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Abstract: In the present study, we used diffusion NMR to probe the structures and characteristics of the
products obtained from the self-assembly of resorcin[4]arenes 1a and 1b and pyrogallol[4]arenes 2a and
2b in CDCl; solutions. It was found that all four molecules self-assemble into hexameric capsules. The
hexameric capsules of pyrogallol[4]arenes 2a and 2b were found to be more stable than the capsules of
resorcin[4]arenes 1la and 1b in polar media. We also studied the role of water molecules in the self-assembly
of the different capsules and found that water molecules are part of the hexameric capsules of resorcin-
[4]arenes 1a and 1b but not in the capsules of pyrogallol[4]arenes 2a and 2b. It was found that the self-
assembly process between the resorcin[4]arenes and pyrogallol[4]arenes proceeds with self-recognition.
When mixing two macrocycles of different types in a chloroform solution, no heterohexamers are formed,
only the capsule constructed from the same macrocycle is detected. However, when two resorcin[4]arenes
(i.e., 1a and 1b) or two pyrogallol[4]arenes (i.e., 2a and 2b) are mixed, heterohexamers are formed over
time. In addition, we found that resorcin[4]arenes and pyrogallol[4]arenes differ significantly in their guest
affinity. The capsules of 1a and 1b can accommodate both the tertiary alkylamines and their respective
ammonium salts, while the capsules of 2a and 2b encapsulate only the neutral tertiary alkylamines.

Introduction self-assembled molecular capsules stems from their ability to
isolate the encapsulated guests from the bulk. These molecular
capsules were shown to be capable of enantioselective recogni-
tion,” isolation, and stabilization of reactive specighey were

also used to catalyze reactions within their cavifiédost of

the molecular capsules prepared to date were of dimeric nature
and were prepared by Rebek andnBuer’'s groups: 6 These
molecular capsules afford a new type of isomerism that was

Jermed constellation isomerist.

Self-assembly is a process of unique importance both in
biological and chemical systerhsContainer molecules and
molecular capsules, an intriguing class of compounds, were
obtained by both covalent binding and self-assembly through
noncovalent interactiorts® The latter process may result in a
reversible encapsulation of different chemical species (i.e.,
guests) in the formed self-assembled molecular capsules.
Different noncovalent self-assembled molecular capsules base
on metat-ligand interactions, hydrogen bonds, and electrostatic
interactions were prepared and studied over the past décade.
Among these self-assembled molecular capsules, calixarenes and
resorcinarenes were studied extensivieR/The interest in the

(5) For some recent examples of hydrogen bond capsules, see: (a) Brody, M
S.; Schalley, C. A.; Rudkevich, D. M.; Rebek, J., Bngew. Chem., Int.
Ed. 1999 38, 1640-1644. (b) Vysotsky, M. O.; Blamer, V.Org. Lett
200Q 2, 3571-3573. (c) Vysotsky, M. O.; Thondorf, I.; Boner, V.Angew.
Chem., Int. Ed200Q 39, 1264-1267. (d) Vysotsky, M. O.; Thondorf, I.;
Bohmer, V.Chem. Commur2001, 1890-1891. (e) Shivanyuk, A.; Friese,
J. C.; Daing, S.; Rebek, J., Jd. Org. Chem2003 68, 6489-6496. (f)
Scarso, A.; Shivanyuk, A.; Rebek, J., Jr. Am. Chem. SoQ003 125
13981-13983. (g) Vysotsky, M. O.; Bolte, M.; Thondorf, |.;"Bmer, V.
Chem=—Eur. J.2003 9, 3375-3382.

For recent reviews concerning calixarene capsules, see: "fah&oV.;
Mogck, O.; Pons, M.; Paulus, E. F. NMR in Supramolecular Chemistry

(1) (a) Self-Assembly Architectur&aener, J. E., Ed.; Alum R. Liss: New
York, 1998. (b) Lehn, J.-MSupramolecular Chemistry, Concepts and
Perspecties VCH: Weinheim, Germany, 1995.

(2) (a) Cram, D. JSciencel983 219, 1177-1183. (b) Cram, D. JNature
1992 356, 29—-36. (c) Cram, D. J.; Cram, J. MContainer Molecules and

(©)

Their GuestsStoddart, J. F., Series Ed.; Monographs in Supramolecular
Chemistry No. 4, Royal Society of Chemistry, Cambridge U.K., 1994. (d)
Chapman, R. G.; Sherman, J. Tetrahedronl 997 53, 15911-15945. (e)
Sherman, JChem. Commur2003 1617-1623.
(3) (a) Conn, M. M.; Rebek, J., lthem. Re. 1997, 97, 1647-1668. (b) Hof,
F.; Craig, S. L.; Nuckolls, C.; Rebek, J., 2mgew. Chem., Int. E@002
41, 1488-1508. (c) MacGillivray, L. R.; Atwood, J. LAngew. Chem.,
Int. Ed. 1999 38, 1018-1033. (d) Fujita, M.; Umemoto, K.; Yoshizawa,
M.; Fujita, N.; Kusukawa, T.; Biradha, KChem. Commur2001, 509—
518. (e) Seidel, S. R.; Stang, P.Akc. Chem. Re002 35, 972-983.
For few early examples of hydrogen bond capsules, see: (a) Shimizu, K.
D.; Rebek, J., JrProc. Natl. Acad. Sci. U.S.A.995 92, 12403-12407.
(b) Hamann, B. C.; Shimizu, K. D.; Rebek, J., Angew. Chem., Int. Ed.
Engl. 1996 35, 1326-1329. (c) Mogck, O.; Paulus, E. F.;"Bmer, V.;
Thondorf, I.; Vogt, W.Chem. Communl996 2533-2534. (d) Mogck,
O.; Pons, M.; Bomer, V.; Vogt, W.J. Am. Chem. So0d997, 119, 5706~
5712.
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Timmerman, P.; Reinhoudt, D. N.; Shinkai,Agew. Chem., Int. EQ002
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Reinhoudt, D. N.; Shinkai, §. Am. Chem. So2002 124, 14631-14641.

