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[4]arene Capsules
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Abstract: Powders of pyrogallol[4]arene hexamers were
produced by evaporation from organic solvents and were
studied, for the first time, by magic angle spinning solid-state
NMR (MAS ssNMR). Evaporation selectively removed non-
encapsulated solvent molecules leaving stable hexameric
capsules encapsulating solvent molecules. After exposure of
the powder to solvent vapors, ' H/*C heteronuclear correlation
MAS ssNMR experiments were used to assign the signals of the
external and encapsulated solvent molecules. The formed
capsules were stable for months and the process of solvent
encapsulation was reversible. According to the ssNMR experi-
ments, the encapsulated solvent molecules occupy different
sites and those sites differ in their mobility. The presented
approach paves the way for studying guest exchange, guest
affinity, and gas storage in hexamers of this type in the solid
state.

Self-assembled molecular capsules have attracted much
interest over the past two decades.["? Their importance stems,
inter alia, from their ability to serve as nanoreactors where
new chemistry and catalysis may emerge. One intriguing
family of self-assembled molecular capsules is resorcin-
[4]arenes and pyrogallol[4]arenes hexamers (1 and 2,
Figure 1), which have been found to be more abundant
than previously thought.®*® Resorcin[4]arene hexamers
accommodate a much larger range of guests than pyrogallol-
[4]arene hexamers dol® and several examples of catalysis
within the resorcin[4]arene hexamers have been reported.”
To partially overcome the limited range of guests that can be
encapsulated in organic solutions of pyrogallol[4]arene hex-
amers, Purse and co-workers employed the melting approach;
however, this approach is applicable only in certain cases.!'’!
The information gathered to date on the hexameric capsules
of systems 1 and 2 was obtained in the solid-state by X-ray
crystallography™! or in solution by NMR, diffusion NMR,"!
and small-angle neutron scattering."! Schalley and co-work-
ers also studied these hexameric capsules in the gas phase."!
However, these spectroscopic methods afford only limited
information on the encapsulated molecules. Solid-state NMR
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Figure 1. Chemical structures of resorcin[4]arenes (1) and pyrogallol-
[4]arenes (2) and a schematic representation of the hexamer of 2b
showing the potential sites occupied by solvent molecules (blue,
green, and purple spheres; stick model: C=gray, O =red).

has been used to study macromolecules and supramolecular
systems,™ but magic angle spinning solid-state NMR (MAS
ssNMR) has been used only once to study dimeric capsules!'™!
and never to study hexameric capsules. MAS ssNMR experi-
ments yield detailed information on the structure and the
dynamics of systems that are not amenable to crystallization.
In X-ray studies of pyrogallol[4]arene hexamers*! limited
information, if any, was obtained on the encapsulated guest
molecules. Therefore in the present study we used
MAS ssNMR to study the systems formed by slow evapo-
ration of organic solutions of 2b, focusing on solvents which
showed peculiar '"H NMR resonance signals in solution for
the encapsulated solvent molecules.!'*

Figures2A and 2B show the 'Hand extracts of the
BC cross-polarization MAS (CPMAS) ssNMR spectra of the
system obtained by evaporation of the CHCI; solution of 2b.
The signals assigned to the encapsulated CHCIl; molecules
resonate at about 0 =5.0 ppm and just below 80 ppm in the
proton and carbon NMR spectra, respectively. Figures 2C
and 2D show data on this sample after a short exposure to
CHCI; vapors. The shifts of the additional signals detected in
the 'H and "C NMR spectra are similar to shifts detected in
solution and therefore these additional signals were
attributed to solvent molecules that reside outside the
capsules. To further corroborate the assignments of the
solvent signals, we performed "H/"C heteronuclear correla-
tion (HETCOR) NMR experiments (Figure 2 G,H). Based on
the proton chemical shifts of the solvent molecules, which
were similar to those observed in solution,'® we assigned also
the *C NMR signals of the encapsulated and non-encapsu-
lated solvent molecules.

