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Molecular recognition and self-assembly in aqueous solution have
experienced rapid growth in recent years. The use of a-, -, and y-cyclodextrins,
calixarenes, and cyclophanes have served as the platforms for molecular recognition
in aqueous solution. Recently, the investigation of an alternative platform based on
cucurbituril has become the focus of several research groups. The rigid structure and
capability of forming complexes with molecules and ions through hydrophobic, ion-
dipole and hydrogen-bonding interactions make cucurbituril an attractive candidate as
a synthetic receptor as well as a building block for the construction of supramolecular

architectures.

However, before cucurbituril can be used to supplant the more common
platforms as the molecule of choice for molecular recognition and self-assembly in
aqueous solution, several advances must be made: 1) cucurbiturils must become
available in a variety of sizes, 2) their solubility must be improved, and 3) synthetic
procedures must be advanced to include the ability to selectively generate specific

cucurbituril homologues, derivatives, and analogues.



Herein, the synthesis of cucurbit[n]uril analogues is presented with control
over their size, shape, and solubility. These CB[5], CB[6], and CB[7] analogues all
contain bis(phthalhydrazide) walls which are incorporated into the macrocycle. The
tailor-made synthesis of these CB[n] analogues proceeds by the condensation of the
appropriate bis(electrophile) with bis(phthalhydrazide) which delivers the CB[6] and
CBJ7] analogues in good yield whereas the CB[5] analogue is formed in low yield.
To help rationalize the high yields obtained in these macrocyclization reactions, we

performed mechanistic studies of model methylene bridged glycoluril dimers.

The molecular recognition properties of a water soluble cucurbit[6]uril
analogue in aqueous buffer toward a variety of guests including alkanediamines,
aromatics, amino acids, and nucleobases were studied by fluorescence spectroscopy.
For the alkanediamines studied, as the length of the alkane is increased between the
amines, the association constants also increase. The CB[6] analogue is capable of
forming strong complexes with guests containing aromatic rings with association
constants (K,) ranging from 10 to 10° M"' due to the favorable n- interactions that
occur between the host and the aromatic portion of the guest while encapsulated in its

hydrophobic cavity.
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I. Chapter 1: Cucurbit[6]uril and Its Homologues

1.1 Introduction

In 1905 — contemporaneous with the pioneering work of Schardinger on the
cyclodextrins — Behrend reported that the condensation of glycoluril and
formaldehyde in concentrated HCI yields an insoluble polymeric substance now

known as Behrend’s polymer.! Behrend was able to obtain a crystalline substance in
good yield (40 — 70%) by recrystallization from concentrated H,SO, and

demonstrated its ability to form co-crystals (complexes) with a variety of substances
including KMnO,4, AgNO3, H,PtCls, NaAuCly, Congo Red and Methylene Blue. The
constitution of this substance remained unclear until 1981 when Mock reinvestigated
Behrend’s report and disclosed the remarkable macrocyclic structure comprising six
glycoluril units and twelve methylene bridges and dubbed it cucurbituril in
recognition of its resemblance to a pumpkin which is a prominent member of the
cucurbitaceae family (Figure 1).> We refer to cucurbituril as cucurbit[6]uril and
abbreviate this as CB[6] to distinguish it from cucurbit[n]uril (CB[n]) homologues

containing a different number of glycoluril units.

N A
NN NN
N

0O "0 ©Oo

(

cucurbit[6]uril (CB[6])

Figure 1. Chemical structure of CB[6] along with side and top views of a space

filling model. Color coding: C gray, H white, N blue, O red.



In contrast to the host-guest chemistry of a-, -, and y-cyclodextrin which has
developed steadily over the past century, the supramolecular chemistry of CB[6] only
began to develop in the 1980’s and 1990’s due to the pioneering work of Mock,’
Buschmann,’ and Kim.™® Interest in the CB[n] family has increased dramatically in
the new millennium following the preparation of four new CB[n] homologues
(CBJ[5], CB[7], CB[8], and CB[10]*CB[5]) by the groups of Kim and Day.7'9 CBJ5]
— CBJ8] are now even commercially available. This increase in interest in the CB[n]
family correlates with the great advances in many areas of fundamental and applied
science — chemistry, biology, materials science, and nanotechnology — that rely on the
ability to employ and control non-covalent interactions between molecules.

Consequently, CB[6] and the CB[n] family has been the focus of numerous

3,5,6,10-29 21,30-43

reviews and the subject of a number of patents.

The pioneering work of Lehn, Cram, and Pedersen brought host-guest and
supramolecular chemistry to the forefront of contemporary science.”**®  The
scientific insights gained from fundamental studies of non-covalent interactions have
been of practical value in a wide range of applications including chromatographic
stationary phases, sequestration of contaminants from solution, and the development
of catalysts, chemical sensors, and new drugs. All of these applications require the

availability of low molecular weight receptors,’’*’ natural or non-natural oligomers

50,51 52-54

and polymers, or solid state materials that interact with their analytes in high
affinity, highly selective binding processes. In response, supramolecular chemists

have designed, synthesized, and evaluated the recognition properties of a wide variety



of non-natural receptors — including cyclodextrins, calixarenes, cyclophanes, crown
ethers, and many others — that display remarkable affinity and selectivity (Figure
2).*7% Amongst these non-natural receptors, a-, -, and y-cyclodextrin remain the
recognition platform of choice for industrial applications — despite a range of
potential limitations which include low affinity, low selectivity, and challenges in
their selective functionalization — because they are commercially available and

inexpensive.

H
o 2
o "oHo— O 0o o
O”/on OH HOL - [ j 18-crown-6
HO HO 0 0

o)
oOH a-CD (n=0) 4§ O
OH BCD(n=1) CH tBu tBu
o y-CD (n =2) e t—Bu f _ tBu
Ho~ L @H 0 ot/

$
OH HO 0000
OH\HO, HH HH
0 0r<4 OH
HO calix[4]arene

Figure 2. Chemical structures of a.-, -, and y-cyclodextrin, 18-crown-6, and a

calix[4]arene.

In this chapter, we trace the development of the supramolecular chemistry of
CBJ6] from its early days when it was plagued by issues including poor solubility in
aqueous and organic media, a lack of a homologous series of different sized hosts
(e.g. CB[n]), and an inability to access CB[n] derivatives and analogues by tailor-
made synthetic procedures to the present day when the CB[n] family is emerging as a
premiere platform for fundamental and applied molecular recognition and self-
assembly studies. We, and others, believe that the CB[n] family is even poised to
compete with the cyclodextrins as the platform of choice in industrial-scale

applications. Today, the CB[n] family has overcome all of these early issues and



currently possesses a confluence of properties that suggest their high potential in
nanotechnology as components of molecular machines. These properties now
include: 1) commercial availability in four different sizes, 2) high affinity binding
interactions, 3) high selectivity of binding, 4) synthetic control over size, shape, and
functional group placement, 5) high structural integrity, 6) solubility in both organic
and aqueous solution, and 7) control over the molecular recognition processes by
suitable electrochemical, photochemical, and chemical stimuli.

The organization of this chapter is as follows. First, we begin with a
discussion of the synthesis of CB[n] and review some of their fundamental chemical
and physical properties. Second, we present the recognition properties of the CB[n]
family. In this section we emphasize the behavior of the most widely studied
cucurbit[n]uril, CB[6], with an emphasis on those aspects of its recognition behavior
— protonation, metal binding, selectivity based on size, shape and charge, and the
mechanism of binding — that are likely to apply universally to the CB[n] family.
Third, we discuss the use of chemical, photochemical, and electrochemical stimuli to
control recognition processes within CB[n]. Finally, we discuss some applications of
the CB[n] family in areas including catalysis, self-assembled monolayers, waste

stream remediation, DNA binding, and gene transfection.

1.2 Synthesis of CB[n]

In the condensation of glycoluril (I-1) and formaldehyde, neither Behrend nor
Mock detected any macrocyclic compounds (homologues) composed of a different

number of glycoluril rings (e.g. CB[5], CB[7], and CB[8]). It was not until nearly 20



years later when this reaction was conducted under milder, kinetically controlled

conditions by the groups of Kim and Day that CB[5] — CB[8] and CB[5]@CB[10]

were detected and isolated (Scheme 1).*°

a) CH,0, HCI, heat
b) H,SO,

2
N° NH
——{=H
N.__NH

1
T

ITT

I-1
a) CH,0, HCI, 100° C

18 h

Scheme 1. Synthesis of CB[6] under forcing conditions and a mixture of CB[5] —

CB[10] under milder conditions.

1.3 Fundamental Properties of CB[n]

The section highlights several of the fundamental physical and chemical

properties of the CB[n] family.

1.3.1 Dimensions

CBJ[5] — CBJ[10] are cyclic methylene bridged glycoluril oligomers whose
shape resembles a pumpkin. Figure 3 shows the X-ray crystal structures for CB[5],
CBJ6], CB[7], CB[8], and CB[5]@CB[10]. The cavity of CB[6] in the solid state

contains three H-bonded H,O molecules which can be released upon guest binding.



The defining features of CB[5] — CB[10] are their two ureidyl-carbonyl rimmed
portals that provide entry to their hydrophobic cavity.”® Similar to the cyclodextrins,
the various CB[n] have a common depth (9.1 A), but their equatorial widths, annular
widths, and volumes vary systematically with ring size (Table 1). Note that the
portals guarding the entry to CB[n] are =~ 2 A narrower than the cavity itself. These
narrow portals result in constrictive binding that produce significant steric barriers to
guest association and dissociation.”” The cavity sizes available in the CB[n] family

span and exceed those available with the cyclodextrins (Table 1).

CB[10]@CB[s]

s

\
. G -(—(Af ,]r-(J-.\’ A A
N ¢ g \‘/.":"r_L W A

! 4
o v — N R
7y =X ‘—‘, .u>

Figure 3. Top and side views of the X-ray crystal structures of CB[5],” CB[6],>

CB[7],” CB[8],” and CB[5]@CB[10].” The various CB[n] are drawn to scale.



Table 1: Dimensions and physical properties of CB[n] and the cyclodextrins.

MW a b c Volume | Solubility | Stability pK,
A A A @A) | HO, | (0
mM)
CB[5] | 830 | 24° | 44> | 9.1° 82’ 20-30" | >420° -
CB[6] | 996 | 3.9° | 58 [ 9.1° | 164 0.018° | 425 3.02%
CB[7] | 1163 | 54° | 73> | 9.1° | 279 | 20-30° | 370° -
CB[8] | 1329 ] 6.9° | 88 | 9.1° | 479 <0.01° | >420° -
CB[10]” | 1661 | 9.0- | 10.7- | 9.1 — - - -

11.0 | 12.6
a-CD | 972 | 4.7 | 53% [ 7.9° | 174" 149°! 297% | 12.332°
B-CD | 1135 | 6.0°" | 6.5°" | 7.9°" | 262° 16" 314% | 12.202°
v-CD | 1297 | 7.5°" | 8.3%" [ 7.9° | 427% 178" 293% | 12.081°

a) The values quoted for a, b, and ¢ for CB[n] taken into account the van der Waals

radii of the relevant atoms, b) Determined from the X-ray structure of the

CB[5]@CB[10] complex’.

1.3.2  Solubility, Acidity, and Stability

One of the potential limitations of the CB[n] family is their relatively poor

solubility in water; CB[6] and CBJ[8] are essentially insoluble, whereas CB[5] and

CB[7] possess modest and excellent solubility in water, respectively (Table 1). The

solubility of the CB[n] family is generally lower than the cyclodextrins. Just like urea




itself, however, the carbonyl-lined portals of CB[n] are weak bases; the pK, of the
conjugate acid of CB[6] is 3.02. Although the pK, values for CB[5], CB[7], and
CB[8] have not been measured, they are likely to be similar to CB[6]. Accordingly,
the solubility of CB[5] — CBJ[8] increase dramatically in concentrated aqueous acid
(e.g. CB[6] = 61 mM in 1:1 ag. HCO,H; CB[5] = 60 mM, CB[7] = 700 mM, and
CB[8] = 1.5 mM in 3 M HCI).”** One of the outstanding features of CB[5] — CBJ8]
is their high thermal stability measured by thermal gravimetric analysis which

exceeds 370 °C in all cases.

1.3.3 Electrostatic Potential

Electrostatic effects can play a crucial role in molecular recognition events in
both aqueous and organic solution.® Figure 4 shows the electrostatic potentials of
B-CD and CBJ[7]. Obviously, the electrostatic potential at the portals and within the
cavity of CB[7] is significantly more negative than B-CD. This difference in
electrostatic potential has significant consequences for their recognition behavior; the
CBJn] exhibit a pronounced preference to interact with cationic rather than neutral or
anionic guests whereas $-CD prefers to bind to neutral or anionic rather than cationic

guests.



Figure 4. Electrostatic potential maps for a) 3-CD and b) CB[7]. The red to blue

color range spans —80 to 40 kcal mol™. Adapted from Kim and co-workers.’

1.4 Host-Guest Chemistry of CB[6]

This section compares and contrasts the recognition properties of CB[6] with
a-CD and 18-crown-6 and presents a series of lessons learned from CB[6] chemistry

that can be generalized to the CB[n] family.

1.4.1 A Brief Comparison of CB[6], a-, -, and y-Cyclodextrin, and

18-Crown-6 Complexation Thermodynamics

Houk recently reviewed the binding affinities for a wide variety of systems
including synthetic host-guest, antibody-antigen, receptor-drug, and enzyme-substrate

complexes.®” The average binding affinity for 1257 a-, B-, and y-CD complexes® (K,

M™) is an order of magnitude smaller and more narrowly distributed than
when 973 synthetic host-guest pairs in water are considered (K, = 107 M. A
similar analysis using the 56 CB[6]sguest pairs reported by Mock®™ yields K, =

10°>%1° M. Table 2 compares the affinity of a-CD and CB[6] toward a series of



alcohols; the alcohols are modest guests for both hosts. Despite its preference to
interact with positively charged guests (vide infra), CB[6] binds more tightly to the
alcohols (except hexanol) than does a-CD although it does so in a non-selective
manner. In general, CB[6] binds with higher affinity and higher selectivity toward its
guest than do the cyclodextrins. A similar comparison between the affinity of CB[6]
and 18-crown-6 toward several monovalent and divalent cations is given in Table 3.
CBJ6] shows higher affinity than 18-crown-6 toward all cations except Ba®*" whose
radius is a good match for the cavity of 18-crown-6. These examples are intended to
illustrate that the binding ability of CB[6] generally equals or exceeds those of other

well known host molecules like cyclodextrins and crown ethers.

Table 2: Calorimetrically determined log K, values for CB[6] (1:1 HCO,H:H,0, 25

°C) and a-CD (H,0) binding to alcohols.”""!

CH;CH,OH | CH;(CH,),0H | CH3(CH,);0H | CH3(CH,),OH | CH3(CH,)sOH
CBI6] 2.64 2.61 2.53 2.73 2.71
a-CD 0.99 1.46 1.91 251 2.90
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Table 3: Calorimetrically determined log K, values for CB[6] (1:1 HCO,H:H,0, 25

°C) and 18-crown-6 with monovalent and divalent cations and for Ba”" as a function

63,72
of solvent composition.

HCO,H:H,0 | Li" | Na* | K* | Rb" | Ca* Sr* Ba”"

CB[6] 50:50 238 | 323 | 279 | 268 | 2.80 3.18 2.83
40:60 3.50

30:70 4.13

2575 4.39

0:100 5.23

18-C-6 0:100 — | 080 | 203|156 | <05 | 272 3.87

1.4.2 Lessons Learned from CB[6]

Compared to CB[6] which recently celebrated its 100" birthday, the
supramolecular chemistry of the 5 year-olds CB[5], CB[7], CB[8&], and CB[10] are
relatively undeveloped. While these CB[n] homologues promise much new
chemistry, many of the basic lessons learned in studies of CB[6] can, we hypothesize,
be transferred to CB[n]. This section presents those lessons from a largely
mechanistic viewpoint. Accordingly, Scheme 2 depicts a comprehensive mechanism

for the interaction of CB[6] with protons, metal ions, amines, and ammonium ions.

11
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Scheme 2. Comprehensive mechanistic scheme for CB[6] recognition chemistry.
Arrow color coding: Red: protonation, Blue: cation binding, Green: ammonium ion

binding, Aqua: amine binding.

1.4.3 CBJ6] Binds Protons at its Carbonyl Lined Portals

As mentioned above, CB[6] is a weak base that can be protonated in
moderately acidic media (pK, = 3.02). Accordingly, when binding studies are
conducted with CB[6] in strongly acidic media (e.g. 1:1 HCO,H:H,0) H" competes
with guest binding (Scheme 2, red equilibria). Comparisons between binding

constants measured in different media must, therefore, be treated with caution.

1.4.4 CBJ6] Binds Metal Ions at its Carbonyl Lined Portals

Given that CB[6] binds H' at its ureidyl carbonyl portals, it is perhaps
unsurprising that CB[6] also binds alkali metal, alkaline earth, transition metal, and

. . . . 11 o 4,60,63,64,73-76
lanthanide cations in homogenous solution (Scheme 2, blue equilibria). %+~
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Table 3 shows the binding constants determined by Buschmann for CB[6] with a
variety of monovalent and divalent cations. Selectivity between the different cations
is less than 10-fold. The low selectivity observed and the lack of a simple trend in
log K, values is attributed to a mismatch between the ionic radii of cations and the
annular radius of the relatively rigid CB[6] ionophore (1.95 A). The metal binding
equilibria (Scheme 2, blue equilibria) are in competition with protonation (red
equilibrium). Accordingly, as the acidity of the solution is increased the observed
log K, values for metal binding should decrease. Table 3 documents the 2.4 unit
decrease in log K, observed for CB[6]*Ba>" upon changing the medium from water to

50:50 water:HCO,H.

1.4.5 CBJ6] Binds Preferentially to Positively Charged Organic Guests

Driven by Ion-Dipole Interactions

In their pioneering work, Mock and co-workers observed that alkylammonium
ions bind tightly to CB[6] in 1:1 aq. HCO,H and measured binding constants ranging
from 10" — 10’ M by a series of 'H NMR competition experiments, a selection of
which (NHj3, and I-2 — I-14) are given in Table 4 29777 Buschmann and co-workers
have measured the corresponding thermodynamic parameters (AH and AS).* Mock’s
experiments were facilitated by two unusual characteristics of host-guest complexes
of CB[6]. First, the interior of CB[6] constitutes a 'H NMR shielding region and
upfield shifts of 1 ppm are common; the regions just outside the carbonyl portals are

weakly deshielding. Second, dynamic exchange processes between free and bound

13



guest are often slow on the chemical shift time scale allowing a direct observation of
free and bound guest simultaneously. To establish the importance of ion-dipole
interactions relative to hydrogen bonds in the formation of CB[6] complexes (Figure
5), Mock considered the relative binding affinities of I-2 — I-4 (Table 4, entries 2 — 4).
“Formal replacement of the terminal hydrogen of n-hexylamine with another amino
group enhances binding 1200-fold. ... However, replacement of this hydrogen by a
hydroxyl group contributes nothing to the stabilization of the complex. ... While the
alcohol (and ammonium ions) may be hydrogen bonded in the complex, in the
absence of CB[6] they would also be fully hydrogen bonded. ... The consequential
feature of ammonium ions is that they are charged. ... Hence, it is our understanding
that the high specificity for ammonium ions is largely an electrostatic ion-dipole

. 69
attraction.”

The preference of CB[6] for charged guests will transfer to the other
CBJ[n], but the relative importance of electrostatic interactions versus the hydrophobic
effect may change as cavity size increases. Blatov recently developed a

computational technique based on crystallographic data to identify good guests for

each member of the CB[n] family.*'
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Table 4: Association constants measured for CB[6] with a variety of amines in 1:1

H,O:HCO;H at 40 °C.

Entry Amine K, (M)
1 NH; 83
2 H,N(CH,)H (I-2) 2300
3 H,N(CH,)sOH (I-3) 1200
4 H,N(CH,)sNH, (I-4) 2800000
5 ¢-(CH,),CHCH,NH, (I-5) 15000
6 ¢-(CH,);CHCH,NH, (I-6) 370000
7 ¢-(CH,)4CHCH,NH, (I-7) 330000
8 ¢c~(CH,)sCHCH,NH, (I-8) 80”, 110000
9 4-MeC¢H4CH,NH, (1-9) 320
10 3-MeCoH,CH,NH, (I-10) n.d.
11 2-MeC¢H4CH,NH, (I-11) n.d.
12 H,N(CH,)sNH, (I-12) 2400000
13 H,N(CH,),S(CH,),NH, (I-13) 420000
14 H,N(CH,),0(CH,),NH, (I-14) 5300

a)**, b) Measured for the hydrochloride salt in D,0.”” n.d. = no binding detected.
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Figure 5. Depiction of the different binding regions of CB[6] and the geometry of

the complex between CB[6] and hexanediammonium.