(a) Warmuth, REur. J. Org. Chem2001, 423-437 and references therein.
(b) Warmuth, RJ. Inclusion Phenom. Macrocyclic Che200Q 37, 1—38.

(a) Ito, H.; Kusukawa, T.; Fujita, MChem. Lett200Q 598-599. (b) Chen,
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Chart 1

2a R=isobutyl R'=OH
2bR= C11H23 R'=0OH

1a R=isobuty R'=H
1b R= C11H23 R'=H
1¢e R=CH; R'=H

Atwood and co-workers have shown, in a pioneering article,
that [c]-methyl resorcin[4]arenel€) (Chart 1) forms a hexa-
meric capsule with eight water molecules in the solid stte.
Subsequently, Rebek and Shivanyuk demonstrated Hfarms

a stable hexameric capsule in a water-saturated chloroform
solution in the presence of suitable guests such as tetrahexyl

ammonium bromide and covalent tetrabuthylantimony(v) bro-
mide BuSbBriibc Mattay’s group demonstrated thaa also
forms a hexameric capsule in the solid st&feAtwood and

1b and2b self-assemble spontaneously into hexameric capsules
of the [(Lb)s(H20)s]- and [(2b)e]-type, respectively, in CDGI
solutions!6a—c

Here, we present the comparative study of the products of
the self-assembly processes of the two resorcin[4]areaasd
1b and pyrogallol[4]arenega and 2b in chloroform solutions
using diffusion NMR. The emphasis of this study is on the
comparison between the characteristics of the self-assembled
molecular capsules, both within the macrocycle type and across
the types of the macrocycles used. The nature and relative
stability of the obtained molecular capsules were determined
in addition to the role of water molecules. We also followed
the self-recognition in the self-assembly processes of mixtures
of all four macrocycles Xa, 1b, 2a, and2b) in solutions. In
addition, the guest’s affinity of these hydrogen bond hexameric
capsules was investigated.

Experimental Section

General. NMR diffusion measurements were performed on a 400
MHz Avance Bruker NMR spectrometer equipped with a Greatl
gradient system capable of producing magnetic field pulse gradients
in the z-direction of about 50 G cnt. The diffusion experiments were

performed using the stimulated echo diffusion sequéhoethe DOSY
sequencé’ All experiments were carried out using a 5-mm inverse
probe. For the stimulated echo diffusion experiments, the rectangular
pulsed gradients of 2 ms duration were incremented from 0 to 40.2 G

co-workers subsequently prepared this and related molecularcm2in 10 steps, and the pulse gradient separation was 62 ms. For the
capsules and claimed that they appear to be stable even in polatED experiments! the sine shape pulsed gradients of 4 ms duration

solventst?b:
In recent years, diffusion NMR was used to probe com-

were incremented from 0.7 to 32.2 G chin 10 steps, and the pulse
gradient separation was 40 ms. All measurements were performed at

plexation of different complexes and evaluate their association least three times, and the reported diffusion coefficients are the mean

constantd#a-d Diffusion NMR was also used to study ion-
pairing aggregatiof?ef the structure of organometallic com-
poundst*ehand other reactive intermediatés. The formation

+ standard deviation of three experiments. Only data where the
correlation coefficients of In(lo) versusy?62g(A—d/3) were higher

than 0.999 are reported. The measurements were all preformed at 298.0
K. All diffusion measurements were performed in a 4-mm NMR tube

of supramolecular systems such as pseudorotaxanes and Cat§iserted in a 5-mm NMR tube.

nanes was also probed with the aid of diffusion NMR. This
technique was also used to characterize dendrimer genetétions

Materials. All starting materials, guest molecules, reagents, and the
deuterated solvents (CD£ICD;OD, and DCI) were purchased from

and map the hydration sphere around crown ether and itsAldrich (U.S.A.) and used as supplied. Compoufidslb, 2a, and2b

complexes in organic solvents such as CP@1In addition, it
was shown that diffusion NMR is a powerful tool for probing
encapsulatior® We recently showed, using this technique, that

(11) (a) MacGillivray, L. R.; Atwood, J. LNature 1997, 389, 469-471. (b)
Shivanyuk, A.; Rebek, J., JProc. Natl. Acad. Sci. U.S.R001, 98, 7662~
7665. (c) Shivanyuk, A.; Rebek, J., @hem. Commur2001, 2424-2425.

(12) (a) Gerkensmeier, T.; lwanek, W.; Agena, C.;IHfich, R.; Kotila, S.;
Nather, C.; Mattay, JEur. J. Org. Chem1999 2257-2262. (b) Atwood,
J. L.; Barbour, L. J.; Jerga, AChem. Commun2001, 2376-2377. (c)
Atwood, J. L.; Barbour, L. J.; Jerga, Rroc. Natl. Acad. Sci. U.S.2002
99, 4837-4841.

(13) (a) Stejskal, E. O.; Tanner, J. E.Chem. Physl965 42, 288-292. (b)
Tanner, J. EJ. Chem. Physl97Q 52, 2523-2526. For a review concerning

the application of the PGSE NMR technique to chemical systems, see: (c)

Stilbs, P.Prog. Nucl. Magn. Reson. Spectrost987 19, 1-45 and
references therein.

(14) (a) Rymde, R.; Carlfors, J.; Stilbs, B. Inclusion Phenon983 1, 159—
167. (b) Mayzel, O.; Cohen, YJ. Chem. Soc., Chem. Commui994
1901-1902. (c) Gafni, A.; Cohen, YJ. Org. Chem1997, 62, 120-125.

