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ABSTRACT

thermodynamically favored

Cucurbit[6]-, cucurbit[7]-, and cucurbit[6]uril cavitands can be aligned along a spermine derivative axle in a well-defined, kinetically favored
sequence at room temperature, and can undergo a reorganization toward a more stable [4]pseudorotaxane bearing three cucurbit[6]uril units

upon thermally induced scrambling.

Living organisms owe their phenotypes, their functional -
ities, and their survival to the intricate interplay between
myriad molecular machines in which self-assembly and
self-sorting between various chemical entities (nucleic
acids, proteins, etc.) play a crucial and fascinating role.*
In an ongoing effort toward mimicking natural systems
with synthetic structures, chemists have managed to
design, synthesize, and evaluate increasingly complex
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supramolecular assemblies with high-fidelity recognition
properties. Recognition has been mainly achieved through
selective metal —ligand interactions,? hydrogen bonding,®
hydrophilic and hydrophobic effects,* 7—ax stacking,® and
site-selective reversible linkage.®
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High-fidelity recognition implies effective discrimination
between a set of guests and a set of hosts. Recently, a mixture
of eight well-characterized aggregates were found to undergo
perfect pairing, with no trace of pair mismatch.” Such a
remarkable achievement becomes more challenging when
targets bearing common properties (such as the shape, the
charge distribution, and the hydrophilicity) are deliberately
chosen. For example, Schalley et a. managed to build a self-
sorting [3]pseudorotaxane incorporating two highly similar
crown ethers in a well-defined sequence.®

The recognition between molecular units depends on
thermodynamic and kinetic parameters.”® In this study, we
present the kinetic self-sorting of two similar cavitands,
cucurbit[6]- and cucurbit[7]uril (CB[6] and CB[7]), in the
presence of a spermine derivative bearing multiple binding
sites and its reorganization upon thermal activation toward
a different thermodynamically driven self-sorted assembly.
While the kinetic vs thermodynamic self-sorting between a
pair of cucurbiturils and a pair of guests (i.e., CB[6]-guest 1
and CB[7]-guest 2 vs CB[6]-guest 2 and CB[7]-guest 1
adducts) has been reported in detail by Isaacs et a.,'° the
self-sorting system described herein possesses only one guest,
to which CB units bind according to two different well-
defined sequences.

Cucurbit[n]urils* (CB[n]) are pumpkin-shaped cavitands
obtained from the condensation of n glycoluril units and
formaldehyde. CB[6] and CB[7] have acommon 9.1 A depth
and possess a hydrophobic cavity (5.8 and 7.3 A, respec-
tively) and two hydrophilic portals which are approximately

(5) (8 Chu, Y.; Hoffman, D. W.; Iverson, B. L. J. Am. Chem. Soc.
2009, 131, 3499. (b) Gong, B. Acc. Chem. Res. 2008, 41, 1376. (c) Zang,
L.; Che, Y.; Moore, J. S. Acc. Chem. Res. 2008, 41, 1596. (d) Pijper, D.;
Feringa, B. L. Soft Matter 2008, 4, 1349. (e) Sisson, A. L.; Sakai, N.;
Banerji, N.; Fuerstenberg, A.; Vauthey, E.; Matile, S. Angew. Chem.,, Int.
Ed. 2008, 47, 3727. (f) Jayawickramarajah, J.; Tagore, D. M.; Tsou, L. K;
Hamilton, A. D. Angew. Chem., Int. Ed. 2007, 46, 7583.

(6) (a) Ulrich, S.; Buhler, E.; Lehn, J. M. New J. Chem. 2009, 33, 271.
(b) Nguyen, R.; Allouche, L.; Buhler, E.; Giuseppone, N. Angew. Chem.,
Int. Ed. 2009, 48, 1093. (c) Nishimura, N.; Kobayashi, K. Angew. Chem.,
Int. Ed. 2008, 47, 6255. (d) Restorp, P.; Rebek, J.,, Jr. J. Am. Chem. Soc.
2008, 130, 11850. () Hon, J. L.; Ajami, D.; Rebek, J.,, J. J. Am. Chem.
Soc. 2008, 130, 7810.