1.4.6 CBJ[6] Displays Length, Size, Shape and Functional Group Selectivity

The relative rigidity of CB[6] and the close juxtaposition of two binding
regions that favor positively charged groups with one that favors hydrophobic
residues imparts high selectivity to CB[6] binding processes (Figure 5). For example,
Mock found that alkylamines and alkanediamines exhibit length dependent selectivity
for CB[6]. Figure 6 shows a plot of log K, versus chain length. CBJ[6] prefers
butylamine relative to propylamine (8-fold) and pentylamine (4-fold) whereas
1,5-pentanediamine and 1,6-hexanediamine are preferentially bound relative to
1,4-butanediamine (15-fold) and 1,7-heptanediamine (64-fold). These high
selectivities have been used to construct molecular switches (vide infra). CB[6] is
also size selective. For example, CB[6] forms tight complexes with I-6 and I-7
whereas the 3- and 6-membered ring analogs I-5 and I-8 are rejected by CB[6] (Table
4, entries 5 — 8). Similarly, CB[6] selects guests based on shape. For example, even
though I-7 and I-9 have similar included volumes (86 A® versus 89 A?), the former
binds 1000-fold more tightly (Table 4, entries 7 and 9).”" Similarly, I-9 is included

within CB[6] whereas the ortho and meta isomers I-10 and I-11 are not bound (Table



4, entries 9 — 11). Lastly, CB[6] displays functional group selectivity. For example,
I-12 binds 6-fold more tightly than I-13 which in turn binds 79-fold more tightly than
I-14 (Table 4, entries 12 — 14). Mock attributes this trend “to a solvation effect
operating primarily on the uncomplexed guest; oxygen has greater intrinsic
hydrophilicity than does sulfur, and a methylene group is more hydrophobic than is a

thioether linkage.”®

7.0+
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LogK /M
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Figure 6. Plot of binding constant (log K;) versus chain length (n) for H(CH,),NH;"

(0) and "H3N(CH,),NH;" (A).

1.4.7 The Recognition Properties of CB[6] Can Be Conveniently Studied in

Saline Solution

One of the major challenges that has faced the CB[n] family is their poor
solubility in aqueous and organic solution. For this reason, the majority of
quantitative studies of binding with CB[6] have used 1:1 aq. HCO,H as solvent. As

early as 1992, it was known that CB[6] binds to alkali and alkaline earth cations in
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% It was not until 1996,

pure water and increases its concentration at saturation.’
however, when Kim’s group reported that the solubilization of CB[6] in aqueous
saline solution allows the study of guest binding in neutral water that the full
importance of this discovery was realized.® For example, the solubility of CB[6]
increases dramatically in 0.2 M Na,SO,4 (66 mM), LiCl (0.94 mM), KCI (37 mM),
CsCl (59 mM), and CaCl, (70 mM). The X-ray crystal structure of
CBJ[6]*Nay*(H,0);7¢(SO4),*THF revealed that the sodium ions act as lids that result in
the encapsulation of THF (Scheme 3). Even more remarkably, the addition of
CF3CO,H releases THF from the CB[6]*THF complex (K, = 510 M) by competitive
binding;** the process can be reversed by the addition of Na,COs. In a related paper,
Kim showed that the lids are not merely innocent bystanders; Cs™ lidded CB[6]
actively participates in the binding of THF by cesium—oxygen coordination
interactions. Despite the reduced binding constants due to competition present with
metal ions in solution, these pioneering studies showed that CB[n] supramolecular
chemistry would not be limited to strongly acidic conditions. Currently, many
workers employ the hydrochloride salts of suitable guests for their investigations
since the resulting complexes are rendered water soluble in the absence of competing

H orM".

Scheme 3. Lidding and delidding of CB[6]. Legend: blue sphere, THF; green

hemispheres, Na', black wedges, H,O.
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1.5 Host-Guest Properties of the Individual Homologues

1.5.1 CB[5] and Me;oCB[5]

Me1ooB[5] (n = O)

The supramolecular chemistry of CB[5] and Me(CB[5]*® (vide infra) is
controlled by the narrow carbonyl lined portals which provide entry to a cavity of low

volume. Consequently, much of the supramolecular chemistry of CB[5] has been

limited to proton, metal, and ammonium binding at their portals.®*®>7>747687

Bradshaw, Izatt, and co-workers studied the ability of Me;¢CB[5] in 1:1 aq. HCO,H
to bind monovalent and divalent cations and found a remarkably high selectivity

toward Pb>" (> 10°°).”° Somewhat surprisingly, CB[5] itself does not display a

73

similar Pb*" selectivity.”” CBJ[5] and Me;(CB[5] form weak host-guest complexes

with a-, B-, and y-cyclodextrins (K, = 10).”® Recently, Tao and co-workers disclosed

8 The most remarkable

that hexamethylene tetramine is capable of lidding CB[5].
property of CB[5] and Me;(CBJ[5] is their ability to bind gases89 (e.g. Kr, Xe, Ny, O,
Ar, N,O, NO, CO, CO,, and CH4) and small solvents (e.g. CH;OH and CH;CN)

: 87,90,91
which was observed by Dearden™ "

in mass spectrometric investigations, by
Miyahara’® in aqueous solution and the solid state, and discussed by Da 3 and
y q y Day

Miyahara® in the patent literature. Miyahara demonstrated the reversible sorption

and desorption of gas by solid Me;(CB[5] with capacities up to 40 mL g'1 (N,0).
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These results suggest that Me;(CB[5] and CB[5] may be of practical utility in the

reducing the level of NOx gases from air.

1.52 CB[6]

The pioneering work of Buschmann has established equilibrium constants and
in many cases the enthalpic (AH) and entropic (AS) contributions to AG for CB[6]

binding to w-amino acids and w-amino alcohols,93 aliphatic alcohols, acids, and

95,96

.. 70 4 - P . . 94 . ..
nitriles,” bipyridine derivatives,  aromatic compounds, " non-ionic surfactants and

poly(ethylene glycols),” cyclodextrins,”® diamides,”” and o-amino acids and
dipeptides.98 Just like for CB[6]*M" complexes, the values of K, measured for
organic guests complexes to CB[6] in ag. HCO,H increase as the percentage of

HCO;H decreases due to reduced competitive protonation of CB[6].” Knoche

4,100

studied the complexation of azobenzenes with CB[6]. Bartik studied the binding

of the neutral guests Xe, THF, and CF;CO,H in CB[6] by lnge, 19F, and '"H NMR

84,101

spectroscopy. Dearden’s group has studied the formation and dissociation of

CB[6] pseudorotaxanes and the corresponding exclusion complexes in the gas
phase.’” The groups of Wagner and Buschmann have shown that CB[6] enhances the

fluorescence of 1,6- and 2,8-anilinonapthalene sulfonates in solution and the solid

102-104 105

state. Recently, Wu showed that CB[6] also binds diazonium compounds.
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1.53 CB[7]

CBJ7] is slightly more voluminous than B-CD (Table 1); accordingly, CB[7]

can bind a wider range of guests than CB[6] or CB[5]. CBJ[7] binds a variety of

s o . . 5,88,106,107
positively charged aromatics including adamantanes and bicyclooctanes,”™ ™

7,108,109 111-115 5,117

. 10 _ . 116
naphthalene, stilbene, "~ viologen, o-carborane, = ferrocene, and

cobaltocene'” derivatives (I-15 — I-25). CB[7] also binds metal complexes 1-26'"%,

1-27,>7* and related compounds''®'*

which suggests the use of CB[7] to reduce
toxicity in cancer treatment. A number of elegant studies by Kaifer and co-workers
have demonstrated that many of the unusual properties of CB[6] are retained by
CB[7]. For example, Ong and Kaifer determined the values of K, for CB[7]*I-20a in
0 — 0.2 M NaCl and 0 — 0.2 M CaCl, and demonstrated that Na* and Ca’" cations
compete with I-20a for CB[7] binding which reduces K, by 9-40 fold.""* 1In two
elegant studies, Kaifer showed that the CB[7] bead resides can reside in different
locations along guests containing multiple binding sites (e.g. CB[7]*1-20a — CB[7]°I-
20g).'">'! CB[7] resides on the longer butyl and hexyl chains of I-20¢ and 1-20d
whereas it resides on the viologen nucleus of derivatives that contain shorter (I-20a
and I-20b) or hydrophilic residues (I-20e and I-20f). These results imply that CB[7]
retains the highly selective binding properties noted above for CB[6]. CB[7] forms a
pseudorotaxane with I-20i. Nau and co-workers have used CB[7]2,3-
diazabicyclo[2.2.2]oct-2-ene to document that the polarizability of the CB[7] cavity is

122,123

extremely low and to distinguish between mechanistic alternatives in

55,124

fluorescence quenching studies. Wagner and co-workers have studied the

enhancement in fluorescence observed upon binding of anilinonapthalene sulfonates
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by CB[7].'""® CB[7] was recently reported to form a weak 1:2 exclusion complex with

125

Ceo by high-speed vibration milling. ™ Most recently, CB[7] has been used as an

additive to separate positional isomers by capillary electrophoresis.'*®
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The cavity of CB[8] is similar in terms of volume to y-CD, but is less
conformationally flexible. CBJ[8] behaves like the big brother of CB[5] — CB[7] in
many ways, but also exhibits more complex recognition behavior. Just like CB[5] —
CBJ[7], CB[8] prefers to bind to positively charged guests by ion-dipole
interactions.”'?’ CBI[8] readily binds single guest molecules that partially (CB[8]I-

20a, K, = 1.1 x 10° M) or completely (CB[8]*I-19b) fill its cavity. In contrast to
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CB[5] — CBJ7], the voluminous cavity of CB[8] is capable of simultaneously binding
two aromatic rings (Figure 7). For example, CB[8] readily forms termolecular
complex CB[8]*I-16°I-16.”'** Even more strikingly, when CBJ[8] and I-16 are mixed
in a 1:1 ratio, a mixture of CB[8] and CB[8]°I-16, is formed which demonstrates
cooperativity between the binding of the first and second aromatic rings. Kim and
co-workers have also demonstrated the selective formation of a hetero termolecular
complex CB[8]*I-20a°I-28 which results in enhanced charge transfer interactions

between I-20a and I-28 in the cornplex.129

Kim has used this recognition motif to
control intramolecular folding processes'*’ and in the formation of vesicles."”' More
recently, Tao has shown that aromatic piperazine derivatives form a mixture of 1:1
and 1:2 complexes with CB[8] (e.g. CB[8]*I-29 and CB[8]*1-29,)."** Similarly,
Fedin recently reported the crystal structure of the CB[8]+(PhPO(OH),), complex.133
CBJ8] is even capable of encapsulating cyclen (I-30) or cyclam (I-31). Even more

remarkably, CB[8]°I-30 and CB[8]I-31 can be metalated by treatment with Cu" or

Zn" which results in macrocycle within macrocycle complexes that resemble the

134

Russian Matrioshka dolls.

CBI8]-I-16°1-16 CBI8]-I-20a-1-28

Figure 7. Schematic depictions of termolecular complexes CB[8]*I-16°I-16 and

CB[8]*I-20a°I-28.
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1.5.5 CB[10]

Day and co-workers successfully isolated CB[10] as its CB[5]@CBJ[10]
complex (Figure 3). The structure of this remarkable complex was established by
X-ray crystallography which demonstrated its resemblance to a gyroscope.” Despite
the fact that it was not possible to isolate free CB[10] by removal of CB[5], chemical
exchange between free and bound CB[5] was demonstrated through the use of Bc
labeled CB[5]. Such molecular gyroscopes and the related molecular ball bearing''®

(CBJ[7]°I-15) are potential components of future molecular machines.

1.6 Control Over the Recognition Processes Within CB[n]

) . 35
The creation of molecular machines'

by self-assembly processes is currently
of great scientific interest. One of the most fundamental molecular machines is a
molecular switch that can toggle between two different states by appropriate
environmental stimuli (e.g. chemical, electrochemical, or photochemical). The CB[n]

family is ideally suited for such applications due to the high affinity, highly selective

binding processes that occur within their cavities.

1.6.1 Chemical Control — Molecular Switches

An early example of a molecular switch was published by Mock in 1990

wherein CBJ[6] is induced to shuttle along a triamine string by changes in pH that
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result in changes in the protonation state of the aniline N-atom (Scheme 4).°° At
values of pH below the pK, of the anilinium (pK, = 6.73), the CB[6] bead resides in
the hexanediammonium region with its higher binding constant (CB[6]1-32); above
the pK,, the bead moves to the still fully protonated butanediammonium region
(CBJ[6]°I-33). Kim and co-workers have reported CB[6] rotaxane based molecular

switches with UV/Vis and fluorescence outputs,'*’

that can be actuated by changes in
pH but requires both pH and heat to be turned off,"”® and that undergo a slow

transformation from the kinetic to the thermodynamically more stable rotaxane.'>’

Scheme 4. CBJ[6] based molecular switch.

1.6.2 Photochemical Control

As mentioned above, the ability of the two carbonyl lined portals of the CB[n]
family to orient two guests within their cavity results in opportunities to accelerate
and control chemical reactions. For example, Kim and co-workers found that CB[8]
binds two equivalents of (E)-I-34."*" Irradiation of CB[8]+I-34+I-34 (300 nm, 30
min.) results in the formation of CB[8]+syn-I-35 and only a trace of CB[8]+anti-1-35

(Scheme 5). In the absence of CBJ[8], (£)-I-34 does not dimerize but does undergo
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photoisomerization to (£)-I-34. Upon addition of base, free I-36 is released. The
dimerization of (£)-1-34 within y-CD is slower and less stereoselective (80:20
syn:anti). CB[8] accelerates and controls the stereochemistry of the [2+2]
photoreaction. In a related example, Kim found that a solution of CB[7] and (£)-1-34
forms the complex CB[7]*(E)-I-34 which, upon irradiation (350 nm) converts nearly
quantitatively to CB[7]*(Z2)-1-34. Remarkably, CB[7]*(Z)-1-34 is stable at room

110

temperature for 30 days. = This result demonstrates that CB[7] is able to control the

otherwise unfavorable equilibrium between CB[7]*(£)-I-34 and CB[7]*(2)-1-34.

®NHs

CB[8] + 7

ONH, Hal
1-34 CB[8]*syn-1-35 (major) CB[8]-anti-1-35 (trace)

Scheme 5. 2+2 photoaddition reaction mediated by CBJ[8].

1.6.3 Electrochemical Control

As described above, the CB[n] family displays a marked preference to interact
with positively charged guest species. For example, the groups of Kim''' and
Kaifer,''” studied the interaction of CB[7] with I-20a*" (K, = 2 x 10° M) and its
reduced forms I-20a™ (K, = 8.5 x 10* M) and I-20a° (K, = 2.5 x 10> M) by
electrochemical measurements. Two unusual observations were made: 1) the
presence of CB[7] prevents the dimerization of I-20a™" and 2) the reduction of I-20a™

occurs by a direct electron transfer pathway. Related observations were made by
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Kaifer for the CB[7]*I-21 and CBJ[7]I-22 complexes (K, > 10° M™."7 The cavity of
CBJ[8] is large enough to accommodate two flat aromatic rings, provided they possess
complementary electrostatic profiles (e.g. charge transfer complex CB[8]<I-20a°I-
28). Very interestingly, Kim found that CB[8] binds a single molecule of 1-20a*
(CB[8]*1-20a>", K, = 1.1 x 10° M'"); upon electrochemical reduction, however, the
complex undergoes disproportionation to form a mixture of CB[8] and CB[8]I-
20a""*1-20a""."*" The presence of CB[8] enhances the dimerization of I-20a” by a
factor of 10°. Electrochemistry allows quantitative control of stoichiometry within
CB[8]! The dimerization of tetrathiafulvalene radical cation is also promoted by
CBI[8].'""" Armed with this knowledge, Kim’s group prepared dimeric viologen I-
37", Compound I-37 forms a stable 1:1 complex with CB[8§] (CB[8]°1-37*", K, =2.3
x 10° M) where the CB[8] bead resides mainly on the hexamethylene spacer
(Scheme 7). Upon electrochemical reduction (or light induced chemical reduction
with Ru'(bpy)s) a folding process takes places which results in the formation of
molecular loop CB[8]+I-37°" which displays dramatically reduced dimensions relative
to CB[8]°1-37"" (e.g. 28 x 18 A versus 15 x 18 A). The observed large changes in

size and shape may be useful in the design of molecular actuators.
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Scheme 6. A [2]pseudorotaxane based molecular machine.

1.7 Applications of the CB[n] Family

The outstanding recognition properties of the CB[n] family have lead to their

use in numerous applications, some of which are highlighted in this section.

1.7.1 Catalysis

A long standing challenge in supramolecular chemistry has been the design of
catalysts. Mock’s group recognized that CB[6] was ideally suited for this purpose
due to the presence of two carbonyl lined portals that can potentially recognize two
ammonium ion substrates forming a termolecular complex that orients and

142,143

compresses those substrates for chemical reaction. Mock and co-workers
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studied the dipolar cycloaddition between azide I-38 and alkyne I-39 catalyzed by
CBJ6] in an elegant example of click-chemistry (Scheme 7).14 They find that the
CBJ6] catalyzed reaction of I-38 and I-39 is a rare example of what is known as “the
Pauling principle of catalysis, which states that the complementarity between an
enzyme and the fransition state for its conducted reaction ought to be greater than that
between enzyme and the reactants”.'* Remarkably, CB[6] accelerates this reaction
by a factor of 5.5 x 10" compared to the bimolecular reaction and renders it highly
regioselective. The reaction also displays several features that are commonly
observed in enzymatic reactions, namely: 1) saturation behavior at high [I-38] and
[I-39], 2) rate limiting product release from CB[6]+I-40, 3) substrate inhibition by the
formation of non-productive termolecular complex CB[6]°1-38°1-38, and 4)
competitive inhibition by non-reactive substrate analogs. Steinke’s research group
has used the CB[6] promoted dipolar cycloadditon of azides and terminal acetylenes

for the preparation of catalytically self-threading rotaxanes,'*'** [2], [3], and

[4]rotaxanes and pseudorotalxanes,147 and oligotriazoles.148

1-38

S 13 S~ S
cB6] CB[6]+1-381-39 CBI6]-40

Scheme 7. Catalysis of a 3+2 dipolar cycloaddition inside CBJ[6].

29



1.7.2  Self-Assembled Monolayers

H3N/\/\/®\/\/ M
O

1-41

To realize the full potential of pseudo(rotaxanes) as components of molecular
machines, it is necessary to develop methods for their immobilization on solid
substrates. Kim has reported the functionalization of a gold surface with the

pseudorotaxane CB[6]‘I-41.149

SAM’s comprising CB[6]+I-41 undergo reversible
dethreading and rethreading of the CB[6] beads upon treatment with 0.1 M NaOH
followed by CB[6] as monitored by surface plasmon resonance. Cyclic voltametry
measurements indicate that the SAM formed by pseudorotaxane CB[6]<1-41
constitutes an effective barrier to redox processes involving [Fe(CN)s]”; after
dethreading, a quasireversible redox wave is observed. This reversible gating
behavior may have application in the design of surface bound molecular machines.
More recently, Kim and co-workers have reported a surface initiated supramolecular
polymer based on CB[8] stabilized charge transfer interactions (Scheme 8). An
aqueous solution containing CB[8] and thiol I-42 results in the formation of
pseudorotaxane CB[8]*I-42; dipping a gold substrate in this solution results in the
formation of a self-assembled monolayer. Supramolecular polymerization from the
CBJ[8]°I-42 SAM was initiated by immersing the substrate in a solution containing
CB[8] and 1I-43. The course of the reversible supramolecular polymerization could be
monitored by FT-IR, SPR, and AFM and controlled by certain variables (time and

concentration). On average, the polymer consists of four CB[8] beads per chain.'*’
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Scheme 8. Formation of pseudorotaxane CB[8]*I-42 on Au and formation of surface

bound supramolecular polymer based on CB[8] stabilized charge transfer interactions.

