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Abstract: We report the synthesis and characterization of new, self-assembling molecular capsules. The modular
strategy makes use of glycoluril building blocks available in multigram amounts combined with aromatic
spacer elements. The lengthy syntheses encountered with earlier generations of capsules are avoided, and
several capsules of nanometer dimensions are now accessible. Single bond attachments between spacers and
glycoluril modules result in monomers as dimeric capsules that are less rigid than their earlier counterparts.
The host-guest properties of the homo- and heterodimeric capsules were studied using a combination of
NMR and ESI-mass spectrometry. They show a less pronounced selectivity for guests of different sizes, and
their increased flexibility prevents self-assembly when no rigidifying elements are present on the central spacer
unit. Some of the new capsules bear inwardly directed, secondary amitlepbtons. These can be further
functionalized, as shown by their methylation to give tertiary analogues. The structures hold broader implications
for the placement of functional groups on concave molecular surfaces.

Introduction reactions such as the Diel&lder condensation have been

Some might say that supramolecular systems rescued physicaficcelerated and even catalyzed in hydrogen-bonded cagsules,
organic chemistry. The discovery of crown ethers gave the field and.a variety of container molecules that act as selective syn-
new recognition: molecular recognition. At first, hosts were thet|c4 receptors for small molecular targets have been devel-
limited to ionic guests, but as the systems acquired sophistica-°P€d” If these applications are to expand, the synthetic ac-

tion, they.became popular models for biological _assembly (1) (a) Vagtle, F.Supramolecular Chemistryohn Wiley and Sons: New
processes; they offered new ways to study reactions and vork, 1993; pp 135169. (b) Dugas, HBioorganic Chemistry: A Chemical
interactions. For recent examples, reactive species such as\pproach to Enzyme ActipBrd ed.; Springer-Verlag: New York, 1996;

i ili i ; pp 252-387. (c) Lehn, J.-M.Supramolecular Chemistryiley—VCH:
cyclobutadiene have been stabilized in carcerdimisiolecular Weinheim, 1095 (d) Steed. J. W Atwood, J Supramolecular Chemistry

T The Scripps Research Institute. Wiley: Chichester, 2000.

* Massachusetts Institute of Technology. (2) (@) Cram, D. J.; Tanner, M. E.; Thomas, A&gew. Chem., Int. Ed.
§ KekuleInstitut fir Organische Chemie und Biochemie der Univétsita ~ Engl. 1991 30, 1024-1027. (b) Beno, B. R.; Sheu, C.; Houk, K. N.;
' Fachbereich Chemie der Univeisitaldenburg. Warmuth, R.; Cram, D. hem. CommurL998 301-302. (c) Warmuth,
Ulnstitut fur Organische Chemie der Univergita R.; Juyoung, Y Acc. Chem. Re001, 34, 95-105.
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cessibility of the receptors, especially with regard to larger
capacities and more diverse shapes, must improve. Severa
research groups have adopted “modular” strategies that em-
ploy versatile molecular building blocks to simplify approaches
to such structure3,and the present work was undertaken to e N’ “NH
apply this approach to host systems that self-assemble througt R.';_(_m_)_(_n
hydrogen bonding. Here, we describe the development of new
glycoluril building blocks® Their use in the synthesis of cap- o 0
sules with endohedral functionalifyan aspect of supramolec-
ular host systems receiving increased attention, is also in-
cluded?®

The hydrogen-bonded complexe4?® (the “tennis ball”) and
2:210 (the “jelly doughnut”) illustrate the motivation for our
current work (Figure 1). Each monomer consists of a planar
spacer (benzene and triphenylene, respectively) fused to gly-
coluril units to provide self-complementary hydrogen-bonding
sites and structural curvature. The resulting dimeric capsules
possess modestly sized cavities with shapes resembling flat-
tened spheres and inner volumes ranging from about 70 to 240
A3 that can be occupied by a guest molecule. While these «
sizes and shapes confer selectivity for small guests such as 11
ethane and cyclohexane, respectively, larger guests with more

complicated shapes or more than one guest could not berjgyre 1. Monomers (top) dimerize via hydrogen bonds to give hollow
encapsulated. capsules (bottom]R represents various solubilizing groups which have
Access to larger hosts was limited by several complications been omitted in the dimers for viewing clarity.

inherent in the syntheses of glycoluril-based capsules. For
example, consider the last step in the synthesi$ (Bcheme
1A). Under strongly basic conditions, treatment of brominated
spacerd with excess glycoluril3 results in the alkylation of
two glycolurils. These units provide the curvature that imparts
the shape of the desired C-shaped isorsgni, but the
unavoidable formation of the S-shaped anti isomer lowers the
theoretical yield ofl to 50%?! In reality, the yields for this
alkylation step are much lower. A large excess of glycoluril

[¢]
HNJ\ 0o
(3) (@) Kang, J.; Rebek, J., JNature 1997, 385, 50. (b) Kang, J.; Reb—=R — o
b B A

(o)

3

Scheme 1.(A) Final Step in the Synthesis of Monomer
syn; Significant Amounts of the Undesired Isoméans-1,
Also Form (B) Modular Strategy Offers Easier Syntheses,
No Isomers after Condensation, and Capsules with Diverse
Sizes and Shapes

syn-1

Santamada, J.; Hilmersson, G.; Rebek, J., JrAm. Chem. So4998 120,
7389-7390. (c) Kang, J.; Hilmersson, G.; Santafaad.; Rebek, J., Jd.
Am. Chem. Sod 998 120, 3650.

(4) For recent reviews, see: (a) Conn, M. M.; Rebek, JCBem. Re.
1997 97, 1647-1668. (b) Schalley, C. AAdv. Mater. 1999 11, 1535-
1537. (c) Rebek, J., JAcc. Chem. Red4.999 32, 278-286. (d) Schalley,

C. A.; Rebek, J., Jr., Chemical Encapsulation in Self-Assembling Capsules

anti-1

In Stimulating Concepts in Chemistitoddart, J. F., Vigtle, F., Shibasaki,
M., Eds.; Wiley-VCH: Weinheim, 2000; p 19210.

(5) For recent reviews, see: (a) Higler, |.; Verboom, W.; Reinhoudt, D.
N. Synthetic Receptors: A Modular Approach to Large Structuhes
Crystallography of Supramolecular Compoundsoucaris, G., Atwood,
J. L., Lipkowski, J., Eds.; Kluwer Academic Publisher: Dordrecht, 1996;
pp 347368. (b) Higler, I.; Timmerman, P.; Verboom, W.; Reinhoudt, D.
N. Eur. J. Org. Chem1998 63, 2689-2702.

(6) Szabo, T.; O'Leary, B. M.; Rebek, J., Jngew. Chem., Int. Ed.
Engl. 1998 37, 3410-3413. (b) Luzen, A.; Renslo, A. R.; Schalley, C
A.; O'Leary, B. M.; Rebek, J., JiJ. Am. Chem. Sod.999 121, 7455~
7456.

(7) Selected examples of endoreceptors: (a) Seel, @tl&,d-.Angew.
Chem.1992 104, 542-563.Angew. Chem., Int. Ed. Endl992 31, 528—
549. (b) Vatle, F.; Seel, C.; Windscheif, P.-M. Cyclophane Hosts:
Endoacidic, Endobasic, and Endolipophilic Large Cavitie<Cémprehen-
sive Supramolecular Chemistnptwood, J. L., Davies, J. E. D., MacNicol,
D. D., Vogtle, F., Lehn, J.-M., Eds.; Pergamon Press: Oxford: 1996; Vol.
2, p 211-265.

(8) () Goto, K.; Okazaki, RLiebigs Ann1997, 2393-2407. (b) Lining,

U. J. Mater. Chem1997, 7, 175-182. (c) Jasat, A.; Sherman, J.Chem.
Rev. 1999 99, 931-967. (d) Renslo, A. R.; Rebek, J., Jmgew. Chem.,
Int. Ed. Engl.200Q 39, 3281-3283.

(9) () Wyler, R.; de Mendoza, J.; Rebek, J.,Aingew. Chem., Int. Ed.
Engl.1993 32, 1699-1701. (b) Branda, N.; Wyler, R.; Rebek, J.,Science
1994 263 1267-1268. (c) Branda, N.; Grotzfeld, R. M.; Valdes, C.; Rebek,
J., Jr.J. Am. Chem. S0d.995 117, 85-88.

(10) (a) Grotzfeld, R. M.; Branda, N.; Rebek, J., Sciencel996 271,
487-489. (b) O’Leary, B. M.; Grotzfeld, R. M.; Rebek, J., JrAm. Chem.
Soc.1997 119 11701-11702.

(11) For2, the theoretical yield of theynisomer is 25%.
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complicates purification but is necessary in order to overcome
poor solubility and reduce the undesired double alkylations.

Furthermore, the brominated spacers decompose under the harsh

alkylation conditions, as do the benzylamidés.
Scheme 1B outlines an alternative strategy. Condensation of
a glycoluril with a “modular element” produces a fused six-

(12) Gigg, R.; Conant, RJ. Chem. Soc., Chem. Commu®83 465-
466.
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membered ring, one that forms more easily than the seven-respectively. To improve the signal-to-noise ratio;8@0 scans were
membered rings irl and 2. This new heterocyclic system accumulated. For guest competition experimentsyBOsolutions of
presents substituents in a well-defined orientation. For instance,capsule in CHGwith 2 equiv of each guest salt were prepared. These
an equatorial substituent at the 5-position could be connected®*Periments were performed with the API-100 instrument (ion spray
to suitable spacers through a single, freely rotating bond (therebyand orifice potentials set to 5000 and 150 V, respectively), and at least

int ting C d S-sh d conformations). Furthermor 100 scans were averaged. Additional ESI-mass spectra analyses of 25
interconverting C- and S-shaped conformations). Furthermore, M solutions of the samples in acetone were performed with a Finnigan

the modular element can contribute greater size and shapéyat 9oo ST instrument (Finnigan MAT, Bremen, Germany) equipped
diversity to the final capsules. Given the increased flexibility \jth an EBT geometry and an ESI Il ion source (Finnigan MAT,
of contributing monomers, we term the resulting capsules Bremen, Germany); spray voltage 3.8.7 kV, capillary temperature
“flexiballs”. By choosing different central spacers, it is easy to 120°C; 200 scans/spectra were accumulated.

envision a variety of flexiballs. Glycoluril 5b. 4,4-Di(tert-butylphenyl)benzif (16.12 g, 50.0 mmol)

In addition to the simplicity of this synthetic approach, the was dissolved in benzene (200 mIy;(4-methoxybenzyl)urea (21.63
functional groups of the 5-substituent can be directed to appeard, 120.0 mmol) was added, followed by TFA (10 mL), and the resulting
on the concave surface of the module. These groups would thenMixture was refluxed with azeotropic removal of water in a Dean
be directedinto the cavity of the assembled capsule. Such B RERLE SR, U8 SO0 20 D IR CRs Al
endohedral functlpnallty is expected to .alt.er t.he size, shape, an ions from EtOH to give the product as a white crystalline solid. Yield
polarity of the cavity and may even equip it with hydrogen bond 5 ¢ g (64%)H NMR (DMSO-s, 600 MHZ): & (ppm) 8.23 (s, 2H),
donors and acceptors. Introducing functional groups on concavey 15 (4,3 = 8.6 Hz, 4H), 7.02 (dJ = 8.5 Hz, 2H), 6.92 (dJ = 8.5
surfaces remains a difficult challenge in supramolecular chem- 4z, 2H), 6.88 (d,J = 8.5 Hz, 2H), 6.83 (dJ = 8.6 Hz, 4H), 6.56 (d,
istry.13 However, we will show how this modular approach J= 8.5 Hz, 2H), 4.33 (dJ = 16.5 Hz, 2H), 3.81 (dJ = 16.5 Hz,
offers promise for selective binding sites beyond those based2H), 3.72 (s, 6H), 1.12 (s, 9H), 1.09 (s, 9HJC NMR (DMSO-s,
on size and shape selection alone. As a future prospect, thisl51 MHz): ¢ (ppm) 161.14, 158.68, 151.96, 151.45, 135.07, 131.83,
approach will also allow the endohedral attachment of chiral 131.08, 128.68, 128.38, 127.49, 125.29, 124.78, 114.28, 91.21, 80.16,
groups, thus providing the basis for efficient chiral guest °5-79,45.04,34.84,31.78, 31.70. MS (FAB) calculated forif\#]*
recognition. C40H47N404+, 6473597, found, 647.3621.

Glycoluril 5¢c. 4,4-Di(decanoxy)benzil (7.50 g, 14.3 mmol) was
dissolved in benzene (70 mU)\-(4-methoxybenzyl)urea (5.2 g, 28.7
mmol) was added, followed by TFA (2.8 mL), and the resulting mixture

General Methods. The starting materials for the syntheses of the was refluxed with azeotropic removal of water in a De&tark
“flexiballs” were used as purchased. Compout@g* 29—32,15 39,16 apparatus for 24 h. After the mixture cooled to room temperature,
and 41'7 were prepared according to literature procedures. Solvents saturated sodium bicarbonate solution was added, phases were separated,
for synthesis were dried by passing them through columns of activated and the aqueous layer was extracted with dichloromethane. The
Al;0s. *H and °C NMR spectra were recorded on Bruker DRX-600 combined organic layers were dried over MgS@iltrated, and
(600 and 151 MHz, respectively), Bruker DRX 500 (500 and 126 MHz, concentrated. Column chromatography using-500% ethyl acetate/
respectively), and AMX-300 (300 MHz) instruments with the solvent hexanes gave the product as a white foam. Yield 7.4 g (619d)IMR
signals as internal standard. FAB positive ion mass spectra were (CDCls, 600 MHz): ¢ (ppm) 7.09-6.47 (m, 16H), 5.90 (s, 2H), 4.35
obtained from NBA matrix on a VG ZAB-VSE double-focusing high-  (d, J = 16.3 Hz, 2H), 3.87 (dJ = 16.3 Hz, 2H), 3.79 (m, 4H), 3.75
resolution mass spectrometer equipped with a cesium ion gun. For high(s, 6H), 1.68 (m, 4H), 1.37 (m, 4H), 1.26 (m, 28H), 0.87 (m, 6H). MS
resolution, Csl was added as a standard. MALDI mass spectra were(FAB) calculated for [M+ CsJ" Cs:H7o0N4OsCs", 979.3450; found,
performed on a PerSeptive Biosystems Voyager-STR mass spectromete®79.3488.
with DHB matrix. The purity of the target compounds was checked by PMB (4-Methoxybenzyl)-Protected Hydroxy Module (PMB),7a.
HPLC, and it turned out that no further purification beyond the column A mixture of glycoluril 5a (6.57 g, 7.6 mmol) and CsGQd5.45 g,
chromatography and recrystallization steps below was necessary.  16.7 mmol) in 100 mL of acetonitrile was heated at reflux for 30 min.