(7) (& Wu, A,; Isaacs, L. J. Am. Chem. Soc. 2003, 125, 4831. (b)
Mukhopadhyay, P.; Wu, A.; Isaacs, L. J. Org. Chem. 2004, 69, 6157.

(8) Jiang, W.; Winkler, H. D. F.; Schalley, C. A. J. Am. Chem. Soc.
2008, 130, 13852.

(9) Paraschiv, V.; Crego-Calama, M.; Ishi-i, T.; Padberg, C. J; Tim-
merman, P.; Reinhoudt, D. N. J. Am. Chem. Soc. 2002, 124, 7638. (b) Prins,
L. J; de Jong, F.; Timmerman, P.; Reinhoudt, D. N. Nature 2000, 408,
181.

(10) Mukhopadhyay, P.; Zavalij, P. Y.;
2006, 128, 14093.

(11) Freeman, W. A.; Mock, W. L.; Shih, N. Y. J. Am. Chem. Soc.
1981, 103, 7367.

(12) (a) Lagona, J.; Mukhopadhyay, P.; Chakrabarti, S.; Isaacs, L.
Angew. Chem., Int. Ed. 2005, 44, 4844. (b) Rekharsky, M. V.; Mori, T;
Yang, C.; Ko, Y. H.; Selvapalam, N.; Kim, H.; Sobransingh, D.; Kaifer,
A. E; Liu, S; Isaacs, L.; Chen, W.; Moghaddam, S.; Gilson, M. K.; Kim,
K.; Inoue, Y. Proc. Natl. Acad. Sci. U.SA. 2007, 104, 20737. (c) Liu, S;
Ruspic, C.; Mukhopadhyay, P.; Chakrabarti, S.; Zavalij, P. Y.; Isaacs, L.
J. Am. Chem. Soc. 2005, 127, 15959. (d) Kim, J; Jung, I. S;; Kim, S. Y ;
Lee, E.; Kang, J. K.; Sakamoto, S.; Yamaguchi, K.; Kim, K. J. Am. Chem.
Soc. 2000, 122, 540.

(13) Rekharsky, M. V.; Ko, Y. H.; Selvapalam, N.; Kim, K.; Inoue, Y.
Supramol. Chem. 2007, 19, 39.

(14) () Moon, K.; Kaifer, A. E. Org. Lett. 2004, 6, 185. (b) Mock,
W. L.; Shih, N. Y. J. Org. Chem. 1986, 51, 4440. (c) Buschmann, H. J;
Wego, A.; Zielesny, A.; Schollmeyer, E. J. Incl. Phenom. Macrocycl. Chem.
2006, 54, 241.

Isaacs, L. J. Am. Chem. Soc.

Org. Lett, Vol. 11, No. 17, 2009

H
HQNMN/WNWNHZ
H
2.0 equiv.), CH
1Yo GRSy orer

2. NaBH,, CH;0H, 25 °C, 15 min
3. HCI (2.5 M in EtOH)

H H
! | H df H gl' \A
Y\N 5 NN ’}‘W'ﬂ 4¢®
H H H
(1 aﬁ%}
*l CB[8] (7.0 equiv.)
e, 5°C — I\ "
f(,/ celg) - cBls] T
i Z\AHG«? PH ¢ oH Qi/]\ Fai
i S S SN AN 0
I\\,\i »? -\J}- Ni_? = H,Na he |\'1 [!'I‘ ; '}/'
e 'l B[] (; equiv.) g
P R " CBi8] T e
A e r?\,;ﬂ &P ﬁ/ @ r’%“ Q.N (/]\ N
|'\ b3\ / N\g\eg/\l% h? '-ym |:| \ II :
e H HE_ 5 N ¥
Tk 5 A J S LA 1 1 = F
station 1 station 2 station 3 station 2' station 1
o
e e ! e
s W i B f
© - f —-‘a'-_-J‘ / e
,@I 6 3 @ &2
h‘z :s
1 b"’
I\ Il
(e Jli\. ..:wz ; |
,@{ 2 @ @ | o @I
o -~
1 b
o I\ /
A A
25 20 15 10 05 ppm