Glutaric acid 3, known to have high affinity for the cavity
of 1b,® replaced in solution the encapsulated chloroform
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Figure 2. MAS ssNMR spectra of the powder of 2b obtained by
evaporation of the CHCl; solution (A-D, G, H) or after evaporation of
a CHCl, solution of 2b containing glutaric acid (E, F). A,C,E) '"H NMR
spectra. B,D, F) Regions of *C CPMAS spectra. G, H) The 'H/"C
HETCOR spectra of the powders of 2b before (G) and after (H)
exposure to CHCl; vapors.

molecules in the hexamers of 2b (see the Supporting
Information, Figure S1). Figures 2E and 2F show spectra of
the pyrogallol[4]arene powder obtained when the CHCl,
solution of 2b containing an excess of glutaric acid (and
shown in Figure S1D) was evaporated. No signals attributable
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to encapsulated chloroform solvent molecules were found.
The CPMAS spectral features remained similar to those of
the hexamers with other guests and an additional small
carbonyl signal could be detected shifted to a higher field. All
of these results suggest that the glutaric acid molecules
replaced all of the molecules of CHCI; within the capsules, as
found in solution. The lack of signals in the INEPT NMR
spectrum seems to suggest that the encapsulated glutaric acid
molecules are relatively rigid, effectively filling the capsule
cavity. Similar spectra of hexamers containing only CHCl;
molecules showed intense INEPT signals, suggesting high
mobility for the encapsulated chloroform molecules
(Figure S2).

Very recently we found that the hexamer of 2b is also
formed in a CH;I solution."® Therefore, we performed MAS
ssNMR of powders obtained by slow evaporation of the CH;I
solution of 2b, before and after a short exposure to CH;l
vapors, in order to verify that powders of 2b preserve the
hexameric capsular structure in the presence of this solvent
(Figure 3; Figure S3). The spectra before exposure to CH;I
vapors show the typical encapsulated "H-CH,I signal at o ~
0 ppm and several >C NMR signals around —20 ppm, char-
acteristic of carbons attached to iodine atoms and reflecting
several different environments for the encapsulated solvent
molecules. After exposure to CH;l vapor, an additional signal
was detected (Figure 3B, D), and there were some changes in
the linewidth of signals within the '"H NMR spectrum. The
"H NMR signals were clearly narrower (compare Figure 3 A
and 3B), as was also found for other solvents.

To further study the various methyl iodide signals and to
assign and verify the distinction between encapsulated and
non-encapsulated species, we performed a series of 'H/
BCHETCOR experiments (Figure 3G; Figure S4). The
data indicate that the CH;I molecules occupy several differ-
ent sites within the cavity of the capsule and that exposure to
CH;I vapors restored the population of external CH;lI
molecules (resonating at O,;z=2.0ppm and ;3=
—21.5ppm). Figures3E and3F present part of the
BC CPMAS, one-pulse, and INEPT MAS ssNMR spectra of
this system before and after a short exposure to CH;lI vapors
(see also Figure S3). The relative signal intensities obtained
from the different *C MAS ssNMR experiments provide an
indication of the degree of mobility of the encapsulated
solvent molecules since CPMAS experiments detect proton-
ated, rigid C species, one-pulse experiments are quantita-
tive, and INEPT experiments more effectively detect mobile
species than do CPMAS experiments. For example, by
comparing the CPMAS and the INEPT spectra (Figure 3E),
it is clear that the INEPT intensities of the resonance signals
at low field decreased more than other signals, indicating that
these signals correspond to more rigid encapsulated CH;l
molecules. A more detailed and quantitative description of
the motion will require a different experimental approach for
example, “H line-shape analysis of static ssNMR experi-
ments.'”! We also compared the signal intensities in experi-
ments performed on the sample after exposure to CH;l
solvent vapor (Figure 3F). The intensities of the signals
attributed to free solvent molecules were relatively higher in
the INEPT spectrum than in the one-pulse and CPMAS

