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ABSTRACT: A combined DOSY and XRD study indicates that a carboxylcalix[5]arene
receptor is able to encapsulate @,@w-diamines of appropriate length by means of a proton-
transfer-mediated recognition process followed by salt-bridge-assisted bis-endo-complex-
ation.

C apsular assemblies are supramolecular entities composed arene 1-H to form salt-bridged capsules, and the results of a
of two—or more, often identical—molecular receptors combined solution and solid-state study are presented here.
and one—or more—included guest species.' Their formation is
the result of a concert of ‘weak’ noncovalent interactions, all
combining to stabilize these multicomponent complexes, with
an efficiency that increases and reaches its maximum when size
and shape complementarity of host(s) and guest(s) is
achieved.”> Molecular encapsulation is highly desirable, as
control over the uptake and release of an included guest may
lead to new developments in drug delivery, catalysis, and
membrane technology.?

Ma;ny lfilﬁerel'nlt n;acrolcziclz _I'ece7Pt0:15: reiorinsies’ caluie}llr— To gain a preliminary picture of the ability of calix[S]arene
enes, calixpyrroles, cyclodextrins, and cavitands to name the 1'-H to recognize linear a,w-diamines of different length

most notable e.xamples, have been successfully ernployed for (H,NC,H,, NH,, with n = 10-12), 1-H was exposed to
the encapsulation of target substrates. The mechanism of
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increasing amounts of diamino-guests, and the resulting

capsule formation, however, may significantly differ even within solutions were investigated by 'H NMR, 1D-TOCSY, and
the same macrocycle family. In some instances, the DOSY techniques. Host/guest (2:1 and 1:1) complex
spontaneous formation of ‘empty’ (or solvent-filled) capsules formation was conveniently followed by monitoring the
has been reported,” whereas in others it is a given guest that included guest probe resonances present in the high-field
induces a recognition-driven encapsulation process.g’10 In the region of the 'H NMR spectra (Figure 1 for H,NC;,H,,NH,;
latter case, the search for the best capsule templating agent can for titrations with H,NC,,H,,NH, and H,NC,,H,,NH,, see
be pursued either, or both, with the aid of computational Figures S3 and SS in the Supporting Information (SI)).
methods, taking advantage of the Rebek—Mecozzi rule,"" or by Upon addition of 0.25 equiv of H,NC,,H,,NH, to a 5 mM
using ‘molecular rulers’,'? ie., a series of homologous solution of 1-H (CDCl;/CD;0D, 9:1 v/v, 25 °C), two sets of
compounds bearing suitable functionalities capable of interact- resonances (one largely predominating over the other; see trace
ing with both halves of the capsules. b of Figure 1) for the cavity-included methylene groups of the
We have recently reported'® on a family of carboxylcalix[5]- guest appeared in the § = 0.7 to —2.0 ppm range, providing
arene receptors able to selectively recognize and bind linear clear evidence that a host-to-guest proton transfer had taken
primary amines, as a result of a proton transfer followed by the place.” Specifically, the two amino groups of the guest
formation of internally ion-paired (salt bridged) complexes. We underwent protonation, and the resulting diammonium
have also taken advantage in the past of the molecular ruler dication was recognized and bound by the resulting negatively
approach to investigate the ability of penta-alkyl and penta-ester
calix[ 5 ]arenes to form capsular complexes.'* The same strategy Received: March 4, 2014
has now been used to explore the tendency of carboxylcalix[5]- Published: April 11, 2014
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Figure 1. (Top) 2:1 and 1:1 complexes between calix[S]arene 1-H and
H,NC,H, ,NH,. (Bottom) High-field regions of the 'H NMR spectra
(500 MHz, CDCl,/CD;0D, 9:1 v/v, 25 °C) of a 5 mM solution of
1-H on its own (trace a) and upon addition of 0.25, 0.5, 0.8, and 2
equiv of H,NC,H,,NH, (traces b to e, respectively).

charged calixarene receptor 1~ by means of internal ion pairing.
Further addition of H,NC,H,,NH, diamino-guest (up to 2
equiv) resulted in a population inversion of the two sets of
resonances.

According to a combined analysis of the '"H NMR titration
data and 1D-TOCSY experiments (Figures S1 and S2), the
species formed at a high host/guest ratio displays a set of six
resonances compatible with a dodecanediyldiammonium guest
symmetrically held, at both ends, by the cavities of two
calixarene molecules (1"D*H;NC;,H,,NH;*C17). Conversely,
the species predominantly formed at a low host/guest ratio
displays in its 1D-TOCSY spectra a set of 12 distinct correlated
resonances, consistent with a desymmetrized guest molecule
included inside a calixarene cavity only at one end
(H,NC,H,,NH,*C17). '"H NMR diffusion-ordered spectros-
copy (DOSY) experiments'> on the same solution provided
additional evidence for the formation of 2:1 and 1:1 complexes
(Figure 2). In agreement with the different sizes of these two
assemblies, the diffusion coefficients (D) extracted from the
decay of the signals assigned to the bis-endo-cavity included
guest methylene groups of 1"D>'H;NC,H,,NH;"C1™ were
found to have lower values than those measured for the signals
assigned to the endo-cavity included methylene groups of
H,NC,,H,,NH,"C1".