1.7.3 Textile Waste Stream Remediation

The application of CB[6] toward the complexation of indicator dyes (e.g.
congo red and methylene blue) was published by Behrend in 1905. Since then, the

303199150165 and Karcher, ' have studied the ability of

groups of Buschmann
CBJ[6] to effectively remove heavy metals, chromates and dichromate, aromatic
substances, acid dyes, direct dyes, reactive dyes, from textile waste streams,
quantified the influence of key variables (e.g. pH, temperature, salts, and surfactants)
on the process, and studied methods for regeneration of the solid phase. Taketsuji
found that Behrend’s polymer was more efficient in these applications than
CB[6].**'"""'"% Major issues that need to be resolved include loading levels, the

covalent attachment of CB[6] to solid phases suitable for use in fixed bed filters, and

cost.
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1.7.4 DNA Binding and Gene Transfection

Nakamura and Kim investigated a non-covalent approach to selectively
deliver CB[6] to DNA.'” The concept is illustrated in Scheme 9. Compound 1-44
contains acridine and tetramine regions which function as DNA intercalator and
CBJ[6] binding elements, respectively. Mixing DNA, CBJ[6], and 1-44 results in
termolecular complex formation (DNA-<I-44<CB[6]) as monitored by gel
electrophoresis. The DNA+I-44+CB[6] complex partially protects supercoiled DNA
against cleavage by the restriction enzyme Banll. In a complementary study, Kim
and co-workers demonstrated that G3, G4, and G5 poly(propyleneimine) dendrimers
bearing diaminobutane moieties (PPI-DAB) for CB[6] binding functions as a gene

. 174
delivery carrier.'’

The PPI-DAB<CB[6] conjugates have low cytotoxicity and
successfully transfect Vero 76 and 293 cells with efficiencies only 10-fold lower than

poly(ethyleneimine) which is one of the most potent gene transfer carriers.

e S =
_%/\/\%/\/\/%\/\/NHS - @ L] L] D

He Mo 1ag

+

CBI6]

DNA-I-44-CB[6]

Scheme 9. Intercalation of acridine spermine rotaxane CB[6]*I-44 into DNA. The

components are not drawn to scale.
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1.8 Conclusion

Cucurbit[6]uril is celebrating its 100" birthday this year! It was only in 1981
at age 76, that the structure of this unusual macrocycle was elucidated by Mock and
co-workers. In their early pioneering work, Mock and co-workers demonstrated that
CB[6] displays: 1) remarkably high affinity for alkanediammonium ions due to ion-
dipole interactions and the hydrophobic effect, 2) size, shape, and functional group
selectivity, 3) unusually slow kinetics of association and dissociation, and 4) even
behaves as an enzyme mimic! CB[6] was clearly a talented host, but a series of
perceived problems limited the scope of applications to which it could be applied.
Compared to a-, -, and y-cyclodextrin with their good solubility in aqueous solution,
their commercial availability in a variety of sizes, their well-known chemical
functionalization, and their affinity toward a wide variety of species, CB[6] was not
in a position to challenge the cyclodextrins as the recognition platform of choice for

studies of molecular recognition in aqueous solution.

In the intervening time, all of these perceived issues have been either partially
or fully resolved which has dramatically expanded the range of applications to which
the CB[n] family can be applied. For example, the solubility of CB[6] increases
dramatically in the presence of salts which allows their recognition and self-assembly
processes to be studied in neutral aqueous solution. It was not until the turn of the
millennium, however, that the CB[n] family expanded dramatically with the
preparation of CB[5], CB[7], CB[8], and CB[10]*CB[5] by Kim and Day. The

recognition properties of these new CB[n] homologues — which are now
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commercially available — parallel and exceed those of CB[6]. Recognition processes
within CB[6], CB[7], and CBJ[8] are subject to efficient chemical, electrochemical,
and photochemical control. These attributes along with the detailed knowledge of the
mechanism of formation and dissociation of CB[6] complexes has lead to the
application of the CB[n] family in areas as diverse as gas purification, catalysis,
molecular machines, waste stream remediation, supramolecular polymers, self-

assembling, self-assembled monolayers, and even gene transfection.
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I. Chapter 2: Cucurbit[n]uril Analogues: Synthetic and Mechanistic

Studies

2.1 Introduction

2.1.1 CB[n] Homologues

CBJ[6] is a macrocyclic cavitand comprising six glycoluril units linked through
twelve methylene bridges which defines a hydrophobic cavity guarded by two
carbonyl fringed portals. The unusual recognition properties of CB[n] have been
delineated by the pioneering work of Mock,” Buschmann,” and Kim.>® CB[6] has the
ability to encapsulate guests in its hydrophobic cavity due to a combination of
noncovalent interactions including the hydrophobic effect, ion-dipole interactions,
and hydrogen bonding. The high selectivity exhibited by CB[6] is due to the relative
rigidity of the macrocycle which allows for guests of an appropriate size, shape, and
chemical functionality to bind tightly. The formation of these CB[6]*guest complexes
is easily detected by "H NMR, UV/Vis, and isothermal titration calorimetry. In this
chapter, we incorporate fluorescent bis(phthalhydrazide) walls into CB[n] analogues
which allows the sensitive detection (K, > 10° M™") of host-guest complexation by

175,176

fluorescence titrations. The outstanding recognition properties of the CB[n]

family'”’ has resulted in numerous intriguing applications including molecular

110,140,142,143,146,178

. . . . . . . . 157
switches, *° catalysis, water purification in textile industries,

179-181 . 182 : - 183
polyrotaxanes, ion-channels, " self-assembling dendrimers, ~ as components of

. 9,57 : . 184,185
molecular machines, " and advanced separations technologies. ™"
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When we began our work in this area, the range of applications to which
CBJ[6] could be applied was limited by a series of issues: 1) poor solubility in aqueous
and organic solution, 2) the lack of synthetic procedures to allow the preparation of
CBJ[6] homologues, CB[n] derivatives and CB[n] analogues,186 and 3) the inability to
change the binding selectivity of the macrocycles by incorporation of groups that
define the cavity. In the intervening time, several of these issues have been alleviated
either partially or fully. For example, when the condensation reaction was performed
under milder conditions, the formation of CB[5], CB[7], CB[8], and CB[10] were
isolated along with CB[6] as the major product.”® The improved solubility of CB[7]
and the spacious cavity of CB[8] gave rise to new opportunities in supramolecular

- 108,110,112,114-116,140
chemistry. "~ ’

2.1.2 CBjn] Derivatives

Two approaches have been reported for the preparation of CB[n] derivatives
with enhanced solubility in water and organic solvents. The first involves the
condensation of glycoluril derivatives — either alone or in combination with glycoluril

— with formaldehyde under acidic conditions. This approach has resulted in the
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synthesis of several persubstituted CB[n] derivatives including CysCB[5] and
Cy6CB[6]187 as well as the partially substituted CB[n] derivatives Ph,CBJ[1,5]"** and
MesCB[3,3]."*" In pioneering work, Kim recently demonstrated a second approach —
the direct functionalization of CB[n] — which delivered perhydroxylated CB[n]

derivatives including (HO);oCB[5] and (HO)12CB[6].190

2.1.3 S- and C-Shaped Methylene Bridged Glycoluril Dimers

Our approach to the synthesis of CB[n] derivatives and analogues relied on
the identification of the methylene bridged glycoluril dimer structure as the
fundamental building blocks of the CB[n] family. Our studies have focused,
therefore, on methods for the preparation and interconversion of methylene bridged
glycoluril dimers. We discovered that suitable combinations of nucleophilic and
electrophilic glycoluril building blocks result in the selective formation of
heterodimers as a mixture of S-shaped and C-shaped diastereomers.””’'”* To
rationalize the selective formation of C-shaped heterodimers, we studied the
mechanism of the interconversion of II-1 and II-2. We discovered that the S-shaped
to C-shaped isomerization was an intramolecular process that occurs with retention of
configuration (Scheme 1). The implications of these studies toward CB[n] synthesis
were manifold. For example, we hypothesized that suitable combinations of
glycoluril N-H compounds (e.g. 11-3) and glycoluril bis(cyclic ethers) (e.g. 11-4)
would deliver control over size, shape, and functionalization pattern in CB[n] forming

reactions. Herein, we present a full report on the preparation of functionalized CB[n]
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analogues'®® with solubility in aqueous solutions and organic solvents through a
tailor-made approach as well as mechanistic studies which lead to insights on the
stability and formation pathways of CB[n] analogues. These new CB[n] analogues

: : o 55,175,176
are potentially useful in applications such as fluorescence based sensors,

140,142 182 106,193,194
> ,195, and

catalysis, cation and molecular transport, *~ in self-sorting systems,

as components of molecular machines.'”
a OMe
%PQ,‘E\
R / fo) JNO
Ao
4 -1

OMe S-shaped C shaped

Scheme 1. S- to C-shaped isomerization reaction (R = CO,Et). Conditions: a)

PTSA, (CICH,),, reflux.
2.2 Results and Discussion

2.2.1 Oligomerization Reactions

In order to access a series of bis(cyclic ether) electrophilic building blocks to
test our mechanistically guided hypotheses, we performed the condensation of I1-3
with paraformaldehyde in 1,2-dichloroethane in the presence of p-toluenesulfonic
acid (PTSA) for 2 h at reflux. The bis(cyclic ether) monomer 11-4 was isolated as the
major product along with oligomeric bis(cyclic ethers) (II-5 — I1-9) (Scheme 2).
These compounds could be readily separated by column chromatography and their

structures were elucidated by '"H NMR spectroscopy. For example, II-7 shows 2-
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diastereotopic N-CH,-N resonances whereas II-5 shows a single resonance for these
protons. Compound II-7 can also be isolated in pure form in gram quantities by

washing the crude material with ethyl acetate followed by recrystallization from

acetonitrile.
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Scheme 2. Controlled oligomerization of II-3. R = CO,Et.
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Figure 1. ORTEP plots of the X-ray crystal structures of: a) II-5 and b) II-7 with

50% probability ellipsoids and selected distances and angles. Solvent molecules have

been omitted for clarity. Color coding: C gray, H green, N blue, O red.

2.2.2  X-ray Crystal Structures of Building Blocks II-5 and II-7

We also confirmed our spectroscopic assignment of the structure of II-5 and
I1I-7 by X-ray crystallography (Figure 1). The X-ray structure of II-5 establishes the
relative configuration of the glycolurils rings which gives the S-shape to the

molecule. This S-shaped stereochemistry between the two glycoluril rings is not
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conducive to forming macrocyclic CB[n] derivatives or analogues unless
isomerization to the C-shape occurs concomitantly. Compound II-7 possesses a C-
shape which can be seen in the X-ray crystal structure. The glycoluril rings display
both sets of R groups (CO,Et) on the same face of the molecule which gives the
molecule a curvature that promotes the formation of macrocycles. From Figure 1, it
is evident that the O+++O distances from the carbonyls in the same glycoluril are
relatively similar for II-5 and II-7, but the O<*+O distances for the carbonyls in the
adjacent glycolurils differ by about 2 A which can be explained by the directionality
incorporated into the shape of glycoluril. When the oligomer is in the S-shape (II-5)
the carbonyls on the adjacent glycolurils point in opposite directions whereas in the
oligomer in the C-shape (II-7), the carbonyls on the adjacent glycolurils point in the
same direction and begin to define the C=O portals characteristic of the CB[n] family.
Although we were unable to isolate tetrameric and higher oligomers, they could be

detected by electrospray mass spectrometry.

In an attempt to optimize the reaction conditions of the condensation in order
to isolate a higher yield of II-7 and II-9 relative to II-4, we varied the time of the
reaction as well as the ratio of paraformaldehyde to II-3. At longer reaction times
(> 2 h), II-4 was indeed reacting but only resulted in the formation of longer
oligomers as was evidenced by three broad peaks in the "H NMR spectrum at ~ 5.8
ppm and = 4.5 ppm (diasterotopic methylene C-H’s indicative of C-shaped glycoluril

connections) as well as = 5.3 ppm (methylene C-H’s indicative of S-shaped glycoluril
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connections). We have not been able to further enhance the yield of building blocks

II-7 and I1-9.

With C-shaped electrophilic bis(cyclic ether) building blocks II-4 and I1-7 in
hand we set out to synthesize new CB[n] derivatives and analogues by
heterodimerization reactions. We hypothesized that the dimer II-7 and trimer I1-9,
which were already in the thermodynamically favored C-shaped form, would undergo
cleaner macrocyclization relative to the S-shaped dimer II-5 and trimer II-6, which

do not possess the preorganized shape required for macrocycle formation.

We investigated the macrocyclization of the building blocks under a variety of
conditions including refluxing bis(cyclic ethers) (II-4, II-7, or II-9) alone or a
combination of bis(cyclic ethers) (II-4 and II-7, II-7 and II-9) in (CICH,), with
PTSA for 1 day or longer at different bis(cyclic ether) and PTSA concentrations.'”®
We also investigated the condensation of II-3 with II-4, I1-3 with I1-7, and I1-3 with
I1-9 in hopes of isolating new CB[n] derivatives.'™'*’ Unfortunately, we did not
detect any doublets at = 5.8 ppm and = 4.5 ppm with coupling constants =~ 16 Hz in
the crude 'H NMR spectrum which would indicate the formation of new methylene
bridges required for the formation of CB[n]. Other evidence of the absence of CB[n]
formation in the crude reaction mixture was the presence of characteristic doublets at
~ 5.5 ppm and = 4.7 ppm with coupling constants =~ 11 Hz, which are due to the

diastereotopic methylene C-H’s from I1-4, that do not completely disappear during
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the reaction. We hypothesize that the anhydrous acidic conditions employed — to
avoid potential saponification of the CO,Et groups — slows down the S- to C-shaped
isomerization of trimeric and higher oligomers which results in oligomer formation

rather than macrocyclization.®""

2.2.3 Heterocyclization

In order to circumvent the problem of oligomerization of 11-4, II-7, and II-9
we resorted to the synthesis of a nucleophilic dimer which could undergo
heterodimerization with the bis(cyclic ether) building blocks. For this purpose, we
heated II-7 with 3,5-dimethylphenol (II-10) in CF;CO,H which gave II-11 in 63%
yield (Scheme 3). We chose II-10 as the reagent in this deprotection reaction because
the meta-positions on the aromatic ring are blocked which prevents 7-membered ring
formation and promotes removal of the CH, bridges from II-7."”® Compound II-11
has the same curvature as II-7, but now possesses four potentially nucleophilic
ureidyl N-H groups that can be used to form new methylene bridges in the synthesis
of CB[n]. Our initial hypothesis was that the reaction between II-7 and II-11 under
anhydrous acidic conditions would yield CB[n] with multiples of two (CBJ[6], CB[8],
CBJ[10], etc.) glycoluril rings by a heterocyclization process which could be
monitored by 'H NMR analysis. If the formation of macrocycles occurred, we would
expect to see a new set of doublets with coupling constants of = 16 Hz at = 5.8 ppm
and ~ 4.5 ppm in the 'H NMR spectrum. Despite several attempts under a variety of

different conditions (acid, concentration, ratios, etc.), we could not obtain any
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evidence for the formation of macrocyclic CB[n] by '"H NMR analysis. We
consistently observed either oligomerization or decomposition. We hypothesize that
the S- to C-shaped isomerization of compounds containing three or more glycoluril
units is not possible under the anhydrous reaction conditions resulting in the

8156191 Dye to our inability to

formation of linear oligomers rather than macrocycles.
use either II-7 or II-11 in the tailor-made synthesis of CB[n] derivatives with
enhanced properties, we decided to search for other nucleophilic partners that might

undergo selective heterodimerization reactions with the bis(cyclic ether) building

blocks to ultimately deliver CB/n] analogues.

110
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I -7 I reflux O 111 O

Scheme 3. Bis(cyclic ether) deprotection (R = CO,Et, 63%).

2.2.4  Gycoluril Surrogates

Through serendipity, we discovered that II-12 and II-13 undergo rapid, highly
selective heterodimerization yielding II-14 in 69% yield (Scheme 4). We attribute
this result to the enhanced nucleophilicity of the hydrazide N-H groups present in
II-13 due to the a-effect. After obtaining this result, we were interested in studying
the reactivity of other hydrazides. For example, condensation of II-15 with II-12 in
TFA gave II-16 in 55% yield (Scheme 4). We were able to perform this

condensation reaction in TFA due to the increased solubility of II-15. Interestingly,
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if II-16 is submitted to PTSA/(CICH,), at reflux with 1 equiv. of II-13, a replacement
reaction is observed which delivers II-14 in 81% yield. This result indicates that
II-13 is a superior partner in these reactions, presumably because it sacrifices less
resonance energy upon condensation and suggests that CH,-bridges between

glycoluril and phthalhydrazide rings form reversibly.

OH
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Scheme 4. Glycoluril surrogates II-13 and I1-15. Conditions: a) PTSA, (CICH,),,
reflux, 69%; b) TFA, reflux, 55%; c) 1 equiv. II-13, PTSA, (CICH,),, reflux, 81%.

R = CO;Et.

2.2.5 CB[n] Analogues

2.2.5.1 Synthesis

To allow for potential macrocycle formation, we synthesized
bis(phthalhydrazide) I1-17 by the reaction of pyromellitic anhydride with hydrazine
in acetic acid at reflux.'”” Compound I1-17, which is planar, does not result in S- and
C-shaped diastereomers upon reaction with II-7, which is expected to favor
macrocyclization relative to oligomerization. Unfortunately, the solubility of II-17 is
poor in all common organic solvents (< 1 mg/mL in CHCl;, CH3CN, (CICH,),, PhH,
and TFA). After much experimentation, we found that II-17 is soluble in hot,

anhydrous MeSO;H.*” Accordingly, we attempted the condensation reaction of I1-7
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with I1-17 (Scheme 5). We were delighted to observe a remarkably clean 'H NMR
spectrum of the crude reaction mixture. Pure CB[6] analogue II-18 could be obtained
in 78% yield simply by washing the crude solid with H,O and acetone. Next, we
condensed the monomeric building block (II-4) with II-17 to give the CB[5]
analogue II-19 although in much lower isolated yield (6%). Finally, we investigated
the condensation of II-9 with II-17 in hope of forming a CB[8] analogue by a four
component macrocyclization. Once again, the crude reaction mixture was remarkably
clean and we were able to isolate a single compound by SiO, chromatography in 67%
yield.*®" Surprisingly, however, the new compound proved to be CB[7] analogue
(+)-11-20 formed by the condensation of 2 equiv. II-9 with 1 equiv. II-17. This new
macrocycle possesses several unusual structural features: 1) it is chiral and racemic
due to its C,-symmetry, 2) it contains a single methylene bridge between the 2

equivalents of 9, and 3) this methylene group is directed into the cavity of (+)-1I-20.
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Scheme 5. Synthesis of CB[n] analogues (R = CO,Et). Conditions: a) II-17,

In order to understand the reasons behind the low yield obtained for CB[5] II-
19, we carried out the three component macrocyclization (II-4 + II-7 + II-17) shown
in Scheme 5. In contrast to the low yield obtained with 1I-4 and II-17, analysis of the
crude '"H NMR spectrum for the three component macrocyclization indicated a clean

formation of a 1:1 mixture of II-18 and I1-19. Unfortunately, we were unable to
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separate this mixture into its components. Apparently, the need to form methylene
bridges between glycolurils — a process that is quite slow relative to the formation of
methylene bridges between glycolurils and phthalhydrazide rings — in the
macrocyclization of II-4 and II-17 alone is obviated by the use of II-4, II-7, and
II-17. Consequently, a larger fraction of material undergoes macrocyclization rather
than oligomerization in the three component reaction. Although we were delighted
with the formation of CB[5], CB[6], and CB[7] analogues (II-18 — I1-20), we were
disappointed by their relatively low solubility in both aqueous and organic solvents.
Whereas TFA and DMSO are excellent solvents for the —CO,Et substituted CB[n]

analogues their solubilities in CH3CN were only modest (1-2 mM).

iLJ I

H, HH,
)1 i [l hﬂl

Figure 2. Portion of the 'H NMR spectra (298 K, 400 MHz) recorded for: a) II-18 in
DMSO-ds, b) I1-19 in CD;CN, c¢) (£)-11-20 in DMSO-ds. x = CHCI; in DMSO-ds.

The unlabeled resonances come from the CO,CH,CHj3 groups.

