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Dynamic covalent chemistry of a boronylammonium ion
and a crown ether: formation of a C3-symmetric [4]rotaxane
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Abstract

This Letter describes an efficient method for constructing a C3-symmetric [4]rotaxane through hydrogen bond-guided self-assembly
and boroxine formation. The reactions proceed under mild conditions in solution, with entropically driven forces promoting the forma-
tion of the [4]rotaxane.
� 2008 Elsevier Ltd. All rights reserved.
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Dynamic covalent chemistry is a powerful method for
synthesizing thermodynamically stable products selectively
from among a set of potential products.1 In particular, it is
very effective for constructing and functionalizing mechan-
ically interlocked molecules, such as catenanes and rotax-
anes, through bond dissociation/recombination processes.
Various reactions leading to covalent connection between
reactants have been demonstrated, including olefin meta-
thesis,2 imine3 and hydrazone4 formation, thiol–disulfide
interchange,5 transacetalation,6 tritylation of thioethers,7

and coordinative bond formation.8

Boroxines are six-membered-ring inorganic hetero-
cycles; their attractive C3-symmetric tripodal structures are
readily prepared through the dehydration of corresponding
boronic acids. Recently, we reported the reversible conden-
sation of different boronic acids at room temperature to
give their corresponding boroxines; the trimerization of
pairs of these boronic acids allowed us to prepare a unique
dynamic combinational library.9 In this present study, we
used two reversible processes—hydrogen bond-guided
self-assembly ([2]pseudorotaxane formation) and boroxine
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formation ([4]rotaxane construction)—to synthesize a C3-
symmetric [4]rotaxane containing a boroxine core (Scheme
1), and used 1H NMR spectroscopy to determine this inter-
locked molecule’s thermodynamic stability.

The preparation of the key secondary dialkylammonium
salt 1�PF6 was initiated through the condensation of 4-
formylphenylboronic acid with 3,5-dimethylbenzylamine
to afford the corresponding imine. Reduction of this imine,
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mailto:tokunaga@matse.u-fukui.ac.jp


1 PF6

NH3
+

-Cl
+

1) Et3N, MgSO4
2) NaBH4
3) HCl
4) NH4PF6

OHC

B(OH)2

H2
N
+

B(OH)2PF6
-

.

60%

Scheme 2.

3450 Y. Tokunaga et al. / Tetrahedron Letters 49 (2008) 3449–3452
followed by protonation and counterion exchange, pro-
duced the ammonium salt 1�PF6, which possessed a bulky
aryl group at one end and a boronyl group at the other
(Scheme 2).

In an initial experiment using chloroform as the solvent,
we validated the feasibility of forming the boroxine from
the [2]pseudorotaxane formed from the dialkylammonium
ion 1�PF6 and dibenzo[24]crown-8 (DB24C8). We sus-
pected that [2]pseudorotaxane 2�PF6 formed in solution
because the dialkylammonium salt 1�PF6 is insoluble in
chloroform in the absence of the crown ether; that is,
1�PF6 was solubilised upon complexation with DB24C8.
The cyclotrimerization of [2]pseudorotaxane 2�PF6 pro-
ceeded (Scheme 3) while sonicating a mixture of 1�PF6