ESI-MS Experiments. The ESI-MS experiments were performed  Epichlorohydrin (0.65 mL, 8.36 mmol) was then added and the mixture
as reported according to our previously established prétomoka single heated at reflux for 22 h. After cooling, the reaction mixture was
quadrupole Perkin-Elmer API-100 Sciex (mass rarng@000 amu, quenched with water and partitioned between water and dichlo-
“flexiballs” with dicationic guests) and a Finnigan MAT LCQ iontrap  romethane. The layers were separated, and the aqueous phase was
instrument (mass range4000 amu, “flexiballs” with monocationic ~ extracted with two additional portions of dichloromethane. The
guests). Briefly, the samples were introduced ag«(BDsolutions of combined organic phases were washed with brine, dried over MgSO
the capsule monomers with 1.5 equiv of the guest salt in GksEigly filtered, and concentrated to provide the crude product. Column
charged guest cations) or acetone (doubly charged guests) at flow ratesshromatography (50% EtOAc/hexanes) provided 1.58 g (26%) of the
of 4—6 uL/min. The ion intensities increased with the ion spray and axial hydroxy module and 1.88 g (31%) of the equatorial hydroxy
the orifice potentials, which were set to-8 kV and 106-200 V, module.

PMB-Protected Equatorial Hydroxy Module (PMB).7a H

Experimental Section

(13) Starnes, S. D.; Rudkevich, D. M.; Rebek, J.JIJAm. Chem. Soc.

(14) Haynes, R. K.; Katsifis, A.; Vonwiller, S. Qust. J. Chem1984 4.00 (m, 1H), 3.91 (dJ = 16.5 Hz, 2H), 3.78 (s, 6H), 2.77 (dd,=
37, 1571-1578. 13.6, 10.8 Hz, 2H), 2.47 (d, 1H), 2.40 (m, 4H), 1.43 (m, 4H), 1.26 (m,
(15) Metzger, A.; Lynch, V. M.; Anslyn, E. VAngew. Chem., Int. Ed. 16H), 0.90 (t,J = 7.0 Hz, 3H), 0.89 (tJ = 7.1 Hz, 3H).2*C NMR
Engl. 1997, 36, 862-865. (DMSO-ds, 151 MHz): & (ppm) 159.08, 158.22, 130.43, 130.15,

5. 6) Vgrrg"%mhémg%%rigfiﬁgfiggg' R.J.M.; Asfari, Z.; Reinhoudt, 159 79 129 13 128.64, 128.43, 128.20, 128.03, 127.59, 127.25, 127.03,

(17) Sherman, J. C.; Knobler, C. B.; Cram, D.JJ.Am. Chem. Soc 113.74, 87.49, 80.22, 60.97, 55.01, 44.66, 44.51, 34.58, 34.43, 31.27,
1991, 113 2194-2204. 31.23, 30.76, 30.65, 28.52, 28.49, 28.44, 28.37, 22.12, 22.08, 13.89,
(18) (a) Schalley, C. A.; Rivera, J. M.; MamfiT.; Santamaa, J.; Siuzdak, 13.86. MS (ESI): positive 788 [M- H]*, 810 [M + Na]*; negative
G.; Rebek, J., JiEur. J. Org. Chem.1999 1325-1331. (b) Schalley, C. 786 [M — H]".

éi,sl\élartm, T Obst, U; R_ebek, J., I Am. C_hem. 800‘999’_12]“ 2133~ PMB-Protected Axial Hydroxy Module (PMB)27ax. *H NMR
. (c) Schalley, C. A.; Castellano, R. K.; Brody, M. S.; Rudkevich, D.
M.; Siuzdak, G.; Rebek, J., Ji. Am. Chem. S0d999 121, 4568-4579. (CDCls, 300 MHz): 6 (ppm) 7.18-6.82 (m, 16H), 4.70 (d, 1H), 4.68
(d) Brody, M. S.; Schalley, C. A.; Rudkevich, D. M.; Rebek, J. Aligew. (d, J=16.2 Hz, 2H), 4.134.02 (m, 2H), 3.95 (d) = 16.2 Hz, 2H),

Chem.1999 111, 1738-1742. Angew. Chem., Int. Ed. Engl999 38,
1640-1644. (19) Karaman, R.; Fry, J. LTetrahedron Lett1989 30, 62676270.
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3.90 (m, 1 H), 3.78 (s, 6H), 3.73 (m, 1 H), 3.40 (dds= 11.8, 8.2 Hz, filtration through a pad of Celite and the filtrate evaporated to give a
1H), 2.39 (t,J = 7.5 Hz, 4H), 1.41 (m, 4H), 1.24 (m, 16H), 0.88 (m,  white foam. Yield 11.62 g (95%).

6H). MS (ESI): positive 788 [M+ H]*, 810 [M + Na]*. PMB-Protected Acid Module 15a via Saponification.Ester16a
Hydroxy Module 7a. A solution of the PMB-protected equatorial ~ (5.55 g, 6.7 mmol) and LiBH,O (2.52 g, 13.4 mmol) were dissolved
hydroxy module(PMB) 272 (1.47 g, 1.9 mmol) in CHCN/THF/H,O in 150 mL of 2,6-lutidine (Aldrich Sure-Seal) under, ldtmosphere.

(4:2:1) was treated with CAN (ammonium cerium(IV) nitrate) (8.19 After 16 h, TLC (50 EtOAc/hexanes) indicated complete disappearance

g, 14.9 mmol) and stirred at room temperature. When the starting of 16a The mixture was cooled to room temperature, poured into 400

material was consumed, the reaction mixture was concentrated andmL of EtOAc, and washed with 4 200 mL of 1 M HCI. The organic

partiioned between water and dichloromethane. The layers were layer was dried with Ng8Q,, filtered, and concentrated in vacuo. The

separated, and the aqueous phase was extracted with two additionaresidue was further purified by flash chromatography (10% MeOH/

portions of dichloromethane. The combined organic phase was washedCHzCl2) to give an off-white foam. Yield 4.66 g (85%jJH NMR

with brine, dried over MgS@ filtered, and concentrated to provide (DMSO-ds, 600 MHz): 6 (ppm) 12.92 (s, 1H), 7.10 (d} = 8.6 Hz,

the crude product. Trituration with diethyl ether provided 0.56 g (55%) 4H). 6.91 (d,J = 8.2 Hz, 2H), 6.86 (dJ = 8.6 Hz, 4H), 6.83 (dJ =

of hydroxy module7a *H NMR (CDCls, 300 MHz): ¢ (ppm) 7.83 (s, 8.2 Hz, 2H), 6.76 (dJ = 8.2 Hz, 2H), 6.10 (dJ = 8.2 Hz, 2H), 4.33

1H), 7.19-6.83 (m, 8H), 4.03 (m]) = 12.2, >1 Hz, 2H), 3.84 (m, (d, J = 16.6 Hz, 2H), 4.21 (dd) = 14.0, 4.5 Hz, 2H), 3.81 (d] =

1H), 2.57 (dd,J = 12.2, 11.3 Hz, 2H), 2.40 (m, 4H), 1.65 (bs, 2H), 16.6 Hz, 2H), 3.72 (s, 6H), 2.87 {,= 13.0 Hz, 2H), 2.61 (m, 1H),

1.41 (m, 4H), 1.23 (m, 16H), 0.88 (m, 6H). MS (ESI): positive 547 2.38 (t.J = 7.6 Hz, 2H), 2.35 (t) = 7.6 Hz, 2H), 1.37 (m, 4H), 1.17

[M + H]*: negative 545 [M— H]". (m, 16H), 0.85 (m, 6H)*C (DMSO-ds, 151 MHz): 6 (ppm) 171.86,
PMB-Protected Alkene 8a.A mixture of glycoluril5a(2.50 g, 3.4 igggg 5352 iggg :1Lf§7lg 5322’2551%929:4 2259??75 5%’22;2112222

mmol), CsCO; (2.23 g, 6.8 mmol), and 45 mL GEN was stirred at ey s Sy VS T T e e

reflux for 30 min to give a uniform suspension. After the mixture cooled 31.29, 31.24, 30.77, 30.67, 28.55, 28.50, 28.47, 28.38, 22.14, 22.09,

somewhat, methallyl dichloride (59&., 5.1 mmol) was added dropwise 13'1952'101?12‘13'2 é'j (1‘;'133@)‘; ) 31‘;36%‘;% fgﬁg'gﬁ' 121875746%5'835 23?4.68,
over 1 min with stirring. The mixture was returned to reflux, and after Y o i AN - P 5% €M

18 h, TLC indicated complete consumptionSofAfter cooling to room HRMS (FAB) calcd for [M+ Cs'] CsoHeNOgCs", 947.3724; found,

. . . 947.3691.
temperature, the reaction mixture was poured into 200 friLM HCI, .
followed by extraction with 2« 100 mL of diethyl ether. The organic PMB-Protected Methyl Ester 16a. Glycoluril 5a (12.57 g, 17.2
layer was then washed with 2 100 mL HO, dried over NaSQ;, mmol) and CgCO; (23.53 g, 72.2 mmol) were mixed in 250 mL of

) : : : . CHsCN with vigorous stirring and mild heating to give a fine, white
filtered, and concentrated in vacuo to give a slightly crude, white foam. s ;

Yield 2.42 g (91%)H NMR (CDCl, 600 MHz): & (ppm) 7.07 (d,J suspension. Methyl 2-(bromomethyl)acryla®(2.95 mL, 20.6 mmol)

= 8.4 Hz, 4H), 6.93 (dJ = 8.4 Hz 'ZH) 6.86 (dJ = 8.3 Hz, 2H) was added slowly with stirring over 2 min, and then the mixture was

_ hl refluxed overnight. After cooling, the mixture was poured into 300
681 (m, 4t 6'75 (=83 Hz 2H), 6'68_(dJ =84 Hz, 2H), 5.12 mL of 1 M HCI, and extraction was accomplished withx2300 mL
(s, 2H), 4.58 (dJ = 15.1 Hz, 2H), 4.34 (dJ = 16.2 Hz, 2H), 3.89 (d, of ether. The combined or . hed witk 200 mL of 1
J=16.2 Hz, 2H), 3.76 (s, 6H), 3.58 (d,= 15.1 Hz, 2H), 2.41 (m, ' ganics were wasnea Wi m- ©
4H), 1.42 (m, 4H), 1.25 (m, 16H), 0.88 (m, 6H) M HCI and 200 mL of brine. The organic phase was dried over
‘o ' T ! " ' . ) Na.SQ, filtered, and concentrated in vacuo. Purification by flash chro-
Alkene 9a. Alkene 8a (2.42 g, 3.1 mmol) was dissolved in 30 mL 1 5404raphy (36 70% EtOAc in hexanes) separated the equatorial ester
of a .mlxture of CHCN/H,O/THF (7:1.5:1). To this clear, colorlesg isomer16a. (1st spot by TLC) from the axial isom@6as (2nd spot).
solution was added CAN (7.45 g, 13.6 mmol), and the yellow solution - g1 ,ent concentration gave white foams. Combined yield 10.59 g (72%).
was allowed to stir overnight at room temperature. Upon pouring the PMB-Protected Equatorial Ester 16a,, Yield 8.14 g (57%)H
reaction mixture into 200 mL of D, a precipitate formed which was NMR (CDCls;, 600 MHZ): & (ppm) 7.08 (qu = 8.6 Hz, 4H), 6.82 (m
collected by filtration. This precipitate was taken up in 100 mL of 8H), 6.66 (d’J = 8.3 Hz, 2H), 6.62 (dJ = 8.3 Hz 2|’—|) 4’.45 (ddJ ’
CH,Cl,, washed with 2x 75 mL of 1 N KOH, dried over Nz&SO, _ 121.3 46 Illz 2H) 4.3’5 (d]’= 16.2 Hz, 2H) 3.9’1 (dJ’= 16.2 Hy
filtered, and concentrated in vacuo. The resulting residue was taken 2H), 3.,78 s, 63—|), 3’.68 (s, 3H), 3.07 (m', 2H)’, 2.87 (m, 1H), 2.4d (m,
upin 75_ mL of refluxing ether, and aclea_lr solution was (_)btalne_d upon 4H), 1.41 (m, 4H), 1.24 (m, 16H), 0.88 (m, 6H}C NMR (CDC,
the addition of a few drops of MeOH. A slightly crude, white precipitate 151 MHz): & (ppm) 171.37, 159.65, 158.96, 144.38, 144.10, 130.21
was collected after cooling by filtration. Yield 0.93 g (56%) NMR 130.12, 129.48, 129.01, 128.94, 128.73, 128.42, 128.35, 127.68, 114.21,
(CDCl, 600 MHz): 6 (ppm) 7.09 (dJ = 8.1 Hz, 2H), 7.00 (dJ = 114 06 88.63, 80.97, 55.39, 52.24, 45.90, 40.34, 38.24, 35.52, 35.38,
8.1 Hz, 2H), 6.90 (d) = 8.0 Hz, 2H), 6.87 (d) = 8.0 Hz, 2H), 5.70 39 95 3792 31.47, 31.37, 29.25, 29.13, 22.79, 14.19. HRMS (FAB)
(8, 2H), 5.00 (s, 2H), 4.48 (d,= 14.7 Hz, 2H), 351 (W =14.7Hz, a1 for [M + Cs]" Cs:HeNOeCs', 961.3880; found, 961.3915.
2H.), 2.41 (m, 4H), 1.42 (m, 4H), 1.24 (m, 16H), 0.88 (m, 6H). PMB-Protected Axial Ester 16a. Yield 2.08 g (15%)H NMR
Benzyl 2-(Bromomethyl)acrylate 14.Under anhydrous conditions, (CDCls, 600 MHz): 6 (ppm) 7.19 (d,J = 8.6 Hz, 4H), 6.83 (m, 8H),
alcohol 22 (8.01 g, 41.7 mmol) was dissolved in ether (50 mL) and .71 (d,J = 8.3 Hz, 2H), 6.65 (dJ = 8.3 Hz, 2H), 4.59 (dJ = 14.5
cooled in an ice/salt bath te5 °C. PBg (1.98 mL, 20.8 mmol) was Hz, 2H), 4.28 (dJ = 16.3 Hz, 2H), 4.00 (dJ = 16.3 Hz, 2H), 3.79
dissolved in ether (7 mL) and added dropwise over 5 min to the chilled (s, 3H), 3.78 (s, 6H), 3.19 (dd, 2H,= 14.5, 4.3 Hz), 2.37 (m, 5H),
reaction mixture. After complete addition, the mixture was allowed to 1,39 (m, 4H), 1.25 (m, 16H), 0.88 (m, 6HFC NMR (CDCk, 151
stir at room temperature for 6 h. The reaction flask was cooled to 0 MHz): 6 (ppm) 172.94, 159.84, 158.86, 144.06, 143.84, 130.78, 130.56,
°C, and HO (50 mL) was added slowly with stirring. The mixture  130.18, 129.32, 128.97, 128.60, 128.21, 127.86, 113.97, 88.82, 80.66,
was then diluted with hexane (150 mL) and washed wi®DH2 x 55.39, 52.56, 46.29, 39.44, 36.13, 35.48, 35.36, 31.95, 31.91, 31.48,
100 mL). Drying with NaSQ, filtration, and rotary evaporation 31,38, 29.26, 29.23, 29.15, 22.80, 22.78, 14.20, 14.18. HRMS (FAB)
provided an oil which was further purified by flash chromatography calcd for [M + CsJ" Cs;HesN4Os-Cs", 961.3880; found, 961.3861.

