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Abstract: The solvent effects on the condensation reaction between tetraformylcavitand 2 and ethylene-
1,2-diamine 3 are reported. Earlier, it was found that the trifluoroacetic acid-catalyzed condensation of 2
and 2 equiv of 3 in CHCI; provides in 82% yield an octahedral nanocage 1 composed of 6 cavitands that
are linked together by 12 —CH=N—-CH,CH,—N=CH-— linker groups (Liu, X.; Liu, Y.; Li, G.; Warmuth, R.
Angew. Chem., Int. Ed. 2006, 45, 901). In tetrahydrofuran, the same reactants yield a tetrameric nanocage
4 (35% yield), which resembles a distorted tetrahedron built up from four cavitands that occupy the apexes.
Each cavitand is doubly linked to one other cavitand and singly linked to the other two cavitands via —CH=
N—CH,CH;N=CH-— connectors. In CH,Cl,, the reaction between 8 2 and 16 3 yields a square antiprismatic
nanocage 5 (65% yield), in which each cavitand occupies one of the eight corners and is connected to four
neighboring cavitands via —CH=N—CH,CH,—N=CH— linkers. Nanocage 5 is also the main product in
CHCICH,CI (26% yield) and CHCI,CHCI, (33% yield). Reduction of all imine bonds in 4 and 5 yields
polyaminonanocontainers 7 and 8, respectively, which were isolated as trifluoroacetate salts. Contrary to
the formation of larger capsules composed of four, six, or eight cavitands in the reaction between 2 and 3,
the acid-catalyzed reaction of 2 with 2 equiv of HoN—X—NH; (X = (CH2)p=345, 1,3-CeHa, 1,4-(CH2)2CeHa,
or 1,3-(CH).CsH,) quantitatively yields octaiminohemicarcerands 9—14, in which two cavitands are
connected with four —CH=N—X—N=CH— linkers. The outcomes of these condensation reactions are
rationalized with the different diamine structures and the relative orientation of cavitands in 1, 4, 5, and

9—-14.

Introduction

The efficient synthesis of molecular containers that are large
enough to encapsulate multiple guests is a great chalfefge.
Molecular containefsare of great interest as nanoreactoirs,
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which fleeting intermediates are stabilizZédeactions are
accelerated,and regio- and stereochemistry are altéfeth
probe weak interactiond,for solar energy conversidi,nano-
device fabricationt? delivery* storage, and separation technol-
ogy 15

In a recent communication, we reported the one-pot synthesis
of an octahedral nanocaddrom 6 tetraformylcavitand2 and
12 ethylene-1,2-diamines) in high yield by making use of
dynamic covalent chemistry (Chart 1Yhis approach strongly
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Chart 1

R= CHQ (CH2}30H3

surpasses earlier multistep covalent synthesis in its simplicity tion product of 8 cavitands and 16 diamines held together by
and efficiency? Dynamic covalent chemistry offers great 32 imine bonds. It resembles a square antiprism, whose corners
advantages in multicomponent syntheses of complex mol- are occupied by cavitands. To our knowledge, this square anti-
eculest®19 The reversibility of imine bond forming steps that prismatic cage is the largest molecule that has been synthesized
connect reaction components provides an error correctionin a one-pot reaction involving dynamic covalent chemistry.
mechanism guaranteeing the ultimate formation of the thermo-
dynamically most stable product. The extension of the  Results and Discussion
dynamic covalent chemistry approach for the synthesis of
covalent nanocages leading to novel capsule geometries, ande
their subsequent functionalization for specific applications needs
to be demonstrated.

Here, we report results of a more detailed investigation of
the condensation reaction between cavitamahd ethylene-1,2-

Condensation in Tetrahydrofuran (THF). Contrary to our
arlier observations in chloroform (vide infradhe reaction of

2 with 3 in THF containing catalytic amounts of TFA (2.5 mol

% per amine) gave only small amounts of octahedr§b%
yield) as judged from théH NMR spectrum of the crude
e « - A - products after 2 days (Figure 1&#)Gel permeation chroma-
dlaml_neS. We speC|f|caIIy_a|med at answering the following tography (GPC) showed a molecular weight shift toward
questions related the multicomponent synthesis of nandtage  .,ngensation products composed of four cavitands and eight

(@) What is the effect of the bulk solvent on the stability of i ers (Calc. MW 3909; Figure 2a). The MALDI-TOF mass
octahedral nanocade? (b) Is it possible to direct the assembly  gpectrum of the crude products after reduction of all imine bonds

to smaﬂer or larger container molecules through a proper S(2)|\’er‘twith NaBH, further supported this conclusion and showed strong
choice? (c) What is the mechanism of nanocage formation? Ourgignais for the protonated reduced tetrameric condensation
investigation of the solvent effect led to the discovery of two product and its N& adduct (see Supporting Information).