Figure 1. Preparation of spermine derivative 1 and the formation
of [3]pseudorotaxane 2 and [4]pseudorotaxane 3 in the presence
of CB[6]. IH NMR spectra of (a) spermine derivative 1, (b) a
mixture of spermine derivative 1 and 7.0 equiv of CB[6] at 25 °C
([3]pseudorotaxane 2 is formed quantitatively), and (c) a mixture
of spermine derivative 1 and 7.0 equiv of CB[6] after subsequent
heating to 90 °C for 2 h ([4] pseudorotaxane 3 is formed quantita-
tively). Red arrows emphasize the strong upfield shift caused by
the complexation of CB[6] with stations 1, 1’, and 3. Circled
numbers in brown indicate the station to which hydrogen atoms at
positions a—h belong. Doublets a'—a® are half-truncated. All
measurements were performed in a buffered D,O solution (pD 8.65),
with the residual signal of HDO as the reference signal (6 = 4.70

ppm).

2 A narrower than the cavity.> CB[n]s incorporate hydro-
phobic moieties into their cavity; the binding affinity is
particularly high (up to 3 x 10 M) when the
hydrophobic unit is connected to a positively charged group,
such as an ammonium or a pyridinium, which interacts with
the hydrophilic portal through ion—dipole stabilization and
hydrogen bonding. Affinities are at their highest when the
guest fits tightly into the CB[n] cavity.*

Like various alkylammonium cations,® we have found that
the isobutylammonium cation binds strongly to CB[6] with
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aslow exchange rate on the nuclear magnetic resonance time
scale. Also, its particular shape led us to think that its
threading through the CB[6] porta would be particularly
energy costly, both in terms of enthalpy and entropy. On
the contrary, the threading of isobutylammonium through
the larger CB[7] is expected to be a rapid process. Such a
plausible selective “filtration” of CB[6] and CB[7] prompted
us to design a guest bearing multiple stations for CB[6] and
CB[7] and to study its potent self-sorting properties toward
these two cavitands.

Commercially available spermineis anideal polyaminated
scaffold that can be further functionalized. Polyammonium
salt 1 was readily obtained upon treatment of spermine with
2 equiv of isobutyraldehyde, subsequent reduction with
sodium borohydride, and protonation with ethanolic hydrogen
chloride (see Figure 1).

In the presence of an excess of CB[6] at 25 °C, spermine
derivative 1 interacted with 2 CB[6] units to form [3]pseudoro-
taxane 2. The structure of such an assembly can be easily
identified by "H NMR spectroscopy®?? (see Figure 1, spectraa
and b), since (1) hydrogen atoms residing at the core of the
CBIn] cavitand undergo astrong upfield shift (up to 1.6 ppm); 4@
(2) hydrogen atoms closer to the porta but till inside the cavity
of CB are moderately shifted upfield (0.1—0.8 ppm),*** and
(3) hydrogens outside the cavity undergo amoderate downfield
shift (up to 0.7 ppm) that weakens as the distance between the
hydrogen and the portal increases.*4

Hydrogen atoms at positions a, b, and ¢ undergo the
characteristic strong upfield shift upon binding with CBJ[6]
(0.73, 1.12, and 0.62 ppm, respectively), while hydrogens
outside the cavitand are shifted downfield moderately (posi-
tions d, e, and f; approximately 0.3 ppm). Hydrogen atoms
at positions g and h, albeit remote, are dightly affected by
the entering CBJ[6] units (downfield shifts of approximately
0.1 ppm, see Figure 1, spectra a and b).