(0-5% MeOH/CHCI,) to give a clear oil. Yield 9.60 g (90%j)H PMB-Protected Module 16b.Glycoluril 5b (10.08 g, 15.6 mmol)
NMR (CDCls, 600 MHz): 6 (ppm) 7.37 (m, 5H), 6.37 (bs, 1H), 5.95  and CsCO; (21.53 g, 66.1 mmol) were suspended in MeCN (175 mL)
(bs, 1H), 5.24 (s, 2H), 4.18 (bs, 2HJC NMR (CDCk, 151 MHz): 9 and heated to 58C with vigorous stirring. 3-Bromo-2-(bromomethyl)-

(ppm) 166.35, 139.59, 135.84, 128.78, 128.50, 128.28, 126.15, 66.61,propanoic acid methyl ester (3.0 mL) was added, and the reaction was
62.11. IR (CDCY): 3057.26, 3033.70, 2955.13, 1724.01, 1328.23, refluxed for 20 h. The resulting reaction mixture was cooled to rt,
130612, 122123, 117415, 1115.41%28mHRMS (FAB) calcd for [M poured inb 1 M HCI (300 mL)’ and extracted with m (2 x 300
+ NaJ* CuH1;:0:Br-Na*, 276.9840; found, 276.9831. mL). The combined organic extracts were washedh\itvi HCI (300
PMB-Protected Acid Module 15a via Hydrogenation.Esterl7a mL) and brine (2x 300 mL), dried (NaSOy), and evaporated. The
(13.58 g, 15.0 mmol) and 5% palladium on carbon (1.36 g) were mixed resulting colorless oil was subjected to flash column chromatography
in EtOH (300 mL). The mixture was efficiently stirred undes & (SiO,, eluent EtOAe-hexane 1:3) to give the product as a white solid
atm) for 3 h using a standard balloon setup. Catalyst was removed by after evaporation of the solvent. Yield 6.38 g (55%). Only the equatorial
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isomer was isolated and characterized from this reaction; the axial 55.36, 46.25, 39.45, 36.21, 35.45, 35.34, 31.92, 31.88, 31.44, 31.36,
isomer was present in trace amourit$.NMR (CDClz, 600 MHz): ¢ 29.23, 29.20, 29.13, 22.77, 22.75, 14.17, 14.15. IR (GPQA927.04,
(ppm) 7.09 (dJ = 8.5 Hz, 4H), 7.01 (dJ = 8.6 Hz, 2H), 6.91 (dJ 2855.03, 1735.84, 1710.15, 1612.81, 1513.21, 1458.05, 1417.67,
= 8.6 Hz, 2H), 6.86 (dJ = 8.5 Hz, 2H), 6.82 (dJ = 8.7 Hz, 4H), 1284.28, 1246.83, 1175.69 cta HRMS (FAB) calcd for [M+ Cs']
6.68 (d,J = 8.5 Hz, 2H), 4.45 (ddJ = 14.2 Hz, 4.4 Hz, 2H), 4.37 (d, Cs7HgsN4OgCs', 1037.4193; found, 1037.4248.
J = 16.3 Hz, 2H), 3.91 (dJ = 16.3 Hz, 2H), 4.78 (s, 6H), 3.67 (s, Methyl Ester 18a. Glycoluril 16a(8.14 g, 9.8 mmol) was dissolved
3H), 3.08 (m, 2H), 2.86 (m, 1H), 1.16 (s, 9H), 1.14 (s, 9HE NMR in 230 mL of CHCN. While heating gently, water (45 mL) was added,
(CDCls, 150 MHz):6 (ppm) 170.99, 159.27, 158.55, 152.27, 151.87, and the solution was allowed to cool to room temperature slowly. CAN
129.84, 129.55, 128.95, 128.62, 127.97, 127.10, 125.15, 124.90, 113.90(23.68 g, 43.2 mmol) was added to the slightly cloudy solution, and
88.32, 80.67, 55.19, 52.04, 45.71, 40.16, 38.08, 34.34, 31.10. HRMS this mixture was allowed to stir overnight. When TLC indicated
(FAB) calcd for [M + NaJ" CassHs:N4Os'Nat, 767.3784; found, complete disappearance @& the flask’s contents were poured into
767.3755. 600 mL of EtOAc. This phase was washedtwit M HCI (3 x 100
PMB-Protected Module 16c.Glycoluril 5¢ (2.00 g, 2.36 mmol) mL), 0.5 M KOH (2 x 100 mL), saturated NaHCGGolution (100 mL),
and CsCO; (1.69 g, 5.19 mmol) were suspended in MeCN (30 mL). and brine (2x 100 mL). The organic phase was dried overS@y,
After the reaction was refluxed for 30 min, 3-bromo-2-(bromomethyl)- filtered, and concentrated in vacuo. The residue was dissolved in a
propanoic acid methyl ester (0.37 mL, 2.60 mmol) was added, and the minimum amount of hot ether, and after refrigeration overnight, a white
reaction was refluxed for 20 h. The resulting reaction mixture was precipitate was collected by filtration. Yield 1.33 g (23%); mp 260
cooled to rt, poured into 100 mL of water, and partioned between water *H NMR (CDCls, 600 MHz): ¢ (ppm) 7.09 (dJ = 8.3 Hz, 2H), 6.95
and dichloromethane (100 mL). After separation of the phases, the (d, J = 8.3 Hz, 2H), 6.88 (m, 4H), 5.91 (s, 2H), 4.35 (db= 14.4,
aqueous layer was further extracted with dichloromethang (200 4.6 Hz, 2H), 3.64 (s, 3H), 2.98 (m, 2H), 2.72 (m, 1H), 2.41 (m, 4H),
mL). The combined organic extracts were washed with brine, dried 1.42 (m, 4H), 1.24 (m, 16H), 0.88 (m, 6H¥C NMR (CDCk, 151
(MgSQy), and evaporated. Flash column chromatography £&Dent MHz): 6 (ppm) 171.20, 159.20, 144.36, 144.27, 133.37, 129.94, 128.85,
EtOAc—hexane 1:3) gave the desired diastereomeric products in a 128.46, 127.68, 127.40, 83.52, 78.67, 52.22, 39.89, 37.85, 35.47, 35.39,
combined yield of 630 mg (28%). 31.94, 31.40, 29.24, 29.22, 29.16, 29.12, 22.81, 22.79, 14.20. IR
PMB-Protected Equatorial Ester 16¢Gq. Yield 380 mg (17%)H (CDCly): 3255.88, 2951.54, 2925.14, 2854.42, 1736.43, 1691.82,
NMR (CDCls, 300 MHz): 6 (ppm) 7.08-6.46 (m, 16H), 4.43 (ddJ 1465.60, 1432.07 cm. HRMS (FAB) calcd for [M+ H] ™ CasHgN4Os,
= 13.8 Hz, 4.4 Hz, 2H), 4.32 (d] = 16.2 Hz, 2H), 3.88 (dJ = 16.2 589.3754; found, 589.3738.
Hz, 2H), 3.80 (m, 4H), 1.64 (m, 4H), 3.75 (s, 6H), 3.68 (s, 3H), 3.04 Module 18b. PMB-protected glycolurill6b (6.32 g, 8.5 mmol) was
(dd,J = 13.8 Hz, 11.7 Hz, 2H), 2.84 (m, 1H), 1.26 (m, 28H), 0.87 (t, dissolved in MeCN (200 mL) and heated to %0, whereupon kD

J= 6.4 Hz, 6H). HRMS (FAB) calcd for [M+ Cs]" Cs;H76N4Os*Cs", (40 mL) was added. The resulting clear solution was allowed to cool
1077.4717; found, 1077.4676 to room temperature with stirring, causing the solution to become turbid.
PMB-Protected Equatorial Ester 16G. Yield 250 mg (11%)!H Ceric ammonium nitrate (20.55 g, 37.5 mmol) was added in one
NMR (CDCl;, 300 MHz): 6 (ppm) 7.26-6.27 (m, 16H), 4.57 (d] = portion, and the reaction was stirred at room temperature for 24 h,
14.2 Hz, 2H), 4.25 (dJ = 16.2 Hz, 2H), 3.97 (dJ = 16.2 Hz, 2H), after which it was poured into EtOAc (600 mL). The resulting solution
3.79 (s, 6H), 3.78 (s, 3H), 3.75 (m, 1H), 3.75 (m, 4H), 3.16 Hes was washed wit 1 M HCI (3 x 300 mL), NaHCQ (2 x 300 mL),
14.2 Hz, 4.1 Hz, 2H), 1.67 (m, 4H), 1.26 (m, 28H), 0.87)t 6.4 and brine (2x 300 mL). The organic phase was dried {8@y) and
Hz, 6H). HRMS (FAB) calcd for [M+ Cs]" CsH7eN4Og-Cs', evaporated, and the resulting oil was subjected to flash column
1077.4717; found, 1077.4674. chromatography (2.5%7.5% MeOH in CHCI,). Evaporation of the
PMB-Protected Benzyl Ester 17a.Glycoluril 5a (29.24 g, 40.0 solvent gave the product as a white powder, yield 2.59 g (61pb).
mmol), CsCO; (19.55 g, 60.0 mmol) and benzyl acryldté (4.71 g, NMR (CDCls, 600 MHz): 6 (ppm) 7.06 (m, 6H), 6.94 (dd] = 7.0

18.5 mmol) were mixed in CCN (400 mL), and the resulting reaction ~ Hz, 1.9 Hz, 2H), 6.40 (s, 2H), 4.33 (dd,= 14.5 Hz, 4.6 Hz, 2H),
mixture was heated at reflux for 5 h. After cooling to room temperature, 3.62 (s, 3H), 2.98 (m, 2H), 2.71 (m, 1H), 1.14 (s, 9H), 1.13 (s, 9H).
the mixture was partitioned between @, (800 mL) ard 1 M HCI 13C NMR (CDCk, 150 MHz): 6 (ppm) 171.26, 159.59, 152.45, 133.32,
(400 mL). Drying over NgSQ,, filtration, and evaporation of the solvent ~ 129.88, 127.56, 127.35, 125.63, 125.23, 83.62, 78.94, 52.41, 40.12,
gave an off-white foam. This residue was subjected to flash chroma- 38.10, 34.74, 31.49. HRMS (FAB) calcd for [M Na]* CzgH3eN4Os:
tography (25-50% EtOAc/hexanes) to separate the equatorial ester Na*, 527.2634; found, 527.2634.
isomerl0c(faster eluting isomer) from the axial isomer (slower eluting Module 18c.PMB-protected glycolurill6c.q (380 mg, 0.40 mmol)
isomer). Each was isolated as a white foam. Combined yield 31.08 g was dissolved in acetonitrile/THF/water (4/2/1, 15 mL), and cerium
(86%). ammonium nitrate (1.76 g, 3.22 mmol) was added. The reaction was
PMB-Protected Equatorial Benzyl Ester 17a, Yield 22.12 g stirred at room temperature for 24 h, after which it was concentrated
(61%).*H NMR (CDCl;, 600 MHz): 6 (ppm) 7.35 (m, 5H), 7.08 (m, and partioned between water and dichloromethane. The aqueous layer
4H), 6.82 (m, 8H), 6.73 (m, 2H), 6.65 (m, 2H), 5.10 (bs, 2H), 4.87 was further extracted with dichloromethane. The combined organic
(dd,J = 14.2, 4.7 Hz, 2H), 4.34 (d] = 16.3 Hz, 2H), 3.90 (dJ = layers were washed with brine, dried over MgS@nd concentrated.
16.3 Hz, 2H), 3.77 (s, 6H), 3.08 (m, 2H), 2.89 (m, 1H), 2.38 (m, 4H), Trituration of residue with diethyl ether gave the desired equatorial
1.41 (m, 4H), 1.24 (m, 16H), 0.88 (m, 6H¥C NMR (CDCk, 151 methyl ester. Yield 125 mg (44%jH NMR (CDCl;, 300 MHz): ¢
MHz): ¢ (ppm) 170.75, 159.65, 158.96, 144.38, 144.10, 135.52, 130.21, (ppm) 7.12-6.59 (m, 8H), 5.51 (s, 2H), 4.35 (dd,= 14.6 Hz, 4.1
130.08, 129.47, 128.96, 128.81, 128.75, 128.67, 128.42, 128.35, 127.67Hz, 2H), 3.81 (m. 2H), 3.64 (s, 3H), 2.97 (dii= 14.6 Hz, 11.6 Hz,
114.21, 88.65, 80.97, 67.02, 55.39, 45.90, 40.31, 38.19, 35.52, 35.38,2H), 2.72 (m, 1H), 1.69 (m, 4H), 1.26 (m, 28 H, 0.87Jt= 7.2 Hz,
31.95, 31.92, 31.47, 31.37, 29.26, 29.25, 29.13, 22.80, 14.20. IR 6H). HRMS (FAB) calcd for [M+ H]* CaHeiN4Os-Nat, 705.4591;
(CDClg): 2927.16, 2854.96, 1722.64, 1710.81, 1612.81, 1513.36, found, 705.4622.