When H,NC,,H,,NH, and H,NC,,H,,NH, were tested as
guests, similar results were obtained; i.e., according to '"H NMR
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Figure 2. High-field region of the DOSY experiment (500 MHz,
CDCl,/CD;0D, 9:1 v/v, 25 °C) on a mixture of [1-H] = 5 mM and
[H,NC,H,,NH,] = 4 mM.

and DOSY data, both shorter diamines formed host/guest
ratio-dependent 2:1 and 1:1 complexes (Figures S3—S6).
Interestingly, close inspection of the '"H NMR spectra showed
that the complexation-induced shifts (CISs) experienced by the
resonances of the included *H3;NC,;H,,NH;* and
*H3;NC,H,,NH;" guests were very similar, suggesting that in
solution these two penetrate the host cavities to a similar depth,
freely reaching the bottom of both calixarene cavities to salt-
bridge with the carboxylate anions.'*'® In the case of the
1"D"H;3NC,(H,(NH;*C1™ 2:1 complex, on the other hand, the
guest appears to be too short to fully reach both cavity bottoms
at the same time, without the two calixarene upper rims coming
into contact. The calix[5]arene/alkanediyldiammonium encap-
sulation is a slow-exchanging process on the NMR time scale,
and as a result, association constants for the three homologous
2:1 complexes 1" D"H;NC H, NH;*C1~ were determined by
direct quantification of the different species present in solution
at equilibrium."” K,’s were found to be (1.20 + 0.30) X 107,
(1.33 + 0.31) x 107, and (1.90 + 045) x 10" M~ for
1"D>*H,NC,,H,(NH,*C1~, 1">*H,NC,,;H,,NH,"C1~, and
1"D*H,NC,,H,,NH,*C17, respectively,'® indicating an affinity
trend rather than a peak selectivity for any one guest.

To answer the key question, “are these complexes capsular?”,
single crystals for the three 2:1 complexes were grown and
investigated by X-ray diffractometry."® The solid-state structure
of 1"D'H;NC,H,,NH;*C1~ (Figure 3) confirmed that
diamine complexation takes place via a preliminary host-to-

Figure 3. Solid-state structure of 1" D"H;NC,,H,,NH;*C1". Values of
selected H-bonds and CH—~7 interactions: N-+Opox = 2.895(7) A;
N---O,, = 2.713(6), 2.825(6), 2.848(6) A; a-, p-CH,--Ar = 3.460(7)
and 3.684(6) A.
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guest proton transfer. As a result of this, a tight supramolecular
three-component ion-paired salt is formed whereby, in addition
to a series of H-bonds and CH—7 interactions,”® oppositely
charged host and guest moieties (namely, the carboxylates and
the ammonium groups, respectively) are closely held together
by very tight salt—bridge13 interactions (N-+-O_pox = 2.895(7)
A). The calix[5]arene units of this 2:1 complex are seen in a
typical cone-out conformation®' with the linear alkanediyldi-
ammonium guest, connecting the two cavities, oriented
slantwise to allow for optimal host—guest interaction. The
two calixarene bowls are offset by 2.7 A, while their bridging
methylene mean planes lie at a distance of 14.8 A from each
other, forming a 79.6° angle with the dication guest axis. The
overall shape of the complex is quasi-capsular, as the two host
molecules strain to close the gap between their upper rim p-tert-
butyl substituents to fully enclose the dodecanediyldiammo-
nium guest, the latter being too long/bulky (V = 217 A3, vide
infra) to comfortably fit within a ‘sealed’ capsular space. The
guest, in turn, attempts to nest within this confined capsular
space by adopting an eclipsed conformation'**** (Figure S13)
for two C—CH,—CH,—C moieties that ultimately shortens the
N--N distance (15.2 A; for an all-trans conformation, calculated
N--N = ca. 162 A).

