound.
In conclusion, we achieved controlled construction of four

out of five diastereomers of macrocyclic boronic ester [2 + 2]
in high yield by utilizing the self-assembly of two chiral
components with the proper choice of reaction conditions. In
particular, three diastereomers could be constructed as
enantiopure forms by properly changing the chirality
combination between the two building blocks. The con-
struction of enantiopure architectures is highly desirable
considering their applications. To the best of our knowledge,
this is the first example that realized the construction of more
than two enantiopure diastereomers of one discrete self-
assembled structure. Moreover, the methodology also enabled
another challenging task in the self-assembly of discrete
molecules: incorporation of heterocomponents into one self-
assembled structure. That is, enantiopure macrocyclic boronic
esters, which consist of two different boronic acid units, could
easily be constructed by using quasi-racemate. The basic
concept of the methodology demonstrated here, that is,
changing the chirality combination of two chiral components,
would not be specific to the self-assembly based on boronic
ester formation, thus should be applicable to other self-
assembly systems to generate diverse enantiopure architectures.
Further studies on the divergent self-assembly of enantiopure
boronic esters from functional chiral boronic acids are now in
progress.

■ ASSOCIATED CONTENT
*S Supporting Information
Additional experimental details, characterization data of new
compounds, and crystallographic data (CIF). This material is
available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
niwasawa@chem.titech.ac.jp
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Thanks are due to Drs. Hidehiro Uekusa and Kotaro Fujii for
performing X-ray analysis and helpful discussions on this
chemistry. This work was supported by a CREST (Core
Research for Evolution Science and Technology) project from
the Japan Science and Technology Agency (JST).

■ REFERENCES
(1) For reviews, see: (a) Saalfrank, R. W.; Maid, H.; Scheurer, A.
Angew. Chem., Int. Ed. 2008, 47, 8794−8824. (b) Wiester, M. J.;
Ulmann, P. A.; Mirkin, C. A. Angew. Chem., Int. Ed. 2011, 50, 114−
137. (c) Chakrabarty, R.; Mukherjee, P. S.; Stang, P. J. Chem. Rev.
2011, 111, 6810−6918.
(2) Reek, J. N. H.; Otto, S. Dynamic Combinatorial Chemistry; Wiley-
VCH: Weinheim, 2010.

Figure 4. Three-component self-assembly of 5a and 5b. (a) Self-
assembly of (+)-5a from (−)-1, (S)-2, and (R)-4 (conditions A). Self-
assembly of (−)-5b from rac-1, (S)-2, and (R)-4 (conditions B). (b)
1H NMR spectra (500 MHz) of (+)-5a (top) and (−)-5b (bottom) in
CDCl3 at room temperature. The proton assignments of these spectra
correspond to the labels shown in panel a. The trace signals marked
with the purple circle correspond to the 2:2 complex of (−)-1 and
(R)-4 (other signals are overlapped or not detected).

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja306249f | J. Am. Chem. Soc. 2012, 134, 13962−1396513964

http://pubs.acs.org
mailto:niwasawa@chem.titech.ac.jp


(3) For reviews, see: (a) Corbett, P. T.; Leclaire, J.; Vial, L.; West, K.
R.; Wietor, J.-L.; Sanders, J. K. M.; Otto, S. Chem. Rev. 2006, 106,
3652−3711. (b) Borisova, N. E.; Reshetova, M. D.; Ustynyuk, Y. A.
Chem. Rev. 2007, 107, 46−79. (c) Mastalerz, M. Angew. Chem., Int. Ed.
2010, 49, 5042−5053. (d) Nishiyabu, R.; Kubo, Y.; James, T. D.;
Fossey, J. S. Chem. Commun. 2011, 47, 1124−1150.
(4) For cavity-controlled asymmetric synthesis, see: (a) Nishioka, Y.;
Yamaguchi, T.; Kawano, M.; Fujita, M. J. Am. Chem. Soc. 2008, 130,
8160−8161. (b) Brown, C. J.; Bergman, R. G.; Raymond, K. N. J. Am.
Chem. Soc. 2009, 131, 17530−17531.
(5) For enantioselective inclusion of small molecules, see: (a) Liu, T.;
Liu, Y.; Xuan, W.; Cui, Y. Angew. Chem., Int. Ed. 2010, 49, 4121−4124.
(b) Xuan, W.; Zhang, M.; Liu, Y.; Chen, Z.; Cui, Y. J. Am. Chem. Soc.
2012, 134, 6904−6907.
(6) Enantiopure macrocyclic receptors for both achiral and chiral
molecules have been constructed from dynamic combinatorial library.
See: (a) Lam, R. T. S.; Belenguer, A.; Roberts, S. L.; Naumann, C.;
Jarrosson, T.; Otto, S.; Sanders, J. K. M. Science 2005, 308, 667−669.
(b) Chung, M.-K.; Severin, K.; Lee, S. J.; Waters, M. L.; Gagne,́ M. R.
Chem. Sci 2011, 2, 744−747. (c) Beeren, S. R.; Sanders, J. K. M. Chem.
Sci 2011, 2, 1560−1567.
(7) For the self-assembly of enantiopure architectures based on the
reversible metal−ligand coordination, see: (a) Jiang, H.; Lin, W. J. Am.
Chem. Soc. 2003, 125, 8084−8085. (b) Jeong, K. S.; Kim, Y. S.; Kim, Y.
J.; Lee, E.; Yoon, J. H.; Park, W. H.; Park, Y. W.; Jeon, S.-J.; Kim, Z. H.;
Kim, J.; Jeong, N. Angew. Chem., Int. Ed. 2006, 45, 8134−8138. Based
on the reversible covalent bond formation, see: (c) Chung, M.-K.;
White, P. S.; Lee, S. J.; Gagne,́ M. R. Angew. Chem., Int. Ed. 2009, 48,
8683−8686.
(8) As a rare example for the self-assembly of two enantiopure
architectures from the same set of building blocks, the metal-ion
induced selective self-assembly of dimeric and trimeric oligoimines was
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