(d) Cameron, K. S.; Fielding, L1. Org. Chem?2001, 66, 6891-6895. (e)
Pochapsky, S. S.; Mo, H.; Pochapsky, TJCChem. Soc., Chem. Commun.
1995 2513-2514. (f) Mo, H.; Pochapsky, T. Q. Phys. Chem. B997,
101, 4485-4486. (g) Zuccaccia, C.; Bellachioma, G.; Cardaci, G.;
Macchioni, A.Organometallic200Q 19, 4663-4665. (h) Valentini, M.;
Ruegger, H.; Pregosin, P. Belv. Chim. Acta2001, 84, 2833-2853. (i)
Cohen, Y.; Ayalon, AAngew. Chem., Int. Ed. Endl995 34, 816-818.

() Shenhar, R.; Wang, H.; Hoffman, R. E.; Frish, L.; Avram, L.; Willner,
I.; Rajca, A.; Rabinovitz, MJ. Am. Chem. SoQ002 124, 4685-4692.

(k) Avram, L.; Cohen, YJ. Org. Chem2002 67, 2639-2644. (I) Hori,
A.; Kumazawa, K.; Kusukawa, T.; Chand, D. K.; Fujita, M.; Sakamoto,
S.; Yamaguchi, KChem=—Eur. J.2001, 7, 4142-4149. (m) lhre, H.; Hult,
A.; Saderlind, E.J. Am. Chem. S0d.996 118 6388-6395. (n) Mayzel,
O.; Gafni, A.; Cohen, YChem. Commurl996 911-912.

were prepared according to modifications of the procedure published
previouslyi®

The 'H and 3C NMR spectroscopic parameters of the obtained
hexameric capsules in CD{$olutions are given below.

IH NMR of [(1a)s(H20)g] (400 MHz, CDCh, 25°C, 20 mM): 6 =
9.52 (OH, broad, 48H), 7.20 (s, 24H), 6.14 (s, 24H), 4.44 & 7.4
Hz, 24H), 2.09 (m, 48H), 1.49 (m, 24H), 0.98 Jt= 6.2 Hz, 144H).

BC{H}NMR of [(1a)s(H20)s] (100 MHz, CDCE, 25°C, 20 mM):

6 = 151.27, 150.96, 125.60, 125.50, 124.86, 103.57, 42.78, 31.62,
26.81, 23.56, 23.35 ppm.

IH NMR of (2a)s (400 MHz, CDC}, 25°C, 20 mM): 6 = 8.78 (s,
24H), 7.45 (s, 24H), 6.86 (s, 24H), 6.83 (s, 24H), 4.5 7.0 Hz,
24H), 2.12 (broad, 48H), 1.54 (m, 24H), 1.02 (broad, 144H).

B3C{H}NMR of (2a)s (100 MHz, CDC}, 25 °C, 20 mM): 6 =
139.14, 137.96, 132.08, 126.00, 124.68, 114.95, 42.65, 32.21, 26.90,
23.63, 23.23 ppm.

(15) (a) Frish, L.; Matthews, S. E.;'Bamer, V.; Cohen, YJ. Chem. Soc., Perkin
Trans. 21999 669-671. (b) Frish, L.; Vysotsky, M. O.; Matthews, S. E.;
Bohmer, V.; CohenJ. Chem. Soc., Perkin Trans2R02 88—-93. (c) Frish,
L.; Vysotsky, M. O.; Bdmer, V.; Cohen, YOrg. Biomol. Chem2003 1,
2011-2014.

(16) (a) Avram, L.; Cohen, YJ. Am. Chem. So@002 124, 15148-15149.
(b) Avram, L.; Cohen, YOrg. Lett.2002 4, 4365-4368. (c) Avram, L.;
Cohen, Y.Org. Lett.2003 5, 3329-3332.

(17) Gibbs, S. J.; Johnson, C. S., JrMagn. Reson1991, 93, 395-402.

(18) Tunstad, L. M.; Tucker, J. A.; Dalcanale, E.; Weiser, J.; Bryant, J. A;;
Sherman, J. C.; Helgeson, R. C.; Knobler, C. B.; Cram, D. @rg. Chem.
1989 54, 1305-1312.
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Table 1. Diffusion Coefficients of 1a, 1b, 2a, and 2b in Chloroform Soluti

ons at 298 K

diffusion coefficients [x10° cm? s~1]

system [MJ2 la[712 g mol Y] 1b [1104 g mol] 2a[776 g mol Y] 2b[1168 g mol ]
3mM CDCk 0.34+0.01 0.26+ 0.01 0.36+ 0.01 0.27£0.01
+CDsOD 0.58+ 0.01 0.44+ 0.01 0.59+ 0.01 0.45+ 0.01
CHCl;¢ 0.33+£0.01 0.27+0.01 0.33+0.01 0.24+0.01
0.344+ 0.0P 0.274+ 0.0 0.314+0.0P 0.244+ 0.0

aMolecular weights of the monomersThe diffusion coefficient of the encapsulated chloroform molectfi&he macrocycles’ concentrations were 20,

15, 20 and 27 mM fola, 1b, 2a, and2b, respectively.

H NMR of [(1b)s(H20)g] (400 MHz, CDCE, 25°C, 65 mM): 6 =
9.52 (OH, broad, 48H), 7.21 (s, 24H), 6.12 (s, 24H), 4.30 & 7.0
Hz, 24H), 2.22 (broad, 48H), 1.27 (m, 432H), 0.88Jt= 6.7 Hz,
72H).

BC{H}NMR of [(1b)s(H2O)s] (100 MHz, CDCE, 25°C, 65 mM):

0 = 151.34, 151.03, 125.51, 124.50, 103.47, 103.33, 33.97, 33.78,
32.63, 30.47, 30.40, 30.40, 30.40, 30.35, 30.09, 28.77, 23.38, 14.79
ppm.