1460.06, 1247.14, 1175.94 cta MS (FAB) calcd for [M + Csl* Benzyl Ester 19a.ln a 2-L Erlenmeyer flask, glycoluril7a(18.10
Cs7HessN4Og-Cs', 1037; found, 1037. g, 20.0 mmol) was dissolved in GAN (670 mL). HO (130 mL) was
PMB-Protected Axial Benzyl Ester 17a. Yield 8.96 g (25%)H added which caused turbidity. After the reaction mixture had reached

NMR (CDCls, 600 MHz): 6 (ppm) 7.50 (m, 2H), 7.36 (m, 3H), 7.22  room temperature, CAN (43.86 g, 80.0 mmol) was added and the
(d,J = 8.6 Hz, 4H), 6.85 (m, 8H), 6.72 (d,= 8.3 Hz, 2H), 6.67 (d, resulting reaction mixture stirred overnight16 h. The reaction mixture
J= 8.3 Hz, 2H), 5.20 (s, 2H), 4.64 (d,= 14.3 Hz, 2H), 4.31 (d) = was diluted with HO (800 mL) and extracted with Gigl, (800 mL).

16.3 Hz, 2H), 4.02 (dJ = 16.3 Hz, 2H), 3.77 (s, 6H), 3.19 (dd,= Drying of the organic layer over N&Q,, filtration, and evaporation
14.3, 4.3 Hz, 2H), 2.39 (m, 5H), 1.40 (m, 4H), 1.25 (m, 16H), 0.88 of the solvent afforded a yellow oil. Silica gel flash chromatography
(m, 6H). 3C NMR (CDCk, 151 MHz): 6 (ppm) 172.32, 159.87, (50% EtOAc/hexanes) afforded the target molecule as a white foam.
158.84, 144.05, 143.83, 136.01, 130.72, 130.54, 129.27, 129.25, 128.93Yield 8.03 g (60%)H NMR (CDCl;, 600 MHz): é (ppm) 7.28 (m,
128.82, 128.61, 128.59, 128.20, 127.81, 113.96, 88.82, 80.66, 67.54,5H), 7.06 (d,J = 8.1 Hz, 2H), 6.91 (dJ = 8.1 Hz, 2H), 6.86 (m, 4H),
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6.47 (s, 2H), 5.05 (bs, 2H), 4.32 (ddl= 14.2, 4.5 Hz, 2H), 2.93 (m,
2H), 2.71 (m, 1H), 2.39 (m, 4H), 1.26 (m, 16H), 0.89 (m, 6MC
NMR (CDCl, 151 MHz): 6 (ppm) 170.62, 159.50, 144.14, 144.12,

O'Leary et al.

128.71, 67.46, 62.90 (dcp= 6.2 Hz), 34.93, 34.04, 16.36 (dgp=
6.3 Hz).3P NMR (CDCE, 225 MHz): ¢ (ppm) 20.69 (m). HRMS
(FAB) calcd for [M + H]* Ci3H200sPt, 287.1048; found, 287.1041.

135.47,133.46, 130.01, 128.89, 128.80, 128.76, 128.72, 128.57, 128.32, Benzyl 2-(Hydroxymethyl)acrylate 22.Phosphonat@1 (37.35 g,
127.67,127.44, 83.42, 78.84, 66.93, 39.79, 37.80, 35.46, 35.38, 31.93,130.5 mmol) and formaldehyde [37% in®] (48.90 mL, 652.4 mmol)

31.38, 31.36, 29.21, 29.16, 29.14, 22.78, 14.19. IR (GPp@A258.19,
2926.24, 2854.85, 1734.66, 1696.24, 1465.30, 1381.65, 1161.71 cm
HRMS (FAB): calcd for [M+ H]* CsiHs3N4O4*, 665.4067; found,
665.4041.

Acid Module 20a via Demethylation.Ester18a(1.30 g, 2.2 mmol)
and Lil-3H,O (0.88 g, 4.4 mmol) were dissolved in 75 mL of 2,6-
lutidine (Aldrich Sure-Seal) underMtmosphere. The yellow solution
was heated at reflux in the dark. After 16 h, TLC (5% MeOH/CH)
indicated complete disappearancel8a The mixture was cooled to
room temperature, poured into 400 mL of EtOAc, and washed with 4
x 200 mL of 1 M HCI. The organic layer was dried with }&0,,
filtered, and concentrated in vacuo to give an off-white foam. Yield
1.21 g (95%).

Acid Module 20c via Demethylation. Ester 18c (120 mg, 0.17
mmol) and LiF3H.0 (64 mg, 0.34 mmol) were mixed together, and
10 mL of 2,6-lutidine (Aldrich Sure-Seal) was added under N

were mixed with efficient stirring and cooled in an ice bath. A solution
of K,CO; (36.07 g, 261.0 mmol) in kD (45 mL) was added dropwise
over 45 min and, after complete addition, the mixture allowed to stir
at room temperature for 2 h. The mixture was poured into ether (300
mL) and washed with kD (3 x 200 mL). The organic layer was dried
with Na,SQ,, filtered, and concentrated in vacuo. Flash chromatography
of the residue (25% EtOAc/hexanes) gave a green oil which was further
purified by vacuum distillation to give a clear oil (bp 113°C, 0.1
mmHg). Yield 8.01 g (32%)*H NMR (CDCls, 600 MHz): 6 (ppm)
7.32 (m, 5H), 6.29 (m, 1H), 5.85 (m, 1H), 5.19 (s, 2H), 4.32 (m, 2H),
2.94 (m, 1H).23C NMR (CDCk, 151 MHz): 6 (ppm) 166.35, 139.59,
135.84, 128.78, 128.50, 128.28, 126.15, 66.61, 62.11. HRMS (FAB)
calcd for [M + H]* CyiH1305", 193.0865; found, 193.0872.
PMB-Protected Carbamate 23aUnder anhydrous conditions, acid
15a(4.63 g, 5.7 mmol), diphenylphosphoryl azide (DPPA) (1.47 mL,
6.8 mmol), and triethylamine (0.95 mL, 6.8 mmol) were mixed in dry

atmosphere. The solids dissolved upon heating to a gentle reflux which toluene (60 mL) under Nfor 30 min at 25°C. Benzyl alcohol (0.82
was maintained for 15 h. The solution was cooled to room temperature mL, 8.0 mmol) was added and the mixture heated at reflux for 4 h.

and poured into 20 mLfol N hydrochloric acid. The solution was

After cooling, the mixture was concentrated in vacuo to a brown residue

extracted with ethyl acetate three times, and the combined ethyl acetatewhich was triturated with EtOAc and filtered to provide a clear oil

solutions were washed several times with 20 mL portions of 1 M
hydrochloric acid, dried over MgSQdecolorized with charcoal, and
concentrated to give the desired acid. Yield 112 mg (95%).

Acid Module 20a via Hydrogenolysis.Ester 19a (7.98 g, 12.0
mmol) and 10% palladium on carbon (0.80 g) were mixed in EtOH
(240 mL). The mixture was efficiently stirred undeg L atm) for 3

after rotary evaporation of the filtrate. Flash chromatography (35%
EtOAc/hexanes) gave an off-white foam. Yield 4.13 g (79%)NMR
(CDCls, 600 MHz): ¢ (ppm) 7.35 (m, 5H), 7.08 (d] = 8.6 Hz, 4H),
6.84 (m, 8H), 6.72 (dJ = 8.2 Hz, 2H), 6.64 (dJ = 6.6 Hz, 2H), 5.08

(s, 2H), 4.70 (s, 1H), 4.40 (dd, = 13.7, 5.2 Hz, 2H), 4.34 (dJ =
16.2 Hz, 2H), 3.89 (m, 3H), 3.77 (s, 6H), 2.73 Jt= 11.0 Hz, 2H),

h using a standard balloon setup. Catalyst was removed by filtration 2.38 (m, 4H), 1.40 (m, 4H), 1.24 (m, 16H), 0.89 (m, 6MC NMR

through a pad of Celite and the filtrate evaporated to give a white
powdery solid. Yield 6.73 g (98%}H NMR (DMSO-ds, 600 MHz):

o (ppm) 12.79 (s, 1H), 8.37 (s, 2H), 6.98 = 8.3 Hz, 2H), 6.92 (d,
J= 8.3 Hz, 2H), 6.86 (m, 4H), 4.10 (dd,= 14.2, 4.6 Hz, 2H), 2.71

(t, J = 13.0 Hz, 2H), 2.36 (m, 5H), 1.37 (m, 4H), 1.20 (m, 16H), 0.84
(m, 6H).13C (DMSOg, 151 MHz): 6 (ppm) 172.30, 158.83, 142.61,

(CDCl, 151 MHz): 6 (ppm) 159.62, 158.96, 155.49, 144.37, 144.13,
136.43, 130.23, 130.03, 129.55, 128.97, 128.89, 128.78, 128.54, 128.40,
127.98, 127.72, 127.30, 114.24, 88.61, 80.73, 67.24, 65.61, 55.41, 45.93,
43.69, 43.64, 42.96, 42.94, 35.52, 35.39, 31.95, 31.93, 31.47, 31.37,
29.25, 29.15, 22.80, 14.19. IR (CD{I 2951.54, 2926.51, 2854.51,
1722.64, 1709.48, 1513.12, 1462.15, 1440.88, 1417.11, 1302.31,

142.35, 134.57, 131.15, 128.30, 127.47, 127.44, 127.33, 81.70, 78.251245.83, 1177.61, 1034.78, 890.44, 775.25tMRMS (FAB) calcd
37.37, 34.58, 34.51, 31.30, 31.27, 30.88, 30.73, 28.53, 28.40, 28.35,for [M + Cs}" Cs;HedNsOg+Cst, 1052.4302; found, 1052.4342.

22.13,13.91. HRMS (FAB) calcd for [(M‘ Ht + 2C§] C34H45N4O4
Cs', 839.1549; found, 839.1520.

Module 20b. Acid module ested8b (1.305 g, 2.6 mmol) and Lil
3H,0 (1.22 g, 6.1 mmol) were dissolved in dry 2,6-lutidine (65 mL)
and heated at reflux for 30 h in the dark. After cooling to rt, the reaction
mixture was partitioned between EtOAc (400 mL)YahM HCI (400
mL). The agueous phase was made acidic topHwith concentrated
HCI and extracted with EtOAc (200 mL). The combined organic
extracts were washed witl M HCI (3 x 200 mL) and dried
(Na:S0Oy). Evaporation of the solvent gave the product as a yellowish
microcrystalline solid. Yield 1.27 g®(99%).'H NMR (DMSO-ds, 600
MHz): ¢ (ppm) 12.76 (br s, 1H), 8.37 (s, 2H), 7.10 @= 8.5 Hz,
2H), 7.04 (d,J = 8.5 Hz, 2H), 6.96 (dJ = 8.5 Hz, 2H), 6.89 (dJ =
8.5 Hz, 2H), 4.11 (ddJ = 14.2 Hz, 4.6 Hz, 2H), 2.75 (m, 2H), 2.35
(m, 1H), 1.11 (s, 9H), 1.09 (s, 9H)*C NMR (CDCk, 150 MHz):

Carbamate 24a.Carbamate€3a(6.97 g, 7.6 mmol) was dissolved
in 250 mL CHCN. Water (50 mL) was added slowly and the
temperature maintained at 2& by use of a heat gun. To the clear
solution was added CAN (18.28 g, 33.4 mmol), and the resulting orange
solution was covered from light and stirred under fidr 16 h. The
reaction mixture was poured mtl M HCI and then extracted with
400 mL of EtOAc. The organic layer was washed again with 200
mL of 1 M HCI, dried with NaSQ,, filtered, and concentrated in vacuo.
The residue was subjected to flash chromatographyl(®6 MeOH/
CH.Cl,) which gave a crude foam. Further purification was ac-
complished with ether trituration and filtration giving lustrous white
crystals. Yield 3.67 g (71%jH NMR (DMSO-ds, 600 MHz): d (ppm)
8.30 (s, 2H), 7.30 (m, 5H), 7.21 (d,= 8.1 Hz, 1H), 6.95 (dJ = 8.3
Hz, 2H), 6.90 (dJ = 8.1 Hz, 2H), 6.85 (dJ = 8.3 Hz, 2H), 6.83 (d,

J = 8.3 Hz, 2H), 4.99 (s, 2H), 3.89 (dd,= 13.3, 4.5 Hz, 2H), 3.33

(ppm) 172.81, 159.42, 151.61, 151.37, 134.90, 131.61, 127.91, 127.76,(M, 1H), 2.51 (m, 2H), 2.34 (m, 4H), 1.35 (m, 4H), 1.19 (m, 12H),
125.68, 124.77, 82.39, 78.94, 38.26, 34.85, 31.73, 23.24. HRMS (FAB) 1.12 (m, 4H), 0.83 (m, 6H)}*C NMR (DMSO-s, 151 MHz): 6 (ppm)

calcd for [M + Na]* CooH3eN4O4s-Nat, 527.2634; found, 527.2634.
Benzyl O,0-Diethylphosphonoacetate 2%° Benzyl 2-bromoacetate
(23.76 mL, 150 mmol) and triethyl phosphite (28.29 mL, 165 mmol)

were mixed and heated gradually to distill off ethylbromide tb@?2

°C). After the distillation was complete, the mixture was heated to 200
°C for 1 h and then allowed to cool to room temperature. Fractional
vacuum distillation provided the crude product (5p130 °C, 0.1
mm Hg). Further purification was accomplished through a second
distillation to give the desired product as a clear oil. Yield 37.35 g
(87%).*H NMR (CDCls, 600 MHz): 6 (ppm) 7.37 (m, 5H), 5.18 (s,
2H), 4.13 (m, 4H), 3.03 (s, 1H), 3.00 (s, 1H), 1.30 (m, 6HL NMR
(CDCl, 151 MHz): 6 (ppm) 166.04 (dJc,p= 6.3 Hz), 135.628, 128.85,

(20) Martin, D. J.; Griffin, C. EJ. Org. Chem1965 30, 4034-4038.