new nanocages and 5. Nanocage4 can be described as a Isolation of this main product (31% yield) was possible by

distorted tetrahedron and is built-up from four cavitands and - :
eiaht linkers. which are connected throuah 16 newly formed reversed-phase HPLC. The isolated product gave rise to a clean
g ’ 9 y MALDI-TOF mass spectrum. The mass of the two observed

imine bonds. It is the covalent analogue of a coordination isotopic ion clusters are consistent with the proton and sodium
tetrahedron that has been reported recently by Beer and co- P P

workers and that is built up from four cavitands linked together adduct of the reo_luced_ tetrameric condensation product (Figure
by eight Cu(ll) ion<2® The second nanocadéis the condensa- 3). We assign this major product to the tetrahedral nanoZage

' (Scheme 1%2 Views along the two €axes of energy minimized
(16) (a) Rowan, S. J.: Cantrill, S. J.; Cousins, G. R. L.: Sanders, J. K. M.: structures of protonated@-16H" are shown in Figure 4

Stoddart, J. FAngew. Chem., Int. EQ002 41, 898-952. (b) Lehn. J-M.  (Amber* 23 GB/SA water-solvation mod&). Nanocage? has
Chem. Eur. 31999 5, 2455-2463.
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Soc.1991, 113 2754-2755. 135-140.
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Figure 1. Partial'H NMR spectra (400 MHz; 22C) of (a) crude products
formed in the reaction a2 with 2 equiv of3 in the presence of 10 mol %
TFA in THF after 2 days (in CDGJ signals assigned tare marked) and
(b) of 7-16CRCOOH in CxOD. (c) Partial"*C NMR spectra (100 MHz,
22 °C, CD;0D) of 7-16CRCOOH.
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Figure 2. Gel permeation chromatograms of the crude products formed
after 2 days in the TFA-catalyzed reaction dfvith 2 equiv of3 in (a)
THF, (b) CHCE, (c) CHCly, (d) CHCICHCI, and (e) CGIHCCLH. (f)
Products formed in ChCl, spiked with6. Retention time (in minutes) and
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Figure 3. MALDI-TOF mass spectrum of.

6.45, 6.14, and 6.08 ppm (integration ratio 1:2:1) assigned to
Ho, which couple to three doublets at 4.58, 4.40, 4.39 ppm
(integration ratio 1:2:1) assigned; ksee Figure 3b and Sup-
porting Information). Well separated are also the two AB
systems at 4.26 and 4.21 ppm and 4.13 and 4.02 ppm
(integration ratio 1:1) assigned to the benzylic linker protons
of 7. In the3C NMR spectrum of7-16 CRCOOH, the expected
number of13C signals are observed for EC4, C6, C7, and
C9 (Figure 3c and Supporting Information). For example, four
signals (ratio 1:1:1:1) are expected and observed for C4, three
signals in a ratio 1:1:2 for C7 and C9, and two signals with
equal intensity for C+C3 and C6. Insufficient signal dispersion
led to signal overlap for the remaining carbons C5, C8, and
C10-C13.

A full assignment of all proton signals of hexadecaimino cage
4 (Chart 1) in thelH NMR spectrum of the crude reaction
mixture was not possible (Figure 1a). Based on the approximate
yield of 4 and consistent with NMR spectra of condensation
reactions in different solvents leading to lower yieldgl¢¥ide
infra), we assign the broad singlet at 8.41 ppm to the 16 imine
protons, the singlets at 7.18 and 7.15 ppm to 16aHd the
doublets at 4.49, 4.42, and 4.37 ppm to 1,60H4.

Condensation in Dichloromethane Even though chloroform
and dichloromethane have very similar solvent properties, the

estimated molecular weight (in parentheses) are reported for main peaks.outcome of the condensation reaction in both solvents differed

considerably. In dichloromethane, the reaction2ofvith two

a distorted tetrahedral structure, in which each cavitand is doubly equivalents of3 gave the octameric nanocagen 65% yield
linked to another cavitand at the 1 and 2 position and singly as the major condensation product and only small amounts of

linked to the remaining two cavitands resulting in four larger,
nearly spherical portals of approximately-8 A diameter and
two smaller elliptically shaped portals. The inner cavity
measures approximately 4503 And was estimated from the
volume of the tetrahedron that is formed by connecting the
centers of each cavitand.

The structural assignment rests on th¢ and 13C NMR
spectra of7, which are consistent with i3, symmetry. Ideally,
theH NMR spectrum of7 should show three different outward
and inward pointing acetal protons {H;) and three different
methine protons (H) each in a ratio 4:8:4. Furthermore, two
singlets for the aryl protons @(ratio 8:8) and two sets of AB
spin systems for the benzylic linker protonsy{rind another
set for the ethylene protons {Hare expected (each ratio 16:
16). Strong signal overlap in tHel NMR spectrum of7-16CR-
COONH prevented direct identification of most of these multip-

hexamerl (5%) (Figure 5af!

GPC of the reaction mixture clearly showed that the main
condensation product has a molecular weight of approximately
8000, distinctively higher than that df (Figure 2b,c,f). The
formation of a nanocontainer that is built-up from 8 cavitands
and 16 ethylene-1,2-diamines connected via 32 newly formed
imine bonds is supported by the spectroscopic propertiés of
as well as those of its reduction prod@&(Scheme 1). After
reduction of all imine bonds with NaBKthe main produc8
was isolated in 25% yield as TFA salt by reversed phase HPLC.
The MALDI-TOF mass spectrum &shows the expected mass
and isotopic pattern for the protonated molecular ion (Figure
6).