Upon thermal activation at 90 °C during 2 h, a CB[6] unit
underwent translation to the central butane-1,4-diammonium
station (station 3, see Figure 1) and an additional CBJ[6]
encapsulated the terminal isobutyl group (station 1) to form
the more stable [4]pseudorotaxane 3.

Hydrogen atoms at positions a, b, and ¢ are barely affected
by the incoming CB[6] unit (downfield shifts of less than
0.05 ppm), while hydrogens at positions d, e, and f, now
surrounded by two CBJ[6] units, undergo a moderate down-
field shift (0.10, 0.21, and 0.20 ppm, respectively). Hydro-
gens at positions g and h are encapsulated into CB[6] and
are strongly shifted upfield (0.72 and 1.20 ppm, see Figure
1, spectrum c).

The two propane-1,3-diammonium sections of spermine
derivative 1 (sections 2 and 2’, see Figure 1) could aso arguably
act as stations for CB[6], athough the affinity of 1,3-propanedi-
ammonium has been shown to be almost 10° times weaker than
the affinity of 1,4-butanediammonium toward CB[6] (K, =
33 x 10?7 and 20 x 10" ML, respectively).® If CB[6]
happened to be bound to section 2, it would be adjacent to the
neighboring CB[6] which encapsul ates the isobutyl substituent
and would interact with the same NH,* group. Until now, we
have not encountered a single case where such an arrangement
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Figure 2. 'H NMR spectra of (a) [3]pseudorotaxane 2 in the
presence of 7.0 equiv of CB[6], (b) a 2:3 mixture of [3]pseu-
dorotaxane 2 and [4] pseudorotaxane 4 upon addition of 1.5 equiv
of CB[7], (c) [4]pseudorotaxane 4 upon addition of 10 equiv of
CB[7], (d) a 1:3 mixture of [4]pseudorotaxanes 4 and 3 upon
heating to 90 °C for 15 min, and (€) [4] pseudorotaxane 3 upon
heating to 90 °C for 2 h. All measurements performed at 25 °C.
Blue arrows emphasize the strong upfield shift caused by the
complexation of CB[7] with station 3; red arrows outline the
repositioning of CB[6] at stations 1 and 1’ upon encapsulation
of station 3 with CB[7] or CB[6]; green arrows indicate the
chemical shifts of hydrogens at positions g and h when the
surrounding CB[7] is replaced by CB[6]. Doublets a>—a* are
half-truncated. *[4]Pseudorotaxane 4 is contaminated with
residual amounts of [3]pseudorotaxane 2 (less than 5%). ** For
reasons yet to be determined, a broad signal at 1.5 ppm appears
when the turbidity of the reaction mixture increases.
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occurs. For example, we found that diisobutylammonium
chloride binds to one CBJ[6] unit only, even in the presence of
a large excess of CBJ[6].

The relative affinity of CB[7] compared to CB[6] toward
the 1,4-butanediammonium cation was evaluated in a com-
petition experiment and estimated to be at least 10° times
weaker (no detectable amount of CB[6] could be displaced
upon addition of a 10-fold excess of CB[7] to a CB[6]/1,4-
butanediammonium complex). A similar result was obtained
when comparing the affinity of the isobutylammonium cation
with CB[6] and CB[7]. We attribute this relative lack of
affinity to the size of CB[7], in which both guestsfit [oosely.

The self-sorting properties of spermine derivative 1 in the
presence of a pool of CB[6] and CB[7] was subsequently
studied. Since the affinity of isobutylammonium toward
CB[6] is much stronger than toward CBJ[7], two CB[6] units
are expected to bind to the two terminal isobutyl substituents
(stations 1 and 1’, see Figure 2). Also, complexation of CB[7]
with the butane-1,4-diammonium station 3 is thermodynami-
caly favorable, albeit weakly.