159.01, 155.68, 142.58, 142.31, 137.04, 134.60, 131.24, 128.54, 128.27,
128.02, 127.95, 127.46, 127.40, 127.34, 81.64, 78.27, 65.59, 43.13,
41.64, 34.51, 34.48, 31.26, 30.84, 30.71, 28.50, 28.49, 28.39, 28.31,
22.11, 22.09, 13.88. IR (CDg}l 3271.56, 2942.73, 2926.03, 2854.97,
1727.04, 1694.25, 1465.40, 1441.84, 1248.67, 915.87*.cRIRMS
(FAB) calcd for [MHCs]" C4Hs3NsO4-Cs', 812.3152; found, 812.3182.
Amine Module 25a. Carbamate24a (4.08 g, 6.0 mmol) and
palladium (5%) on activated carbon (1.02 g) were mixed in 120 mL of
an EtOAC/EtOH/AcOH mixture (49:49:2). The mixture was efficiently
stirred under H (1 atm) fa 6 h using a standard balloon setup. Catalyst
was removed by filtration through a pad of Celite and the filtrate
evaporated to give the crude amine as a foam. Silica gel flash
chromatography (10% MeOH/CBI,) afforded the target molecule as
a white, hygroscopic solid. Yield 2.97 g (91%H NMR (CDCls, 600
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MHz): & (ppm) 7.08 (dJ = 8.0 Hz, 2H), 6.96 (dJ = 8.0 Hz, 2H),
6.88 (M, 4H), 5.85, (s, 2H), 4.12 (m, 2H), 2.99 (m, 1H), 2.52(&
12.0 Hz, 2H), 2.41 (m, 4H), 1.91 (s, 2H), 1.42 (m, 4H), 1.22 (m, 16H),
0.88 (M, 6H).13C NMR (CDCk, 151 MHz): 6 (ppm) 159.64, 144.25,
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for 30 min ¢H NMR in CDCl; showed full conversion at this point).
The solvent was evaporated, and the oily residue was partitioned
between dichloromethane (75 mL)da@d M NaOH (50 mL). The
aqueous phase was extracted with dichloromethane (50 mL), and the

144.13, 133.56, 130.21, 128.77, 128.41, 127.74, 127.42, 83.57, 78.71,combined organic extracts were washed with brine (50 mL). The organic
77.71, 45.64, 44.21, 35.47, 35.40, 31.95, 31.94, 31.41, 29.24, 29.22,phase was extracted wit4 M HCI (2 x 50 mL), and the aqueous

29.15, 29.12, 22.81, 22.79, 14.21. IR (CB)CI3347.32, 3217.04,

extracts were washed with dichloromethane (50 mL). The organic phase

2956.18, 2925.00, 2854.04, 1681.63, 1467.64, 1441.27,1102.17, 912.32vas discarded, and the aqueous phase was made basictol@Hby

cmt. HRMS (FAB) calcd for [M+ H]™ Cs3H1sgNsO,, 546.3808; found,
546.3828.

Triamine Spacer 262! Ground and oven-dried (15, 3 d) 1,3,5-
tricarboxamidobenzene (3.82 g, 18.4 mmol) was mixed with 140 mL
of 1 M BH3 in THF under anhydrous conditions {\and then heated
at reflux for 6 d. Dry THF was added occasionally to maintain solvent
level. After this time, the mixture was cooled t60, and concentrated
HCI (15 mL) was added slowly with stirring. The mixture was then
brought to reflux for anothe3 h followed by removal of the THF in
vacuo. The residue was thoroughly triturated witkOHand filtered
followed by evaporation of the filtrate. This residue was diluted with
MeOH (50 mL), the MeOH removed by evaporation, and the process
repeated three more times to volatilize all borates. A minimum of
MeOH (10 mL) was used to dissolve the crude product followed by
addition of EtOH (25 mL) and ether (200 mL) which gave a white
precipitate that was:90% pure by*H NMR. The precipitate was then
dissolved n 3 N KOH (100 mL) and washed with EtOAc (8 100

addition of solid NaOH. The resulting turbid agueous phase was
extracted with dichloromethane §250 mL), and the combined organic
extracts were washed with brine (50 mL) and dried ).
Evaporation of the solvent gave the product as a yellow oil, which
slowly crystallized upon standing, yield 0.09 g (0.3 mol, 97%)NMR
(CDCls, 600 MHz): 6 (ppm) 3.63 (s, 6H), 2.77 (g1 = 7.6 Hz, 6H),
2.53 (s, 9H), 1.25 () = 7.6 Hz, 9H).23C NMR (CDCk, 151 MHz):

0 (ppm) 142.34, 134.09, 49.80, 37.25, 22.49, 16.83. HRMS(FAB) calcd
for [M + H]" CigHasNz-H, 292.2753; found, 292.2751.

Triamide Ball Monomer 35a. Triamine31(0.50 g, 0.2 mmol), acid
module20a(0.57 g, 1.0 mmol), HOBt (1-hydroxybenzotriazole) (0.14
g, 1.0 mmol), and EDC (1-(3-dimethylaminopropyl)-3-ethylcarbodi-
imide) (0.19 g, 1.0 mmol) were mixed in 20 mL of dry DMF under N
atmosphere. To this mixture was added Ng#O0xL, 1.0 mmol), and
the solution was stirred at room temperature for 6 h. The solvent was
removed in vacuo and the filtrate taken up in EtOAc (50 mL). This
solution was washed witl M HCI (2 x 15 mL), dried with NaSQy,

mL), and the combined organic phases were concentrated to 50 mL.filtered, and evaporated to give an off-white foam. This residue was

This solution was saturated with HCI gas and then left overnight in
the refrigerator which produced white flakes isolated by filtration. Yield
0.51 g (10%)*H NMR (DO, 600 MHz): 6 (ppm) 7.61 (s, 3H), 4.3
(s, 6H).3C NMR (D,0, 151 MHz): 6 (ppm) 134.74, 129.81, 42.04.
HRMS (FAB) calcd for [M+ H] " CoH16N3, 166.1344; found, 166.1349.
Monomer 27a. Acid module20a (1.15 g, 2.0 mmol), triamin@6
(0.11 g, 0.4 mmol), PyBOP (1.04 g, 2.0 mmol), and NE56 mL,
4.0 mmol) were mixed in 20 mL of DMF for 24 h at room temperature.

subjected to flash chromatography-(®% MeOH/CHCI,) and, after
isolation, further purified by precipitation from a minimum of CHCI
(3 mL) with MeOH (15 mL). Filtration gave a white powder. Yield
0.26 g (68%).*H NMR (CDCls, 600 MHz): 6 (ppm) 8.87 (s, 12H),
7.19 (d,J = 8.3 Hz, 12H), 6.98 (dJ = 8.1 Hz, 24H), 6.93 (dJ = 8.0
Hz, 12H), 5.47 (s, 6H), 4.21 (s, 12H), 4.13 (di= 14.2, 3.4 Hz,
12H), 3.12 (tJ = 12.9 Hz, 12H), 2.48 (m, 42H), 1.51 (m, 24H), 1.30
(m, 96H), 1.06 (tJ = 7.6 Hz, 18H), 0.92 (m, 36H}3C NMR (CDCk,

The solvent was removed in vacuo and the residue taken up in EtOAc 151 MHz): 6 (ppm) 170.42, 161.03, 144.17, 143.87, 143.81, 133.89,

(40 mL). Washing this solution wit1 M HCI (2 x 40 mL), followed

by drying (NaSQy), filtering, and evaporation, gave a brown foam.
Two purifications by flash chromatography-@5% MeOH/CHCI,)
gave an off-white foam which was triturated thoroughly with MeOH.
Filtration provided a clean, white powder. Yield 0.27 g (36%) NMR
(DMSO-dg, 600 MHZz):6 (ppm) 8.75 (tJ = 5.7 Hz, 3H), 8.34 (s, 6H),
7.00 (d,J = 8.1 Hz, 6H), 6.93 (m, 9H), 6.90 (d,= 8.2 Hz, 6H), 6.84
(d, J=8.2 Hz, 6H), 4.17 (dJ) = 5.3 Hz, 6H), 3.96 (ddJ = 13.6, 3.9
Hz, 6H), 2.84 (m, 6H), 2.40 (m, 15H), 1.38 (m, 12H), 1.24 (m, 36H),
1.14 (m, 12H), 0.85 (m, 18H)*C NMR (DMSO-ds, 600 MHz):

131.72, 130.97, 128.64, 128.36, 127.77, 127.58, 82.91, 80.17, 41.01,
40.89, 37.94, 35.57, 32.02, 31.53, 31.43, 29.84, 29.33, 29.25, 23.30,
22.87, 22.85, 16.35, 14.26. MS (MALDI) calcd for monomer fv

H*] C1aH1sN150s, 1921; found, 1922; calcd for dimer [2M H*]
C234H318N3'0013, 3841, found, 3842.

Inverted Triamide Ball Monomer 36a. Triacid 33 (0.67 g, 0.2
mmol), amine module5a (0.55 g, 1.0 mmol), HOBt (0.14 g, 1.0
mmol), and EDC (0.19 g, 1.0 mmol) were mixed in 20 mL of dry
DMF under N atmosphere. To this mixture was added N@&#O0uL,

1.0 mmol), and the solution was stirred at room temperature for 24 h.

(ppm) 170.02, 158.65, 142.32, 142.05, 139.39, 134.63, 131.25, 128.08,The solvent was removed in vacuo and the filtrate taken up igGGH
127.35, 127.15, 125.00, 81.56, 78.12, 41.89, 40.11, 40.05, 38.53, 34.65(50 mL). This solution was washed Wil M HCI (2 x 15 mL), dried

34.61, 31.32, 31.31, 30.99, 30.83, 28.62, 28.54, 28.46, 22.19, 22.14,ith Na,SQ, filtered, and evaporated to give an off-white foam. This

13.94. IR (CDCY): 3392.04, 3280.44, 2955.17, 2925.37, 2854.28,

residue was subjected to flash chromatography- 7@ MeOH/

1720.67, 1686.10, 1549.23, 1466.79, 1445.38, 1378.69, 1229.84,CH,Cl,) which gave a white powder after isolation. Yield 0.19 g (49%).

1105.70 cmt. HRMS (FAB) calcd for [NH‘ CSﬂ 0111H147N1509‘CS+,
1967.0561; found, 1967.0713.

Triacid Spacer 33.Trinitrile 3222 (0.28 g, 1.0 mmol) was mixed in
concentrated HCI (10 mL) and glacial acetic acid (10 mL). The mixture

1H NMR (CDCl;, 600 MHz): 6 (ppm) 9.10 (s, 12H), 7.22 (d,= 8.2
Hz, 12H), 7.00 (dJ = 8.1 Hz, 12H), 6.94 (dJ = 8.2 Hz, 12H), 6.89
(d,J = 8.1 Hz, 12H), 6.49 (s, 6H), 3.96 (m, 12H), 3.39 (m, 30H), 2.48
(t, J = 7.6 Hz, 12H), 2.43 (t] = 7.7 Hz, 12H), 2.27 (m, 12H), 1.48

was refluxed overnight and cooled to room temperature, and the (m, 24H), 1.28 (m, 96H), 0.92 (m, 54H). MS (MALDI) calcd for
volatiles were removed by rotary evaporation. The residue was triturated monomer [M+ H*] C11H15dN1500, 1921; found, 1922; calcd for dimer

with acetone and the resulting white precipitate collected by filtration.
Yield 0.31 g (92%).'H NMR (DMSO-dg): 6 (ppm) 12.32 (s, 3H),
3.62 (s, 6H), 2.57 () = 7.5 Hz, 6H), 1.03 (tJ = 7.5 Hz, 9H).*C
NMR (DMSO-ds, 151 MHz): 6 (ppm) 173.34, 140.89, 129.44, 34.78,
23.06, 14.06. HRMS (FAB) calcd for [Mt+ Na'] CigH2406°Na',
359.1471; found, 359.1466.
1,3,5-Triethyl-2,4,6-tris(methylaminomethyl)benzene 341,3,5-
Tris(bromomethyl)-2,4,6-triethylbenzer® (0.14 g, 0.3 mmol) was
dissolved in dry THF (15 mL), and anhydrous monomethylamine (2
M solution in MeOH, 10 mL, 20.0 mmol) was added. The reaction
was stirred at room temperature for 2 h, after which it was refluxed

(21) Synthesis adapted from a literature preparation: Weitl, F. L.;
Raymond, K. N.J. Am. Chem. Sod.979 101, 2728-2731.

(22) Walsdorff, C.; Saak, W.; Pohl, 3. Chem. Res.,Synap96 282—
283.

[ZM + H+] C234|'|318N30013, 3841, found, 3842.