www.angewandte.de

dte

Chemie

917


http://www.angewandte.de

An dte

1d
No free With free 'H NMR 13C CP
H NMR 13C CP solvent solvent
B D E | P M
With free With free ]y MeeT 1 C & i\ F ) After
Ivent Ivent ]| (Mt A [ /A i e
solven BOITE | |kl KA - WA’M;,,L‘W/, - | I / \ fth afdg:l(él’ll
1 I\ ¥la o
YL \\\ - rrainrsd O\, o o
One One N
pulse pulse
A C
No free| No free R
solvent, solvent ‘/ B E Dried
CcP cP powder
I , y . . b e AAANN A e ]
é ﬁ i t'J I[pprr‘ﬂ -15 -20 -25 [ppm] -1 .20 -25 [ppm] -15 -20 -25 [ppm]
13¢ T
13, Ee B
C = Evaporated
14 « A from CH,CI,
G
o 6 4 2 0 [ppm] 60 58 56 54 [ppm]
—18 —20 —22 F2 [ppm]
[ TR
| | S TN
A ..' E
0 1H ©
200 150 100 50 O F2[ppm] 1y 2

918

Figure 3. MAS ssNMR spectra of the 2b powder obtained by evapo-
ration of the CH5l solution. A, B) '"H NMR spectra and C, D) regions of
3C CPMAS spectra are shown before (A, C) and after (B, D) exposure
to CH;l vapors. E, F) Regions of the *C CPMAS, one-pulse, and INEPT
spectra before (E) and after (F) exposure of the powder to CH;l
vapors. G) The "H/">C HETCOR spectrum of the powder of 2b after
exposure to CH;l vapors. Arrows indicate the non-encapsulated solvent
signal, which is well resolved in the '"H NMR spectrum and appears at
about 0 =2.0 ppm in the 2D spectrum.

spectra indicating that this signal represents, as expected, the
least rigid molecules in the self-assembled systems. We also
tested the stability of the hexamers formed from CH;l
solution by analysis of the powder after fifteen months at
room temperature. Only minor changes in the spectra were
detected, demonstrating the high stability of such powdered
hexameric capsules (Figure S5).

The 'H and “CssNMR spectra of the powder of 2b
obtained from slow and gentle evaporation of a CH,Cl,
solution, a highly volatile solvent, are shown in Figure 4 A
and 4D, respectively. The proton and carbon signals at about
0=3.0-3.5 ppm and 55-57 ppm, respectively, are attributed
to encapsulated CH,Cl, molecules occupying different sites.
Interestingly, when the sample was evaporated to dryness,
these peaks disappeared nearly completely (Figure 4B,E).
We assumed that this indicated collapse of the capsules, since
such large empty capsules would presumably be unstable.'¥!
However, comparisons of the *C ssNMR spectra presented in
Figure S6 and Figure S8 do not corroborate this conclusion.
The *C NMR spectra of the system obtained after extended
evaporation of the CH,Cl, differed from the spectrum of the
system obtained by evaporation of the acetone solution of 2b
in which 2b is known to be monomeric.?” Therefore, it is
more likely that after extended drying the capsules undergo
a structural rearrangement rather than complete disaggrega-
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Figure 4. MAS ssNMR spectra of the 2b powder obtained by evapo-
ration of the CH,Cl, solution. A~C) 'H spectra. D—F) Regions of the
3C CPMAS spectra. The spectra were recorded A, D) following gentle
evaporation, B, E) after evaporation under higher vacuum, and

C, F) after exposure of the samples shown in (B) and (E) to CH,Cl,
vapors. In (F), the arrow indicates the signal for non-encapsulated
solvent. G) The 'H/"C HETCOR MAS ssNMR spectrum of the powder
of 2b after exposure to CH,Cl, vapors.

tion. After exposure of the dried powder to CH,Cl, vapors,
signals attributable to both free and encapsulated solvent
molecules were detected in the 'Hand "“C spectra (Fig-
ure 4 C,4F; Figures S6). This indicated that the encapsulation
process is reversible; however, what form the capsules take
after severe dehydration is not clear.

