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The activation mode of a rotaxane-based organocatalyst with both secondary amine and squaramide

catalytic units can be switched with acid or base. The macrocycle blocks whichever of the catalytic sites

it is positioned over. The switchable rotaxane catalyst generates different products from a mixture of

three building blocks according to the location of the macrocyclic ring in the rotaxane.
Introduction

Synthetic catalysts have previously been developed where a
stimulus can be used to turn the catalytic activity ‘on’ or ‘off’1,2

or to change the stereochemical outcome of a reaction.3 Here we
report on an articial system that can switch between two
different modes of organocatalysis,4 each promoting a different
chemical transformation. The result is a molecular catalyst that
can be used to produce different reaction outcomes from a
mixture of building blocks (Fig. 1).

The switchable catalyst employed is a [2]rotaxane in which
the position of the macrocycle can be changed5 to block one or
other of two organocatalytic active sites.2,6 The rotaxane
(1/1-H+$CF3CO2

�, Fig. 2) features a thread bearing dibenzyl-
amine/dibenzylammonium and squaramide units as the cata-
lytic centres. The activities of the organocatalytic sites are based
ixture of building blocks using a
en two different active sites (e.g.
reactions are promoted (involving
rent building blocks) according to
vealed (e.g. Fig. 4).

ter, Oxford Road, Manchester, M13 9PL,

Web: http://www.catenane.net

SI) available: Synthetic procedures and
sc03279a
on different activation mechanisms: the secondary amine/
ammonium unit is able2 to promote iminium7 (and potentially
enamine8 and trienamine9) catalysis while squaramide-cata-
lyzed reactions proceed through the activation of electrophiles
by hydrogen bonding.10 The macrocycle of the rotaxane
contains a pyridyl-2,6-dicarboxyamide unit that can bind effec-
tively to the squaramide residue, and a crown ether-like region
that has a very high affinity for secondary ammonium ions but
not for non-protonated amines.11 A rigid spacer was introduced
between the two active sites on the thread to prevent folding.
Accordingly, when the rotaxane is protonated (1-H+$CF3CO2

�)
Fig. 2 Acid–base control of the position of the macrocycle in rotax-
ane 1 (iminium catalysis ‘on’; hydrogen bond catalysis ‘off’)/1-
H+$CF3CO2

� (iminium catalysis ‘off’; hydrogen bond catalysis ‘on’) and
the structure of the corresponding thread 2-H+$CF3CO2

� (both imi-
nium catalysis and hydrogen bond catalysis ‘on’).

This journal is © The Royal Society of Chemistry 2015
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the macrocycle should preferentially encapsulate the dibenzy-
lammonium group, masking it from being available for cataly-
sis (iminium catalysis ‘off’) while leaving the squaramide site
accessible (hydrogen bond catalysis ‘on’). In the neutral form of
the rotaxane (1) the squaramide should be the preferred
binding site for the macrocycle, concealing it and making it
unavailable for catalysis (hydrogen bond catalysis ‘off’) whilst
leaving the secondary amine exposed (iminium catalysis ‘on’).12
Results and discussion

The synthesis of 1 utilized the intended pyridinedicarboxamide-
squaramide recognition motif to promote the threading of a
suitable squaramide derivative, 3, through the cavity of mac-
rocycle 5, covalently capturing the interlocked structure
through amide bond formation with bulky ‘stopper’ 4 (Fig. 3,
see ESI† for details). [2]Rotaxane 1-Boc was isolated in 47% yield
along with the non-interlocked thread (2-Boc, 46%).

The 1H NMR spectra (Fig. 3a–c) of the macrocycle (5), thread
(2-Boc) and rotaxane (1-Boc) conrms the threaded architecture
of 1-Boc with the macrocycle residing around the squaramide
unit. The downeld shi of the HC amide protons in the
rotaxane compared to the parent macrocycle (DdHC¼ 0.19 ppm)
and the shis of the protons on the central region of the poly-
ether chain (DdHH ¼ 0.08 ppm; DdHI,J ¼ 0.25 ppm) indicate
Fig. 3 Hydrogen bond mediated assembly of [2]rotaxane 1-Boc
and thread 2-Boc. Reagents and conditions: PyBroP, iPr2NEt,
CH2Cl2 : THF : CH3CN (60 : 35 : 5), RT, 20 h. 1H NMR spectra
(600MHz, d6-acetone, 293 K): (a) macrocycle 5; (b) [2]rotaxane 1-Boc;
(c) thread 2-Boc.