Triester Ball Monomer 37a. Tribromide 29 (88 mg, 0.2 mmol),
acid module20a (0.57 g, 1.0 mmol), GE£0; (0.33 g, 1.0 mmol),
CHsCN (20 mL), and DMF (20 mL) were mixed at 10C for 2 h.
After cooling, the solvents were removed by evaporation, and the
residue was taken up in GBI,/t-BuOH (4:1, 25 mL). Washing with
1 M HCI and drying with NaSQO,, followed by filtration and
evaporation, gave a brown foam. This residue was subjected to flash
chromatography (©5% MeOH/CHCI,) and, after isolation, further
purified by precipitation from a minimum of CH&(3 mL) with MeOH
(15 mL). Filtration gave a white powder. Yield 0.20 g (52%).NMR
(CDCls, 600 MHz): 6 (ppm) 8.90 (s, 12H), 7.23 (d,= 8.1 Hz, 12H),
6.97 (m, 24H), 6.91 (dJ = 8.0 Hz, 12H), 4.99 (s, 12H), 4.27 (dd,
= 14.0, 3.8 Hz, 12H), 2.96 (] = 12.9 Hz, 12H), 2.84 (m, 6H), 2.50
(m, 36H), 1.50 (m, 24H), 1.30 (m, 96H), 1.05 §t= 7.7 Hz, 18H),
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0.92 (m, 36H)13C NMR (CDCk, 151 MHz): 6 (ppm) 172.22, 160.55, Scheme 2.Synthesis of the Hydroxy Moduie®
146.91, 143.60, 143.46, 134.64, 131.38, 129.48, 128.52, 128.24, 127.89,

127.70, 82.64, 79.90, 60.58, 40.15, 38.24, 3558, 35.57, 32.01, 3153, 5, L~ o o L e
31.47, 29.36, 29.33, 29.26, 23.17, 22.85, 16.32, 14.25. MS (MALDI) Reb—{=R + % a Re) <E>: ,,,,, LA Re} @950
calcd for monomer [Mt H*] C11H156N12012, 1924; found, 1925; calcd amp-NNH NN HN, N
for dimer [2M + H*] CaadHa1N24024, 3847; found, 3848. I c I I
Mesflexiball Monomer 38b. Acid module20b (0.44 g, 0.9 mmol) 5a o[ ga §:= EI;/IB) 10a
a =

was dissolved in dry DMF (10 mL) and cooled to°G, whereupon
1,3,5-triethyl-2,4,6-tris(methylaminomethyl)benze®¢ (0.06 g, 0.2 °
mmol) and PyBOP (0.42 mg, 0.9 mmol) were added. Finally, DIPEA BMP\NJKNH N
(310uL, 1.8 mmol) was added, and the reaction was stirred 4,0 Remp—t=R + f" &b R%E}OH .

then allowed to warm to room temperature, and stirred for 60 h. The BMP/NTNH

solvent was evaporated, and the residue was redissolved in EtOAc (75 o

mL), washed wit 1 M HCI (2 x 50 mL), dried (NaSQy), and evap- 5a 6 7a

orated. The resulting brown oil was subjected to flash column chroma- 2 C$COs, CHCN, reflux.” CAN, CHCN/H,O (5:1). OsQ, NalO,,
tography (6-8% MeOH/CHCI,). Evaporation of the solvent gave the ~ THF [a R = 4-(1-heptyl)phenyl, PMB= 4-methoxybenzyl].

E)l;c’)\;ljgcot dis go(\;v r,l/lltﬁzf)?aém('p%ﬁ)d 805175(2 (GOHl) ?Tgl’((gozﬂé TYI_E Tetraester Ball Monomer 42c.Tetrahydroxy cavitand1 (46 mg,

— _ _ 0.04 mmol) and acid modul20c (105 mg, 0.15 mmol) were both
gTHlogé;ji 578'(?T1Hé|’_|()5H§’9%9(?n(%JH) ggGH(szSA)GZQ;é(:# 6H) thoroughly dried in high vacuum. The reactants were mixed together
269 (s’ 6H)’ 238 (m’ 3H)’ 113 (s ’27H), 110 (5’27H’) 0.90 (n’] 9H5 with PyBOP (79 mg, 0.15 mmol) and 4&_ triethylamine and dis-

. \ ' ’ U NaTt o T Nt 1925 ’ " solved in 15 mL absolute dichloromethane. The mixture was stirred at
1M7%(2MALDI) caled for [M -+ NaJ" CioHizoNasOyNar', 1732; found, room temperature for 12 h and then quenched with brine. Phases

were separated, and the aqueous layer was extracted twice with ethyl
acetate. The combined organic layers were washed twice with 2 N
hydrochloric acid, twice with saturated sodium bicarbonate solution
and brine, dried over MgSQfiltrated, and concentrated. The residue
After the reaction was stirred for 18 h at room temperature, TLC (10% ;V:; aii??gg?g(;?tzoé?\gnﬁhr: grng,%agf%:g:!:?: dus:ggf ;th lea: (\f\}ﬁitt(tae/
MeOH/CH,Cl,) indicated complete consumption of the tetraaminocalix- foam.*H NMR (DMSO-dJ/CDCh, 600 MHz): & (ppm) 8.33 (s, 8H)
arene. More CkLl, (100 mL) was added and the solution washed with 5o .(s 4H), 7.06 (dJ = 8.6 Hz 78H) 6.96 (HJ — 8.6 Hz 8H)7 6.66
brine (100 mL) 1 M ag HCI (3x 100 mL), and saturated ag NaHgO (d J =’8 7 I’—|z' 8H), 6 59'((” _ 8 7’le 8H). 5 52’ (dJ = Gé Hz

(2 x 100 mL). The organic layer was dried with }&0;, filtered, and 4|_’|) 4 42' (tJ _ 7 4’HZ' 4H), 4.26 .(dJ _ 1 I—iz .8H) 491 (r.n 4H’)
concentrated by evaporation. The resulting brown residue was sonicate _7é (ﬁw, 1éH), 2..88 (r;1, 4|—i), 2.84 (m, 8H), 2’.26 (’m,.8H), i.61 ’(m,

thoroughly with MeOH and filtered, and the precipitate was collected. 16H), 1.32 (M, 16 H), 1.231.18 (m, 168 H), 0.870.80 (M, 36 H).

Dissolving the precipitate in a minimum of CH{B mL), precipitation MS (MALDI) calcd for monomer [MH- Na*] CosHasdN16OsNa, 3930;

with CHsCN (25 mL), sonication, and filtration gave an off-white . ¥ .
powder. Yield 0.23 g (52%JH NMR (DMSO-ds, 600 MHz): & (ppm) ]fgﬂgg ggi’g’ caled for monomer [M- K*] CzasHaadN1602K, 3946;

9.88 (s, 4H), 8.34 (s, 8H), 7.03 (d, 8H), 6.93 (m, 24H), 6.87 (d, 8H, . .
= 8.3 Hz), 4.28 (d, 4HJ = 12.1 Hz), 3.99 (m, 8H), 3.73 (m, 8H),  Results and Discussion

Calixarene Ball Monomer 40a. Tetraaminocalixarend9 (0.10 g,
0.15 mmol), acid modul@0a (0.35 g, 0.61 mmol), and PyBOP (0.32
g, 0.61 mmol) were mixed in dry Gi€l, (50 mL), followed by addition
of dry'PrLNEt (0.214 mL, 1.23 mmol) under anhydrous conditiong) (N

3.00 (d, 4H,J = 11.3 Hz), 2.83 (t, 8HJ = 12.6 Hz), 2.43 (t, 8HJ = Syntheses. (a) Hydroxy ModuleOur initial efforts focused
7.5 Hz), 2.38 (t, 8HJ) = 7.4 Hz), 1.88 (m, 8H), 1.40 (m, 16H), 1.22  on glycoluril module7a which bears an equatorial hydroxy
(m, 64H), 0.92 (t, 12HJ) = 7.4 Hz), 0.86 (m, 24H):*C NMR (DMSO- group at the 5-position. Scheme 2 shows two routes to hydroxy

ds, 151 MH2): 0 (ppm) 168.58, 158.83, 152.18, 142.49, 142.26, 134.83, moqule7a Alkylation of thecis-protected glycoluriba?® with

%2464119'3}13&813’ 4131'3361' %ésﬁfgézggébléﬁi 12280.6037' %fg’ 2788'595’methallyl dichloride proceeded smoothly to gi&in high yield
e e S A na 13 ar Anra e e ea o (for designation &”, R = 4-(1-heptyl)phenyl; for b”, R =

éij—tzj\lzzljgie,%g?gé;lfifr?d,12587%.10.03. MS (MALDI) calcd Wi 4-(1,1-dimethylethyl)phenyl; for¢”, R = 4-(1-decanoxy_)-
Tetraester Ball Monomer 42a.Tetrahydroxy cavitand1 (0.60 g, pheny??). I_—|owever, fc_)IIOWIng_ removal_Of the PMB'prOte_Ct'ng
0.48 mmol) and acid modulg0a (1.11 g, 1.94 mmol) were both ~ 9roups using ammonium cerium(IV) nitrate (CAN), Lemieux
thoroughly dried in high vacuum. The reactants were mixed together Johnson oxidation of alkera did not yield the desired ketone
with PyBOP (1.08 g, 1.94 mmol) and 544 triethylamine and 10a Instead, a mixture of ketals was isolated which indicated
dissolved in 120 mL of absolute dichloromethane. The mixture was that a carbonyl at the 5-position is destabilized, probably because
stirred at room temperature for 12 h and then quenched with brine. of the inductive effects of the flanking amides. Dave et al.
Phases were separated, and the aqueous layer was extracted twice witteported a similar synthesis in which they found ketones at the
ethyl acetate. The combined organic layers were washed twice with 2 5-position to exist as hydratés Although conversion to the

N hydrochloric acid, twice with saturated sodium bicarbonate solution ; ;
and brine, dried over MgSQfiltrated, and concentrated. The residue kﬁtrcsjﬂi dbg d?;:?;;?prlgu{:%;\/al of water was described, we
was subjected to column chromatography on silica using ethyl acetate/p
hexanes (80/20) to give 795 mg (48%) of the desired product as a white  (23) Rivera, J. M.; Maft, T.; Rebek, J., J&J. Am. Chem. Sod998
foam.'H NMR (DMSO-ds/CDCls, 600 MHz): 6 (ppm) 8.39 (s, 8H), 120, 819-820. Thecis-protected glycoluril5 was chosen for increased
7.36 (s, 4H), 7.04 (d) = 8.1 Hz, 8H), 6.94 (dJ = 8.1 Hz, 8H), 6.91 solubility IandI to_lelin&inatetranzalkyflatipnsi_];l'hciis r<‘eliminat(_-:‘d the rlleed for
— _ — excess glycoluril and tremendously simplified the reaction work-up.

Eﬁ_"J 4 482'13_\']2'_8;'23' 2'844(3’] 4 287'1 HzéﬁH)’ArSl'gB (d’]4H 6'278512’ (24) While the 4-heptylphenyl and 4-decanoxyphenyl substituted gly-

), 4.42 (t,J = 7.8 Hz, 4H), 4.27 (m, 8H), 4.19 (m, 4H), 2.84 (m, colurils are the most soluble, both groups have a tendency to dominate the
12H), 2.39 (m, 16H), 2.26 (m, 8H), 1.39 (m, 16H), 13820 (m, 136 H NMR spectra, sometimes obliterating other relevant signals. However,
H), 0.85 (m, 12 H), 0.81 (m, 24 H}*C NMR (CDCk, 151 MHz): ¢ both groups provide glycoluril modules that significantly differ in their
(ppm) 168.66, 160.55, 146.91, 144.01, 143.94, 139.32, 136.10, 134.68,molecular masses, thus allowing easier detection in the heterodimerization
130.89, 128.78, 128.57, 127.97, 127.71, 117.35, 99.14, 83.17, 80.26,ESI-MS experiments. The 4-(1,1-dimethylethyl)phenyl substituted analogue

as an alternative, although by no means NMR-silent, opened a larger window
77.88, 76.87, 69.91, 64.77, 54.14, 40.53, 37.11, 35.93, 32.34, 32.26,, " . 1L MR specira for observing signals from guest molecules and has
30.05, 30.03, 29.97, 29.74, 29.70, 29.60, 29.58, 23.14, 23-12; 23.03,the added benefit of being more crystalline and easier to purify.
14.53, 14.50, 14.47. MS (MALDI) calcd for monomer [M H'] (25) Dave, P. R.; Forohar, F. F.; Kaselj, M.; Gilardi, R.; Trivedi, N.

C212stgN15024, 3446, found, 3446. Tetrahedron Lett1999 40, 447—450.
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Scheme 3.Acid Module Synthesisd Scheme 5.Amine Module Synthesis®
Br 0] (o]
P BMP\NJKN o R'\N*N
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Br NN OH rN_N )—08n
0 - e o
) 11 (R=H) ) !
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ol
0
5a, b, c HN)kN
OR' R—}+E>—NH2
13 (R'= Me) HN_ N
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o o 25a
BMP— S M 2|. DPPA, toluene; Il. BnOH, reflut CAN, CH:CN/H;0 (5:1)¢ Ha,
NN o b AN N P Pd/C, EtOH/EtOAC/ACOH (49:49:2p] R = 4-(1-heptyl)phenyl, PMB
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17a (R'=Bn) 19a (R'=Bn)

(A)

Scheme 4. Synthesis of Benzyl Acrylaté43—¢
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Substitution of epichlorohydriré for methallyl dichloride Figure 2. 'H NMR spectra (600 MHz) oR7ain (A) DMSO-ds and
gave the PMB-protected hydroxy module as a mixture of (B) cbcl,
equatorial and axial isomers (1:1) in high yield. Column
purification provided the desired equatorial isomer, which was  Alkylation of 5a with 14 gavel7aas a mixture of isomers
then deprotected to glVB. UnfOftUnat6|y, this module exhibited (eq:ax = 41) that were puriﬁed ea3i|y by Chromatography.
poor reactivity with a variety of electrophilic spacers (e.g., Standard CAN deprotection df7agave estef9awhich, after
mesitoic acid chloride). The nucleophilicity of the secondary hydrogenolysis, gav@0ain high yield with no epimerization
hydroxy group in7a may be reduced by electronic factors as at theo carbon.
well as steric interactions imposed by the proximal R group.  (¢) Amine Module. The synthesis of the amine mod@Ba
(b) Acid Module. Given the low reactivity of the hydroxy s outlined in Scheme 5. Esté6awas demethylated as before
module, we sought other functions with electrophilic or en- 4 provide acidl5aand then converted to carbama@@avia a
hanced nucleophilic character. A group capable of fulfilling both - mogified Curtius rearrangeme#Removal of the PMB groups
roles appeared in acid modul. Our first choice for the  fgjlowed by hydrogenolysis gav@5ain good overall yield.
modular element was the commercially available dddThe (d) Trivalent Monomers. With sizable amounts of the new
alkylation of the glycoluril proceeded in almost quantitative glycoluril modules in hand, a variety of complementary spacers
yield, but the stereoisomers proved resistant to separation,yere investigated. Monom@7a, available from the condensa-
(Scheme 3). _ tion of acid module20a with triamine spaceg6,2! provided
Fortunately, replacement of acid with methyl esterl2 or the first test (Scheme 6). Whiz7agave a first-ordetH NMR
_13 gave esteth as a mixture of easily separable isomers and spectrum in highly competitive solvents such as DM&Dthe
in good yield. Deprotection (CAN) gavés, and then Lil-  gpectrym was broad and concentration dependent in £DCI
mediated demethylatiéh provided the equatorial aci@0 in (Figure 2). The absence of sharp signals or a single downfield
high yield. An alternative modular element, benzyl acrylste resonance for the glycoluril Ns suggested th&7aexists as a
was employed as well. The synthesis1gf" is illustrated in disordered aggregate in noncompetitive solvents rather than as
Scheme 4. a discrete dimer or other finite assemBly.
(26) Because epimerization of the 5-position in the six-membered ring ~ Raymond and co-workers also used trian2@es a platform
in 20 was possible, we chose demethylation conditions preventing isomer-
ization during deprotection of the acid. See: Elsinger, F.; Schreiber, J.;  (28) Shiori, T.; Ninomiya, K.; Yamada, S. Am. Chem. Sod 972 94,
Eschenmoser, Aelv. Chim. Actal96Q 43, 113-118. 6203-6205.