We propose the structure shown in Scheme 1 and Chart 1
for 8. It can be described as a molecular square antiprism, in
which the cavitand building blocks occupy the corners and are

lets. Nevertheless, clearly separated are the three doublets atonnected together by sixteen linkers along the prism edges.

14122 J. AM. CHEM. SOC. = VOL. 128, NO. 43, 2006
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Scheme 1. 12-, 18-, and 24-Component Syntheses of Tetrahedral, Octahedral, and Square Antiprismatic Nanocages 4, 1, and 5 and Their

Reduction
1. NaBH,
2. CF;CO0OH
/ HH,I:I)CF!CO{
g/

6 T CFyc0y

1. NaBH,

2. CF3COO0H

\ 7
in CHECI2 n -
1. NaBH,
2. CF;COOH '
5 8

The 1H and 3C NMR spectra 0f8:32CRCOOH are fully 3.61 ppm in théH NMR spectrum (Figure 5b), clearly supports
consistent with this structure. Octam@&rhas Dsg symmetry, the square antiprism structure &f

which leads to a similar splitting of the different types of protons
and carbons as described forin other words8 has two types

of aryl-CH,NH—CH, units (ratio 1:1) and three types of feet
o st vy e " cqulbra and s contaned o surt<ve assr
NMR spectra 0f8-32CRCOOH. However, the observation of Fh? two singlets at 8'45_ and 8.13 ppm (ratio 16:16) to the 32
four different C4 signals (ratio 1:1:1:1), three different C10 |m|£1e protons o, the singlet at 7.08 ppm to_ 16 aryl protons
signals (ratio 1:1:2), a set of two lines (ratio 1:1) for each c1, Ha?° the doublets at 5.82 and 5.58 ppm (ratio 8:24) to the 32
C2, and C3 in thé’®C NMR spectrum (Figure 5c), and two
multiplets (ratio 32:32) for the ethylene protonsad 3.57, and

Greater!H signal dispersion is observed for the polyimino
square antiprisnd. Based on the analysis &1 NMR spectra
that were recorded before the condensation reaction reached

Himine

Ha
Hb

Hi

T T T T T
4.0 ppm 4

8.0 7.0 6.0 5.0
c4 c10
Jﬂ(\b C3 J\A @
JL c1 X Hy
c) M HI Ho ND2
e

154.0 1544 1186 118.0 432 426 318 312
(ppm)

Figure 5. Partial'H NMR spectra (400 MHz; 22C) of (a) crude products
formed in the reaction a2 with 2 equiv of3 in the presence of 10 mol %
Figure 4. Views along the two gaxes of energy-minimized structure of ~ TFA in CHyCl, after 67 h (in CDCJ; signals assigned t6 are marked)

7-16H" (Amber* 22 GB/SA water-solvation mod&). Atom coloring: C, and (b) of8:32CRCOOH in CD;OD. (c) Partial’®C NMR spectra (100

gray; H, white; O, red; N, blue. MHz, 22 °C, CD;0D) of 8-32CRCOOH.

J. AM. CHEM. SOC. = VOL. 128, NO. 43, 2006 14123
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Figure 6. MALDI-TOF mass spectrum o8.

7915

Figure 7. Top and side view of energy-minimized space-filling structure
of 8—32H" (Amber*23 GB/SA water-solvation mod#&). Atom coloring:
C, gray; H, white; O, red; N, blue.

outer acetal protonsithe doublets at 4.44, 4.36 and 4.30 ppm
(ratio 16:8:8) to the 32 inner acetal protongs(Higure 5a).

An energy-minimized structure @-32H" using molecular
mechanics calculation is shown in Figure 7. The shap8 of

resembles that of a donut or short nanotube with two larger

Scheme 2. Proposed Intramolecular Catalysis of Acetal Spanner
Cleavage

CsHy1 CsHy1
O—=CC -0 1
!:ab: - !:? e
N n:H (L
w & o,

CsHq4

(iJHO
H

.
\§

lead to a slow decrease in the yieldlo&nd4. The rate of this
decomposition was acid dependent and might involve acid-
catalyzed cleavage of the acetal groupd @nd4. Reduction
of the imine bonds of, as described fot and5, gave6, which
was isolated in 65% yield by HPLC.