Fig. 4 The Michael addition of 6 to crotonaldehyde (7) or trans-b-
nitrostyrene (8) using rotaxanes 1, 1-H+$CF3CO2

� or thread
2-H+$CF3CO2

� as catalysts. Conditions: 5 mol% catalyst, 10 mol%
NaOAc, 0.5 M 6 (1 equiv.), 7 (2 equiv), 8 (1 equiv.), RT, 18 h
(1-H+$CF3CO2

�) or 72 h (1or 2-H+$CF3CO2
�). 1HNMR spectra (600MHz,

CDCl3, 293 K): (a) trans-b-nitrostyrene (8); (b) crotonaldehyde (7);
(c) reaction mixture of 6, 7 and 8 after 72 h in the presence of 1;
(d) reaction mixture of 6, 7 and 8 after 18 h in the presence of
1-H+$CF3CO2

�; (e) reaction mixture of 6, 7 and 8 after 72 h in the
presence of 2-H+$CF3CO2

�; (f) 10; (g) 9.

This journal is © The Royal Society of Chemistry 2015
hydrogen bonding between the macrocycle and both sides,
hydrogen bond donors and acceptors, of the thread squaramide
unit. Protons of the phenyl rings of the macrocycle are shied
upeld in the rotaxane (DdHE ¼ �0.26 ppm; DdHF ¼ �0.48
ppm) due to shielding by the ring currents of the squaramide
ring and aryl substituents.

Deprotection of the dibenzylamine moiety using triuoro-
acetic acid afforded rotaxane 1-H+$CF3CO2

� (see ESI† for
details). A solution of 1-H+$CF3CO2

� in CH2Cl2 was washed with
NaOH(aq) (2 M) to produce 1, 1H NMR spectroscopy conrming
the change of position of the macrocycle (see ESI†). Addition of
CF3CO2H (1.4 equiv.) to 1 in CH2Cl2 smoothly regenerated
1-H+$CF3CO2

� (see ESI†).
Chem. Sci., 2015, 6, 140–143 | 141
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We investigated the ability of the rotaxane and the thread to
perform organocatalytic reactions in both their protonated
(1-H+$CF3CO2

�; 2-H+$CF3CO2
�) and unprotonated (1) states.

Secondary amines can promote the Michael addition of 1,3-
dicarbonyl nucleophiles to a,b-unsaturated aldehydes via imi-
nium catalysis.13 When using a nitroalkene instead of the
unsaturated aldehyde a similar Michael addition can occur if
the electrophile is activated by hydrogen bond catalysts such as
(thio)urea or squaramide derivatives.14 Accordingly, we
reasoned that the rotaxanemight be able to catalyse the Michael
addition of 1,3-diphenylpropane-1,3-dione (6) selectively to
either crotonaldehyde (7) or trans-b-nitrostyrene (8) according
to which type of organocatalytic group was exposed on the
thread.

A mixture of 6 (0.5 M), 7 and 8 in a 1 : 2 : 1 ratio, 10 mol%
NaOAc15 and 5 mol% of the potential catalyst (1, 1-H+$CF3CO2

�

or 2-H+$CF3CO2
�) was stirred in CH2Cl2 at room temperature

(Fig. 4, top). Rotaxane 1 (secondary amine exposed) catalyzed
the Michael addition of 6 to crotonaldehyde (7) to give 10 (40%
conversion aer 72 h) with high selectivity (only a trace of 9, the
addition product to trans-b-nitrostyrene, present in the reaction
mixture as evidenced by 1H NMR spectroscopy, Fig. 4c). Use of
the protonated form of the rotaxane, 1-H+$CF3CO2

�, (squar-
amide exposed) resulted in the formation of 9 with a conversion
of 75% aer 18 h with only a few percent of 10 present in the
reaction mixture (Fig. 4d).

In contrast to the selectivity found with both forms of the
rotaxane catalyst, when the thread 2-H+$CF3CO2

� was employed
as the catalyst (both organocatalytic sites exposed) 9 and 10
were formed in a close-to-1 : 1 ratio (15% conversion aer 72 h,
Fig. 4e).