(27) Prepared analogously to the ethyl ester, see: Villieras, J.; Rambaud, (29) For a discussion on the characterization of capsules, see: Rebek,
M. Synthesid982 924-926. J., Jr.Chem. Soc. Re 1996 25, 255-264.
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Scheme 6. Synthesis of Monome27& Scheme 7.Synthesis of Hindered Spacgrs

G Br

(_J;_\
o NHy a
H\N)kN 0 NH,  pyBOP Br
PSS E DT, "
NN OH NEts, DMF
I HoN 28 | 29
b d f
20a 26 FN \ ¢ oN | NHMe
G ab c
O)\NH l l O/ Ny NC. MeHN
NG N3 CN NHMe
30 32 34
HN c l e
G&o 27a NH> COH
aIn the monomer, three bonds per arm-@ can rotate freely.

for an enterobactin analog&&However, despite close structural HeN HOC
similarities to the natural product, their mimic demonstrated a NH> CO-H
1° lower affinity for ferric ion. They rationalized that greater 31 33

rotational freedom in the mimic was responsible for the lower  a| HBr, CH,0, AcOH:; Il. CH,O, KBr, H,SQy. ® NaNs, DMF. ¢ PPh,
binding affinity. Introduction of ethyl groups at the 2, 4, and 6 THF, H,0.?NaCN, DMF.e HCI (concentrated), AcOHMeNH,, THF,
positions of the spacer (as 8138 mitigated this deficit. Steric MeOH.

effects then enforced ambababconformation with the ethyl .

groups all on one side of the aromatic rings and the hydrogen- Scheme 8. Flexiball Syntheses™®
bonding sites on the other by restricting rotation about the G

Ca—CH: bond (bond a in Scheme 6). This preorganizing factor o)\NH

resulted in a 10 enhancement in binding affinity for the a N)k
modified mimic above the initial one. 31+20a — H

Locking rotation of the three a bonds can lower the entropic
cosf! of organizing27ainto a 1,3,5eis arrangement by an HN
estimated 4.5 kcal/mdk Accordingly, we used four hindered G/K
spacers 29, 31, 33, 34) for coupling with the acid and amine
modules (Scheme 7). Repetitive bromomethylafiaf 28 gave G
spacer29 and treatment of this tribromide with Nar NaCN o)\o o
provided triazide30 or trinitrile 32,22 respectively. Reduction PN
of 30under Staudinger conditions gave the known trian3ihé&® 29 + 20a
and hydrolysis 0f32 produced the new triaci®3. For the
purpose of preparing a methyl-substituted analogue of monomer
35, we synthesized triamin84 from 29 by treatment with
anhydrous methylamine in a mixture of tetrahydrofuran and
methanol heated at reflux.

Scheme 8 illustrates the condensation of the various spacers
with the appropriate glycoluril modules. Using standard peptide
coupling methods, we obtained triamide monon&ss, 363,
and 38ab in good yields. The monomeid5a and 36a were
prepared by EDC coupling, whereas PyBOP was employed for _
the synthesis of the more hindered mono@a,b. In addition, _NH
triester37a was available from the reaction of tribromi@® G 36a
with the acid module under mildly alkaline conditions. All four
monomers were evaluated for their dimerization and complex-

X
-
ation abilities. o i
(e) Tetravalent Monomers. For access to larger capsules, 344202 b —° T G

we used spacers with more functional groups to connect to

~

N
G/l\ b

suitable glycoluril modules. We chose calix[4]arene and resorcin-

(30) Stack, T. D. P.; Hou, Z.; Raymond, K. 8. Am. Chem. S0d.993 0 38a
115 6466-6467. s
(31) Mammen, M.; Shakhnovich, E. I.; Deutch, J. M.; Whitesides, G. aEDC, HOBt, NE§, DMF. P CsCO;, CH;CN, DMF. ¢ PyBOP,

M. J. Org. Chem199§ 63, 3821-3830. . DIPEA, DMF. G = glycoluril unit (see Scheme 6).
(32) Page, M. I.; Jencks, W. Proc. Natl. Acad. Sci. U.S.A971, 68,
1678-1683.

(33) We are grateful to Prof. Eric Anslyn and Paul M. Thompson who [4]arene scaffolds. Their monomers feature self-complementary

provided us with the synthetic procedure for the triethylated benzene Shapes and recognition surfaces capable of self-assembly to
spacers. symmetric dimeric capsules. Simple PyBOP couplings of
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Scheme 9.Flexiball Syntheses #P
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Figure 3. (A) Full *H NMR spectrum (600 MHz, CDG) of 35a35a
The inset shows the glycoluril NH region for samples containing
monomers (AB5a[dimer35a35a= i], (B) 27aand35a[heterodimer
27a35a=ii], and (C) 35aand36a[dimer 36a36a= iii; heterodimer
35a36a=iv].

41 R=n-CqqHas 42a,¢ R=n-CyHys

apPyBOP,i-PLNEt, CH,Cl,. ® PyBOP, E{N, CHCl,. G = glycoluril
unit (see Scheme 6).

centerpiece8916 and417 with acid module0ac, respectively,
led to the desired monome#a, 423 and42cin good yields
(Scheme 9). However, as in the case of mono2¥erelatively
flexible compound40a did not form discrete dimers (or any
other identifiable assembly) in noncompetitive solvents. Ap-
parently, 40 is trapped in the undesire@,, (pinched cone)
conformation reinforced by intramolecular hydrogen bonding,
as indicated by NMR spectroscopy and molecular modéfing.
The Cy4, (cone) conformation, necessary for dimerization, is not
its preferred conformer. The other more rigid monom@ss
36, 37, 38, and42 were evaluated for their dimerization and
complexation abilities by two different and independent meth-
ods: ™H NMR and electrospray ionization mass spectrometry.

NMR Studies of the Dimerization and Encapsulation
Behavior of Trivalent Monomers. In contrast to monomez7a
the three nevCs, symmetric monomer85a—37awere shown Figure 4. Computed polytube and CPK models of the heterodimer
to exist exclusively as discrete dimers in noncompetitive composed of35(top)-36(bottom), from which the structures of the
solvents® For example, théH NMR spectrum of35ain CDCl; corre_spc_mding homodimers may be inferred (side chains are omitted
(Figure 3A) shows only sharp, concentration-independent for viewing clarity).
resonances (to the limit of detection in our 600 MHz instrument), . .
including a far downfield shift for the glycoluril N. Although reflect the lower rot_atlonal barrier about an ester bond when
twelve rotations (bonds b and c) per dimer must be restricted COMpared to an amide.
in the assemblies, the high binding enthalpy defrays the entropic  In contrast to the behavior of the monom@&sa—374 38a
costs and the capsules assemble. failed to dimerize to the flexibalB8a38a in noncompetitive

An unexpected, but nonetheless welcome, dividend cameSolvents and displayed only very broad features iRHI&NMR
from the use oB5aas a rigid template: it complexed the less Spectrum. In the competitive solvent DM3#9-38adisplayed

rigid monomer27a and formed heterodimet7a35a (Figure a first order'H NMR spectrum. Compoung@5a exists almost
3B) Seeming|y, r|g|d|fy|ng 0n|y one of the monomers a|ready EXC|USiVG|y as the more stakZeZ,Z amide conformation typlcal

is sufficiently favorable to stabilize its capsules. Monorséa, of secondary amides. In contrast, the presence oRtheethyl
with inverted amide connectivity, behaved similarly 36a groups of38anarrows the energy difference between the two

35ain terms of dimerization but showed markedly different amide conformersH and Z) and results in a mixture of
So|ub|||'[y and guest b|nd|ng propertiés‘[’his monomer also conformational isomers. Only one of the elght interconverting
formed a heterodimeBba36a) on mixing with35aas indicated structures is preorganized for assembly, but its concentration is
by H NMR (Figures 3C and 4% Triester37aalso dimerizes  apparently too small to allow for efficient self-assembly3&z:

to form capsulé7a37a although the broadened signal for the 38a Instead,38a exists as a mixture of aggregates, much in
glycoluril NH protons (Figure 5a) indicates that the assembly the same way a&7adoes. The analogous monon@h, which

is more dynamic thaB5a35a or 36a36a37 This might well differs only with respect to the solubilizing side chains, displayed

- — the same behavior.
(34)H NMR spectra in noncompetitive solvents showed numerous A blv of th R8ab tuall hi d
signals for what should be equivalent protons (including several downfield ssembly of the monomer33ab was eventually achieve

glycoluril NH peaks) in aCj, structure. This supports @, pinched cone by heterodimerization in chloroform solution with the flexiball

Sm(lgél;rl?- 10 4.5 keal/mol redt et . monomer35a to give 35a38a and 35a38h. Titration of a

up to 4.5 kcal/mol are required to preorganize free mondar : : : .

into an allcis conformation, each of the dimers arising fr@sa—37awill solut|cin of38ab with 35a res_,ulted In pronounced sharpening

be ~9 kcal/mol more stable thad7a27a of theH NMR spectrum, which remained complex because of
(36) As calculated from peak integrations, the heterodimer and ho-

modimers were statistically distributed upon mixid$& 35a36a36a35a (37) Ester flexiball37a37a also forms heterodimers with the amide

36a= 1:1:2]. flexiballs upon mixing.
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37a+37a
without
guest

37a+37a
with guest
43 BF, .
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Figure 5. *H NMR (600 MHz, CDC}) of triester flexiball37a37a
with ~3 equivalents of added guest (bottom) and without guest (top).
Some signals attributed t43"BF,~ are marked x = free; O =

encapsulated). Integration indicates a 1:1 capsule-to-guest ratio. The

% NMR spectra gave no direct evidence of ,BFencapsulation,

O'Leary et al.
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Figure 6. Full *H NMR spectra (500 MHz, 300 K) of2a42ain (A)
THF-ds, (B) acetoneds, (C) and dichloromethané.

for ester flexiball37a37a sharpen significantly upon encap-
sulating an appropriate guest such as 4att-BF,~ (Figure 5,
Chart 1). Furthermore, two different sets of signals appear for
the added guest, one for the free, uncomplexed guest, and the

although it is likely that both the cation and anion are encapsulated as Other one for an encapsulated guest. The latter signals integrate

ion pairs.

Chart 1. Cationic Guests Employed for Mass Spectrometric
Studies

O... Nﬂ\o C’(\NK\E C’(\NZ\E # \
Ay Uy ey K ‘N\ N
50* 512 522% 532*

the very similar resonances in the two compounds. The down-

field region of the spectrum displayed a broadeneeH\signal

at 9 ppm, which could not be resolved into the two lines that
would be expected of a complex of this type (see Figure 3).
We attribute this observation to the fact t3a&38ais probably

a more loosely bound, dynamic assembly (similaBfe37d).
Clearer evidence for a heterodimer38aand38acame from
the ESI mass spectra (see in a following section).

in a 1:1 ratio with those of the dimeric capsule. The differences
in chemical shifts for signals of free and bound guests are
somewhat smaller as compared to other capsules. However, the
existence of two independent sets does not only provide
evidence for encapsulation but also points to slow exchange on
the NMR time scale.

The centerpiece using the resorcin[4]arene derivatiZe
resulted in discrete dimer formation in typical noncompetitive
solvents, for example, dichloromethadg-benzeneds, toluene-
dgs, xylened;o, or mesitylened;,,° but to our initial surprise,
more competitive solvents such as acetdpand THFds were
also accommodating (Figure 6).

Even so, our hope that2a would heterodimerize with the
less rigid monome#0was not fulfilled. Geometrical differences
between the two monomers and the intramolecular hydrogen
bonding in40 conspired to make heterodimerization unfavor-
able. Unfortunately, heterodimerization experiments wiga
and42c also turned out to be difficult to interpret: evidently,
the chemical and structural differences between the monomers
are too small. In any event, the NMR spectra of equimolar
mixtures of both compounds in acetodger dichloromethane-
dz did not unambiguously show the formation of the desired
heterodimed2a42c The signal crowding with the resonances
of the homodimerg2a42aand42c42cleft no room for clear
interpretation.

The D4y symmetric capsule$2-42 (Figure 7) feature a cavity
of ~0.95 nn¥ (still the largest cavity known for a hydrogen-
bonded dimeric self-assembly to date) with even larger holes
than the smaller capsulé&Fast exchange with benzene, toluene,
or p-xylene was observed in NMR experiments when the

The capsules possess large cavities with approximate volumescorresponding nondeuterated solvents were added: no signals

of 0.5 nn?.38 Sizable holes €60 A?) in the capsule shell

for trapped solvent molecules could be detected. However,

preclude slow exchange encapsulation of molecules the size oflarger, geometrically and chemically complementary guests can

solvents such as CDg&lLarger guests with sizes and shapes

be encapsulated in mesityledg- Specifically, dibenzo-24-

complementary to the cavities give kinetically stable encapsula- crown-8, cryptand[2.2.2] and its alkali (e.GQ"SCN")%° and

tion complexes. For instance, the brotl NMR resonances

(38) All structural models were created using MacroModel v.5.5.

Calculations of cavity volume were performed as described previously

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

earth alkali metal inclusion complexe&1¢+(ClO47), and
5227(ClI7),) were encapsulated in this medium or in acetone-
ds. This was also the case for 2@ipyridine complexes and
1,10-phenanthroline complexes (Figure 8).
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providing information about the elemental composition and the
charge state. If isotopically labeled guests are used, characteristic
mass shifts are observed from which the number of guests and,
indirectly from the mass difference, the number of capsule
monomers in the complex can be deduced. Experiments
described here provide compelling evidence for the structures
of these hostguest complexes in solution. Collision experi-
ments confirm that the capsular structure is retained in the gas
phase.