The substantially lower yield of isolaté65%) and8 (25%)
as compared to the yields ©f{82%) ands (65%), respectively,
is a consequence of partial decomposition6adind 8 during
the acidic workup of the reduction step and of the difficulty to
separate off these byproductsl NMR and mass spectra show
that the reduction of all imine bonds bf4, and5 is quantitative
and leads initially to boramines HNBH,. Acid-catalyzed
hydrolysis of the latter is slow and is accompanied by substantial
cleavage of the OCHD acetal spanners of the cavitands, if the
polyboramino cages are heated in methanol/concentrated HCI
(9:1). At room temperature, acetal cleavage is reduced, but still
leads to approximately-12% cleavage of all acetal groups.
Thus, after essentially complete hydrolysis of all HRH,
groups, about 20 and 50% @6for 8 in the crude hydrolysis
mixtures lack one or more acetals. During the reversed phase
HPLC chromatographic purification, these byproducts eluted
slightly later than6 and8. In contrast td6 and8, the extent of
acetal cleavage during the reduction and acid work upwés
substantially lower (31% isolated yield @fcompared to 35%
yield of 4). The difference between yields of polyamino cages
and yields of polyimino cages, which increases in the oddeér
< 1/6 < 5/8 may be explained as follows: (1) A higher number
of HN—BH> groups per cage requires a longer hydrolysis time
to produce a 50% yield of fully hydrolyzed cage under the
assumption that the rate of-NBH, hydrolysis is identical for

nearly spherical openings that have diame_ter§ of appro_ximatelya” cages. (2) The higher the number of acetal groups per cage,
12 A. The volume of the disk shaped cavity is approximately ;o larger will be the reduction in yield of the final polyamino

3600 A3 and was estimated by comparing it to that of a square
antiprism whose corners are located in the centers of the host’s

cavitands.
Condensation in Chloroform. Even though chloroform and

dichloromethane have very similar solvent properties, the
outcome of the condensation reaction in both solvents differed

considerably. As reported in our earlier communicafidhe
acid-catalyzed reaction @with 2 equiv of3 in CHCl; yielded
octahedrall in 82% yield. The!H NMR spectrum of the final

reaction mixture also showed the presence of approximately 5%

tetramer4. The reaction reached the final equilibrium after

cage, ifx% of all acetal groups are cleaved during the hydrolysis
step. (3) Acetal cleavage might be in part catalyzed by the
ammonium groups of the GNH,"CH,CH,NH,"CH linkers
(Scheme 2).

The efficiency of this type of catalysis will depend on the
conformation of the linkers and the orientation of the ammonium
groups, which may differ among the nanocages. Support for
intamolecular catalysis comes from the following observation.
When a sample 08-24CRCOOH is heated to 80C at high
vacuum for 24 h, théH NMR spectrum of this sample in GB
OD shows partial loss of acetal groups.

approximately 2 days. Extended reaction times (greater 4 days) Solvent Effects.The effect of the bulk solvent on the yield

(25) The singlet assigned to the remaining 16 aryl protons is part of the broad

singlet at 7.13 ppm.

14124 J. AM. CHEM. SOC. = VOL. 128, NO. 43, 2006

of nanocage$, 4, and5 is summarized in Table 1. Five different
solvents were used in this study. Tetrameis the major



Multicomponent Nanocage Syntheses

ARTICLES

Table 1: Yield? (in %) of 1, 4, and 5 in the TFA-Catalyzed
Condensation of 2 with 2 equiv of 3 in Different Solvents
entry solvent 1 4 5
1 THF 5 35°(31y 5p
2 CHCk 82 4-5 0
3 CH.Cl <5 0 65
4 CH,CICHCI 0 0 26
5 CHCLCHCL, 17 0 33

aDetermined by integration of selected product signals intth&lMR
spectrum of the crude products unless otherwise nétBatermined by
HPLC of the NaBH-reduced reaction mixturé.Isolated yield of
7-16CRCOOH.

condensation product in THF, hexantein chloroform, and
octamel5 in dichloromethane, 1,2-dichloroethane, and 1,1,2,2-
tetrachloroethane.

creased whereby the amount of hexarhencreased until an
equilibrium composed of about 82% &fand approximately

5% of 4 is reached. A similar observation was made in,CH
Cl,. After short reaction time (3 h), the reaction mixture
contained approximately 15% hexamkand 5% octameb.

Over the next 1.5 days, the ratio5 slowly inverted to reach

the final equilibrium composition of 65% and 5%1. In these
solvents, the smaller nanocapsules are kinetic products simply
because collection of less components and the correct formation
of fewer imine bonds is required to form a smaller as opposed
to a larger capsule.

GPC analysis of these reaction mixtures further shows that
the system rapidly grows to an assembly of oligomeric
compounds composed of-9 cavitands (molecular weight range
4000-9000). Upon further reaction, the molecular weight

It should be noted that GPC of each reaction mixture showed distributions of the products/intermediates slowly narrow until
predominant formation of aggregates with a molecular weight they reach the final distributions shown in Figure 2. Larger

equal or very close to that of the major product. For example,

even thouglb is only formed in 26% vyield in 1,2-dichloroet-
hane,>80% of species have a molecular weight of 7G80

oligomeric aggregates with MWW 15000 do not form at any
stage of the reaction most likely due to the more unfavorable
entropy associated with polymer formation as opposed to the

1000. With the exception of 1,1,2,2-tetrachloroethane, all other formation of smaller spherical capsules.

solvents have the ability to strongly stabilize one of the

Among the condensation products, linear oligomers or 2D

nanocages and to bias the equilibrium toward this cage. Mostsheets were not observed. This is not surprising because these
notable are chloroform and dichloromethane, which strongly possible products have unreacted formyl and amino groups at

favor formation ofl and5, respectively. In these solvents, the
free-energy difference betwednand5 changes byAAG >
4.1 kcal/mol.