At 25 °C, the terminal isobutyl groups are not bulky
enough to prevent CB[7] from dlipping toward station 3.
Upon consecutive additions of CB[7] to a mixture of
spermine derivative 1 and an excess of CBJ[6], [4]pseudoro-
taxane 4 was formed at the expense of [3]pseudorotaxane 2
(see Figure 2, spectra a—c). The two terminal CB[6] units
thus act as rapidly oscillating valves which alow CB[7] to
reach station 3.

'H NMR spectra 2a—c display some remarkable differ-
ences upon reorganization from [3]pseudorotaxane 2 to
[4]pseudorotaxane 4. Hydrogens at positions a, b, and ¢
undergo a moderate downfield shift (0.02, 0.06, and 0.10
ppm, respectively), indicating a minor repositioning of CB[6]
at stations 1 and 1’. Similarly to [4]pseudorotaxane 3,
hydrogens at positions d, e, and f are now surrounded by
two CB units and thus undergo a moderate downfield shift
(0.03, 0.17, and 0.16 ppm, respectively), while hydrogen
atoms at positions g and h are strongly shifted upfield (0.87
and 0.98 ppm), due to encapsulation by CBJ[7]. A 2:3 mixture
of pseudorotaxanes 2 and 4 (Figure 2, spectrum b) shows
that al equilibriainvolved in the reorganization process are
slow on the NMR time scale. This is consistent with the
preliminary observation that the interaction between CB[6]
and isobutylammonium is a slow exchange process: in
[4]pseudorotaxane 4, the motion of CB[7] is subjected to
the behavior of the two CB[6] valves, and therefore, it must

Org. Lett, Vol. 11, No. 17, 2009

exchange slowly. The reaction mixture containing the
kinetically self-sorted [4]pseudorotaxane 4 and the pool of
CBJ[6] and CBJ[7] was subsequently heated to 90 °C, thus
making the terminal isobutyl groups permeable to both CBJ[6]
and CB[7]. Cavitands can therefore rearrange freely along
the spermine derivative axle, and the most stable interlocked
structure is formed. Since the affinity of butane-1,4-diam-
monium toward CB[6]*2 is at least 10° times higher than
toward CB[7], [4]pseudorotaxane 4 is converted quantita-
tively into [4]pseudorotaxane 3 after 2 h at 90 °C (see Figure
2, spectrum e).

Hydrogens at positions a—f are barely affected by the
reorganization from [4]pseudorotaxanes 4 to 3 (shifts be-
tween —0.05 and +0.07 ppm, see Figure 2, spectra c—e),
while hydrogens at positions g and h are sensitive to the
nature of the surrounding cavitand (+0.15 and —0.22 ppm
shifts, respectively, when CBJ[7] is replaced by CB[6]). It is
however difficult to rationalize the downfield shift of
hydrogens at position g and the upfield shift of the hydrogen
atoms at position h.

Even such asimple system, bearing two distinctive stations
(stations 1 and 3) which can both be targeted by two guests
(CBJ[6] and CB[7]), can adopt up to 18 different equilibrating
configurations upon interaction with the guests (i.e., con-
figurations ---, --6, -6-, -66, 6-6, 666, --7, -7-, -77, 7-7, 777,
-76, 7-6, 776, -67, 767, 766, and 676, if the occupancy of
gtations 1, 3, and 1’ islisted consecutively, where - represents
afree station and n = 6 or 7 a station complexed by CBJ[n]).
We showed that when ad hoc stations are chosen, and upon
careful optimization of experimental conditions (such as
buffer composition, concentration of hosts and guests,
temperature, etc.), the intricate interplay between multiple
equilibria and complexation rates can be controlled, and a
short set of configurations (“676” and “666” in this case)
can be obtained selectively.
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