The capsules presented here differ from those examined
earlier in several aspects that rendered mass spectral charac-
terization more difficult. First, their cavity sizes far surpass those
studied previously by MS and make the identification of suitable
guests challenging. Second, the large molecular masses for these
hosts (up to 3909 amu for monomé2¢) approached or even
exceeded the mass range of our instrument& (< 4000).
Therefore, we chose dicationic guests to lowé ratios within
our detection limit. These guests behaved exactly the same way
monocationic guests do. Third, the modular strategy involves
coupling modules to spacers through single bonds. As a
consequence, these capsules possess larger holes in the capsule
walls and greater flexibility in the binding sites than those in
previous capsules. These features can hasten guest release in
the gas phase and obscure collision experiments, which delivered

~1 additional compelling evidence for a capsular structure of the
2 1

Figure 7. Computed polytube and CPK models of the homodimer
42a42a (side chains are omitted for viewing clarity).

(A)

. ML e JU

X X XX

softballs even in the gas phasé Finally, 35a35a and 36a
36aare isomeric species given their identical elemental com-
position, and37a37a differs by only 6 amu from its amide
analogues. These small mass differences could hinder the
guantitative detection of heterodimers because of poor separation
I ! f ! 1 1 T T of capsular isotope patterns.

Figure 8. 'H NMR (500 MHz, 273 K, acetones) of tetraester flexiball The mass SpeCtlomemC |nvest|gat|o_n W"is carried out with
42a42a (A) without guest and (B) with excess of added guest tris- the guestst3"—4%*, in the form of their BR~ salts, as well
(1,10-phenanthroline)-iron(ll) hexafluorophosphate. Signals attributed &S 51%%(CIO4™)2,%" 522*(Cl"),, and 53%*(Cl7), (Chart 1). As

to the (1,10-phenanthroline)-iron(ll) coordination complex are marked shown in Figure 9m/z ratios corresponding to flexibalB5a

(x = free; O = encapsulated). Integration indicates a 1:1 capsule-to- 353 36a36a and37a37aencapsulating monocationic guest
guest ratio. 44+ were detected at the far limit (Figure 94C). Similarly,

43" gave clean mass spectra. In fact, the only intense signals

In summary, there are three unambiguous pieces of eV'dencecorrespond to 1:1 complexes of flexiballs to guest, that is,

for the formation of capsules rather than unspecific aggregates A4+ @35a35a] (m/z = 3990) [44+@36a36al (mVz = 3990

from *H NMR experiments. These hold for the trivalent as well <[';1nd [%4*5372]3(7a]z(m/2 _ %é[%)gA \?erya;iinilgr result )|s

as the tetravalent glyc_olu_rils: (@) sharp and _Concentratic_m found for complexes containing doubly chargégf*. Well
independent spectra indicating the formation of discrete SPECIES, \ithin our detection window, these base peaks correspond to

(i) the Tormation of heterodimeric assemblies, (iii)) guest [492* @35235a] (M/z = 2097),[4%2* @36a36a] (M/z = 2097),
encapsulation. and[492T@37a37a] (m'z = 2100). Some ions of low abun-

. E.SI'.MS Experlments.EarIu_er, we descn?ed an electrospray dance are detected which correspond to the protonated mono-
ionization mass spectrometric (ESI-M%)*! protocol for the mers and monomerguest complexes

structural characterization of capsules containing quaternary The dicationic guestd5?*—4%+ are not soluble enough in

ammonium ions as guest®d These complexes are easily CHCH f in th tudies. Theref ¢ h
electrosprayed from noncompetitive solvents, such as chloro- s for US€ In these studies. 1heretore, acelone was chosen
form, methylene chloride, or the moderately competitive as the solvent for their phara_ctenzqnon_. The measured isotope
acetone, and can be characterized by isotope pattern analysié)aﬁems of th? capsule ions (insets in Figure 9? are not resolved
Ihto separate isotope peaks. These cannot be ions with only one

(39) For reviews on ESI-MS, see: (a) Fenn, J. B.; Mann, M.; Meng, C.

K.; Wong, S. F.; Whitehouse, C. Mdass Spectrom. Re199Q 9, 37. (b) (41) For examples of MS studies on hydrogen-bonded supramolecular
Kebarle, P.; Tang, LAnal. Chem.1993 65, 972A. (c) Gaskell, S. 1. complexes, see: (a) Russell, K. C.; Leize, E.; Van Dorsselaer, A.; Lehn,
Mass Spectrom1997 32, 677. (d) Electrospray lonization Mass Spec-  J.-M.Angew. Chem., Int. Ed. Endl995 34, 209. (b) Cheng, X.; Gao, Q.;
trometry, Cole, R. B., Ed.; Wiley: New York, 1997. Smith, R. D.; Simanek, E. E.; Mammen, M.; Whitesides, G. MOrg.

(40) For a selection of reviews on the application of MS to noncovalent Chem.1996 61, 2204. (c) Jolliffe, K. A.; Crego Calama, M.; Fokkens, R.;
interactions, see: (a) Vincenti, M. Mass Spectronl995 30, 925. (b) Nibbering, N. M. M.; Timmerman, P.; Reinhoudt, D. Rngew. Chem.,
Przybylski, M.; Glocker, M. OAngew. Chem., Int. Ed. Engl996 35, Int. Ed. Engl.1998 37, 1247. (d) Scherer, M.; Sessler, J. L.; Moini, M.;
806. (c) Brodbelt, J. S.; Dearden, D. V. Gomprehensie Supramolecular Gebauer, A.; Lynch, VChem—Eur. J.1998 4, 152. (e) Timmerman, P.;
Chemistry Atwood, J. L., Davies, J. E. D., MacNicol, D. D.,gte, F., Jolliffe, K. A.; Crego Calama, M.; Weidman, J.-L.; Prins, L. J.; Cardullo,

Lehn, J.-M., Eds.; Pergamon Press: Oxford, 1996; vol. 8, p 567. (d) Smith, F.; Snellink-Rtig B. H. M.; Fokkens, R. H.; Nibbering, N. M. M.; Shinkai,
R. D.; Bruce, J. E.; Wu, Q.; Lei, Q. Ehem. Soc. Re 1997, 26, 191. (e) S.; Reinhoudt, D. NChem—Eur. J.200Q 6, 4104-4115.

Loo, J. A.Mass Spectrom. Re1997 16, 1-23. (f) Vincenti, M.; Irico, (42) The following nomenclature has been employgd3™@24-24]
A.; Dalcanale, EAdv. Mass Spectronl998 14, 129-150. (g) Veenstra, means that guest iofB8" is encapsulated (indicated by the “@” sign) within
T. D. Biophys. Chem1999 79, 63—79. (h) Schalley, C. Alnt. J. Mass the dimer of flexiball24-24. In contrast[43"-24] indicates tha#t3" and
Spectrom200Q 194, 11-39. 24 form a complex with a structure which is not further specified.
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Figure 9. ESI mass spectra of CH{3olutions of44t BF,~ (75 uM)

as the guest salt with (A35a (50 uM), (B) 36a (50 uM), and (C)37a
(50uM) (m'z= 1900-4000 amu) and acetone solutionsA6f (BF4™).
(75uM) as the guest salt with (085a (50 uM), (E) 36a (50 uM), and

(F) 37a (50 uM) (m/z = 1000-2150 amu). The insets show the
measured isotope patterns together with those calculated on the basis
of natural abundances for the dicationic capsuielz & 2093-2108 JJ
amu). ekl
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[49* @37a+37a]
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[52> @42a+42a] mz
m/z 3730 Figure 11. ESI mass spectra of acetone solutiongd &t (BF, ). (75

uM) as the guest salt with (A35a (25 uM) and37a(25uM) and (B)

36a(25uM) and37a(25uM) (m/z= 1000-2150). The insets compare

the measured isotope pattern with those calculated for either a 1:1

mixture of the two homodimers or a statistical 1:2:1 ratio of the homo-

and heterodimers.

overlap. Furthermore, the heterodimer is expected to appear
[42asNa’] between the two homodimers and could complicate its detection.
m/z 3467 Comparison of the measured signal shapes of ions sprayed from
[52° 42a] acetone solutions containing equimolar amoun®5afand37a
m/z 2008 (Figure 7A) or36aand 37a (Figure 7B), however, reveals a
good fit with the isotope patterns calculated for a 1:2:1 ratio of
the homo- and heterodimers. In contrast, the patterns calculated
for the two homodimers alone do not fit at all. This provides
qualitative evidence for the formation of heterodimers and is

m/z

Figure 10. ESI mass spectra of acetone solutions58f (Cl-), as expected to reflect the statistical distribution found in solu#fon
the guest salt (7.5« 107> M) (m/z = 1000-4000 amu). Guests  for these complexes. Similarly, in the mass spectrum of a
42T —4P* 512t and52?" give similar spectra. mixture of 42a and 42c with guest512*, the heterodimer

[512*@42a42c] (m'z= 3910) could be seen. NMR experiments
charge, because monocations in this mass range could easilysuggested, but did not reveal, clear-cut evidence for formation
be separated with the resolving powengfAm~ 2000 provided of a heterodimer fron35aand38a The mass spectra obtained
by the instrument. In addition, the measured curve fits beauti- from a mixture of these two monomers with gud$é+*BF,~
fully the intensities calculated for the doubly charged complexes clearly showed signals for the two expected assemblies
on the basis of natural isotope abundances, an indication for[49°*@35a35a] and [49?*@35a38a]. As anticipated by the
the correct composition of the ions. Essentially the same resultsNMR experiments, only a very weak signal fp#92 @38a
were obtained for the tetraester dird@e423 where complexes  38a] was detected. The destabilizing tendency cause@8ay
containing doubly chargetB?, 48+, 49+, 512+, 522+ or 53+ is also reflected in the much lower signal intensity for
could be observed (Figure 10). [49°T@35a38a] as compared to the homodim@9?+ @35a

Two experiments provide evidence of the hydrogen-bonded 35a).

nature of these capsules. First, addition of highly competitive  To explore the nature of these hesjuest complexes in
solvents to the sample solutions disrupts the assemblies. Forsolution, we performed competition experiments with doubly
example, upon addition of methanol, new signals appear for charged ammonium io$5**—49*" and their binding to ester
the protonated monomers and dimers at the expense of theflexiball 37a37a The structural similarity of these guests should
capsule signals. The proton-bridged dimer does not contain aresult in similar properties if nonspecific binding occurs.
guest suggesting an unspecific structure other than capsularHowever, selectivity in guest binding would indicate that the
Second, heterodimers can be detected by MS (Figure 11).guests are encapsulated within the cavity of the capsules. While
Because of the small mass differenceAsfVz = 3 for doubly guest selectivity was observed for these systems in the order of
charged492@35a35a] or [492*@36a36a] as compared to 45" < 462 < 472F < 48T < 4%, it was less pronounced
[492*@37a37a), the isotope patterns of the homodimers than thatin previously studied capsulé&or instance, the best
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guest49T, is only about 15 times better tha#?*. In view of building blocks, there is a tool kit in hand that permits a greater
the flexibility of the capsule monomer, this result is not range of cavity volumes and shapes to be fashioned. The cavity
surprising. As supported by molecular modelfddghe capsule volumes of the capsules described in this paper range between
can adapt to the shape of guests and can accommodate eve@.45 and 0.95 nfm The capsules have been thoroughly
large guests such a2 or 48*" in a significantly deformed characterized by NMR and MS experiments, two independent
capsule. In the series afalkyl substituted paraquat salt&?" but complementary methods. As reported before for other
and 462" are too small to be good guests alone and require capsules with different hydrogen bonding patteffthe results
solvent molecules to be coencapsulated with them. While they from both methods are in complete agreement.
bear appropriate lengths, their small widths preclude sufficient A second aspect of note is the presence of functionality, for
van der Waals contacts with the capsule walls. Surprisingly, example, the secondary amide protons of flexilBal, inside
the longn-heptyl side chains featured B&** do not hamper  the cavity. The synthetic strategy offers some flexibility as to
the assembly. On the contrary, their presence seems to be quitgvhich functionality appears at what position. For example,
favorable. Modeling suggests two possible scenarios for en- monomerd5aexposes hydrogen bond donors to the cavity while
capsulation o#4%**. The side chains might fold in yielding a its inverted analogug6aprovides acceptors. This may well be
shape more congruent with that of the cavity tA&" or 46>+ the reason for the striking differences in their guest selectfvity.
and filling the space inside the cavity more favorably. However, Removal of these NH protons in ester flexibalfa and the
several degrees of rotational freedom would be restricted, which modulation of the cavity volume by alkylating the amides with
makes this model less likely from an entropic standpoint. methyl groups further support the concept.
Alternatively, the side chains can easily fit through the large  The flexiballs are also good examples of the contributions
holes in the capsule walls. Regardless of which mode operates uf entropy to self-assembly. Unspecific aggregatio@td27a
the size selectivity observed in these experiments, althoughgng the formation of heterodimeric capsules frafmand35a
modest, points to a capsular structure and strongly supports théjemonstrate how close these systems are to the thin borderline
solution phase studies. _ between ordered self-assembly and chaotic aggregation: Freez-
Like the NMR experiments, the mass spectrometric results jng only 3 out of 18 otherwise freely rotating single bonds is
strongly point to the formation of dimeric capsular complexes. gyficient to ensure assembly. Similarly, the entropic influences
One might argue that unspecific aggregates are often formedt the rotational barrier of esters versus amides and the relative
in electrospray ionization mass spectrometric experiments. energies of th& andZ conformers of tertiary versus secondary
Indeed, in the control experiments with methanol added to our 5mides are exposed through the NMR and mass spectra. An
sample solutions such unspecific dimers are indeed observedgna|ogous effect has been observed for the calixarene- and
However, the unspecific aggregates never carried a guest i0nyesorcinarene-based flexiball® and42. The calixarene scaffold
but rather were proton-bridged complexes. Furthermore, no of 40is less restricted and can adopt a pinched cone conforma-
dimer—guest complexes can be detected by mass spectrometryion that hampers dimerization; the resorcinardi®ehas an
which do not also assemble in solution: The mass spectrometriCenforced cone conformation and assembles nicely in solution.
results exactly parallel the NMR data. The methods are
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