their ends or periphery, which will disfavor them G > 4
kcal per mol of unreacted amine/aldehyde compared to a cage
that is composed of the same number of building blocks. This

NMR spectroscopic and computational studies by Rebek andenergetic penalty was estimated from the equilibrium constant

co-workers have firmly established that self-assembly of mo-

Kagsk = [formed imine bonds]x [H2O]/([unreacted formyl

lecular capsules in high yield requires correct space occupancygroups] x [unreactedn-butylamine]) = 770 + 50 for the

of the capsule’s inner cavity by one or more guest molecules,

which could be solvent, an additive, or béthRebek’s 55%

reaction between cavitan?2l and 4 equiv ofn-butylamine in
CDCls, which corresponds taG = —3.9 kcal/mol AH = —6.5

occupancy rule applies not only to capsules formed via hydrogenkcal/mol; AS = —8.5 cal/mol/K)?’ For the same reason,

bonding, but also to metal coordination cages and to covalently dynamic covalent libraries of ditopic building blocks are
linked hemicarcerands and carcerands. The presence of larggomposed predominately of closed macrocyclic products rather
portals in each of the nanocage shells, through which part of than linear oligomer?2.28.29
the cavity occupying solvent can easily protrude to optimize  The absence of octaiminohemicarceraidX = CH,CHy),
the packing in the inner cavity, makes it unlikely that space which is the entropically most favorable capsule, and the
occupancy is solely responsible for the solvent effects reported preferential formation of capsules built-up from 4 to 8 cavitands
in Table 1. We believe that the major contribution to these can be understood based on the structural features of the building
solvent effects arises from improper solvation of the flexible plocks (Scheme 3). In octaiminohemicarcerands both
linkers in minor nanocage products as a consequence of thecavitands are coplanar to each other, which requires kinked or
confined space inside the cavities and inside the openings intwisted diamines. Ethylene-1,2-diamine would have to adopt a
the host shells. The different geometric features of the three gauche conformation to arrange both cavitandsl irin this
nanocages will influence the ability of solvent that is located conformation. On the other hand, in the favorable anti confor-
in the inner cavity or inside an opening in the host shell to mation, both cavitands are nearly perpendicular to each other
properly interact with the linker groups. In fact, a solvation (1), which is close to the orientation of neighboring cavitands
energy difference of less than 0.1 kcal/mol per imine bond is in |11, IV, andV. In fact, diamines that have a low energy
needed to explain the different yields in each solvent. kinked conformation or which do not require twisting, such as
Mechanistic and Energetic Aspects of Nanocage Forma-  HoN(CHy)sNH2,t HoN(CH)sNHo, 1,3-(FHoN)2CeHa, 7 1,4-(Hs-
tion. Careful analysis of NMR spectra of the condensation in  NCH,),CsH4 and 1,3-(HNCH,).CgHa, or in which the required

CHCI; taken periodically revealed a larger amount 4f
(approximately 17 and 10% df) at the initial stage of the
reaction (30 min). Subsequently, the concentratiord afe-

torsional twist of the alkyl chain is distributed over several
bonds, such as M (CHy)4NH,! yield hemicarcerand8—14in
essentially quantitative yield upon reacting wtiScheme 4).

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

(27) Kagsk Was determined from th&H NMR spectrum of2 (7.1 mg) and 4
equivalents ofn-butylamine in CDCJ containing 0.04 equivalents TFA
and was calculated from the relative integration of the unreacted formyl
protons ¢ 10.4-10.2), all imine protons 8.0-8.6), water, and the
o-methylene protons of unreactedbutylamine. AH and AS were

determined from the temperature dependence of K between 298 and 318

K.

(28) (a) Kamplain, J. W.; Bielawski, C. WChem. Commur2006 1727-1729.
(b) Gonzdez-Alvarez, A.; Alfonso, |.; Lpez-Ortiz, F.; Aguirre, A Garca-
Granda, S.; Gotor, VEur. J. Org. Chem2004 1117-1127.

(29) (a) Cousins, G. R. L.; Furlan, R. L. E.; Ng, Y.-F.; Redman, J. E.; Sanders,
J. K. M. Angew. Chem. Int. EQ001, 40, 423-428. (b) Brisig, B.; Sanders,
J. K. M,; Otto, S.Angew. Chem., Int. E2003 42, 1270-1273. (c)
GonZdez-Alvarez, A.; Alfonso, I.; Gotor, VChem. Commur2006 2224—
2226.
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Scheme 3. Design Principles for the Thermodynamically Controlled Multicomponent Synthesis of Nanocages (llI—V) and

Octaiminohemicarcerands (VI)
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Scheme 4. Examples of Octaiminohemicarcerands Formed via
the Condensation of 2 with 2 equiv of a Diamine HoN—X—NH>
9: X=(CHy); (ref. 1)
10: X =(CHy), (ref. 1)