IH NMR of (2b)s (400 MHz, CDC}, 25°C, 60 mM): 6 = 8.77 (s,
24H), 7.46 (s, 24H), 6.88 (s, 24H), 6.83 (s, 24H), 4.30 & 7.9 Hz,
24H), 2.21 (broad, 48H), 1.27 (m, 432H), 0.88Jt= 6.4 Hz, 72H).

BC{H}NMR of (2b)s (100 MHz, CDC}, 25 °C, 60 mM): 6 =
139.19, 138.05, 132.08, 126.08, 124.76, 114.48, 34.79, 33.86, 32.66,
30.60, 30.49, 30.49, 30.44, 30.44, 30.44, 30.13, 23.40, 14.81 ppm.

The stability of the capsules was studied by titratioh& & mM
solution of the macrocycle in CDg€lor CHCk with CDsOD. The
samples were measured 20 min after the addition of methanol.

The role of water molecules was investigated by measuring the
diffusion coefficients of samples containing different amounts of water.
This was achieved by preparing different concentrations of the
macrocycles (in the range of-%0 mM) in different sources of
chloroform such as water-saturated Cp@lquilibrated with HO three
times 1:1 v/v), commercial CDgl[as supplied from Aldrich, U.S.A.,
99.8% D), and CDGlfrom ampules (as supplied from Aldrich, U.S.A.,
100% D). When necessary, to achieve a desired ratio of water/
macrocycles, water was added to the CP&ilutions.

The self-recognition process was studied by measuring the diffusion
coefficients of different mixtures of the macrocycles. Each mixture
contained two different macrocycles in a ratio of about 1:1 in a solution
of commercial CDG. The samples were measured almost immediately
after preparation and several hours, days, and weeks later. The
concentration of each macrocycle in the mixture was in the range of
10-15 mM.

The difference in guest affinity was studied by following thé
NMR spectra of the macrocycles in the presence of different guests.
The amines were added to 10 mM CRG 20 mM CHC} solutions
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Figure 1. H NMR spectra (400 MHz, 298 K) of (A)b in CDCls, (B) 1b

in CHCls, (C) 1ain CDCls, and (D)1ain CHCIs. The arrows indicate the
peaks of the encapsulated chloroform molecules. * indicates signals of water.

’

with the higher molecular weights @b and2b (Table 1). These
results indicate thata and2aindeed form hexameric aggregates
in the CDC} solution as previously demonstrated fdp?62.19

and 2b.16¢ To further corroborate the formation of hexameric
capsules, the molecular capsules were also prepared ingCHCI
Figure 1 shows théH NMR spectra oflb (A and B) andla
(Cand D) in CDC} (A and C) and CHGI (B and D). Wherla
and1b were dissolved in CHGJ the same spectra were obtained
with additional signals in the range of 4:8.1 ppm, which is
about 2 ppm upfield from bulk chloroform. These new peaks
had the same diffusion coefficients as that of the macrocycle
(Table 1) and disappeared after the addition of;GD to the
CHCI; solutions. Therefore, these new peaks were attributed
to the encapsulated chloroform molecules, as previously deter-
mined for 1b.162

of the macrocycles, and the ratio was about 1:2 macrocycle/guest. The

trialkylammonium salts were prepared in situ by adding about6@
uL of DCI to a 0.4 mL solution of the macrocycle and the respective
trialkylamine.

Result and Discussion

Self-Assembly in Solution. The Nature of the Formed
Capsule. Table 1 shows the diffusion coefficients g, 1b,
2a, and2b in chloroform solutions. The diffusion coefficients
of all four molecules are relatively low, and after the addition
of CD3OD, there is a significant increase in the diffusion
coefficients in all four cases. These results indicate that these
molecules form aggregates in the CBGolution, which
disaggregate by the addition of methanol, a solvent which
disrupts hydrogen bonds, thus resulting in an increase in the
diffusion coefficients.

The diffusion coefficients olb and2b are very similar and
are somewhat lower than that b and2a, which is consistent

11558 J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004

Figure 2 shows théH NMR spectra oRb (A and B) and2a
(C and D) in CDC} (A and C) and in CHGJ (B and D). Here
again, when2a and 2b were dissolved in CHGIthe same
spectra were obtained with an additional signal at 5.1 ppm,
which was found to have the same diffusion coefficient as that
of their respective macrocycle (Table 1). These new signals
disappeared after the addition of DD and were also
attributed to the encapsulated chloroform molecules.

In addition, we found that the diffusion coefficients of the
molecular capsules were the same, within experimental error,
as those extracted for their respective complexes with guests,
where the 6:1 stoichiometry could be deduced, unequivocally,
from the integration of theitH NMR spectra!P:16aThys, if
we conclude that the aggregates formed are indeed the hexamers
found in the solid state, from the integration of the encapsulated

(19) Shivanyuk, A.; Rebek, J., J3. Am. Chem. So@003 125 3432-3433.
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Figure 2. 'H NMR spectra (400 MHz, 298 K) of (A2b in CDCls, (B) 2b
in CHCIs, (C) 2ain CDCl;, and (D)2ain CHCIl;. The arrows indicate the
peaks of the encapsulated chloroform molecules.
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Figure 3. Changes in the diffusion coefficients b& (H), 1b (@), 2a(0),

and2b (O) (in a 3 mMCDCl; solution, 298 K) as a function of the number
of equivalents of CBOD added to the CD@Glsolution.

chloroform peaks in théH NMR spectra obtained when the
systems were prepared in CHCWe conclude that about six
chloroform molecules are encapsulated in the hexamers. Thes
results indicate thata and2a self-assemble spontaneously into
hexameric capsules in chloroform solutions by encapsulating
several chloroform molecules, as previously found ¥brand
2b.16a,c,19