2.2.5.2 '"H NMR Spectral Characterization
The 'H NMR spectra of II-18, 11-19, and (£)-II-20 are shown in Figure 2

using the labeling from Scheme 5. The aromatic proton H, is the furthest downfield
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in all cases. The spectrum for II-18 has the fewest resonances for the methylene
protons due to its D,,-symmetry (Figure 2a). The diastereotopic protons Hy and Hy
are on the methylene bridges connecting the bis(phthalhydrazide) and the glycoluril.
The diastereotopic protons H, and H. resonate at chemical shifts similar to CB[n]
methylene bridges because they are between the adjacent glycolurils. In contrast, the
spectrum for C,,-symmetric macrocycle II-19 has resonances for two pairs of
distereotopic protons between glycoluril and phthalhydrazide rings (Hy, Hc, He, and
Hy, Figure 2b). The doublets for Hy and H, appear at similar chemical shifts relative
to macrocycle II-18 corresponding to the methylene bridges that connect the two
glycolurils. Finally, the '"H NMR spectrum of macrocycle (£)-1I-20 which possesses
a C, axis which gives rise to twelve doublets, some of which are overlapping (Figure
2¢). Proton Hy is the ureidyl N-H proton (8.65 ppm) which is shifted upfield slightly
when compared to the ureidyl N-H (8.85 ppm) of compound II-11 in DMSO-ds. This
result can be explained by Hy, being directed into the shielding region of the aromatic
wall of the bis(phthalhydrazide). Most notable is the resonance for proton H, which
appears as a singlet in the "H NMR spectrum due to the fact that the methylene bridge
connecting the two glycolurils (shown in green in Scheme 5) is similar to an S-shaped

oligomer (II-5) making these protons magnetically equivalent.
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Scheme 6. Building blocks for the synthesis of CB[n] analogues. Conditions: a) i.
LiOH, CH3;OH, H;0O; ii. HCIlO4, HyO; b) H,NBu, neat, 78 °C; c¢) CICH,CH,CI,
PTSA, reflux; d) HO(CH;)oCH3, KOCH3;, 18-crown-6, PhCH3, reflux; ¢) HOCH,Ph,
KOCHj3;, 18-crown-6, PhCHj, reflux; f) HO(CH,CH,0),CH3, KOCHj3;, 18-crown-6,

PhCH3;, reflux; g) HO(CH;);7CH3, KOCHj3, 18-crown-6, PhCH3, reflux.

2.2.6 Synthesis of Glycoluril Building Blocks Designed to Enhance the

Solubility of CB[n] Analogues

To enhance the solubility of the CB[n] analogues in aqueous and organic
media, we attempted both deprotection and transesterification of the ethyl esters on
the equator of macrocycles II-18 — I1-20. Unfortunately, the phthalhydrazide
linkages of 1I-18, I1-19, and (#)-11-20 are sensitive to base and these reactions were
not successful. Accordingly, we decided to transform the CO,Et groups into
carboxylic acid derivatives (e.g. amides, imides, esters, and acids) prior to

macrocyclization (Scheme 6).202

50



For potential recognition studies in H>O, we performed the saponification of
I1-4 and II-7 with LiOH in CH3;0H/H,0O and were able to isolate the carboxylic acids
I1-21 and I1-22 in 76 and 89% yield, respectively, after acidification with HCIO4 and
washing with ethyl acetate. To increase the solubility of the corresponding CB[n]
analogues in organic media, we converted the CO,Et groups to different esters,
amides, and imides by straightforward functional group manipulations.*”* For
example, amidation reactions occurred smoothly by subjecting II-4 and II-7 to neat
butyl amine delivering II-23 in 90% and II-24 in 68% yield, respectively.
Compounds 1I-23 and II-24 could be converted to the imides I1-25 and I1-26 in 82
and 39% yield, respectively, by heating under anhydrous acidic conditions
(PTSA/(CICH,),, reflux). For highest solubility in organic solvents such as CHCl;
and CH,Cl, we performed transesterification reactions to increase the lipophilicity of
the building blocks which renders the resulting CB[n] analogue soluble in nonpolar
solvents. For this purpose, we selected the conditions used by Sanders for
thermodynamically controlled transesterification reactions because this procedure is
well established, provided good yields, and was simple to perform.*” Accordingly,
compound II-7 was treated with 1-octadecyl alcohol to yield II-27 in 37% (Scheme
6). We also performed the transesterification of II-4 and II-7 with 1-decyl alcohol
which yielded II-28 and I1-29 in 91% and 60% yields, respectively. In order to
assess the generality of these transesterification reactions we tested several different
alcohols and obtained II-30, II-31 and II-32 in modest yields (Scheme 6).

Apparently, a fine balance of steric and electronic effects influences the efficiency of
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the four-fold transesterification. All of these new building blocks possess high
solubility in non-polar solvents like CDCl; commonly used for our self-assembly

studies.

2.2.7 X-ray Crystal Structures of Building Blocks II-22 and II-26

We obtained crystals of 11-22 and II-26 suitable for X-ray crystal structure
determination from aqueous HCI and CH;CN, respectively (Figure 3). In this section
we discuss some of the structural features of II-22 and II-26 that influence the
preorganization of these building blocks for CB[n] analogue formation. For example,
the bond angle through the glycoluril quaternary carbons of 11-22 (121.2°) and I1-26
(116.7°) are nearly identical to that observed for CB[6] (118.7°).> The bond angle
through the methylene bridges of I1-22 (105.7°) and I1-26 (102.7°) are somewhat
smaller than the corresponding values for CB[5] (110.1%) and CB[6] (116.4%); we
attribute this difference to the presence of 6-membered cyclic ether rings in II-22 and
I1-26 whereas CB[n] possesses 8-membered rings. The crucial O+++O distances
which define the depth of the macrocycle and the width of its portals for I1-22 (5.745
and 3.242 A) and I1-26 (5.646 and 3.236 A) are 0.2 — 0.3 A shorter than observed for
CB[6] (6.042 and 3.417 A). In combination, these crystallographic results suggest
that building blocks II-22 and I1-26 are preorganized to form CB[5] and/or CB[6]

analogues.
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Figure 3. ORTEP plots of the X-ray crystal structures of a) II-22 and b) II-26 with
50% probability ellipsoids along with selected distances and angles. Solvent
molecules have been omitted for clarity. Color coding: C gray, H green, N blue, O

red.

2.2.8 CB[n] Analogues with Enhanced Solubility

We were pleased to find that when II-22 is condensed with II-17, CB[6]
analogue I1-33 is formed in 65% yield which possesses exceptional solubility (= 18
mM) in aqueous solutions as determined by gravimetric analysis (Scheme 7).
Similarly, the condensation of II-21 with II-17 gave CB[5] analogue I1-34 although

in a very disappointing 3% yield after extensive purification. The solubility of 11-34
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in aqueous solutions (= 24 mM) is slightly higher compared to II-33. These water
soluble CB[5] and CB[6] analogues retain much of the unique binding properties of
the CB[n] family with the added properties of long-wave UV/Vis and fluorescence
activity which allows for easy detection of the macrocycle under a variety of

conditions.!”
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Scheme 7. Synthesis of CB[n] analogues soluble in water and organic solvents.

When we submitted II-26 to the macrocyclic forming reaction conditions we
obtained CB[6] analogue II-35 in 70% yield which was poorly soluble in CHCI;.
Next, we submitted tetrakis(octadecyl ester) II-27 to the reaction conditions and to
our surprise discovered that I1-27 was not soluble in MeSO3;H. No CB[6] analogue
could be obtained with this building block. Apparently, II-27 is too lipophilic which
does not allow it to be soluble in the polar acidic solvent (MeSO;H). In contrast, the
condensation reaction of tetrakis(decyl ester) I1-29 with II-17 proceeded smoothly to

give CB[6] analogue II-36 in 76% yield (Scheme 7). A similar reaction was
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performed with 11-28 and I1-17 which delivered CB[5] analogue I1-37 in 8% yield.***
Macrocycles I1-36 and I1-37 possess excellent solubility (= 30 mM and = 24 mM,

respectively) in CHCls; solubility is comparable in CH,Cl, and THF.

The purification of these new macrocycles with their enhanced characteristics
is possible by simple column chromatography which is important due to the fact that
CBJ[n] cannot be separated using SiO, because CB[n] are not soluble in solvents
appropriate for SiO, columns and CB[n] are not easily detectable by UV/Vis.
Therefore, more involved purification techniques, including ion-exchange (Dowex)
and size-exclusion (Sephadex) resins using high boiling point solvents such as
aqueous acids, have been formulated for the separation and purification of CB[n], all
of which are laborious. Additionally, the solubility of these new CB[n] analogues
enable studies of their molecular recognition properties in organic solvents and

aqueous solution.

The relatively poor solubility of II-35 in organic solvents proved beneficial in
that crystals suitable for X-ray crystallography could be obtained from
CH;CN/PhCHj;. Figure 4 shows the X-ray crystal structure of II-35. Unlike the
known cylindrical-shaped CB[n], II-35 assumes a more elongated-oval shape with
cavity dimensions of 5.90 x 11.15 x 6.92 A. The Oe<*+O distances on the adjacent
glycolurils for 35 are 3.424 A and are 5.930 A on the same glycoluril respectively,
which are similar to the distances observed for II-26 (Scheme 3b) and CBJ[6] (3.417

and 6.042 A). The bond angles of the adjacent glycolurils through the methylene
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bridges for I1-35 (111.8°; CB[6] = 116.4") and through the quaternary carbons on the
glycoluril (120.2°; CB[6] = 118.7°) are comparable. The adjacent glycolurils appear
to be slightly pinched in II-35 to help compensate for the flat bis(phthalhydrazide)

(I1-17) incorporated into the macrocycle.
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Figure 4. ORTEP plot of the X-ray crystal structure of II-35 with 50% probability
ellipsoids. Solvating CH3;CN molecules within the cavity have been omitted for

clarity. Color coding: C gray, H green, N blue, O red.

2.2.9 Mechanistic Studies

We were surprised that the yields of the CB[6] analogues II-18, 11-33, I1-35,
I1-36 were >65% given the potential complexity of the intermediates leading to their
formation. This result suggests that the condensation of 2 equivalents of bis(cyclic
ether) I1-38 with 1 equivalent bis(phthalhydrazide) II-17 is not a random process and
the reaction pathway must favor macrocycle formation. Scheme 8§ presents a
mechanistic hypothesis that details potential intermediates in CB[6] analogue
formation. In a common first step, nucleophilic II-17 reacts with electrophilic I11-38

to form II-39 by a condensation process. Intermediate I1-39 can lead to intermediate
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I1-40 by reaction with II-17 or C- and S-shaped diastereomers II-41 and II-42 by
condensation with II-38. Intermediates I11-40 and II-41 lead to a common
intermediate I11-44 which is preorganized for macrocyclic formation. Alternatively,
both 1I-40 and II-42 can lead to S-shaped intermediate 11-43 which is prevented from
being directly converted to II-45 by virtue of the relative stereochemistry of its two
methylene bridged glycoluril dimeric subunits. Intermediates I1I-42 and I1-43 are
destined to form oligomers or polymers unless a change from the S-shaped to C-
shaped relative orientation of the C-shaped building blocks is feasible. In this section
we address key mechanistic questions that provide a rationale for the high yield of
CBJ6] analogues. In particular, we investigated: 1) the existence of an equilibrium
between II-41 and II-42 and between 11-43 and 11-44 (aqua arrows), 2) the nature of
these equilibria (e.g. intra- versus intermolecular; intramolecular I1-41 =— 11-42,
intermolecular 11-41 = 11-39 + [I-17 = 1I-42), and 3) the existence of an
equilibrium (red arrows) between 11-44 and II-45 (e.g kinetic versus thermodynamic

products).
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Scheme 8. Possible pathways in the formation of CB[6] analogues.

2.2.9.1 Establishment of an S- to C-Shaped Equilibrium

To address the first question — the potential presence of an equilibrium

between I1-41 and 11-42 (and I1-43 and I1-44) — we adapted a labeling experiment

8191 For this

that we had previously used to study the mechanism of CB[n] formation.
purpose we reacted II-7 and I1-46 to produce a separable mixture of II-47C and
I1-47T (Scheme 9a). Compounds II-47C and I1-47T were separately resubmitted to
the reaction conditions; in both cases we observed a 66:34 ratio of II-47C T1-47T.2%

This experiment establishes an equilibrium between I1I-47C and II-47T — and by
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analogy suggests an equilibrium between I1-41 and I1-42 (I1-43 and 11-44) — but does

not differentiate between intra- and intermolecular S- to C-shape isomerization.
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Scheme 9. a) Synthesis and isomerization of I1-47C and II-47T; b) Synthesis of
I1-54, 71%; and c) evidence of mixed dimer II-55 not being formed (R = CO,Et).

Conditions: a) PTSA, (CICH,),, reflux.

2.2.9.2 Differentiation Between Intramolecular and Intermolecular S-
to C-Shaped Isomerization

Scheme 10 shows proposed mechanistic pathways for the intramolecular
isomerization (green arrows) and the intermolecular isomerization (red arrows) for
I1-47C to I1-47T. In brief, compound II-47C initially undergoes protonation and
fragmentation to yield N-acyliminium ion II-48. Intermediate I1-48 — under our
anhydrous acidic conditions — yields N-acylammonium I1-49 by intramolecular
capture by the N-atom. Subsequently, II-49 can fragment to either I1-48 or I1-50.
Intermediate II-50 cyclizes to yield II-51 which losses a proton to give I1-47T.
Intermolecular isomerization proceeds via intermediates II-52 and I1-53. To
differentiate between intra- versus intermolecular processes in the S- to C-shaped
conversion, we resorted to a crossover experiment. For this purpose we prepared

I1-54 by the condensation of II-7 and II-13 (Scheme 9b). Next we allowed I1-47T to
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isomerize in the presence of II-54 (Scheme 9c). If the equilibrium between 11-47C
and II-47T is an intramolecular process then we would only expect to observe
homodimeric I1-54 and I1-47C/I1-47T at equilibrium. In contrast, if dissociation of a
phthalhydrazide wall is necessary (e.g. intermolecular pathway, red arrows) then we
would expect to observe the formation of 1I-54, I11-47C, II-47T, and heterodimer
II-55. In the actual experiment, we do not observe the formation of II-55 under these
conditions. This result establishes an intramolecular isomerization between I1-47C
and II-47T and suggests similar unimolecular isomerization between I1-41 and 11-42

(I1-43 and II-44; aqua arrows, Scheme 8).
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Scheme 10. Proposed mechanisms for the equilibrium between 11-47C and 11-47T

dimers (R = CO,EY).
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2.2.10 Stability of CB[n] Analogues

CB[n] is a very robust family of macrocycles whose stabilities have been
tested with several methods.”> The incorporation of phthalhydrazides into our
macrocycles gives rise to useful new properties like UV/Vis, fluorescence, and
electrochemical activity. Unfortunately, the incorporation of phthalhydrazides in the
macrocycle also leads to the sensitivity to basic conditions (pH > 7). In contrast, the
CB[n] analogues are stable under aqueous acidic conditions. To test whether the new
CBJn] analogues were kinetic or thermodynamic products, we resubmitted them to
the reaction conditions (MeSOsH, 80°C, 24 h). As the solution was heated, a color
change was seen from a pale yellow to a dark orange. The 'H NMR spectrum for
each CB[n] analogue showed small peaks in the downfield (H-Ar-phthalhydrazide)
region of the '"H NMR spectrum. Although we could not identify these by-products,
this result establishes that 11-18, II-19, and (£)-1I-20 are not thermodynamically
stable under the reaction conditions and therefore, represent products formed under
kinetic control. This result, in combination with the replacement reaction (II-16 +
I1-13 + I1-14) detailed in Scheme 4 supports our suggestion that the macrocyclization

reaction is reversible (red arrows, Scheme 8).

2.2.11 S-Shaped Building Blocks Break Apart During Macrocyclic Reactions

Based on the fact that C-shaped oligomers II-7 and II-9 form II-18 and
(+)-11-20, respectively, when reacted with II-17, we were curious to see what would

happen if the S-shaped oligomers II-5 and II-6 were used in place of the C-shaped
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oligomers. We previously established that the S-shaped II-1 and C-shaped II-2 are
the kinetic products formed, that isomerized under forcing conditions (anh. PTSA in
CICH,CH,Cl) to yield II-2 by an intramolecular isomerization. The reaction of
phthalhydrazides with bis(cyclic ethers) is much faster than the cyclic ether
dimerizing with itself. For example, in the reaction of II-12 with II-13 (Scheme 4)
we do not detect any self-condensation occurring between two molecules of I1-12; the

formation of compound I1-14 was exclusively observed.
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Scheme 11. S-shaped oligomers II-5 and I1-6 yield CB[5] and CB[6] analogues

(R = CO,Et). Conditions: a) II-17, MeSOsH, 80 °C.

We attempted these condensation reactions with the S-shaped isomers in order
to gain further insight into the mechanism of the formation of CB[n] analogues. In
the event, reaction of II-5 or II-6 with II-17 in anhydrous MeSOsH yields a mixture
of CB[6] analogue (II-18) and CB[5] analogue (II-19) in almost a 1:1 ratio in high
overall yield based on the crude 'H NMR spectrum (Scheme 11) which is similar to
the results obtained using II-4, II-7, and II-17 (see Scheme 5). This experiment
provides indirect evidence that S-shaped compounds II-5 and II-6 rearrange to form

C-shaped building blocks II-4 and II-7 which results in the formation of CB[6] and
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CBJ[5] analogues (II-18 and II-19). In contrast, attempted isomerization experiments
using only II-5 or II-6 leads to further oligomerization rather than isomerization
which was evident by broad peaks in the 'H NMR spectrum of the crude reaction
mixture. Under these conditions, we hypothesize that oligomerization (self-
condensation) of II-5 and II-6 occurs faster or at similar rates relative to the
isomerization required to yield the C-shaped forms II-7 and II-9. Apparently, the
presence of bis(phthalhydrazide) II-17 in the reaction mixture changes the kinetics
and thermodynamics of the reaction by providing an in situ self-protection of
compounds II-5 and II-6 preventing further oligomerization resulting in the

formation of macrocyclic products II-18 and I1-19.

2.2.12 Template Effects

O 1II-56 O

To address whether template effects are important in the formation of the
CB[6] analogues we performed two experiments. First, we performed the
macrocyclization in the presence of 1 equiv. of II-56 as potential template that is
unreactive under the reaction conditions. We performed a "H NMR experiment with
I1-56 and II-18 to determine whether host-guest interactions are present. From the
experiment, we conclude that there are not favorable interactions between II-56 and
I1-18 in MeSOs;H. Even though I1-56 does not bind to I1-18 in MeSOsH, it may still

partake in favorable n-m interactions with intermediates 11-40 and I1-44 (see Scheme
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8) which lead to II-18 and thereby template its formation. When we conducted the
reaction between II-7 (2 eq.) and II-17 (2 eq.) in the presence of potential template
II-56 (1 eq.), we isolated II-18 in 59% yield which is slightly lower than that

. 206
observed in its absence.

As a second test for potential templation effects, we performed the
macrocyclization at a series of different concentrations (147, 44, and 22 mM) to
discern if I1-40 (or other intermediates) act as templates for the formation of the
CBJ6] analogues. In these experiments, the isolated yields of CB[6] analogue I1-18
were 78%, 74%, and 70%, respectively. There is a slight decrease in the isolated
yield as the reaction concentration is decreased, but it is minimal. The combined
inference of both sets of experiments is that templation effects are not important in

the formation of CB[6] analogues.

2.3 Conclusion

The synthesis of CB[n] analogues — with outstanding solubility characteristics
in both water and organic solution — has been presented with the focus on
functionalization and mechanistic studies. C-shaped building blocks (e.g. II-7 and II-
9) are preorganized for macrocycle formation whereas their S-shaped diastereomers
(e.g. II-5 and II-6) undergo fragmentation reactions concomitant with

macrocyclization. The mechanistic studies have established the intramolecular S- to
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C-shaped isomerization as a key step in the synthesis of the CB[6] analogues. In
contrast to the unfunctionalized cucurbiturils, the macrocyclization which delivers the
CB[n] analogues is under kinetic rather than thermodynamic control and is not
subject to the effects of templation. The properties of the new CB[n] analogues are
enhanced by the incorporation of the bis(phthalhydrazide) walls which endow them

with UV/Vis, fluorescence, and electrochemical activity.