11:X=(CH2)5
12: X = Q (ref. 17)
13: X =

14:x=€{

Thus, the outcome of multicomponent condensation reactions
between cavitand?2 and diamines depends on the balance
between entropy costs associated with collectingeactants,
the amount of strain in the linker groups, and the energetics of
host solvent interactions. The latter can be used to fine-tune a
particular system, similarly to the amplification effect of

templates on dynamic combinatorial receptor libratfe:30

Conclusions

@@

v
;N'_ 'N; X N‘X
- R X N Y
Ve
vi

are expected to yield larger nanocontainers in high yield,
whereas kinked diamines give octaiminohemicarcerands. The
latter is consistent with the quantitative one-pot synthesis of
hemicarcerand®—14. On the basis of the design principle
outlined in Scheme 3, many other hemicarcerands and nanocages
should be accessible in high yield via one-pot multicomponent
reactions betweer? or related cavitands and appropriate
diamines.

Finally, we note an interesting close similarity between the
dynamic reactions o2 and 3 and the self-assembly behavior
of pyrogallo[4]arenes. The latter self-assemble into spheroidal
hexameric hydrogen bonded capsules similat,tahich have
been structurally characterized in solution and in the solid $tate.
However, in the presence of various polyaromatic additives,
pyrogallo[4]arene orders itself into a nanotubular array in the
solid state’? These nanotubes are composed of octameric
pyrogallo[4]arene segments that are structurally simil&raod
8. Covalent linkage of multiple cag@face-to-face could yield
covalent analogues of these nanotubes described for pyrogallo-
[4]arene.

Experimental Section

General. All reactions were conducted under argon. Reagents and
chromatography solvents were purchased from Aldrich and used without

We have shown that nanoscaled container molecules can béurther purification. NMR spectra were recorded on Varian 300 or 400

prepared in one pot through thermodynamically controlled
multicomponent reactions between cavit@ahd ethylene-1,2-

MHz FT-NMR spectrometersH NMR spectra recorded in CDEor
CD30D were referenced to residual CH@nd CHDOD at 7.26 and
3.30 ppm, respectiveB#C NMR spectra recorded in CDEor CDs-

diamine3. The outcome of these reactions can be fine-tuned op yere referenced to CDEBNd CROD at 77.0 and 49.0 ppm,

by the solvent and gives predominately tetrahedral THF,
octahedrall in CHCI, and square antiprismatiein CHyCl,.

(30) Severin, KChem=—Eur. J. 2004 10, 2565-2580.

The formation of larger containers composed of four, six, or (31) (a) Gerkensmeier, T.; lwanek, W., Agena, C. fifich, R; Kofila, S.;

eight cavitands can be rationalized with the geometry of cavitand
2, the relative orientation of two cavitands in these containers
and the preferred anti conformation®fThus, linear diamines

14126 J. AM. CHEM. SOC. = VOL. 128, NO. 43, 2006

Nather, C.; Mattay, JEur. J. Org. Chem1999 9, 2257-2262. (b) Atwood,
J. L.; Barbour, L. J.; Jerga, AProc. Natl. Acad. Sci. U.S.£2002 99,
4837-4841.

(32) Dalgarno, S. J.; Cave, G. W. V.; Atwood, J. Angew. Chem., Int. Ed.
2006 45, 570-574.
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respectively. Mass spectra were recorded on an Applied Biosystems(m, 96H, CHCH(CH,)sCHz); 0.93 (m, 48H; CHCH(CH,)3sCH3). 13C

Voyager DE-Pro mass spectrometer in reflectron mode (MALDI-TOF).

NMR (CDsOD; 25 °C; 100.58 MHz): dc, 161.8 (q,2)(C, F) = 35.4

2,4,6-Trihydroxylacetophenone (THAP) was used as matrix. Positive Hz, CRCOO"), 155.52 (C4), 155.23 (C4), 155.11 (C4), 154.91 (C4),
molecular ions are usually detected as proton or sodium adducts for139.87 (C5), 139.82 (C5), 139.68 (C5), 124.73 (C6), 124.67 (C6),

the compounds reported here. Cavitéhavas prepared as reported
earlier?”

Octaiminohemicarcerand 11. (Procedure A)Cavitand? (33.2 mg,
0.0358 mmol) was added to a solution of 1,5-diaminopenfdh@.9
mg, 0.0773 mmol) and trifluoroacetic acid (0.2) in CHCl; (3 mL).
The solution was stirred for 21.5 h at room temperature. The solven

119.69 (C3), 119.63 (C3), 116.43 ({(C, F)= 297 Hz,CF,COQ"),
101.39 (C7), 101.04 (C7), 100.96 (C7), 44.75 (C1), 44.01 (C1), 42.98
(C2), 42.50 (C2), 38.33 (C8), 38.12 (C8), 32.82 (C10), 32.79 (C10),
30.77 (C9), 30.72 (C9), 30.60 (C9), 28.86 (C11), 28.83 (C11), 23.85
(C12), 14.40 (C13). MS (MALDI-TOFWz 3941.85 (M+ HT, 100%);

t Calcd for GaoHz20N16032 + HT: 3941.40. Elemental analysis: calcd.