and an excess of DB24C8 in CDCl3 for four hours until
a disappearance of the solid. We confirmed the structures
of 2�PF6 and 3�PF6 from spectroscopic and analytical data.
Figure 1a displays the 1H NMR spectrum of a mixture
of 1�PF6 and DB24C8. By comparing the spectrum of
DB24C8 with that of the mixture, we observe two sets of
resonances, which we assigned to the [2]pseudorotaxane
2�PF6 and [4]rotaxane 3�PF6. The CH2N protons of the
dumbbell-shaped units appear at 4.36 and 4.63 ppm for
[2]pseudorotaxane 2�PF6 and at 4.48 and 4.75 ppm for
[4]rotaxane 3�PF6, with the corresponding aromatic pro-
tons at 7.39 and 7.76 ppm for 2�PF6 and 7.59 and
8.14 ppm for 3�PF6. The resonances of the aliphatic and
aromatic protons of the DB24C8 components appear at
3.30–3.67 and 6.50–6.68 ppm, respectively. These chemical
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shift assignments are consistent with those reported previ-
ously for structurally similar systems.2d,e,3c,5b,c,7 To assign
specific resonances to the protons of [2]pseudorotaxane
2�PF6 and [4]rotaxane 3�PF6, we recorded a 1H NMR spec-
trum of the mixture in the presence of an excess of D2O
(Fig. 1c), which hydrolyzed the boroxine. The ESI mass
spectrum of a mixture of 1�PF6 and DB24C8 in dichloro-
methane confirmed the presence of the [2]pseudorotaxane
and [4]rotaxane structures, which were represented by
peaks for their [M�PF6

��þ ions at m/z 718 and 2391,
respectively.10

Next, we calculated the equilibrium constant (Keq) for
boroxine formation (3 � 2�PF6 ¡ 3�PF6 + 3H2O)11

through the integration of the signals for 2�PF6, 3�PF6,
water, and an internal standard (trimethyl 1,3,5-benzenetri-
carboxylate) in 1H NMR spectra recorded at 10–35 �C. A
plot of DG versus temperature for the equilibria (boroxine
formation) yielded a straight line (Fig. 2), from which we
determined the enthalpic (DH = 2.53 ± 0.63 kJ/mol) and
entropic (DS = 132 ± 2 J/mol K) parameters. Consistent
with the findings reported previously, the formation of this
boroxine is an entropically driven process because of the
release of three free water molecules into the bulk
solvent.9,12,13

It has been reported that the presence of an electron-
donating group in the para position of the phenyl ring
increases the thermodynamic stability of triphenylboroxine
derivatives toward hydrolysis;9 computational studies sup-
port this empirical finding.11,14 The equilibrium constant
(Keq: 1.32 ± 0.33 M) for the formation of 3�PF6 from
2�PF6 is, however, similar to that for the cyclotrimerization
of p-methoxyphenylboronic acid, which possesses such an
electron-donating group (for examples of Keq value, p-
methoxyphenylboronic acid: 1.40 M, p-tolylboronic acid:
0.45 M).15 We suspect that several factors are responsible
for this phenomenon: (1) the benzene rings of the
DB24C8 and dumbbell-shaped units interact to enhance
the electron density of the aromatic rings connected to
the boroxine core; (2) hydrogen bonds to the crown ether
unit weaken the electron-withdrawing properties of the
CH2NH2

þ moieties; (3) the DB24C8 units provide steric
stabilization against the hydrolysis of the boroxine.

In summary, we have constructed a C3-symmetric
[4]rotaxane 3�PF6 using two reversible processes: [2]pseudo-
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Fig. 1. 1H NMR spectra (500 MHz, CDCl3) of a mixture of the boronic acid 1�PF6 (10 mM) and DB24C8 (30 mM) at (a) 25 and (b) 45 �C and (c) in the
presence of an excess of D2O at 25 �C. j: [4]rotaxane 3�PF6; h: [2]pseudorotaxane 2�PF6; s: DB24C8.
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Fig. 2. Plots of DG versus temperature for boroxine formation. The
experiments were performed four times. Concentration data were obtained
from integration of the appropriate signals for 2�PF6, 3�PF6, water, and
the internal standard (trimethyl 1,3,5-benzenetricarboxylate) in the 1H
NMR spectra recorded in CDCl3.
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rotaxane formation mediated by hydrogen bonding
between DB24C8 and a boronic acid-functionalized dialky-
lammonium ion and boroxine formation through cyclo-
trimerization of three boronic acid units. Variable-
temperature NMR spectroscopy experiments provided us
with the thermodynamic parameters for the boroxine
formation process; it appears that the structure of the C3-
symmetric [4]rotaxane 3�PF6 stabilizes the boroxine core
against hydrolysis.
Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tetlet.2008.
03.106.
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