The insights derived from our study of the mechanism of formation of the
CBJ6] analogues suggest methods for the expansion of the synthetic method to the
production of different CB[n] analogues of greater stability and functionality. In
addition, although the building block approach has only been exploited using
bis(phthalhydrazide) II-17, we envision that longer and non-planar
bis(phthalhydrazides) as well as other nucleophilic glycoluril surrogates should
perform equally well in these macrocyclization reactions. The ability to increase the
size of the cavity would allow for different binding properties (e.g. the formation of
termolecular and higher molecularity complexes) as well as different optical
properties depending on the glycoluril surrogate incorporated into the macrocycle.
Currently, these new CB[6] analogues, both the aqueous and organic soluble
macrocyles, are being studied to evaluate their potential for application as
components of molecular machines, in self-sorting systems, and as fluorescent

sensors for chemically and biologically important amines.
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2.4 Experimental

2.4.1 Synthetic Procedures and Characterization

General. Starting materials were purchased from Alfa-Aesar, Acros, and Aldrich and
were used without further purification. Compounds II-1 and II-2 were prepared by

191,192

literature procedures. TLC analysis was performed using pre-coated glass plates

from E. Merck. Column chromatography was performed using silica gel (230-400
mesh, 0.040-0.063 um) from E. Merck using eluents in the indicated v:v ratio.
Melting points were measured on a Meltemp apparatus in open capillary tubes and

are uncorrected. IR spectra were recorded on a Nicolet Magna spectrophotometer as
KBr pellets or thin films on NaCl plates and are reported in em’. UV/Vis spectra
were recorded on an Agilent 8453 diode array spectrophotometer. NMR spectra were
measured on Bruker AM-400 and DRX-400 instruments operating at 400 MHz for 'H
and 100 MHz for °C. Mass spectrometry was performed using a VG 7070E

magnetic sector instrument by fast atom bombardment (FAB) using the indicated
matrix. The matrix “magic bullet” 1s a 5:1 (w:w) mixture of
dithiothreitol:dithioerythritol. Elemental analyses were performed by Midwest

MicroLab (Indianapolis, IN).

Oligomerization of II-3: A mixture of PTSA (33.23 g, 174.7 mmol) and
CICH,CH,CI (500 mL) was heated at reflux for 30 min. under an addition funnel

filled with molecular sieves (4A). Compound II-3 (10.00 g, 34.95 mmol) was added
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and allowed to dissolve completely. Then, paraformaldehyde (5.25 g, 175 mmol) was

added and reflux was continued for 2 h. The reaction mixture was diluted with EtOAc

(800 mL), washed with sat. Na,COs, dried over anh. MgSQOy4, concentrated, and the

residue was dried under high vacuum. Flash chromatography (SiO,, CHCl3/CH3CN
10:1) gave I1-4 (3.58 g, 9.78 mmol, 28%), II-5 (0.394 g, 0.579 mmol, 3.3%), I1-6
(0.164 g, 0.165 mmol, 1.4%), and II-7 (0.579 g, 0.851 mmol, 5.0%) all as white
solids. The mobile phase was changed to 5:1 CHCI3/CH3CN to give the impure I1-8
as a white solid that was recrystallized from MeOH to yield II-8 (0.026 g, 0.037
mmol, 0.21%). Impure II-9 was isolated as an off-white solid. The solid was washed

with a small amount of EtOAc, centrifuged, and dried to give II-9 as a white powder

(0.120 g, 0.121 mmol, 1.0%).

o Compound II-4. M.p. 189-190 °C. TLC (CHCl3/Hexanes/EtOAc,
I N} {N;\o 1:1:1) R; 0.38. IR (CHCls, cm’™): 2940w, 2911w, 2873w, 17555,
N 17355, 1474s, 1403s, 1380s, 1294s, 1170, 1027s. 'H NMR (400
0]
R = COEt

MHz, CDCL3): & 5.53 (d, J = 11.3, 4H), 4.82 (d, J = 11.3, 4H), 4.31
(q,J = 7.2, 4H), 1.32 (t, J= 7.2, 6H). “C NMR (100 MHz, CDCl3): § 164.4, 156.7,
74.4,72.2, 63.6, 13.7. MS (FAB, Magic Bullet): m/z 371 (27, [M + H]"); 341 (100,
[M + H — CH,0]"). HR-MS (FAB, Magic Bullet): m/z 371.1197 (M + HJ,

C14H19OgNy, calcd 371.1203). X-ray crystal structure.
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o Compound II-5: M.p. 235 °C. TLC (CH,Cly/CH;CN,

A~

.
/N N7\ 10:1) R; 0.33. IR (KB 1. 3002w, 2 2
dn RR“HHRO 0:1) Ry 0.33 (KBr, cm™): 3002w, 2983w, 2959w,
\_N} { N/
ﬁ( 2897w, 1751s, 1728s, 1476m, 1425m, 1410s, 1383m,
o)

@)
R = COREt 1278s, 1239m, 1169m, 1084m, 1033m, 1010s. 'H NMR

(400 MHz, CDCLy): 5.49 (d, J = 11.2, 4H), 5.24 (s, 4H), 4.68 (d, J = 11.2, 4H), 4.30-
4.20 (m, 8H), 1.28 (t, J = 7.2, 12H). >C NMR (100 MHz, CDCls): 164.7, 163.7,
155.6, 79.2, 75.4, 72.6, 64.6, 63.9, 52.4, 13.9, 13.6. MS (FAB, Magic Bullet): m/z

681 (20, [M + H]), 45 (100, CHs0 ). HR-MS (FAB, Magic Bullet): m/z 681.2125

(M + H]+, Cy6H33NgO14, calcd 681.2116). X-ray crystal structure. Crystals obtained

from EtOH.

o o Compound II-6: M.p. 232-233 °C. TLC

B .
N/  (CHCIly/ CH;CN, 3:1) R; 0.22. IR (KBr, cm™):

OR-}—Q-RRHH-RR RO

N-__N_ N-_-N

\[r Y Y 2986w, 2936w, 1755s, 1744s, 1631w, 1472m,
O o
R = CO,Et 1456m, 1421m, 1382m, 1293m, 1250m, 1084m,

1014m. "H NMR (400 MHz, CDCls): 5.48 (d, J = 11.0, 4H), 5.38 (d, J = 13.8, 4H),
4.98 (d,J=13.8, 4H), 4.72 (d, J = 11.0, 4H), 4.30-4.20 (m, 8H), 4.14 (q, J = 7.2, 4H),
1.35-1.25 (m, 18H). ">C NMR (100 MHz, CDCl5): 164.5, 164.0, 163.5, 155.2, 154.9,
79.7, 79.5, 74.1, 72.7, 65.0, 64.4, 63.8, 51.5, 13.9, 13.8, 13.5. MS (FAB, Magic

Bullet): m/z 991 (100, [M + H]'). HR-MS (FAB, Magic Bullet): m/z 1123.2004 ([M

+Cs]", C35HagN12040Cs, caled 1123.2006).
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o Compound II-7: M.p. 247-249 °C. TLC

Ay

JOL
-1
HCI3/CH;CN, 4:1) R¢ 0.35. IR (KB : 2
; {Fm} f (CHCI3/CH5CN, 4:1) R¢ 0.35 (KBr, cm™): 2983w,

N—__N
Y Y 2967w, 1759s, 1643w, 1472m, 1427m, 1367w, 1301m,
o

)

= COoEt 1243s. "H NMR (400 MHz, CDCL): 6.01 (d, J = 16.0,

2H), 5.53 (d, J=11.0, 4H), 4.87 (d, J = 16.0, 2H), 4.73 (d, J = 11.0, 4H), 4.30-4.20
(m, 8H), 1.35-1.25 (m, 12H). Be NMR (100 MHz, CDCl3): 164.8, 164.4, 155.1,
78.9, 73.7, 72.7, 64.0, 63.7, 48.2, 13.9 (only 10 of the 11 expected resonances were

observed). MS (FAB, Magic Bullet): m/z 681 (100, [M + H]+). HR-MS (FAB,
Magic Bullet): m/z 681.2127 ([M + H]+, Cy6H33NgO 14, calcd 681.2116). Anal.
Calcd for CygH3oNgO14 (680.58): C 45.88, H 4.74. Found: C 45.48, H 4.62. X-ray

crystal structure. Crystals obtained from a mixture of CHCl3/CH3CN (1:1).

Compound II-8: M.p. 287-288 °C. TLC

o1
/N N/\N N""Q  (CHCI3/CH5CN, 3:1) R; 0.26. IR (KBr, cm™): 2986w,
O\E ) {R > ( 3/CHj3 ) R¢ ( )
N
j( Tf ~O 2967w, 1751s, 1631w, 1456m, 1433m, 1293m,
(@] (0]
R = COoEt 1258m, 1169w, 1107m, 1087m, 1021m. 'H NMR

(400 MHz, CDCls): 6.07 (d, J = 16.0, 2H), 5.51 (d, J = 10.8, 2H), 5.42 (br. s, 2H),
4.85 (br. s, 4H), 4.73 (d, J = 10.8, 2H), 4.61 (d, J = 16.0, 2H), 4.30-4.15 (m, SH),
1.35-1.25 (m, 12H). >C NMR (100 MHz, CDCLy): 164.9, 164.7, 164.6, 164.4, 155.0,

154.5, 80.0, 78.9, 78.4, 74.1, 74.0, 72.7, 64.2, 63.8, 63.6, 63.5, 48.0, 13.9, 13.8 (only
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19 of the 22 expected resonances were observed). MS (FAB, Magic Bullet): m/z 711
(70, [M + HJ"), 681 (100, [M-CH,CH;]"). HR-MS (FAB, Magic Bullet): m/z

711.2240 (M + H]', Cp7H35NgOys, caled 711.2222).

Compound II-9: M.p. 290-293 °C. TLC

i XX
N—\ (CHCl3/MeOH, 5:1) Ry 0.35. IR (KBr, cm’):
YNVNYNVNTN 2963s, 2901w, 1755m, 1634w, 1437w, 1293w,
(@]
R = COLE 1258s, 1091s, 1021s. 'H NMR (400 MHz,

CDCly): 6.15 (d, J = 16.0, 4H), 5.53 (d, J = 10.8, 4H), 4.73 (d, J = 10.8, 4H), 4.72 (d,
J = 16.0, 4H), 4.25-4.15 (m, 12H), 1.35-1.25 (m, 18H). “C NMR (100 MHz,

CDCl3): 164.9, 164.6, 154.8, 154.3, 79.6, 78.9, 73.9, 72.6, 64.2, 63.8, 63.5, 48.5,
13.9, 13.8 (only 14 of the 16 expected resonances were observed). MS (FAB, Magic

Bullet): m/z 991 (100, [M + H]"). HR-MS (FAB, Magic Bullet): m/z 1123.1971 ([M

+ CS]+, C38H46N12020CS, calcd 11232006)

0 Compound II-11: Compound I1-7 (0.100 g, 0.147 mmol) and

@)
HN )J\NH 3,5-dimethylphenol (0.450 g, 3.675 mmol) were dissolved in
R——{~RR——{R
HN\[(N\/ NYNH TFA (10 mL). The reaction mixture was stirred and heated at
@)

o) . .
R = COEt reflux for 24 h. The reaction mixture was concentrated and

dried under high vacuum. The residue was washed with Et;)0O (3 x 10 mL),

centrifuged, and dried under high vacuum. The resulting powder was recrystallized

from EtOH (30 mL) to give II-11 as a white solid which was centrifuged and dried
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under high vacuum (0.051 g, 0.085 mmol, 63%). M.p. > 350 °C. TLC

(CHCI3/CH30H, 5:1) R¢ 0.11. IR (KBr, cm'l): 3456s, 3344s, 2983w, 2936w, 1750s,
1719s, 1630w, 1448s, 1370m, 1269s, 1238s, 1160w, 1036m, 1005m. 'H NMR (400
MHz, DMSO-dg): 8.84 (s, 4H), 5.79 (d, J = 15.8, 2H), 4.22 (d, J = 15.8, 2H), 4.16 (q,
J=172,4H), 4.11 (q, J = 7.2, 4H), 1.19 (t, J = 7.2, 6H), 1.17 (t, J = 7.2, 6H). e
NMR (100 MHz, DMSO-dg): 166.9, 165.8, 156.7, 82.1, 74.7, 63.8, 63.3, 47.0, 14.1,
14.0. MS (FAB, Magic Bullet): m/z 597 (100, [M + H]+). HR-MS (FAB, Magic

Bullet): m/z 597.1896 ([M + H]+, CyHy9NgOq5, caled 597.1905).

Compound II-12. 4,5-Dimethoxyxylylene glycoluril

O N "N— (0.270 g, 0.600 mmol) was dissolved in TFA (10 mL) and
I:Gﬁ—{-R 0
0 N__N—/ paraformaldehyde (0.078 g, 2.50 mmol of CH,0) was

R=CO-Et O
added in one portion. The reaction mixture was stirred and

heated at reflux for 6 h. The TFA was removed by rotary evaporation and the

resulting residue was dried under high vacuum. Flash chromatography (Si0,, CHCl3)
gave I1-12 (0.150 g, 0.310 mmol, 52%). M.p. 227-228 °C. TLC (CHCl3/MeOH,
100:1) R¢ 0.30. IR (KBr, cm'l): 2993w, 2959w, 2940w, 2910w, 1730s, 1472m,
1450m, 1420s, 1276m, 1254m, 1097m, 1010m. 'H NMR (400 MHz, CDCl3): 6.85

(s,2H), 537 (d,J=11.1,2H), 4.69 (d, J=16.0, 2H), 4.68 (d, J=11.1, 2H), 4.49 (d, J

= 16.0, 2H), 4.35-4.25 (m, 4H), 3.84 (s, 6H), 1.35-1.25 (m, 6H). C NMR (100

MHz, CDCl3): 165.3, 165.1, 156.3, 147.9, 128.7, 113.2, 80.3, 74.1, 72.2, 63.4, 55.9,
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45.3, 13.9, 13.8 (only 14 of the 15 expected resonances were observed). MS (FAB,

Magic Bullet): m/z 491 (45, [M + H]"), 206 (100, [C;;H;2NO5]). HR-MS (FAB,

Magic Bullet): m/z 491.1748 ([M + H]+, CyoH7N4Og, caled 491.1778).

Compound I1-14: Method I. A mixture of

0]
| J o
o N N/\N PTSA (0.388 g, 2.04 mmol) and CICH,CH,Cl (15
Ce0:
(|) \[r ~ mL) was heated under N, at reflux for 30 min.
R=CO.Et O 0

under an addition funnel filled with molecular
sieves (4A). Phthalhydrazide (1I-13) (0.099 g, 0.612 mmol) and compound 11-12

(0.200 g, 0.408 mmol) were added and reflux was continued for 3 h. The reaction
mixture was diluted with CHCI; (100 mL), washed with sat. Na,COj3 then brine, dried
over anh. MgSQOy, and concentrated. Flash chromatography (SiO,, CHCl3/CH;CN
5:1) gave 1I1-14 (0.178 g, 0.280 mmol, 69%). Method 2. A mixture of PTSA (0.081
g, 0.428 mmol) and CICH,CH,ClI (5 mL) was heated under N, at reflux for 30 min.

under an addition funnel filled with molecular sieves (4A). Compound II-16 (0.050
g, 0.086 mmol) and paraformaldehyde (0.013 g, 0.428 mmol) were added and reflux
was continued for 24 h. Compound II-13 (0.014 g, 0.428 mmol) was added and

reflux was continued for 4 h. The reaction mixture was diluted with EtOAc (100

mL), washed with sat. Na,COj3 then brine, dried over anh. MgSQy, and concentrated.
Flash chromatography (SiO,, CHCl3/CH3CN 5:1) gave 11-14 (0.044 g, 0.069 mmol,
81%). M.p. > 300 °C (dec). TLC (CHCI3/CH3CN, 5:1) R¢ 0.15. IR (KBr, cm'l):

2983w, 2940w, 2851w, 1758s, 1736s, 1643s, 1608m, 1522m, 1468s, 1449s, 14209s,
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1340m, 1305s, 1262s, 1150m, 1134m, 1103s, 1049m, 1025m. 'H NMR (400 MHz,
CDCls): 8.24 (br. s, 2H), 7.73 (br. s, 2H), 7.13 (d, J = 15.7, 2H), 6.74 (s, 2H), 4.70 (d,
J=16.0, 2H), 4.68 (d, J = 15.7, 2H), 4.45 (d, J = 16.0, 2H), 4.35-4.25 (m, 4H), 3.79
(s, 6H), 1.40-1.30 (m, 6H). °C NMR (100 MHz, CDCl;): 165.2, 165.0, 156.5, 154.3,

147.9, 133.6, 128.4, 128.2, 113.3, 80.0, 64.0, 63.6, 55.9, 51.2, 45.3, 14.0, 13.9 (only

17 of the 19 expected resonances were observed). MS (FAB, Magic Bullet): m/z 635
(100, [M + H]+). HR-MS (FAB, Magic Bullet): m/z 635.2112 ([M + H]+,
C3QH31N6010, calcd 6352102) Anal. Calcd for C30H30N601() (63459) C 56.78, H

4.76. Found: C 56.75, H 4.81.

j)\ . Compound II-16: Compound II-12 (0.300 g, 0.612
|
O N N/\N mmol) and 3,6-dihydroxypyridazine (II-15) (0.102 g,
o V)
N : .
N N~ 0.912 mmol) were dissolved in TFA (6 mL). The

R=COEt 0 0

mixture was stirred at reflux for 48 h and then was
concentrated and dried under high vacuum. The crude material was recrystallized

from boiling EtOH (100 mL) to give II-16 as a light-pink crystalline solid (0.198 g,

0.339 mmol, 55%). M.p. 281-283 °C. TLC (CHCl3/CH;0H, 10:1) Ry 0.35. IR (KBr,
em™): 3080w, 3002w, 2979w, 2955w, 2936w, 2920w, 1755s, 1728s, 1662s, 1522m,
1464s, 1445s, 1425s, 1336m, 1301m, 1258s, 1223m, 1107m. 'H NMR (400 MHz,
CDCly): 6.93 (d, J = 15.6, 2H), 6.78 (s, 2H), 6.75 (s, 2H), 4.71 (d, J = 16.0, 2H), 4.59
(d, J = 15.6, 2H), 4.45 (d, J = 16.0, 2H), 4.35-4.25 (m, 4H), 3.84 (s, 6H), 1.35-1.30

(m, 6H). PC NMR (100 MHz, CDCl3): 165.0, 164.9, 155.3, 154.2, 147.9, 134.8,

73



128.2, 113.3, 80.1, 64.1, 63.6, 56.0, 50.6, 45.3, 14.0, 13.9 (only 16 of the 17 expected

resonances were observed). MS (FAB, Magic Bullet): m/z 585 (73, [M + H]+), 206
(100, [C11H12NO3]+). HR-MS (FAB, Magic Bullet): m/z 585.1957 ([M + Hy',

C26H29N6010, calcd 585.1945). Anal. Calcd for C26H28N6010 (584.53)2 C 53.42, H

4.83. Found: C 53.19, H 4.92.

Compound I1-17: This compound was prepared according to the

(0] (0]
EHME: literature procedure.199 To a solution of pyromellitic dianhydride
0 o (5.00 g, 22.9 mmol) in hot glacial acetic acid (250 mL) was added

hydrazine monohydrate (2.52 g, 50.4 mmol) in AcOH (50 mL) and heated at reflux
for 1 h. The reaction mixture was cooled to RT and filtered to yield a yellow powder.
This powder was dissolved in hot sodium hydroxide (1 M) and then precipitated with

acetic acid (1.5 mL). The solution was filtered to give II-17 as a pale yellow powder

(4.03 g, 16.4 mmol, 71%). M.p. > 350 °C. IR (KBr, cm_l): 2893m, 1662s, 1565m,
1518w, 1503w, 1359m, 1297m, 1184m. 'H NMR (400 MHz,DMSO-dg): 11.85 (br. s,
4H), 8.64 (br. s, 2H). MS (FAB, glycerol/HCI): m/z 247 (100, [M + H]+). HR-MS

(FAB, glycerol/HC): m/z 247.0467 (IM + H]', C1oH;N4Oy, calcd 247.0466).
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Compound II-18: To a flask
R N L i NN\ R
\ N
NPN;BE% \N‘Zg/':* containing II-17 (0.036 g, 0.147
"N
Oo NY mmol) was added anh. MeSO;sH (1

NY : ,
R/Si(‘ N R mL) and the mixture was stirred at 80
N SN )ﬂ’/_@;&m\/ N

°C until homogeneous. Compound
I1-7 (0.100 g, 0.147 mmol) was added in one portion and the flask was sealed and
heated at 80 °C for 3 h. The reaction mixture was allowed to cool and then poured
into water (10 mL). The solid was collected by centrifugation and the resulting pellet
was resuspended in water (10 mL) and centrifuged again. The solid was washed with
acetone and centrifuged (2 x 10 mL) and then dried under high vacuum overnight
which afforded II-18 as a pale yellow powder (0.102 g, 0.573 mmol, 78%). M.p. >
350 °C (dec). TLC (CHCIl3/MeOH, 3:2) R; 0.16. IR (KBr, cm'l): 2982w, 2928w,
2847w, 1751s, 1647s, 1464s, 1441s, 1394w, 1375w, 1285s, 1258s, 1231s, 1165m,
1115m, 1091m, 1056m, 1025m. '"H NMR (400 MHz, DMSO-dg): 8.69 (s, 4H), 6.84
(d,/J=15.8,8H),5.92 (d,J=16.3,4H), 5.13 (d, J=15.8, 8H), 4.75 (d, /= 16.3, 4H),
4.31-4.24 (m, 16H), 1.29-1.21 (m, 24H). >C NMR (100 MHz, TFA/DO capillary):
164.0, 163.1, 156.4, 155.3, 131.9, 130.2, 78.9, 78.4, 66.3, 66.2, 52.4, 48.9, 12.3, 12.2.