was removed and the yellowish solid product was dried overnight at for Coz2HzagFagN16069 (7-:16CRCOH-5H,0): C, 55.79; H, 5.96; N,

high vacuum ¢ 95% yield).*H NMR (300 MHz, CDC}, 25°C): 6 =
8.35 (s, 8H; GI=N), 7.12 (s, 8 H; aryH), 5.59 (d,2J(H, H) = 7.5
Hz, 8 H; OQHoueHO), 4.86 (t,3)(H, H) = 7.8 Hz, 8 H; Gmethind.
4.42 (d,2J(H, H) = 7.2 Hz, 8 H; OGinneHO), 3.50 (M, 16 H; NEL),
2.23-2.17 (m, 16 H), 1.61.4 (m, 24 H; NCHCH; CHy), 1.4-1.2
(m, 48 H), 0.91 (t, 24 H)}C NMR (75 MHz, CDC}, 25°C): 6 =

3.83; found: C, 55.77; H, 5.87; N, 3.58.

Octameric capsule 8.A solution of cavitand? (362.1 mg, 389.5
umol), ethylenediamin8 (47.4 mg, 788.7:mol), and CECO,H (TFA)
(3.0 uL, 40.5 umol) in CHCI, (30.0 mL) was stirred at room
temperature for 44 h. NaBH6.0 g, 158.6 mmol) and MeOH (4.0 mL)
were added to the solution with vigorous stirring. The suspension was

157.2, 153.6, 139.6, 138.7, 129.4, 126.1, 125.4, 124.0, 121.7, 100.8,stirred at room temperature overnight. The solvent was removed at

66.2, 36.8, 32.3, 30.2, 27.9, 23.1, 14.5. MS (MALDI-TOR)z
2123.32 (M+ H, 100%); Calcd for GsoH16dNsO16 + HT: 2123.27.
Octaiminohemicarcerand 13.Application of procedure A with para-
xylylene diaminel7 instead ofL6 (24.5 h reaction time) gave octaimine
13 as a yellow powderx95% yield).*H NMR (300 MHz, CDC}, 25
°C): 6 =8.33 (s, 8H; ®=N), 7.18 (s, 16 H~C¢Hs—), 7.10 (s, 8 H;
aryl-H), 5.32 (d,2J(H, H) = 7.2 Hz, 8 H; OGoueHO), 4.82 (t,2J(H,
H) = 7.8 Hz, 8 H; GHmetningd, 4.60 (br s, 16 H; NEl,), 4.16 (d,2J(H,
H) = 7.5 Hz, 8 H; O®inneHO), 2.20 (br s, 16 H), 1.51.2 (m, 48 H),
0.91 (t,%J(H, H) = 6.9 Hz, 24 H).*3C NMR (75 MHz, CDC}, 25°C):

reduced pressure. The residue was suspended in water (100.0 mL) and
stirred for 20 min to destroy excess NaBfdllowed by filtration. The
residue was dissolved in GBH/concentrated HCI (10:1) (135.0 mL).
After 4.5 days at room temperature, the solvent was removed and the
crude product was purified by reversed-phase HPLC (Vydac RP-18;
104; 300 A; 21 x 250 mm; CHOH/H,O/TFA (gradient 85/15/0.1 to
98/2/0.1; 80 min); 10 mL/min; 280 NNtetentiod 8) = 58.7 min), which
gave8:[CF;COOH}; as a white solid (137.6 mg; 25% yield based on

2). 'H NMR (CDsOD; 0.4% CRCOOD; 25°C; 400 MHz) 6u, 7.55

and 7.54 (32H, Hy); 6.17 (m, 32H, OGl,HO); 4.86 (m, 32H,

& =157.2, 153.4, 138.6, 138.3, 128.2, 124.0, 121.6, 99.8, 66.2, 36.6, CH(CH2)4CHs); 4.46 (m, 32H, OEli,HO); 4.16 (m, 64H, NEIAr);

32.2, 30.1, 27.8, 23.0, 14.5. MS (MALDI-TORyz 2258.90 (M+
H*, 100%); Calcd for GuH16dNsO16 + HY: 2259.21.
Octaiminohemicarcerand 14. Application of procedure A with
meta-xylylene diaminé 8 instead of16 (24.5 h reaction time) gave
octaiminel4 as a yellow powderx95% yield).*H NMR (300 MHz,
CDCl;, 25°C): 6 = 8.44 (s, 8H; Gi=N), 7.17 (s, 8 H; aryH), 7.11
(s, 4 H;—CeH4—), 6.96 (d,2J(H, H) = 7.8 Hz, 8 H;—CsHs—), 6.80 (t,
3)(H, H) = 7.2 Hz, 4 H;—C¢Hs—), 5.48 (d,2J(H, H) = 7.2 Hz, 8 H;
OCHoueHO), 4.88 (t,3J(H, H) = 8.1 Hz, 8 H; GHmetmind, 4.72 (S, 16
H; NCH,), 4.48 (d,2J(H, H) = 7.5 Hz, 8 H; O®inneHO), 2.25 (m, 16
H), 1.5-1.2 (m, 48 H), 0.93 (t3J(H, H) = 6.9 Hz, 24 H).}3C NMR
(75 MHz, CDC}, 25°C): ¢ = 157.2,153.6, 139.6, 138.7, 129.4, 126.1,

125.4,124.0,121.7, 100.8, 66.2, 36.8, 32.3, 30.2, 27.9, 23.1, 14.5. MS

(MALDI-TOF) miz 2259.27 (M+ H*, 100%); Calcd for €H160NgO1s
+ Hf: 2259.21.