Conclusions

A rotaxane with two different organocatalytic sites, a squar-
amide unit and a dibenzylamine group, separated by a rigid
spacer, has been demonstrated to promote Michael addition
reactions through either iminium ion or hydrogen-bond-acti-
vated catalysis. The system can be switched between the two
activation modes through acid–base-mediated control of the
position of the rotaxane macrocycle to conceal one site on the
thread and reveal the other. The switchable organocatalyst was
used to promote the Michael addition of 1,3-diphenylpropan-
1,3-dione (6) to either crotonaldehyde (7) or trans-b-nitrostyrene
(8) according to the catalyst state, with modest conversions (40–
75%) and good selectivity in both modes.

The ability to select which components of a mixture react
together, affording different product outcomes from a common
set of building blocks, is a promising use of articial molecular
machines in chemical synthesis.16
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P. Rudolf, G. Teobaldi and F. Zerbetto, Nat. Mater., 2005, 4,
704; T. D. Nguyen, H.-R. Tseng, P. C. Celestre, A. H. Flood,
Y. Liu, J. F. Stoddart and J. I. Zink, Proc. Natl. Acad. Sci. U.
S. A., 2005, 102, 10029; Y.-L. Huang, W.-C. Hung, C.-C. Lai,
Y.-H. Liu, S.-M. Peng and S.-H. Chiu, Angew. Chem., Int.
Ed., 2007, 46, 6629; W. Zhou, J. Li, X. He, C. Li, J. Lv, Y. Li,
S. Wang, H. Liu and D. Zhu, Chem.–Eur. J., 2008, 14, 754;
A. Fernandes, A. Viterisi, F. Coutrot, S. Potok, D. A. Leigh,
V. Aucagne and S. Papot, Angew. Chem., Int. Ed., 2009, 48,
6443; J. J. Gassensmith, S. Matthys, J.-J. Lee, A. Wojcik,
P. Kamat and B. D. Smith, Chem.–Eur. J., 2010, 16, 2916;
P. Lussis, T. Svaldo-Lanero, A. Bertocco, C.-A. Fustin,
D. A. Leigh and A.-S. Duwez, Nat. Nanotechnol., 2011, 6,
553; A. V. Leontiev, C. A. Jemmett and P. D. Beer, Chem.–
Eur. J., 2011, 17, 816; C. J. Serpell, R. Chall,
A. L. Thompson and P. D. Beer, Dalton Trans., 2011, 40,
12052; A. Fernandes, A. Viterisi, V. Aucagne, D. A. Leigh
and S. Papot, Chem. Commun., 2012, 48, 2083; T. Avellini,
H. Li, A. Coskun, G. Barin, A. Trabolsi, A. N. Basuray,
S. K. Dey, A. Credi, S. Silvi, J. F. Stoddart and M. Venturi,
Angew. Chem., Int. Ed., 2012, 51, 1611.

6 For rotaxanes incorporating catalytic centers, see:
P. Thordarson, E. J. Bijsterveld, A. E. Rowan and
R. J. Nolte, Nature, 2003, 424, 915; Y. Tachibana, N. Kihara
and T. Takata, J. Am. Chem. Soc., 2004, 126, 3438;
G. Hattori, T. Hori, Y. Miyake and Y. Nishibayashi, J. Am.
Chem. Soc., 2007, 129, 12930; Y. Li, Y. Feng, Y.-M. He,
F. Chen, J. Pan and Q.-H. Fan, Tetrahedron Lett., 2008, 49,
2878; N. Miyagawa, M. Watanabe, T. Matsuyama,
Y. Koyama, T. Moriuchi, T. Hirao, Y. Furusho and
T. Takata, Chem. Commun., 2010, 46, 1920; Y. Suzaki,
K. Shimada, E. Chihara, T. Saito, Y. Tsuchido and
K. Osakada, Org. Lett., 2011, 13, 3774; D. A. Leigh,
V. Marcos and M. R. Wilson, ACS Catal., 2014, 4, 4490.

7 S. B. Tsogoeva, Eur. J. Org. Chem., 2007, 1701; D. Almasi,
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