The assignment of the solvent signals was again corrobo-
rated by employing 'H/"*C HETCOR experiments. The 2D
HETCOR spectra shown in Figure4G and Figure S9
unequivocally allow identification of the CH,Cl, molecules
that reside outside the capsules (0;y=~5ppm, O~
56.5 ppm) and those that are encapsulated (0, =3.2 ppm,
O13c~ 56 ppm). Multiple sites are detected for the encapsu-
lated CH,Cl, molecules, as was in the case when CH;I was the
solvent and in contrast to the findings in the case of CHCI,,
where one major signal is detected for the encapsulated
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molecules. These results are in accordance with what was
recently reported for the same capsules in solution."™ As in
the case of CH;l, here also the sites show different relative
mobilities (Figure S7). However, current experiments are not
sufficient to compare the mobilities between different guests
or to relate them to particular sites within the hexamer.

In summary, we have demonstrated that evaporation of
different organic solutions of the lipophilic pyrogallol[4]arene
2b provided powders of the hexameric capsules that encap-
sulate solvent molecules. The encapsulated solvent molecules
clearly occupied multiple sites when 2b was evaporated from
CH;I and CH,Cl,, an observation that has also been reported
from solution NMR studies. It is highly likely that these sites
are located within a single hexamer since according to prior
solution NMR studies, the effect of different hexamer packing
on chemical shifts is very small, smaller than the ssNMR
linewidths,'® and therefore indistinguishable in the solid
state. With the aid of 'H/"C heteronuclear correlation MAS
ssNMR experiments, we unequivocally assigned the 'H and
C resonance signals for the external and encapsulated
solvent molecules. The formed capsules were stable for
months, and the process of solvent encapsulation was
reversible by exposure of the powder to the solvent vapor.
Even when apparently extended evaporation of the solvent
took place (in the case of CH,Cl,), the ssNMR spectroscopic
results did not support the complete collapse of the hexameric
structure and re-exposure of the powder to solvent vapor
reformed the solvated hexameric capsules. Using different
BC ssNMR experiments, we also showed that for each type of
solvent the different encapsulation sites have a range of
mobilities on the NMR timescale and future experiments will
allow us to quantify and describe these motions. The methods
presented here pave the way for future studies of such
capsules evaluating guest exchange, guest affinity, and gas
storage in the solid state. Such studies are currently underway
in our laboratory.

Acknowledgements

Y.C. wishes to thank the Israel Science Foundation (ISF;
Grant Number 804/13) for financial support.

Keywords: hexameric capsules - host—guest systems -
magic angle spinning - NMR spectroscopy - self-assembly

How to cite: Angew. Chem. Int. Ed. 2016, 55, 904—907
Angew. Chem. 2016, 128, 916-919

[1] a) M. Yoshizawa, J. K. Klosterman, M. Fujita, Angew. Chem. Int.
Ed. 2009, 48, 3418 -3438; Angew. Chem. 2009, 121, 3470-3490;
b) D. Fiedler, D. H. Leung, R. G. Bergman, K. N. Raymond, Acc.
Chem. Res. 2005, 38, 349-358.

[2] a) F. Hof, S. L. Craig, C. Nuckolls, J. Rebek, Jr., Angew. Chem.
Int. Ed. 2002, 41, 1488 -1508; Angew. Chem. 2002, 114, 1556—

Zuschriften

1578; b) J. Rebek, Jr., Angew. Chem. Int. Ed. 2005, 44, 2068 -
2078; Angew. Chem. 2005, 117, 2104-2115; c) L. Avram, Y.
Cohen, J. Rebek, Jr., Chem. Commun. 2011, 47, 5368 —5375.

[3] L. R. MacGillivray, J. L. Atwood, Nature 1997, 389, 469 —472.

[4] T. Gerkensmeier, W. Iwanek, C. Agena, R. Frohlich, S. Kotila, C.
Nither, J. Mattay, Eur. J. Org. Chem. 1999, 2257 -2262.

[5] A.Shivanyuk,J. Rebek, Jr., Proc. Natl. Acad. Sci. USA 2001, 98,
7662 -7665.

[6] a) L. Avram, Y. Cohen, J. Am. Chem. Soc. 2002, 124, 15148 -
15149; b) L. Avram, Y. Cohen, Org. Lett. 2002, 4, 4365 —-4368.

[7] a) L. Avram, Y. Cohen, Org. Lett. 2003, 5, 3329-3332; b) L.
Avram, Y. Cohen, J. Am. Chem. Soc. 2004, 126, 11556—-11563.