MS (FAB, Magic Bullet/Csl): m/z 1913 (100, [M + Cs]+). HR-MS (FAB, Magic

Bullet/CsI): m/z 1914.3508 (M + Cs]", '2C71 ' CHggN2403,Cs, caled 1914.3519).
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Compound II-19: To a flask containing

0 N
/N 3 O":\\N r II-17 (0.672 g, 2.73 mmol) was added
RN O o
:EK anh. MeSO;H (10 mL) and the mixture
Q
R N£ 0 >‘/
N

Ll@l@m\/l\? R was stirred at 80 °C until homogeneous.
) N—r

R
R = COoEt © Compound I1-4 (1.00 g, 2.73 mmol) was

added in one portion and the flask was sealed and heated at 80 °C for 3 h. The
reaction mixture was allowed to cool and then poured into water (100 mL). The
yellow precipitate was collected by filtration over a medium fritted funnel and
washed with water (50 mL) until dry. The solid was suspended in acetone (150 mL),

stirred for 30 min., and filtered. The filtrate was concentrated and dried under high
vacuum to yield 0.250 g of crude material. Flash chromatography (SiO,,
CHCIl3/MeOH 5:1) gave I1-19 as a pale yellow solid (0.125 g, 0.085 mmol, 6.3%).
M.p. > 350 °C (dec). TLC (CHCl;/MeOH, 4:1) R;0.11. IR (KBr, cm'l): 2982w,
2963w, 2928w, 1755s, 1654s, 1460s, 1441s, 1425s, 1386m, 1371m, 1305s, 1262s,
1235s, 1153m, 1091m, 1021m. '"H NMR (400 MHz, CD3CN): 8.80 (s, 4H), 7.06 (d,
J=16.1,4H), 7.05 (d, J = 16.1, 4H), 5.95 (d, J = 16.3, 2H), 4.92 (d, J = 16.1, 4H),
4.86 (d,J=16.1,4H),4.78 (d, J=16.3, 2H), 4.37 (q, J = 7.1, 4H), 4.34-4.27 (m, 8H),
1.36-1.26 (m, 18H). Pc NMR (100 MHz, DMSO-dp): 164.7, 164.3, 164.0, 154.4,

153.7, 153.6, 132.1, 131.6, 128.4, 78.3, 77.2, 77.1, 65.3, 65.0, 64.9, 50.2, 50.1, 48.3,

14.0, 13.9 (only 20 of the 22 expected resonances were observed). MS (FAB, Magic

Bullet/PEG): m/z 1471 (100, [M + H]"). HR-MS (FAB, Magic Bullet): m/z

1603.2550 ([M + Cs] ", CeoHs4N2906Cs, caled 1603.2572).
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Compound (£)-1I-20: To a flask

PN R.R N\ ..
o NN}N);I\L.H /\m\zg/ containing II-17 (36.0 mg, 0.147
o TG NN oXn

(N N™ 0 o O O Ny mmol) was added anhydrous MeSO3;H
6, D
R NSO 0 1% ON R (1 mL) and the mixture was stirred at
N\/,Q‘f;@#:ﬂ://N
Mo o R 80 °C until homogeneous. Compound
R = CO,Et

I1-9 (0.146 g, 0.147 mmol) was added in one portion and the flask was sealed and
heated at 80 °C for 3 h. The reaction mixture was cooled to RT and then poured into
water (10 mL). The solid was collected by centrifugation and the resulting pellet was
resuspended in water (10 mL) and centrifuged again. The solid was washed with

water/acetone (1:1, 10 mL), centrifuged, and dried under high vacuum overnight to
yield 0.140 g of impure (£)-11-20 as a yellow solid. Flash chromatography (Si0O,,
CHCI3/MeOH/CH3CN 5:1:0.5) gave (£)-11-20 as a pale yellow solid (0.104 g, 0.0490
mmol, 67%). M.p. > 350 °C (dec). TLC (CHCl;/MeOH CH3CN, 5:1:0.5) Ry 0.23.
IR (KBr, cm_l): 2977w, 2958w, 2920w, 2848w, 1757s, 1644m, 1451s, 1259s, 1232s,
1164w, 1085m, 1017s. '"H NMR (400 MHz, DMSO-dg): 8.77 (s, 2H), 8.61 (s, 2H),
6.91 (d, J=15.5, 2H), 6.80 (d, J = 16.0, 2H), 5.95 (d, J = 16.0, 4H), 5.86 (d, J = 16.3,
2H), 5.81 (d, J=16.3, 2H), 5.17 (d, J = 15.5, 2H), 5.13 (d, J = 16.0, 2H), 4.78 (d, J =
16.3, 2H), 4.61 (d, J =16.0, 2H), 4.59 (s, 2H), 4.40 (d, J = 16.3, 2H), 4.29-4.14 (m,
20H), 4.09 (d, J = 16.0, 2H), 3.97 (q, J = 7.0, 4H), 1.27-1.09 (m, 36H). Bc NMR
(100 MHz, DMSO-dg): 165.7, 165.6, 165.3, 165.2, 164.7, 156.2, 155.1, 154.8, 154.5,

154.2, 133.2, 132.5, 81.1, 79.6, 79.5, 78.8, 78.1, 77.1, 65.5, 64.6, 64.1, 51.2, 48.8,
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14.4, 13.9 (only 25 of the 42 expected resonances were observed). ES-MS: m/z

1060.5 (100, [M + 2HT*").

0 Compound II-21. A mixture of II-4 (0.503 g, 1.35 mmol), LiOH

/—N)LN—\ (0.324 g, 13.51 mmol), H,O (125 mL), and MeOH (125 mL) was
QR——RO
NYNJ heated at 70 °C for 24 h. The reaction mixture was concentrated and

R =802H dried under high vacuum. The residue was dissolved in HO (20
mL) and neutralized with TFA (1.56 g, 13.65 mmol). The solution was concentrated
and dried under high vacuum. The resulting solid was washed with CH3;CN (4 x 5
mL), dried under high vacuum, and redissolved in H,O (2.5 mL). Addition of conc.
HCI (2 mL) provided a precipitate that was filtered then dried under high vacuum to
give I1-21 (0.322 g, 1.03 mmol, 76%) as a white solid. M.p. >300 °C (dec). IR (KBr,
cm™): 3532s, 2960m, 1757s, 1700s, 1478m, 1379m, 1228w, 1174m, 1012s, 930s. 'H
NMR (400 MHz, DMSO-dg): 5.32 (d, J=11.1, 4H), 4.87 (d, J= 11.1, 4H). *C NMR
(100 MHz, DMSO-dq): 165.8, 157.2, 74.5, 72.1. MS (FAB, glycerol): m/z 313 (100,

[M - H]). HR-MS (FAB, glycerol): m/z 313.0413 (M - HJ, C;HsN;O, calcd

313.0420).

Compound II-22: To a flask containing II-7 (0.200 g,
/N NTTN° 'N—  0.294 mmol) and LiOH (0.070 g, 2.94 mmol) was added
\“N_N-_N_N—distilled water (50 mL) and MeOH (50 mL). The flask

R = CO.H was sealed and the reaction mixture was heated at 70 °C

for 24 h. The reaction mixture was cooled to RT, concentrated, and dried under high
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vacuum. The solid was dissolved in water (10 mL) and 70% w/w HCIO4 (250 uL)
was added. The solution was concentrated and dried under high vacuum overnight.
The solid was then washed with EtOAc and centrifuged (3 x 10 mL). After decanting
the supernatant, the pellet was dried under high vacuum affording II-22 as a white
powder (0.150 g, 0.264 mmol, 89%). M.p. > 350 °C (dec). IR (KBr, cm-l): 32309s,
2963w, 2920w, 2885w, 1748s, 1472m, 1445m, 1429m, 1371w, 1301m, 1254m,
1188w, 1122m, 1107m, 1076m, 1021m, 1006m. '"H NMR (400 MHz, D,0): 5.43 (d,
J=16.0,2H), 5.24 (d, J = 11.2, 4H), 4.85 (d, J = 16.0, 2H), 4.56 (d, J = 11.2, 4H).
PC NMR (100 MHz, D,0): 168.5, 166.9, 156.7, 81.3, 74.9, 72.3, 48.4. MS (FAB,
Magic Bullet/PEG): m/z 569 (100, [M + H]+). HR-MS (FAB, Magic Bullet/PEG):

m/z 569.0884 ([M + H]+, CigH17NgO14, calcd 569.0864). X-ray crystal structure.

Crystals obtained from H,O.

o} Compound II-23. A mixture of II-4 (0.205 g, 0.554 mmol) and n-
N N/ butylamine (10 mL) was heated at 78 °C for 20 h. The amine was
3 \E %_6_3 o y ( )
N\[(N removed by rotary evaporation and the residue was dried under
o

R=CONHBu high vacuum. The residue was suspended in Et;O, filtered, and
dried under high vacuum to give II-23 (0.211 g, 0.499 mmol, 90%) as a white
powder. M.p. 238-242 °C. TLC (CHCl3/MeOH, 25:1) R; 0.19. IR (KBr, cm™):
3286s, 2954m, 2932m, 2874m, 1766s, 1743s, 1688s, 1469m, 1410s, 1303m, 1243m,
1180m. '"H NMR (400 MHz, CDCLy): 6.64 (t, J = 5.3, 2H), 5.53 (d, J = 11.3, 4H),

4.59 (d, J=11.3, 4H), 3.28 (m, 4H), 1.50 (m, 4H), 1.33 (m, 4H), 0.92 (t, /= 7.3, 6H).
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BC NMR (100 MHz, CDCl,): 162.5, 157.2, 75.5, 72.5, 40.4, 31.1, 20.0, 13.6. MS
(FAB, Magic Bullet): m/z 425 (100, [M + H]"). HR-MS (FAB, Magic Bullet): m/z
425.2166 ([M + H]+, C18H29N606, calcd 4252149) Anal. calcd. for C18H28N6O6

(424.45): C, 50.93; H, 6.65. Found: C, 50.85; H, 6.71.

o o Compound II-24: A flask containing compound II-7
/N NTTN° N/ (0.134 g, 0.197 mmol) was flushed with N, and then n-
QR=F—{=RR=—{=RO
NYNVNYN butylamine (26 mL) was added. The reaction mixture was
0] 0]
R = CONHBu sonicated and then heated at 75 °C for 24 h. The reaction

mixture was concentrated and dried under high vacuum. The resulting residue was

washed with Et;,O and dried. The less polar impurity was removed using a fritted
filter funnel filled with SiO, (CHCI3/CH3CN 10:1). The SiO; containing the desired

product was stirred in a mixture of CHCI3/MeOH (5:1, 100 mL) for 24 h. The
mixture was filtered and the filtrate was concentrated to give II-24 as a white solid
(0.105 g, 0.133 mmol, 68%). M.p. > 350 °C (dec). TLC (CHCl3/ MeOH, 10:1) R¢
0.11. IR (KBr, cm'l): 3445s, 3045w, 2963m, 2932m, 2874w, 1751s, 1697s, 1538m,
1472m, 1433s, 1375m, 1301m, 1255m, 1189w, 1118m, 1096m, 1017m, 1009m. 'H
NMR (400 MHz, DMSO-dp): 8.59 (t, J = 5.4, 2H), 8.29 (t, J = 5.4, 2H), 5.61 (d, J =
16.0, 2H), 5.25 (d, J=11.2, 2H), 4.55 (d, J = 16.0, 2H), 4.51 (d, J = 11.2, 2H), 3.05-
3.00 (m, 4H), 2.95-2.90 (m, 4H), 1.40-1.30 (m, 8H), 1.25-1.15 (m, 8H), 0.86 (t, J =
7.2, 6H), 0.85 (t, J = 7.2, 6H). Pc NMR (100 MHz, CDCl3/MeOH (20:1)): 163.7,

161.5, 155.7, 80.6, 74.9, 72.3, 48.4, 40.7, 40.5, 31.0, 30.8, 20.2, 20.0, 13.6 (only 14 of
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the 15 expected resonances were observed). MS (FAB, MNBA): m/z 811 (100, [M +

NaJ"), 789 (30, (M + H]'). HR-MS (FAB, MNBA/PEG): m/z 789.3989 ([M + H],

C34H53N12010, calcd 789.4008).

0 Compound II-25. A mixture of II-23 (0.050 g, 0.118 mmol),
N N/ CICH,CH,Cl (20 mL), and PTSA*H,0 (0.114 g, 0.589 mmol) was
Q \E—é—é-z 0
N N heated at reflux for 20 h. The solvent was removed by rotary
O

R,R = (CO),NBu ¢vaporation and the residue was dried under high vacuum. The
residue was washed with H,O (3 x 8 mL) and dried under high vacuum to give I1-25
(0.034 g, 0.096 mmol, 82%) as an off-white solid. M.p. 182-184 °C. TLC
(CHCI3/EtOAc/Hexanes, 2:1:1) Ry 0.43. IR (KBr, cm'l): 2959w, 1778s, 1732s,
1478m, 1465m, 1371m, 1307m, 1230m, 1200m, 1035m, 1013m. 'H NMR (400
MHz, CDCl): 5.51 (d, J = 11.1, 4H), 5.09 (d, J = 11.1, 4H), 3.59 (t, J = 7.3, 2H),
1.59 (m, 2H), 1.30 (m, 2H), 0.92 (t, J = 7.3, 3H). ">C NMR (100 MHz, CDCls):
167.3, 157.6, 72.4, 70.4, 39.1, 29.1, 19.7, 13.4. MS (FAB, Magic Bullet): m/z 352
(89, [M + H]"), 322 (100). HR-MS (FAB, Magic Bullet): m/z 352.1268 ([M + H]",
Ci14HgN5Og, caled 352.1257). X-ray crystal structure. Anal. calcd. for C;4H{7N50¢
(351.32): C, 47.86; H, 4.88. Found: C, 48.01; H, 5.07.

0] 0]

L L Compound II-26: To a mixture of 1I-24 (0.140 g, 0.178
N~ NN N

[ A\
OR">_<‘RR RO mmol) and PTSA (0.170 g, 0.888 mmol) was added
\N_ _N_N__N—/

Er E( CICH,CH,CI (30 mL). The reaction mixture was heated
R,R = (CO),NBu

81



at reflux for 48 h, cooled, concentrated, and dried under high vacuum. The resulting

residue was washed with water and dried under high vacuum. Flash chromatography
(S10,, CHCI3/CH3CN 10:1) gave I1-6 as a white solid (0.044 g, 0.069 mmol, 39%).
M.p. > 350 °C (dec). TLC (CHCIl3/ CH3CN, 10:1) R; 0.32. IR (KBr, cm'l): 2960w,
2935w, 2924w, 2874w, 1781s, 1759m, 1720s, 1472m, 1422s, 1372s, 1302s, 1263m,
1016m. 'H NMR (400 MHz, CDCl3): 5.73 (d, J = 15.5, 2H), 5.52 (d, J = 11.0, 4H),
5.30(d,J=15.5,2H), 5.03 (d,J=11.0,4H), 3.59 (t, /= 7.4, 4H), 1.65-1.50 (m, 4H),
1.35-1.25 (m, 4H), 0.93 (t, J = 7.6, 6H). PC NMR (100 MHz, CDCls): 167.5, 166.4,
154.5,72.7,71.9, 70.1, 46.5, 39.5, 29.2, 20.0, 13.5. MS (FAB, Magic Bullet/PEG):
m/z 643 (100, [M + H]+). HR-MS (FAB, Magic Bullet/PEG): m/z 643.2229 ([M +

H]+, Cyr6H31N 1901, caled 643.2225). X-ray crystal structure. Crystals obtained from

a mixture of CH;CN/MeOH (5:1).

o o Compound II-27: A solution of II-7 (0.100 g, 0.147
N° 'N”"N" 'N—  mmol) and 1-octadecanol (0.397 g, 1.47 mmol) in toluene
Q R——{~=RR——=R 0
N\H/Nv N\[rN (30 mL) was heated under N, at reflux for 30 min. under
0] 0]

R = CO5(CHy)1,CHs an addition funnel filled with molecular sieves (4A). A
pre-made solution of 18-crown-6 (0.020 g, 0.0735 mmol) and KOCH; (0.005 g,
0.0735 mmol) in toluene/CH;O0H (0.6 mL, 5:1) was added to the reaction mixture and

reflux was continued for 20 h. The reaction mixture was concentrated and dried

under high vacuum. Flash chromatography (Si0,, CHCI3/CH;CN 20:1) gave 11-27

as a white solid (0.090 g, 0.057 mmol, 37%). M.p. 161-163 °C. TLC
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(CHCI3/CH3CN, 20:1) R¢ 0.28. IR (KBr, cm'l): 2959m, 2917s, 2851s, 1767s, 1468m,

1437m, 1421m, 1297m, 1251s, 1091m, 1072m, 1017m, 1010m. 'H NMR (400 MHz,
CDCly): 5.99 (d,J=16.0, 2H), 5.53 (d, J = 11.0, 4H), 4.86 (d, J = 16.0, 2H), 4.73 (d,
J=11.0, 4H), 4.20-4.10 (m, 8H), 1.65-1.55 (m, 8H), 1.30-1.20 (m, 120H), 0.86 (t, J =
6.8, 12H). °C NMR (100 MHz, CDCly): 165.4, 164.9, 155.5, 79.5, 77.1, 74.5, 73.2,

68.6, 68.2, 63.5, 48.7, 33.2, 32.4, 30.1, 30.1, 30.0, 29.9, 29.9, 29.8, 29.6, 29.5, 28.8,

28.5, 26.2, 26.1, 26.1, 23.1, 14.6 (only 28 of the 43 expected resonances were

observed.) MS (FAB, Magic Bullet/PEG): m/z 1579 (100, [M + H]").