Relative Stability in Polar Media. Atwood and co-workers
claimed that2a appears to be stable even in polar solvéffts.
We used diffusion NMR to study the relative stability of the
molecular capsules dfa, 1b, 2a, and2b in chloroform solutions.
To do so, we followed the changes in the diffusion coefficients
of the macrocycles after the addition of different amounts of
CD30D. Figure 3 shows the effect of these 4D titrations
on the diffusion coefficients afa, 1b, 2a, and2b in the CDC}
solutions. As a result of these titrations, an increase in the
diffusion coefficients of all four macrocycles was observed.
Methanol breaks the intermolecular hydrogen bonds, thus

converting the hexameric capsules into their respective mono-

meric species. Figure 3 shows that different amounts of-CD

OD were required to disrupt the hexameric capsules in each

case. The diffusion coefficient dfaincreased from 0.34 0.01
x 1075 cn? s71to 0.594 0.01 x 1075 cn? s~1 upon addition
of ~500 equiv of CROD (Figure 3), while the diffusion
coefficient of 2a increased from 0.3& 0.01 x 105> cn? s
to 0.554 0.01 x 1075 cn? s~1 only after the addition of about

e

800 equiv of CROD. For 1b, the increase in the diffusion
coefficient was from 0.26- 0.01 x 10°cn? s to 0.48+
0.01 x 1075 cn? s7! and occurred after the addition 6500
equiv of CD;OD, while for 2b, the increase from 0.2F 0.01
x 1075 cn? s71to 0.454 0.02 x 1075 cn? s 1 occurred only
after adding 1000 equiv of GIOD.

According to these titrations, more methanol was needed to
disrupt the hexamers dfa and 2b than those ofla and 1b.

This suggests that the molecular capsules of the pyrogallol[4]-
arenes are more stable than the capsules of the resorcin[4]arenes.
It seems that the difference in stability is larger for the more
lipophilic capsulesib and2b vs 1aand2a), which may indicate

that the substituents on the methylene bridges influence the
stability of the hexameric capsules formed in solution. We
repeated these titrations in CHGlolutions to find the point of

the titration at which the peaks of the encapsulated chloroform
molecules disappear. In all four cases the peaks of the
encapsulated chloroform disappeared before the diffusion coef-
ficients of the different macrocycles reached their highest plateau
values, i.e., before a complete disaggregation was achieved. This
behavior was more pronounced in the case$aofnd1b than
2aand2b. For the resorcin[4]arene capsules (ifa,and1b),

most of the signals of the encapsulated chloroform molecules
disappeared before there was any change in the diffusion
coefficients of the hexamers, while for the pyrogallol[4]arene
capsules (i.e2aand2b), the disappearance of the encapsulated
CHCI; signal was observed only after a small increase in the
diffusion coefficients of the hexamers. One possible explanation
for the above observation is that the addition of methanol results
in the loosening of the hydrogen bonds, which causes an increase
in the exchange rate between the encapsulated and bulk
chloroform. In addition, recently Rebek and co-workers, who
studied the mechanism of guest exchange in such capsules,
demonstrated that guest exchange in these systems probably does
not require the complete disintegration of the hexaffer.

The Role of Water Molecules.It was found, in the solid
state, thatlc self-assembles into hexameric capsules with the
aid of water moleculel2 while the hexameric capsule &a
does not? We previously showed that the role of water
molecules is different in the self-assembly B and 2b in
chloroform solutiond®b-cWhile 1b self-assembles into a hexa-
meric capsule of the 1p)s(H20)s]-type, 2b forms the hexamer
of the [2b)¢]-typel6PcWe therefore wanted to investigate if
the role of water molecules in the self-assemblylafand 2a
is dictated by the lipophilicity of the macrocycles, i.e., the nature
of R, or by the skeleton type, i.e., the number of the OH groups
on the aromatic rings of the macrocycles.

We prepared CDGlsolutions ofla and 2a with different
ratios of water/macrocycle. In all cases, only one peak of water
was observed, indicating that if there are different water pools
they are in fast exchange on the time scale of our NMR
measurements. In the case I, we found that thela/lH,O
ratio affects both the chemical shift and line shape of the water
signal. Since the water chemical shift and line shape were
affected by other parameters such as pH and temperature, here
again diffusion NMR was used to study the role of water
molecules in the self-assembly of these molecules. Figures 4
and 5 show the changes in the diffusion coefficientd@flb

(20) Yamanaka, M.; Shivanyuk, A.; Rebek, J.,JJrAm. Chem. So2004 126,
2939-2943.
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and of2a and2b and the water in their chloroform solutions.
Figure 4 shows that the ratio &/H,O has a dramatic effect
on the diffusion coefficient of the water signal, as previously
found for 1b.1e° |t was found that the diffusion coefficient of

[ [ I T I I I

I
45 44 43 ppm 1.0 0.9 ppm

Figure 6. Sections of théH NMR spectra of (A)lb, (B) 1a, (C) a mixture

of laandlbin CDCl; solutiors 1 h after preparation, (D) same as (C) one
week later, and (E) a similar mixture that was heated t6®%or 2 h. The

* represents the peak of B in this CDC} solution.

peak remained very similar to that of “free” water in CRCI
indicating that the water molecules have hardly any interaction
with the supramolecular structure @& and2b. These results
are in agreement with solid-state findifgand demonstrate that
the role of water molecules is dictated by the number of OH
groups on the aromatic ring rather than by the nature of the R
groups.