[8] a) T. Evan-Salem, I. Baruch, L. Avram, Y. Cohen, L. C. Palmer,
J. Rebek, Jr., Proc. Natl. Acad. Sci. USA 2006, 103, 12296 —
12300; b) M. Yamanaka, A. Shivanyuk, J. Rebek, Jr., J. Am.
Chem. Soc. 2004, 126, 2939-2943; c) L. C. Palmer, A. Shiva-
nyuk, M. Yamanaka, J. Rebek, Jr., Chem. Commun. 2005, 857 —
858; d) S.J. Dalgarno, D. B. Bassil, S. A. Tucker, J. L. Atwood,
Science 2005, 309,2037-2039; ¢) S. Slovak, L. Avram, Y. Cohen,
Angew. Chem. Int. Ed. 2010, 49, 428 -431; Angew. Chem. 2010,
122, 438-441; ) T. Schroder, S. M. Sahu, D. Anselmetti, J.
Mattay, Isr. J. Chem. 2011, 51, 725-742.

[9] a) A. Cavarzan, A. Scarso, P. Sgarbossa, G. Strukul, J. N. H.
Reek, J. Am. Chem. Soc. 2011, 133, 2848 -2851; b) Q. Zhang, K.
Tiefenbacher, J. Am. Chem. Soc. 2013, 135, 16213-16219; ¢) S.
Giust, G. La Sorella, L. Sperni, G. Strukul, A. Scarso, Chem.
Commun. 2015, 51, 1658-1661; d) Q. Zhang, K. Tiefenbacher,
Nat. Chem. 2015, 7, 197 -202.

[10] a) M. Kvasnica, J. C. Chapin, B. W. Purse, Angew. Chem. Int. Ed.
2011, 50, 2244-2248; Angew. Chem. 2011, 123, 2292-2296;
b) J. C. Chapin, M. Kvasnica, B. W. Purse, J. Am. Chem. Soc.
2012, 134, 15000 -15009.

[11] J. L. Atwood, L. J. Barbour, A. Jerga, Proc. Natl. Acad. Sci. USA
2002, 99, 4837 -4841.

[12] a) Y. Cohen, L. Avram, L. Frish, Angew. Chem. Int. Ed. 2005, 44,
520-556; Angew. Chem. 2005, 117, 524-560; b) L. Avram, Y.
Cohen, Chem. Soc. Rev. 2015, 44, 586 —602.

[13] a) H. Kumari, C. A. Deakyne, J. L. Atwood, Acc. Chem. Res.
2014, 47, 3080—-3088; b) H. Kumari, S. R. Kline, W. G. Wycoff,
R. L. Paul, A. V. Mossine, C. A. Deakyne, J. L. Atwood, Angew.
Chem. Int. Ed. 2012, 51, 5086—-5091; Angew. Chem. 2012, 124,
5176 -5181.

[14] N. K. Beyeh, M. Kogej, A. Ahman, K. Rissanen, C. A. Schalley,
Angew. Chem. Int. Ed. 2006, 45, 5214-5218; Angew. Chem.
2006, 118, 5339-5342.

[15] a) S. Brown, Macromol. Rapid Commun. 2009, 30, 688-716;
b) M. R. Chierotti, R. Gobetto, Chem. Commun. 2008, 1621 -
1634; c) C. Moon, G. Brunklaus, D. Sebastiani, Y. Rudzevich, V.
Bohmer, H. W. Spiess, Phys. Chem. Chem. Phys. 2009, 11,9241 —
9249.

[16] a) L. Avram, Y. Cohen, Org. Lett. 2006, 8, 219-222; b) V.
Guralnik, L. Avram, Y. Cohen, Org. Lett. 2014, 16, 5592 —5595.

[17] See for example: A. R. Albunia, C. Gaeta, P. Neri, A. Grassi, G.
Milano, J. Phys. Chem. B 2006, 110, 19207 -19214.

[18] S. Mecozzi, J. Rebek, Jr., Chem. Eur. J. 1998, 4, 1016 -1022.