Tetrameric Capsule 7.A solution of cavitand? (255.9 mg, 275
umol), ethylenediamin® (34.0 mg, 566umol), and CECO,H (TFA)
(2.17uL, 29 umol) in THF (30.0 mL) was stirred at room temperature
for 70 h. Then NaBH (2.0 g, 52.9 mmol) and MeOH (3.0 mL) were
added into the solution while being stirred vigorously. After stirring at
room-temperature overnight, the solvent was removed at reduce
pressure. The solid was stirred with water (50.0 mL) for 20 min to
destroy excess NaBHfollowed by filtration. The precipitate was
dissolved in CHOH/concentrated HCI (10:1) (165.0 mL). After 4 days
at room temperature, the solvent was removed and the crude produ
was purified by reversed-phase HPLC (Vydac RP-184:1800 A; 21
x 250 mm; CHOH/H,O/TFA (gradient 85/15/0.1 to 90/10/0.1; 31
min); 10 mL/min; 280 NMiretentio 7) = 23.9 min), which gav@—[CFs-
COOH]}¢ as a white solid (122.4 mg; 31% yield based)n*H NMR
(CDs0OD; 0.4% CRCOOD; 12.7°C; 400 MHz): on, 7.55 (br s, 16H,
Hary); 6.45 (d,J = 7.2 Hz, 4H, O, HO); 6.14 (d,J = 7.2 Hz, 8H,
OCHo,:HO); 6.08 (d,J = 7.2 Hz, 4H, O®,,HO); 4.86 (m, 16H,
CH(CH,)4CHz); 4.58 (d,J = 7.2 Hz, 4H, OC{;,HO); 4.40 (dJ=7.2
Hz, 8H, OCH;HO); 4.39 (d,J = 7.2 Hz, 4H, O®;,HO); 4.26 (d,J =
13.3 Hz, 8H, N®&,Ar); 4.21 (d,J = 13.3 Hz, 8H, NG,Ar); 4.13 (d,
J=12.7 Hz, 8H, NG1,Ar); 4.02 (d,J = 12.7 Hz 8H, NCG1,Ar); 3.60
(m, 32H, N(tH,):N); 2.39 (br s, 32H, CHE(CH,)sCHs); 1.6-1.3

3.61 (s, 32H, N(E,):N); 3.57 (s, 32H, N(Ei,).N); 2.38 (br s, 64H,
CHCH(CH,)3CHg); 1.6—1.2 (m, 192H, CHCH(CH,)3CHs); 0.93 (t,J

= 7.1 Hz, 96H, CHCH(CH,)3CHs3). 3C NMR (CD;0OD; 25°C; 100.58
MHz) dc, 162.14 (q2J(C, F)= 36 Hz, CRCOO"), 155.29 (C4), 155.21
(C4), 155.19 (C4), 155.15 (C4), 139.92 (C5), 139.86 (C5), 139.84 (C5),
124.66 (C6), 119.73 (C3), 119.65 (C3), 117.75'¢C, F)= 295 Hz,
CF;COO), 101.14 (C7), 100.97 (C7), 44.51 (C1), 44.26 (C1), 42.55
(C2), 42.51 (C2), 38.35 (C8), 32.93 (C10), 32.89 (C10), 32.86 (C10),
30.74 (C9), 28.91 (C11), 28.85 (C11), 23.83 (C12), 14.41 (C13). MS
(MALDI-TOF) m/z 7883.38 (M+ H*, 100%); Calcd for GsHeadN3:Osa

+ H*: 7882.81. Elemental analysis: calcd foesEl77desN3:0177
(8:32CRCOH-49H,0): C, 52.63; H, 6.25; N, 3.61; found: C, 52.65;
H, 6.07; N, 3.60.

Gel Permeation Chromatography.Gel permeation chromatography
was performed on a Varian Rainin Dual Pump HPLC system equipped
with dual wavelength UV/Vis detector, Eppendorf CH-30 column
heater, and a Jordi GPC column (cross linked DVB? AQore size;
MW cutoff ~25 000; 7.8 mmx 30 cm) with CHCI./1% NE% as mobile
phase at 60C and a flow of 1 mL/min. Approximate molecular weights
of analytes were determined from a semilogarithmic calibration plot
d(In(MW) against retention time) using benzene (MW 78); cavitand

(MW 928); a NMP hemicarceplex (MW 2348)and6 (MW 5912) as
molecular weight standards.
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