Self-Recognition in Self-AssemblySelf-recognition in self-
assembly processes was defined by Lehn and co-workers as
“the recognition of like from unlike, of self-from nonsel?a
Self-recognition is a programmed supramolecular process of a
spontaneous selection and preferential binding of like species
in a mixture?'2 The importance of self-recognition in the self-
assembly of synthetic helicates was demonstrated by Lehn and

the water peak decreased as the number of water molecules pego-workers?! This principle was further challenged by an
hexamer decreased. The changes in the diffusion coefficient ofextensive study of helicates with different binding sf&®

water in the presence dfa are very similar to that of water in
the presence ofb. This seems to indicate that, likib,%° 1a

self-assembles to a hexamer with eight water molecules,

affording a capsule of the 16)s(H20)g]-type.

For the2a system, only one peak of water was observed at
all 2a/lH,0 ratios and the chemical shift of the water peak was

in the range of 1.51.6 ppm for all CDC{ solutions. The2a/

H.O ratio had nearly no effect on the chemical shift of the water

signal and only a marginal effect on the diffusion coefficients
of the water peak in these CD{3olutions. Here, only when

Other examples of self-recognition were found in the solid
state?2c

After exploring the self-assembly of the four different
macrocycles {a, 1b, 2a, and2b) and examining the stability
of the formed hexamers obtained in these processes, the self-
assembly processes of mixtures of these molecules were studied.
All six mixture combinations between the four macrocycles were
studied with the aim of evaluating if the self-assembly of these
hexameric capsules proceeds with self-recognition for macro-
cycles of the same type when only the R groups differ or across

the amount of water was extremely low, could some decreasethe different types of macrocycles, i.e., wherisifferent (i.e.,
in the diffusion coefficients of the water peak be observed, as R' of H or OH). Figure 6 shows sections of thé NMR spectra

previously found in the case @b.16¢

The diffusion data clearly show that water molecules do not (21)

participate in the self-assembly of the hexameric capsuzaof
and2b. There is a slight decrease in the diffusion coefficient
of the water peak when the ratio betwezmand water is 6:5,

which may be due to exchange with the hydroxyl groups of the
macrocycle. Nevertheless, the diffusion coefficient of the water

11560 J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004

(a) Kraner, R.; Lehn, J.-M.; Marquis-Rigault, ARroc. Natl. Acad. Sci.
U.S.A. 1993 90, 5394-5398. (b) Piguet, C.J. Inclusion Phenom.
Macrocyclic Chem1999 34, 361-391. (c¢) Funeriu, D.-P.; He, Y.-B.;
Bister, H. J.; Lehn, J.-MBull. Soc. Chim. Fr1996 133 673-678.

(22) (a) Shaul, M.; Cohen, YJ. Org. Chem 1999 64, 9358-9364. (b)
Greenwald, M.; Wessely, D.; Katz, E.; Willner, I.; Cohen,JY Org. Chem
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time after preparation of the mixture and afgeh of reflux. 45 44 43 ppm 1.0 0.9 ppm
) ) ) Figure 8. Sections of théH NMR spectra of (ARb, (B) 2a, (C) a mixture
of 1b (Figure 6A),1a (Figure 6B), and a mixture dfaand1b of 2a and2b in chloroform solutios 1 h after preparation, and (D) same

in CDCls solutions nearly immediately and one week after the as (C) one week later.

preparation of the sample (Figure 6C,D, respectively). Figure _ o

6E shows these sections of th& NMR spectrum of a mixture distinct sets of peaks fdta and 1b with no indication for the

of laand1b after 2 h of reflux. formation of the heterohexamers. Figure 8 shows sections of
Figure 6 clearly shows that the spectra of the mixtures are the "H NMR spectra of2a, 2b, and a m!xture ola apd 2b

mere superpositions of the spectralafand 1b regardless of ~ Poth 1 h and 1 week after the preparation of the mixture.

the temperature and the elapsed time since the mixing of the Here again théH NMR spectrum of the mixture shows only

compounds. In all cases, no other signals are observed. Wherignals of2a and2b, and no other signals could be detected.

we measured the diffusion coefficients of the signals of the The diffusion coefficients of the peaks @a and 2b in the

mixture shown in Figure 6C, two different diffusion coefficients Mixture, almost immediately after preparation, were G:3.01

were extracted. The diffusion coefficient of the peaks of the x 107°cn?s tand 0.28+ 0.01x 107° cn¥ s™%, respectively.

hexamer ofLain the mixture was 0.3 0.01 x 105 cn? st The ratio between the diffusion coefficients of the peak@af