Received: July 20, 2015
Revised: October 6, 2015
Published online: December 7, 2015

Angew. Chem. 2016, 128, 916-919

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

An dte

Chemie

919


http://dx.doi.org/10.1002/anie.200805340
http://dx.doi.org/10.1002/anie.200805340
http://dx.doi.org/10.1002/ange.200805340
http://dx.doi.org/10.1021/ar040152p
http://dx.doi.org/10.1021/ar040152p
http://dx.doi.org/10.1002/1521-3773(20020503)41:9%3C1488::AID-ANIE1488%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3773(20020503)41:9%3C1488::AID-ANIE1488%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3757(20020503)114:9%3C1556::AID-ANGE1556%3E3.0.CO;2-C
http://dx.doi.org/10.1002/1521-3757(20020503)114:9%3C1556::AID-ANGE1556%3E3.0.CO;2-C
http://dx.doi.org/10.1002/anie.200462839
http://dx.doi.org/10.1002/anie.200462839
http://dx.doi.org/10.1002/ange.200462839
http://dx.doi.org/10.1039/c1cc10150a
http://dx.doi.org/10.1002/(SICI)1099-0690(199909)1999:9%3C2257::AID-EJOC2257%3E3.0.CO;2-H
http://dx.doi.org/10.1073/pnas.141226898
http://dx.doi.org/10.1073/pnas.141226898
http://dx.doi.org/10.1021/ja0272686
http://dx.doi.org/10.1021/ja0272686
http://dx.doi.org/10.1021/ol0271077
http://dx.doi.org/10.1021/ol035211y
http://dx.doi.org/10.1021/ja047698r
http://dx.doi.org/10.1073/pnas.0604757103
http://dx.doi.org/10.1073/pnas.0604757103
http://dx.doi.org/10.1021/ja037035u
http://dx.doi.org/10.1021/ja037035u
http://dx.doi.org/10.1039/b414252g
http://dx.doi.org/10.1039/b414252g
http://dx.doi.org/10.1126/science.1116579
http://dx.doi.org/10.1002/anie.200904952
http://dx.doi.org/10.1002/ange.200904952
http://dx.doi.org/10.1002/ange.200904952
http://dx.doi.org/10.1002/ijch.201100056
http://dx.doi.org/10.1021/ja111106x
http://dx.doi.org/10.1021/ja4080375
http://dx.doi.org/10.1039/C4CC08833F
http://dx.doi.org/10.1039/C4CC08833F
http://dx.doi.org/10.1038/nchem.2181
http://dx.doi.org/10.1002/anie.201007800
http://dx.doi.org/10.1002/anie.201007800
http://dx.doi.org/10.1002/ange.201007800
http://dx.doi.org/10.1021/ja305252t
http://dx.doi.org/10.1021/ja305252t
http://dx.doi.org/10.1073/pnas.082659799
http://dx.doi.org/10.1073/pnas.082659799
http://dx.doi.org/10.1002/anie.200300637
http://dx.doi.org/10.1002/anie.200300637
http://dx.doi.org/10.1002/ange.200300637
http://dx.doi.org/10.1039/C4CS00197D
http://dx.doi.org/10.1021/ar500222w
http://dx.doi.org/10.1021/ar500222w
http://dx.doi.org/10.1002/anie.201200209
http://dx.doi.org/10.1002/anie.201200209
http://dx.doi.org/10.1002/ange.201200209
http://dx.doi.org/10.1002/ange.201200209
http://dx.doi.org/10.1002/anie.200600687
http://dx.doi.org/10.1002/ange.200600687
http://dx.doi.org/10.1002/ange.200600687
http://dx.doi.org/10.1002/marc.200800816
http://dx.doi.org/10.1039/b711551b
http://dx.doi.org/10.1039/b711551b
http://dx.doi.org/10.1039/b822535d
http://dx.doi.org/10.1039/b822535d
http://dx.doi.org/10.1021/ol052459+
http://dx.doi.org/10.1021/ol502618v
http://dx.doi.org/10.1021/jp0617423
http://dx.doi.org/10.1002/(SICI)1521-3765(19980615)4:6%3C1016::AID-CHEM1016%3E3.0.CO;2-B
http://www.angewandte.de