0 Compound II-28: A solution of I1-4 (0.100 g, 0.273 mmol)
N N/ and 1-decanol (0.52 mL, 2.73 mmol) in toluene (30 mL) was
Q \E—}—Q-Z 0
NYN heated under N, at reflux for 30 min. under an addition funnel
(0]

R = CO,(CH,)gCHs filled with molecular sieves (4A). A pre-made solution of 18-

crown-6 (0.007 g, 0.027 mmol) and KOCH; (0.002 g, 0.027 mmol) in
toluene/CH30OH (0.6 mL, 5:1) was added to the reaction mixture and reflux was

continued for 20 h. The reaction mixture was concentrated and dried under high

vacuum. Flash chromatography (50:1 CHCI3/CH;CN) gave 11-28 as a white solid
(0.146 g, 0.245 mmol, 91%). M.p. 54-55 °C. TLC (CHCI3/CH;CN, 25:1) R; 0.31. IR
(KBr, cm'l): 2959m, 2924s, 2851m, 1775s, 1748s, 1472m, 1410m, 1383s, 1297s,

1235s, 1169m, 1107m, 1068m, 1041m, 1029m, 1002m. 'H NMR (400 MHz,
CDCls): 5.53 (d,J = 11.2, 4H), 4.81 (d, J = 11.2, 4H), 4.20 (t, J = 6.9, 4H), 1.65-1.60

(m, 4H), 1.30-1.20 (m, 28H), 0.86 (t, J = 6.8, 6H). °C NMR (100 MHz, CDCl;);
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164.8, 156.9, 74.5, 72.5, 67.9, 31.9, 29.6, 29.5, 29.4, 29.2, 28.3, 25.8, 22.8, 14.2. MS
(FAB, Magic Bullet/LiCl): m/z 602 (100, [M + Li]+). HR-MS (FAB, Magic

Bullet/LiCl): m/z 601.3793 ([M + Li]+, C30Hs50N4OsL1, caled 601.3789).

o e} Compound II-29: A solution of II-7 (0.100 g, 0.147

N™ N7 N° ‘N mmol) and 1-decanol (0.56 mL, 2.94 mmol) in toluene (80
drm—rm o " ( ) (

mL) was heated under N, at reflux for 30 min. under an

R = CO,(CHyp)oCHs addition funnel filled with molecular sieves (4A). A pre-
made solution of 18-crown-6 (0.020 g, 0.074 mmol) and KOCHj; (0.005 g, 0.074
mmol) in toluene/CH30H (0.6 mL, 5:1) was added to the reaction mixture and reflux

was continued for 20 h. The reaction mixture was concentrated and dried under high

vacuum. Flash chromatography (Si0, CHCI3/CH3CN 40:1) gave I1-29 as a white
solid (0.100 g, 0.089 mmol, 60%). M.p. 169-171 °C. TLC (CHCI3/CH;CN, 25:1) R¢
0.15. IR (KBr, cm_l): 2955m, 2928s, 2854m, 1763s, 1468m, 1429m, 1414m, 1297m,
1270m, 1251s, 1087m, 1068m, 1017m, 1006m. '"H NMR (400 MHz, CDCl;): 5.99
(d, J=16.0,2H), 5.52 (d, J=10.9, 4H), 4.85 (d, J=16.0, 2H), 4.73 (d, J = 10.9, 4H),
4.20-4.10 (m, 8H), 1.65-1.60 (m, 8H), 1.30-1.20 (m, 56H), 0.86 (t, /= 6.6, 12H). e
NMR (100 MHz, CDCls): 165.0, 164.5, 155.1, 79.0, 74.0, 72.7, 68.1, 67.8, 48.2, 31.8,

295, 29.5,29.4,29.3,29.2,29.1, 29.1, 28.2, 28.1, 25.7, 25.7, 22.6, 14.1 (only 23 of

the 27 expected resonances were observed). MS (FAB, Magic Bullet/Csl): m/z 1261

(100, [M + Cs]"). HR-MS (FAB, Magic Bullet/CsI): m/z 1261.6061 ([M + Cs]",

C58H96N8014CS, calcd 12616100)
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o Compound II-30: A solution of II-4 (0.100 g, 0.273 mmol) and

O/;N N;\O benzyl alcohol (0.28 mL, 2.73 mmol) in toluene (30 mL) was
\_N\[(NJ heated under N, at reflux for 30 min. under an addition funnel
(0]

R = CO,CH,Ph

crown-6 (0.036 g, 0.140 mmol) and KOCH; (0.010 g, 0.140 mmol) in

filled with molecular sieves (4A). A pre-made solution of 18-

toluene/CH;OH (0.6 mL, 5:1) was added to the reaction mixture and reflux was
continued for 17 h. The reaction mixture was concentrated and dried under high

vacuum. Recrystallization from toluene gave I1-30 as a white crystalline solid (0.035
g, 0.071 mmol, 26%). M.p. 176-177 °C. TLC (CHCI3/CH3CN, 25:1) Ry 0.20. IR
(KBr, cm'l): 3064w, 3029w, 2948w, 2924w, 2897w, 1759s, 1736s, 1472m, 1452m,
1414m, 1383m, 1309m, 1293s, 1235s, 1177m, 1103m, 1064m, 1045m, 1033m,
1017m. 'H NMR (400 MHz, CDCls): 7.35-7.30 (m, 5H), 7.25-7.20 (m, 5H), 5.48 (d,
J=11.2, 4H), 4.94 (s, 4H), 4.72 (d, J = 11.2, 4H). PC NMR (100 MHz, CDCls):
164.3, 156.8, 133.8, 129.1, 128.8, 128.6, 74.5, 72.4, 68.8. MS (FAB, Magic

Bullet/PEG): m/z 501 (100, [M + Li]+). HR-MS (FAB, Magic Bullet/PEG): m/z

501.1587 ([M + Li]+, C24H22N408Li, calcd 501.1598).

0 Compound II-31: A solution of 1I-4 (0.100 g, 0.273
N N/ mmol) and diethylene glycol mono methyl ether (0.32 mL,
Q \Eﬁ—{-z 0
NYN 2.73 mmol) in toluene (40 mL) was heated under N, at
@)

R = COx(CH2CH50),Me reflux for 30 min. under an addition funnel filled with

85



molecular sieves (4A). A pre-made solution of 18-crown-6 (0.036 g, 0.140 mmol)
and KOCH3; (0.010 g, 0.140 mmol) in toluene/CH;OH (0.6 mL, 5:1) was added to the

reaction mixture and reflux was continued for 13 h. The reaction mixture was diluted

with ethyl acetate (200 mL), washed with sat. Na,COj then brine, dried over anh.

MgSQ,, concentrated, and dried under high vacuum. Flash chromatography (SiO,,
EtOAc/MeOH 20:1) gave I1-31 as a colorless oil (0.075 g, 0.145 mmol, 53%). TLC
(EtOAc/MeOH, 20:1) R¢ 0.32. IR (KBr, cm'l): 2955m, 2928m, 2889m, 2827w,
1748s, 1472m, 1455m, 1414s, 1383m, 1305s, 1234s, 1177m, 1103m, 1068m, 1014s.

'"H NMR (400 MHz, CDCly): 5.48 (d, J = 11.2, 4H), 4.86 (d, J = 11.2, 4H), 4.45-4.35
(m, 4H), 3.70-3.65 (m, 4H), 3.60-3.55 (m, 4H), 3.50-3.45 (m, 4H), 3.32 (s, 6H). "C
NMR (100 MHz, CDCLy): 164.6, 156.8, 74.7, 72.4, 71.8, 70.4, 68.1, 66.3, 58.9. MS
(FAB, Magic Bullet): m/z 519 (100, [M + H]+). HR-MS (FAB, Magic Bullet): m/z

519.1926 ([M + H]", C2oH3;N4O12, caled 519.1938).

0 0 Compound II-32: A solution of II-7 (0.185 g, 0.273
/—N; EN/\NE EN_\ 1) and diethylene glycol thyl ether (0.32 mL,
dr =R Rb mmol) and diethylene glycol mono methyl ether ( m

N NVNYN 2.73 mmol) in toluene (40 mL) was heated under N, at

O O
R = COx(CHxCH,0),Me  reflux for 30 min. under an addition funnel filled with
molecular sieves (4A). A pre-made solution of 18-crown-6 (0.036 g, 0.140 mmol)
and KOCH3; (0.010 g, 0.140 mmol) in toluene/CH3;O0H (0.6 mL, 5:1) was added to the

reaction mixture and reflux was continued for 17 h. The reaction mixture was diluted

with ethyl acetate (200 mL), washed with sat. Na,COj3 then brine, dried over anh.
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MgSQOy, concentrated, and dried under high vacuum. Flash chromatography (SiO,,
CHCIl3/MeOH 20:1) gave 11-32 as a white solid (0.060 g, 0.061 mmol, 23%). M.p.
78-80 °C. TLC (CHCI;/MeOH, 10:1) R; 0.30. IR (KBr, cm'l): 2959m, 2924m,
2889m, 2823w, 1760s, 1634m, 1471m, 1436m, 1417m, 1382m, 1366w, 1300s,
1250s, 1083s, 1021s. 'H NMR (400 MHz, CDCls): 5.97 (d, J=16.2, 2H), 5.49 (d, J
=11.0, 4H), 4.92 (d, J = 16.2, 2H), 4.79 (d, J = 11.0, 4H), 4.40-4.30 (m, 8H), 3.70-
3.65 (m, 8H), 3.60-3.55 (m, 8H), 3.50-3.45 (m, 8H), 3.32 (s, 12H). ">C NMR (100
MHz, CDCl3): 165.0, 164.4, 155.1, 79.1, 74.2, 72.7, 71.8, 70.5, 68.1, 67.9, 66.8, 66.2,
59.0, 58.9, 48.3 (only 15 of the 17 expected resonances were observed). MS (FAB,

Magic Bullet/Csl): m/z 1109 (100, [M + Cs]+). HR-MS (FAB, Magic Bullet/PEG):

m/z 1109.2570 ([M + Cs]*, C33Hs6Ng01,Cs, caled 1109.2563).

Compound II-33: To a flask

O
R Ni :t;o A
N /N \N containing II-17 (17.0 mg, 0.0700
R N 0 0 NS YR
N /LO O)\N'
G o © :B mmol) was added anh. MeSO3H (1
O /

? Y
NYXO o o OJ_N ) )
R N N R mL) and the mixture was stirred at 80
Ny = NN
R @)

R = COLH °C until homogeneous. Compound
11-22 (40.0 mg, 0.0700 mmol) was added in one portion and the flask was sealed and
heated at 80 °C for 3 h. The reaction mixture was cooled to RT and then poured into
a water/acetone mixture (1:1, 10 mL). The solid was collected by centrifugation and
the resulting pellet was resuspended in acetone, centrifuged (2 x 10 mL) and then

dried under high vacuum overnight which afforded I1-33 as a pale yellow powder
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(35.0 mg, 0.0224 mmol, 65%). M.p. > 350 °C (dec). IR (KBr, cm'l): 3418s, 2963w,
2932w, 2917w, 1740s, 1697m, 1685m, 1647s, 1635s, 1460m, 1417w, 1383w, 1289m,
1262m, 1239m, 1161m, 1111m, 1049m. 'H NMR (400 MHz, DMSO-dg): 8.67 (s,
4H), 6.83 (d, J = 15.8, 8H), 5.75 (d, J = 15.8, 4H), 5.04 (d, J = 15.8, 8H), 5.02 (d, J =
15.8, 4H). Pc NMR (100 MHz, DMSO-dg): 166.5, 165.7, 154.9, 154.3, 132.0,

128.2, 78.8, 77.6, 51.2, 48.2. ES-MS: m/z 1557 (100, [M + H]").

Compound II-34: A mixture of I1-17

0 NN i
N%N’\NN[& (0.214 g, 0.870 mmol) and anh. MeSO3;H
/N o) QN ROESEED ' ’

RN O

Ne© N 5 mL irred at 80 °C until
\ N> (5 mL) was stirred at unti

R N\E o OZN
N omogeneous. Compound II- . ,
Y g NL/TRoh C d 11-21 (0.540 g

3 RN
R = CO.H O 0.870 mmol) was added in one portion

and the flask was sealed and heated at 80 °C for 3 h. The reaction mixture was cooled
to RT and then poured into acetone (50 mL). The solid was collected by filtration,
washed with additional acetone (50 mL), and dried under high vacuum overnight to
yield crude material as a yellow solid (0.744 g). The crude material (0.300 g) was
purified by ion-exchange chromatography (Cellulose-DEAE) with sodium acetate
buffer (pH = 5.7, 100 mM). After loading the material on the column, increasing the
NaCl gradient from 5-15% gave 1I-34 contaminated with salts (NaOAc and NaCl).
These salts were removed using size exclusion chromatography (Sephadex G-25) to

yield I1-34 as a pale yellow solid (0.015 g, 0.012 mmol, 3%). M.p. > 350 °C (dec).

IR (KBr, cm-l): 2963w, 2924w, 2847w, 1732m, 1717m, 1654s, 1468m, 1386m,
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1297m, 1239m, 1153w, 1103m. 'H NMR (400 MHz, D,0): 8.72 (s, 4H), 6.90 (d, J =
16.1, 4H), 6.81 (d, J = 15.9, 4H), 5.54 (d, J = 16.1, 2H), 5.00 (d, J = 16.1, 2H), 4.99
(d, J=16.1, 4H), 4.87 (d, J = 15.9, 4H). °C NMR (100 MHz, D,0): 168.8, 168.5,
156.7, 156.6, 156.1, 156.0, 131.8, 131.1, 128.6, 81.7, 79.6, 51.8, 50.5, 48.7 (only 14
of the 16 expected resonances were observed). MS (ESI): m/z 1325 (100, [M +
Na]’). HR-MS (ESI): m/z 1325.1621 ([M + Na]’, CagH3oN2OxNa, calcd

1325.1538).

Compound II-35: To a flask

0
R N A
N//:NMM\N‘ .
R N 0 0 N\’\N r containing I1-17 (12.0 mg, 0.0470

NN 0 O NN
<, o '& mmol) was added anh. MeSO3;H (1
0
NYO 0 o OUN
R/y“\/m )‘ﬂ—/—@;if:h, N R mL) and the mixture was stirred at 80
R (@) (o] R R )
R,R = (CO),Bu C until homogeneous. Compound

I1-26 (30.0 mg, 0.0470 mmol) was added in one portion and the flask was sealed and
heated at 80 °C for 3 h. The reaction mixture was allowed to cool and then poured
into water (10 mL). The solid was collected by centrifugation and the resulting pellet
was resuspended in water (10 mL) and centrifuged again. The solid was washed with
acetone and centrifuged (2 x 5 mL) and then dried under high vacuum overnight
which afforded pure I1-35 as a pale yellow powder (28.0 mg, 0.0164 mmol, 70%).
M.p. > 350 °C (dec). TLC (CHCl3/MeOH, 3:1) R; 0.18. IR (KBr, cm'l): 2959w,
2932w, 2870w, 1759s, 1716s, 1643s, 1526w, 1456s, 1433s, 1386m, 1344m, 13009s,

1254s, 1173m, 1146m, 1111m, 1068m, 1048m, 1021m. 'H NMR (400 MHz,
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CD3CN): 8.87 (s, 4H), 7.04 (d, J = 15.8, 8H), 5.55 (d, J = 15.8, 4H), 5.28 (d, /= 15.8,
8H), 5.13 (d, J=15.8, 4H), 3.54 (t, J= 7.2, 8H), 1.62 (m, 8H), 1.35 (m, 8H), 0.94 (t,J
= 7.2, 12H). Bc NMR (100 MHz, TFA/D,O capillary): 167.2, 165.2, 156.0, 153.7,
131.5, 129.8, 71.1, 70.6, 51.5, 46.8, 40.1, 28.2, 19.1, 11.2. MS (FAB, Magic
Bullet/Csl): m/z 1837 (100, [M + Cs]+). HR-MS (FAB, Magic Bullet/Csl): m/z

1837.3623 ([M + Cs]+, C72HgaN2g024Cs, caled 1837.3703). X-ray crystal structure.

Crystals obtained from CH3;CN.

Compound II-36: A mixture of II-

o}
/—N \ 17 (0.022 g, 0.147 mmol) and anh.

NN
R o 0 N
NN"0 N
< / MeSO3H (2 mL) was stirred at 80 °C
W, 0
N¥0 o N
R Xy R until homogeneous. Compound I1-29
S~
R 0 (0.100 g, 0.089 mmol) was added in

R= 002(0H2)90H3

one portion and the flask was sealed and heated at 80 °C for 3 h. The reaction
mixture was cooled to RT and then poured into water (10 mL). The solid was
collected by centrifugation and the resulting pellet was resuspended in water (10 mL)
and centrifuged again, and then dried under high vacuum overnight to yield II-36 as a

pale yellow solid (0.090 g, 0.034 mmol, 76%). M.p. > 350 °C (dec). TLC

(CHCI3/CH30H, 10:1) R¢ 0.10. IR (KBr, cm'l): 2959m, 2924s, 2854m, 1755s, 1654s,
1645s, 1635s, 1261s, 1232m, 1165w, 1094m, 1053m, 1025m. 'H NMR (400 MHz,
DMSO-dg): 8.66 (s, 4H), 6.80 (d, J = 15.4, 8H), 5.88 (d, J = 15.6, 4H), 5.10 (d, J =

15.4, 8H), 4.70 (d, J = 15.6, 4H), 4.20-4.10 (m, 16H), 1.65-1.50 (m, 16H), 1.22 (s,
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112H), 0.85-0.80 (m, 24H). C NMR (100 MHz, CDCLy): 164.9, 164.7, 155.3,

153.7, 132.0, 129.6, 116.9, 78.5, 78.1, 69.2, 68.9, 53.2, 48.8, 32.3, 30.0, 29.99, 29.96,

29.88,29.84, 29.7, 29.6, 28.6, 28.5, 26.1, 26.0, 23.1, 14.5 (only 27 of the 30 expected

resonances were observed). MS (ESI): m/z 1362 (100, [M + 2Na]2+).

R Compound I1-37: A mixture of II-17

NN N
N R (0.036 g, 0.147 mmol) and anh. MeSO3;H
T8 i
O

z \\
Zz

0]

my)

S .
;\4"\\‘]}; N$ (I mL) was stirred at 80 °C until
RWC o

-

ﬁk N\Zg\ﬂ homogeneous. Compound II-28 (0.130 g,

R= COg(CH2)90H3 0.220 mmol) was added in one portion

and the flask was sealed and heated at 80 °C for 3 h. The reaction mixture was cooled
to RT and then poured into water (10 mL). The solid was collected by centrifugation

and the resulting pellet was resuspended in water (10 mL) and centrifuged. The solid
was dried under high vacuum overnight. Flash chromatography (SiO,, CHCl;/MeOH
10:1) gave I1-37 as a pale yellow solid (0.025 g, 0.0115 mmol, 8%). M.p. > 350 °C
(dec). TLC (CHCI3/CH3CN, 10:1) R¢0.18. IR (KBr, cm'l): 2955m, 2924s, 2854m,
1759s, 1666m, 1464m, 1421m, 1383w, 1262s, 1231s, 1153m, 1099w, 1021w. 'H
NMR (400 MHz, CDCls): 8.92 (s, 4H), 7.18 (d, J = 16.0, 4H), 7.14 (d, J = 16.0, 4H),
6.05 (d, J=16.2, 2H), 4.79 (d, /= 16.0, 4H), 4.74 (d, J = 16.0, 4H), 4.68 (d, J = 16.2,
2H), 4.30-4.10 (m, 12H), 1.75-1.55 (m, 12H), 1.30-1.20 (m, 84H), 0.90-0.80 (m,
18H). >C NMR (125 MHz, CDCLy): 165.3, 165.0, 164.9, 155.2, 154.9, 153.6, 132.3,

132.1, 130.8, 78.9, 69.4, 69.2, 51.6, 51.2, 49.1, 32.6, 30.3, 30.2, 30.1, 29.9, 29.8, 29.0,

91



28.9, 28.8, 26.4, 26.3, 23.4, 14.9 (only 28 of the 44 expected resonances were

observed). MS (ESI): m/z 2144 (100, [M + H]"). HR-MS (ESI): m/z 2144.1139 (M

+H]", Cy98Hs1N2gOxs, calcd 2144.1108).