and that of the hexamer dfb was 0.26+ 0.01 x 10°5 cn? and2b in the mixture is 1.2, which is in good agreement with
s L. In general, the ratio between the diffusion coefficients of the value extracted based on their relative molecular weights.
two species should be inversely proportional to the cube or the However, here again, the diffusion coefficients equalized as the
square root of the ratio of their molecular weights. The ratio time from the preparation of the mixture elapsed. These results
between the diffusion coefficients of the peakslafand1b in indicate that, with time, an equilibrium is achieved in which
the mixture is 1.2, which is in good agreement with this the homohexamers are replaced by heterohexamers consisting
prediction. On the basis of these findings one might conclude of 2aand2b, similar to the case ofa and1b.
that, indeed, the self-assembly b& and 1b proceeds with The above two cases dealt with mixtures of the same type of
complete self-recognition, implying the formation of only macrocycles (two resorcin[4]arenes or two pyrogallol[4]arenes)
homohexamers. However, a close look at the effect of time and that differ in their substituents on the bridges $RCy1H23 or
temperature on the diffusion coefficients of the hexamers isobutyl). Next we examined whether the self-assembly of two
mixtures, shown in Figure 7, demonstrates that this is not the different macrocycle types proceed with self-recognition. Figure
case. 9 shows sections of thié1 NMR spectra oPb (Figure 9A),1a
Figure 7 shows that the diffusion coefficients of the two (Figure 9B), and a mixture db andla(Figure 9C,D) in CDJ
hexamers differed immediately after the preparation of the solutions 24 h and 5 weeks after the preparation; Figure 9E
mixture. However, as time passed, a process of equalization inshows the same sections of th&NMR spectrum of a mixture
the diffusion coefficients was observed. After 24 h there was Of 2b and1a after 8 h of reflux.
only a small difference in the diffusion coefficients of the two It was found that théH NMR spectrum of the mixture is a
systems. After one week, the difference was within the superposition of the spectra of the homohexamers, as was found
experimental error and was statistically insignificant. Therefore, for the two mixtures above (Figures 6 and 8). Even 5 weeks of
we hypothesized that, in the beginning, we have two homo- mixing time a 8 h of reflux did not meaningfully change the
hexamers that mix slowly with time. Indeed, when the mixture appearance of thtd NMR spectrum of the mixture. However,
was refluxed for 2 h, the same diffusion coefficient was found the results from the diffusion measurements were quite different.
for the two peaks representiriga and 1b. Upon warming, the Two diffusion coefficients were extracted for the peakslaf
mixing of the capsules is faster, as shown in Figure 7. It should and 2b 24 h after the preparation of the sample. The values
be noted that this conclusion could not be reached fronithe  were found to be 0.3@ 0.01 x 105 cn? s ! and 0.24+ 0.01
NMR spectra since only marginal changes were observed in x 1075 cn? s1 for the peaks oflaand2b, respectively. These
the spectra over time or afterel2 h ofreflux (Figure 6). Even values are in line with the molecular weight of the homohexa-
when the diffusion coefficients afa and 1b were the same,  mers. However, to our surprise, although the same behavior was
within experimental error, théH NMR spectra showed two  observed in théH NMR spectra, here the differences in the

J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004 11561



ARTICLES

Avram and Cohen

E

s A A

iy

T T T T f T T
45 44 43 ppm Lo 0.9 ppm

Figure 9. Sections of théH NMR spectra of (ARb, (B) 1a, (C) a mixture
of 2b and 1a in CDCl; solutions 24 h after preparation, (D) same as (C)
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Figure 10. Diffusion coefficients ofla () and2b (O) as a function of
the time after preparation of the mixture and after & &nh of reflux.

diffusion coefficients remained constant even after 5 weeks of
mixing. Additionally, after reflux of the mixture for more than

8 h, two distinct diffusion coefficients were found, as shown in
Figure 10, although in the case of the mixturelafand 1b,

less tha 2 h ofreflux were required to obtain a single diffusion
coefficient for all peaks in théH NMR spectrum.

The results obtained fdka and 2b are in contrast to results
obtained for the mixtures ofa and 1b or 2a and 2bh, where
heterohexamers are formed. In the mixtured@and2b or 1b
and 2a (data not shown) no heterohexamers are formed.
Therefore, one can conclude that, across the macrocycle type
the self-assembly proceeds with self-recognition, while within

the macrocycle type heterohexamers can be formed with time.

We could not reach definite conclusions regarding the mixtures
of 1laand?2aor 1b and2b since, as previously demonstrated,
the 'H NMR spectra are not indicative enough regarding the

formation of hetero- or homohexamers, and in contrast to the

mixtures mentioned above, diffusion NMR cannot be used to

4
Y

B

o 9 8 7 6 s 3 2 1 0 -l ppm

Figure 11. *H NMR spectra ofla (A) and 2a (B) in CDCl; solutions in
the presence of THABr. The arrows indicate the chemical shift region
anticipated for encapsulated ammonium salts.

4

mixtures happen to have very similar molecular weights and,
hence, very similar diffusion coefficients so that the homo- and
heterohexamers cannot be distinguished on the basis of their
diffusion coefficients.

It seems that different types of macrocycles, i.e., the resorcin-
[4]arenes and the pyrogallol[4]arenes, are sufficiently “self-
instructed” to avoid the formation of heterocapsules, while the
two resorcin[4]arenesl@ and 1b) and pyrogallol[4]arenes2é
and 2b) form heterocapsules. Interestingly, the results clearly
show that chemical shifts could not be used to determine in
which case the self-assembly proceeds with self-recognition and
in which it does not, while diffusion NMR provides unequivocal
information regarding this issue.

Guest Affinity. One of the most intriguing characteristics of
molecular capsules is their ability to encapsulate guest mol-
ecules. This enables the stabilization of the reactive intermedi-
ate$ and the catalysis of reactioAhis is even more important
for molecular capsules having large cavities, which can, in
principle, accommodate more than one guest molecule. There-
fore, understanding the factors that influence the affinity of
guests toward the cavity of molecular capsules is important.
Steric factors play a crucial rofé,and guest molecules that are
too large will have a much lower affinity toward the capsule’s
cavity. Electronic factors may also have some influence on the
guest affinitylsb.C It was shown that charged guests, such as
tetraalkylammonium salts, a tropylium cation, or a cobaltoce-
nium cation, have high affinities toward the cavity of the dimers
of tetraureacalix[4]arenes, probably because mofcation
interactiongt5P.c24Kaifer recently reported thdtb encapsulates
a cobaltocenium cation but not cobaltoc@nhélherefore, it
seems that there should be a preference for charged guests in
these systems. However, we found that, while the hexamer of
1b can accommodate both neutral tertiary alkylamines and
charged quaternary alkylammoniun2® encapsulates only the
tertiary alkylamine serie®. To examine whether this is a general
characteristic of these types of molecular capsules, we also
studied the guest affinity ola and 2a. Here again, all our
attempts to probe encapsulation of tetraalkylammonium salts
in the hexameric capsule @ failed as shown in Figure 11.
After the addition of tetrahexylammonium bromide (THABTr)
to a CDC} solution oflathe typical high field chemical shifts
of the encapsulated alkylammonium salts appeared (Figure 11A),
which did not happen in the case 2& (Figure 11B).