A different picture emerges from the solid-state structure of
1"D"H;NC, Hy,NH;*C1™ (complex I,*° Figure 4). The

Figure 4. Solid-state structure of 1" 2>"H;NC,;H,,NH;*C1~ (capsule
I). Values of selected H-bonds, CH—7, and van der Waals interactions:
N--O,, = 2.83(1)—2.89(1) A; a-, f-CH,-Ar = 3.564(7)—4.04(2) A;
C(CH,)5+C(CH,), = 3.72(3)—3.94(2) A.

shorter undecanediyldiammonium chain fits perfectly within
the capsule formed by the two calixarenes in a cone-out
conformation, the two capsule halves being held together by an
even tighter salt-bridge interaction (N--Oupox = 2.736(7),
2.76(1) and 2.753(7), 2.750(6) A in I and II, respectively), as
well as H-bonds and CH-—z interactions.” In this case,
however, the upper rims of the two calixarenes are in van der
Waals contact, with the distance between the two bridging
methylene mean planes being shorter (13.0 and 13.4 A in I and
II, respectively) and the cavity offset being less pronounced
(220 and 2.02 A in I and II, respectively). In both
crystallographic forms, the dicationic guest adopts a con-
formation with gauche turns to allow for a better fit within the
cavity (Figure S13).

An estimate of the capsular internal volume®* (306.5 and
301.9 A® for I and II, respectively) and the guest volume
(199.8—204.5 A%) indicates a close-to-ideal (67%) cavity
packing coefficient.'" A closer look at these crystal structures
reveals that the ammonium moieties take up a deeper position
inside the calixarene cavities (—0.533(5), —0.749(7) in I vs
—0.188 A with respect to the calixarene mean plane present in
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1">*H3NC,H,,NH;*C17) likely consistent with the presence
of additional van der Waals attractive interactions, between the
calixarene upper rims, pushing the nitrogen atoms further in,
thus permitting capsule sealing.

1"D*H3NC,oH,,NH;*C17 is also seen, in the solid state, as a
capsular assembly, although with some noticeable differences
from 17D>*H;NC,,H,,NH,;"C1" (Figure S). In this particular

Figure S. Solid-state structure of 1" D"H3;NC,,H,NH;*C1". Values of
selected H-bonds, CH—7, and van der Waals interactions: N---O 0, =
2.900(7) A; N---O,, = 2.812(7), 2.825(8), 2.829(7) A; a-, f-CH,---Ar
= 3.483(7)—3.708(7) A; C(CH;);--C(CHj;); = 3.66(2)—4.05(1) A.

case, the shorter decanediyldiammonium guest adopts a fully
extended conformation (Figure S13), mandatory to allow salt-
bridge formation with the endohedral carboxylate anions. The
two cavities are offset by as much as 4.84 A, with the guest
spanning the two cavities slantwise. The calixarene mean planes
are seen 13.85 A apart, forming a 70.8° angle with the axis of
the encapsulated guest. Compared to the I,11-undecane-
diamine assembly, the capsule here shrinks its inner volume™*
(from ca. 304 to 267 A®) to match the smaller guest size (191
A3), thus reaching a packing coefficient of 72%. In addition, the
ammonium heads are seen in the same relative position as in
the 1"D"H;NC;,H,,NH,"C1~ case (—0.094(1) A from the
methylene mean plane; N--O_ 0, = 2.900(7) A)*° indicating
that also in this instance encapsulation of the guest is assisted
by salt-bridge formation and H-bonds, CH—x, and attractive
van der Waals interactions.

In conclusion, a very rare example (to the best of our
knowledge the first ever) of substrate-induced capsule
formation triggered by both molecular (acid—base proton
transfer) and supramolecular (noncovalent) interactions is
described. Overall, molecular encapsulation (of a diamine
within two calix[5]arene molecules) takes place as a result of
two protonation reactions and a total of 20 noncovalent
interactions, including: two endohedral carboxylate-ammonium
salt bridges, six hydrogen bonds, and eight CH—z contacts (all
of them of the host-to-guest type), as well as four (host-to-
host) van der Waals contacts. Capsule formation, albeit with
different spatial requirements, occurs both in solution and in
the solid state. In the latter case, owing to the remarkable
adaptability of the two carboxylatocalix[S]arene units, both
1,10-decanediamine and 1,11-undecanediamine are recognized,
protonated, and fully encapsulated with packing coefficients
that closely match the ideal values for capsule formation, while
1,12-dodecanediamine is recognized and protonated, but is
slightly too long to allow capsule sealing. In solution, on the
other hand, given the lower filling coeflicients allowed and the
telltale CISs observed for the included guests, it is reasonable to
assume that only 1,10-decanediamine is able to induce the
formation of a tight capsule, with the other two longer diamines
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forming less compact capsular assemblies. The present findings
demonstrate the potential of complementary ionizable host—
guest pairs in the noncovalent synthesis of supramolecular
architectures and provide an input for the development of
higher-ordered polycapsular supramolecular polymers from
tailor-made homoditopic components. Studies along these lines
are currently in progress.
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