(23) Mecozzi, S.; Rebek, J., Them—Eur. J.1998 4, 1016-1022.

(24) (a) Schalley, C. A.; Castellano, R. K.; Brody, M. S.; Rudkevich, D. M.;
Siuzdak, G.; Rebek, J., i. Am. Chem. S0d.999 121, 4568-4579. (b)
Vysotsky, M. O.; Pop, A.; Broda, F.; Thondorf, I.;"Bmer, V.Chem=—
Eur. J.2001, 7, 4403-4410.

(25) Philip, I. E.; Kaifer, A. E.J. Am. Chem. So2002 124, 12678-12679.

investigate the process in these cases. The compounds in thes@é) Avram, L.; Cohen, YJ. Am. Chem. So2003 125 16180-16181.
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the difference in guest affinities between the hexameric capsules

C of resorcin[4]arenes and pyrogallol[4]arenes is indeed a general
I F phenomenon, unaffected by the nature of the alkyl chains on

the methylene bridges or the lipophilicity of the macrocycles.

It is rather the different interactions between the two types of
macrocycles and the charged guests that seem to determine the
affinity. On the basis of electron density arguments, one should
expect the capsules @a and2b to have a higher affinity to
charged systems as compared to the capsulés ahdlb in
contrast with the experimental results. Therefore, it seems that
the differences in the guests affinities of these two types of

A D hexameric capsules are mainly connected to their different
hL UL structures, hydrogen bond capability, and the different role that
the water molecules play in these capsules.

T IRARAARAARS T T

0 -1 ppm 0 -1  ppm Conclusions

Figure 12. Sections of thelH NMR spectra (400 MHz, 298 K) of the : :
hexameric capsules afa (A—C) and1a (D—F) in CHC (A) and (D). In the present study, diffusion NMR was used to follow the

after the addition of trihexylamine (B) and (E) and after the addition of Self-assembly of resorcin[4]arenéa and 1b and pyrogallol-
DCI (C) and (F). [4]arenes2a and 2b in CDCl; solutions. From this diffusion
NMR data, we could conclude thag, 1b, 2a and2b form
When alkylammonium salts were added to the CHCI hexameric capsules in chloroform solutions of nearly equal
solutions of 2a, the signal of the encapsulated chloroform stability although it seems that the latter are more stable than
prevailed and there were no indications of the formation of the former to addition of a polar solvent. We also found that
hexameric capsules encapsulating the alkylammonium salts. Inthe role of water and the guest affinity of the hexameric capsules
some cases, alkylammonium salts with anions different from of 13 and1b are the same and different from that of the capsules
Br~ (i.e., CI', BF,~, PR") were used and the same qualitative  of 23 and 2b. Water molecules were found to be part of the
results were obtained. Therefore, encapsulation of nonchargethexameric capsule in the case of resorcin[4]areteeand 1b
molecules, such as alkylamines, into the hexame2afvas but not in the capsules @a or 2b. Despite the similar structure
attempted. Figure 12 shows sections of tHeNMR of 2a and of the resorcin[4]arenes and pyrogallol[4]arenes and the fact
lain CHCl; before (Figure 12A,D) and after (Figure 12B,E)  that they all form hexameric capsules in chlorofottaand2b
the addition of trihexylamine. Parts C and F of Figure 12 show \yere found to encapsulate only the neutral tertiary alkylamines
these sections of thid NMR spectra after addition of DCIt0  \yhile 1a and 1b accommodate both the amines and the
the solutions shown in Figure 12B,E, respectively. DCI trans- respective ammonium salts. F2a and2b, the protonation of
forms the neutral amines into their respective ammonium salts i tertiary amines resulted in the ejection of the guests from
without significantly affecting the size of the guests. the capsules. All these observations point toward the importance
These spectra clearly demonstrate that the addition of ¢ ihe number of the OH groups on the aromatic moieties of
trihexylamine resulted in the appearance of new signals at higher, g systems in determining the structure and guest affinity of
field in both the solutions ofla (Figure 12E) anda (Figure 556 capsules. It seems that the nature of R (i.es,iSobutyl
12B). The addition of the amine resulted in the disappearanceor CiiHz2), i.e., the lipophilicity of these compounds does not
of the signals of the encapsulated chloroform mo_IecuIes_ from have a dramatic effect on the self-assembly of these capsules.
the capsules afaand2a When DCl was added to this solution, , 5 ygition, it was found that the self-assembly process across

tEe ammofnlum Ealt was fgm?' Wh'(l:gcl:ed t% ”;16 ejection of o macrocycle type, i.e., when resorcin[4]arenes and pyrogallol-
the guest from the cavity dfa (Figure ) and the reencap- [4larenes are mixed, proceeds with self-recognition. Only

sg_lanonf;tzhe cf(]jlotLoform moI_ecuIes.ItHcl):\{vever,lk;(::th the amine homohexameric capsules of the same macrocycle type are
(Figure ) and the ammonium salt (Figure ) are ENCaP” tormed from mixtures of different macrocycle types. However,

T T e pesls e he b resoronfAreneaandi) o o pyogaloIarres
. y . Y P . (2aand2b) can form heterohexameric capsules over time or
ammonium salts, as previously observed for the hexameric fter heati f th uti hi ) v d
capsules oflb and2b.?6 All these findings indicate that, while arner eatl_ng 0 .t € so utions. This was unequivocally demon-
’ ’ strated using diffusion NMR but could not be deduced from

la and 1b accommodate both the amines and the respective . : .
ammonium salts, the hexameric capsules2afand 2b can chemical shift arguments. This study clearly demonstrates the
' additional insights obtainable by diffusion NMR in such

encapsulate only the neutral amines. In fact, the protonation of

, . , I systems.
the tertiary amines resulted in the ejection of the guests from
the capsules d2a and2b. These experiments demonstrate that JA047698R
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