Compound I1-47T and II-47C: A mixture of PTSA (0.279 g, 1.47 mmol) and
CICH,CH,CI (20 mL) was heated under N, at reflux for 30 min. under an addition

funnel filled with molecular sieves (4A). Compound I1-46 (0.152 g, 0.735 mmol)
was added and reflux was continued for 5 min. Compound II-7 (0.200 g, 0.294
mmol) was added and reflux was continued for 22 h. The reaction mixture was

concentrated and dried under high vacuum. The reaction mixture was diluted with

CH,ClI, (350 mL), washed with sat. Na,COj then brine, dried over anh. MgSQy,
concentrated, and dried under high vacuum. Flash chromatography (SiO,,

CHCI3/CH3CN 5:1, then CHCI3/CH3CN 4:1) gave 11-47T (0.115 g, 0.109 mmol,

37%), I1-47C (0.105 g, 0.099 mmol, 34%), and a mixture of I1-47T/I1-47C (0.065 g,

0.061 mmol, 21%).

o Compound II-47T: M.p. > 350 °C

NO, O I

NN N (dec). TLC (CHCl3/CH5CN, 1:1) Ry
|| R=—RR=}—R |

“N_ _N-_N__N—~

-1
\[c])/ jc])/ O NO, 0.14. IR (KBr, cm ): 3039w,

R = COEt 2983w, 2924w, 2851w, 1751s,

1635s, 1608m, 1546m, 1460m, 1441m, 1417m, 1383w, 1371w, 1309w, 1274s,

1258m, 1153m, 1087w, 1068w, 1052w, 1025m. 'H NMR (400 MHz, CD;CN):
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8.30-8.25 (m, 2H), 7.95-7.85 (m, 2H), 7.80-7.75 (m, 2H), 6.96 (d, J = 16.0, 2H), 6.87
(d, J=16.0, 2H), 5.87 (d, J= 16.2, 2H), 4.81 (d, J = 15.9, 2H), 4.79 (d, J = 15.9, 2H),
4.62 (d, J = 16.2, 2H), 4.26 (q, J = 7.13, 8H), 1.30-1.20 (m, 12H). C NMR (100
MHz, CDsCN): 165.7, 165.2, 154.8, 154.2, 153.9, 152.7, 149.5, 135.7, 130.8, 130.7,
128.0, 119.6, 79.2, 77.4, 65.6, 65.4, 50.8, 50.6, 48.6, 13.8, 13.7. MS (FAB, Magic

Bullet): m/z 1081 (100, [M + Na]"). HR-MS (FAB, Magic Bullet): m/z 1191.1415

(IM + Cs]", C4pH3sN14040Cs, caled 1191.1441).

Compound II-47C: M.p. > 350 °C

NO. O JJ\ )j\ O  NO2

~—N__N__N__N— 0.10. IR (KBr, cm’): 3088w,
S G Gl
R = COLEt 3025w, 2983w, 2936w, 1755s,

1647s, 1604w, 15463, 1464s, 1445s, 1421m, 1375m, 1348w, 1309m, 1270s, 1173w,
1153m, 1095w, 1068w, 1021m. 'H NMR (400 MHz, CD;CN): 8.25-8.20 (m, 2H),
7.95-7.90 (m, 2H), 7.85-7.80 (m, 2H), 6.92 (d, J = 15.9, 2H), 6.89 (d, J = 16.0, 2H),
587 (d, J=16.2, 1H), 5.85 (d, J= 16.2, 1H), 4.81 (d, J = 15.9, 2H), 4.80 (d, J = 16.0,
2H), 4.67 (d, J = 16.3, 1H), 4.56 (d, J = 16.3, 1H), 4.30-4.20 (m, 8H), 1.30-1.20 (m,
12H). >C NMR (100 MHz, CDsCN): 165.7, 165.2, 154.8, 154.2, 154.1, 152.7,
149.5, 135.9, 131.0, 130.7, 128.0, 119.5, 79.2, 77.4, 65.6, 65.4, 50.8, 50.7, 48.6, 48.5,

13.8, 13.7. MS (FAB, Magic Bullet): m/z 1081 (100, [M + Na]"). HR-MS (FAB,

Magic Bullet): m/z 1191.1447 ([M + Cs]+, C42H3gN140,0Cs, calcd 1191.1441).
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Compound II-54: A mixture of

o 9% 9
NN NN NN PTSA (0.069 g, 0.37 mmol) and
| R=—CRR=—R |

\/NTNVNTN\/ CICH,CH,C1 (5 mL) was heated
(0]
(0] (0]
R = COoEt under N, at reflux for 30 min. under

an addition funnel filled with molecular sieves (4A). Phthalhydrazide (II-13) (0.026
g, 0.16 mmol) and compound I1-7 (0.050 g, 0.073 mmol) were added and after 4 h at
reflux a precipitate formed. The reaction mixture was concentrated and dried under
high vacuum. The residue was washed with water (3 x 10 mL) and centrifuged to

yield I1-54 as a white solid (50.0 mg, 0.0516 mmol, 71%). M.p. 310-312 °C (dec).

TLC (CHCI3/CH3CN, 10:1) R; 0.20. 1R (KBr, cm_l): 2990w, 2971w, 1755s, 1635m,
1464m, 1445m, 1398w, 1371w, 1274s, 1161w, 1138m, 1091w, 1021m. '"H NMR

(400 MHz, DMSO-dg): 7.80 (br. s, 4H), 7.60 (br. s, 4H), 6.70 (d, J = 15.6, 4H), 5.88
(d, J=16.2, 2H), 5.03 (d, J = 15.6, 4H), 4.64 (d, J = 16.2, 2H), 4.30-4.20 (m, 8H),
1.26 (t, J = 7.2, 6H), 1.23 (t, J = 7.2, 6H). °C NMR (100 MHz, DMSO-d): 164.8,
164.2, 155.1, 153.5, 137.4, 78.5, 77.6, 65.3, 64.9, 50.4, 48.2, 14.0, 13.9 (only 13 of

the 15 expected resonances were observed). MS (FAB, Magic Bullet): m/z 991 (100,

[M + Na]"), 969 (45, [M + H]"). HR-MS (FAB, Magic Bullet): m/z 969.2802 ([M +

H]+, C42H41N12016, caled 969.2763).

Compound II-56: To a solution of pyromellitic dianhydride

N 7
mf;j@im (1.00 g, 4.59 mmol) in hot glacial acetic acid was added N, N’-
e ~N

o @ dimethylhydrazine dihydrochloride (1.34 g, 10.09 mmol) in
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AcOH (50 mL) and the reaction mixture heated at reflux for 18 h. The reaction

mixture was filtered to give I1-56 as fine yellow crystals (1.00 g, 3.31 mmol, 72%).

M.p. >350 °C. IR (KBr, cm'l): 2963w, 2924w, 2851w, 1639s, 1355m, 1254m,

1192w, 1115w. "H NMR (400 MHz, DMSO-ds): 8.80 (s, 2H), 3.65 (s, 12H). °C
NMR (100 MHz, H,SO4 w/D;0 capillary): 156.6, 129.7, 129.3, 37.3. MS (EI): m/z

302 (100, [M]"). HR-MS (EI): m/z 302.1017 ((M]", C14H4N4O4, calcd 302.1015).

Isomerization experiments: Isomerization of II-47T. A mixture of PTSA (0.010 g,
0.050 mmol) and CICH,CH,Cl (5 mL) was heated under N, at reflux for 30 min.

under an addition funnel filled with molecular sieves (4A). Compound II-47T (0.010
g, 0.010 mmol) was added and reflux was continued for 5 d. The reaction mixture
was diluted with CHCl; (20 mL), washed with water, dried over MgSQO,, and dried
under high vacuum. The crude 'H NMR was taken in DMSO-ds and the relative
ratios of the aromatic peaks at 8.36 ppm and 8.27 ppm were measured by integration
to give II-47T/I1-47C in a 36:64 ratio. Isomerization of II-47C. A mixture of PTSA
(0.010 g, 0.050 mmol) and CICH,CH;Cl (5 mL) was heated under N, at reflux for 30
min. under an addition funnel filled with molecular sieves (4A). Compound I1-47C
(0.010 g, 0.010 mmol) was added and reflux was continued for 5 d. The reaction
mixture was diluted with CHCl; (20 mL), washed with water, dried over MgSQO,, and
dried under high vacuum. The crude 'H NMR was taken in DMSO-ds and the
relative ratios of the aromatic peaks at 8.36 ppm and 8.27 ppm were measured by

integration to give II-47T/I1-47C in a 32:68 ratio. Crossover experiment for I11-54
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and I11-47T. A mixture of PTSA (0.010 g, 0.050 mmol) and CICH,CH,CI (5 mL)

was heated under N, at reflux for 30 min. under an addition funnel filled with
molecular sieves (4A). Compound II-54 (0.005 g, 0.005 mmol) and compound II-
47T (0.005 g, 0.005 mmol) were added in one portion and reflux was continued for 5
d. The reaction mixture was diluted with CHCI; (20 mL), washed with water, dried
over MgSO,, and dried under high vacuum. The crude 'H NMR was taken in

DMSO-ds and only I1-54, 11-47T, and I1-47C were observed.
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III. Chapter 3: Molecular Recognition Properties of a Water Soluble

Cucurbit[6]uril Analogue

3.1 Introduction

Cucurbit[6]uril (CB[6]) is a macrocyclic compound comprising twelve
methylene bridges connecting six glycoluril units (Figure la and 1b). Since the
elucidation of the structure of CB[6] by Mock in 1981, its outstanding molecular
recognition properties have been described in a series of reports, most notably from

6399 and Kim.>'*"'" The relative rigidity of the

the groups of Mock,”* Buschmann,
CBJ[6] framework results in highly selective recognition properties toward cationic
and hydrophobic species (e.g. alkanediamines) through non-covalent interactions
including ion-dipole interactions, hydrogen bonding, and the hydrophobic effect. The
detection of CB[6]*guest complexes was first reported for alkylammonium ions based
on experimental evidence from 'H NMR,” UV/Vis,* and calorimetry.*® Since then,

the binding of CB[6] to a wide variety of species including alkali metal cations,

. . . . 1
amino acids and amino alcohols,”” and amino azabenzenes'* has been reported.
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Figure 1. Representation of the X-ray crystal structure of CB[6].” (a) side view; (b)
top view. (¢) Chemical structures of CB[6] analogues III-1 and III-2. The labeled
hydrogens on the CB[6] analogue III-1 are used to denote those resonances in their

"H NMR spectra (vide infia).

Unfortunately, underivatized CB[6] is not fluorescent and, therefore, cannot
be monitored directly by fluorescence spectroscopy. Incorporation of a fluorophore
into the CB skeleton would result in a universal detection scheme with a potentially
wide dynamic range and high sensitivity. The fluorescence experiments performed to

date with CB[6] involved the use of fluorescent guests. Such experiments have been

102,103,108 Kim 137,190 7
5

performed by the groups of Wagner, and Buschmann,'® Nau,*
and Kaifer.'”® For example, Wagner and Buschmann independently reported
fluorescence experiments using a mixture of I-anilinonapthalene-8-sulfonate (1,8-

ANS) and CBJ6] in the solid-state. A second approach towards the determination of

association constants of host-guest complexes using UV/Vis or fluorescence
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spectroscopy involves the use of an indicator-displacement assay that consists of a pH

205211 This indicator (usually a fluorescent dye)

or solvatochromic sensitive indicator.
forms a complex with the host, but upon addition of a competitive guest, is displaced
which changes its optical properties. This approach has not yet been applied in CB[n]

chemistry. Our approach to CB[n] fluorescent sensors relies on the incorporation of a

fluorophore into the CB skeleton which would result in a universal detection scheme

186,212

with a potentially wide dynamic range and high sensitivity.

lion-dipole interactions |

=

KL

77 interactions |

Figure 2. X-ray crystal structure of CB[6] analogue ITI-2.'*

The synthesis of CB[n] analogues is carried out using a building block
approach which allows for control over size, shape, and solubility of the resulting

175,186,189,197,212
macrocycles.'”> 8618197,

The X-ray crystal structure of CB[6] analogue III-1,
illustrates the elongated shape of the CB[6] analogues (Figure 2) with dimensions of
5.90 x 11.15 x 6.92 A; in contrast, CB[6] has a cylindrical shaped cavity. We

envisioned that the CB[n] analogues would possess unusual molecular recognition

properties including tight binding, high selectivity, and slow dynamics. Furthermore,
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we hoped that the CB[n] analogues would combine the desirable features of two

213215 Dye to the

important classes of host molecules, namely CB[n] and cyclophanes.
incorporation of aromatic walls the CB[n] analogues are structural similar to
cyclophanes, but the carbonyl-lined portals resemble the CB[n] family. Since CB[n]
analogues are preorganized to recognize guests molecules through a wide range of
non-covalent interactions and are fluorescent. These host molecules, therefore, define
a versatile platform to study the binding properties of a wide variety of chemically
and biologically important guest molecules including alkyl amines, aryl amines, dyes,
amino acids, peptides, and nucleotides using fluorescence spectroscopy.
Furthermore, the potential to covalently attach these CB[n] analogues to a solid phase
support through their carboxylic acid functional groups would allow these

macrocycles to be used as fluorescent chip-based sensors in the detection of specific

organic molecules such as explosives, neurotransmitters, peptides, and dyes.

In this chapter, we probe the molecular recognition properties of the water-
soluble CB[6] analogue (III-1) and its possible application as a fluorescent sensor for

chemically and biologically important amines.'>*'*>'®

Herein, we report the binding
constants of several different types of guests toward CB[6] analogue III-1 in aqueous
solution based on results from fluorescence titration experiments. We analyze this
structure-activity data to elucidate the key factors (sterics, electrostatics,

hydrophobicity, etc.) influencing the ability of III-1 to complex with organic

molecules.
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3.2 Results and Discussion

3.2.1 Binding Properties of CB[6] Analogue III-1 with

1,6-hexanediamine (I11-6)

In this section, we use 1,6-hexanediamine (III-6) as a model guest for III-1 —
because it is the prototypical guest for the CB[n] family — to calibrate our analytical
techniques (NMR, UV/Vis, and fluorescence) before proceeding to study a wide

variety of guests (vide infra).

NH2 NHo NHo NHo NHo NHz NHy  NH»

3

HoN
m-a HN
-5
-3 HeN
-z HN
ms HeN N
g me "2 HoN
H2N\/\/\/\NH2 -10 =11 HoN - HO
f h -6 =12 113

Figure 3. Alkanediamines and alkanediols used as guests for III-1. The hydrogens
labeled on 1,6-hexanediamine (III-6) correspond with their 'H NMR resonances in

Figure 4.

3.2.1.1 '"H NMR Study
The distance between the carbonyl portals of CB[6] is = 6.0 A; accordingly,
alkanediamines with a commensurate Nee*N distance have highest affinity toward

CBJ6]. For example, both 1,6-hexanediamine (III-6) and 1,5-pentanediamine (III-5)
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bind with high affinity (K, ~ 10® M) because the hydrophobic aliphatic portion of
the guest resides completely in the cavity of the CB[6]." The "H NMR spectrum of a
1:1 mixture of diamine and CB[6] shows characteristic upfield shifts of the aliphatic
portion of 6 on the order of ~ 0.8 ppm when bound inside the cavity of CB[6].%
Initially we hypothesized that CB[6] analogue III-1 would bind alkanediamines in a
similar fashion with the alkane thread stretched between the two carbonyl portals.
We hoped that the elongated shape of III-1 might even allow the simultaneous
binding of two alkanediamines in the hydrophobic cavity of III-1 resulting in the
formation of a ternary complex! The 'H NMR spectra of ITI-1, ITI-6, and a 1:1
mixture of ITI-1 and ITI-6 are shown in Figure 3. The '"H NMR spectrum of the
mixture of III-1 and IT1-6 shows distinct upfield shifts (= 0.2 ppm) and broadening of
the resonances corresponding to the protons on the f and y carbons (H, and Hi,
respectively) of the aliphatic portion of guest III-6. Even though the protons on the o
carbon (Hy) relative to the -NH;" also show broadening, the upfield shift is not as
dramatic because these methylene protons are the furthest away from the shielding
region defined by the aromatic rings lining the cavity of host III-1. This broadening
is due to the equilibrium process between free and bound 1,6-hexanediamine (I11-6)
being in the intermediate exchange regime on the chemical shift time scale. The
resonances for the protons on ITI-1 also show small shifts in the 'H NMR spectrum
upon complexation with diamine III-6. For example, the resonance corresponding to
the aromatic protons (H,) on the bis(phthalhydrazide) walls shifts downfield most
likely because the binding of III-6 in the cavity of III-1 results in a geometrical

change in the bis(phthalhydrazide) walls. A similar downfield shift is observed for
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the resonances for the diastereotopic protons (Hp) on the methylene bridges
connecting the bis(phthalhydrazide) and the glycoluril. These protons are directed
toward the interior of the cavity of host III-1. In addition to providing information on
the structure of the III-1<II1-6 complex, these shifts as a function of concentration

allowed us to determine the association constant of IT1-1I11-6.

H =~
H M H,  Hqp®
a)JLE % i
J H, Hy T
0 A AN
T .
H H H  Hyye H
) & )LJJUL SR R S
T ; T 6I I E_I) I zi

T T
3 2 1 0

I

Figure 4. 'H NMR spectra (400 MHz, 25 °C, 50 mM sodium acetate buffered D,O,
pD 4.74) for (a) III-1 (1 mM), (b) III-6 (1 mM), and (c) III-1 (0.5 mM) and I11-6

(0.5 mM). x = OAc.

We performed an NMR titration experiment in which the change in the shift
of the resonance corresponding to the aromatic proton (H,) was monitored as a
function of the concentration of III-6. When this data is fitted to a 1:1 binding model
using a nonlinear least-squares analysis, we obtained K, = 630 + 40 M for ITI-1+I1I-
6. Despite the fact that the titration data fitted well to a 1:1 binding model, we
wanted to obtain stronger evidence for the stoichiometry of the III-1I1I-6 complex.
For this purpose, we performed a Job plot analysis at a fixed total concentration of 1
mM (Figure 5). The Job plot establishes a 1:1 ratio between III-1 and 1,6-

hexanediamine (III-6) within their complex (e.g. III-1¢I1I-6). These results
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demonstrate that only a single molecule of III-6 can complex with I1I-1 at a time;
putative ternary and higher order complexes are unstable due to unfavorable

electrostatic or steric interactions.
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Figure 5. Job plot for CB[6] analogue (III-1) and 1,6-hexanediamine (II1-6) based
'H NMR experiments (400 MHz, 25 °C, 50 mM sodium acetate buffered D,O, pD
4.74) monitoring the shift of the aromatic protons on the bis(phthalhydrazide) (H,) of

host III-1. The line in the graph is intended to act as a guide for the eye.

3.2.1.2 UV/Vis Study
Due to the incorporation of the aromatic bis(phthalhydrazide) walls into the
macrocycle, host III-1 can also be monitored directly by spectroscopic techniques
such as UV/Vis and fluorescence. The ability to use optical detection methods is
advantageous because the sensitivity of these techniques allows for the determination
of large association constants of complexes in addition to the ability to monitor either
the host or the guest, depending on the type of experiment. To assess the suitability

of UV/Vis as a general method to obtain III-1eguest binding constants, we performed
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a UV/Vis titration experiment monitoring the absorbance of the host at 330 nm
(Figure 6) upon complexation with 1,6-hexanediamine (III-6) and compared the
results to those based on the 'H NMR measurements. As the concentration of III-6 is
increased in a solution containing a fixed concentration of III-1, a decrease in
absorbance is observed. When we fitted this change in absorbance to a 1:1 binding
model by non-linear least squares analysis, we obtained an association constant of
370 + 70 M. The isosbestic point observed at ~ 370 nm provides strong evidence
for a clear two-state equilibrium in the system comprising I1I-1 and III-6. Although
the use of UV/Vis spectroscopy to obtain association constants for III-1 requires less
material and less time than typical "H NMR titrations, the change in absorbance is
small and for certain guests can prove impractical to monitor for accurate K,
determinations.

0.15
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0.050 =
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Figure 6. UV/Vis titration of III-1 (5.2 uM, 50 mM NaOAc, pH 4.74, 25 °C) with

1,6-hexanediamine (III-6) (0 mM — 10 mM).
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3.2.1.3 Fluorescence Studies

The use of fluorescence spectroscopy provides the easiest method to
determine the association constants of a variety of different guests with III-1 because
very small amounts of material are needed (2.5 — 25 uM), the data can be acquired
rapidly, and the fluorescence spectrum shows a large change upon injection of a wide
range of guests. Accordingly, as the concentration of III-6 is increased in a solution
containing a constant concentration of III-1, an increase in the fluorescence emission
at 525 nm is observed (Figure 7a). The change in the area under each fluorescence
emission spectrum was determined by integration and then fitted to a 1:1 binding
model to give an association constant of 240 + 12 M (Figure 7b). To further
understand the factors which govern the binding of alkanediamines towards host ITI-
1, we decided to examine the influence of chain length (n, H,N(CH,),NH;) and

functional group (e.g. -OH vs. -NH,) on the strength of binding with III-1.
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Figure 7. (a) Fluorescence titration of III-1 (25 uM, 50 mM NaOAc, pH 4.74, 25
°C) with 1,6-hexanediamine (III-6) (0 mM — 10 mM). (b) A plot of the change in the
integrated fluorescence emission of III-1 versus [1,6-hexanediamine]; the solid line
represents the best fit of the data to a 1:1 binding model with K, = (2.4 + 0.12) x 10°

M-l

3.2.2 Determination of Association Constants Using Fluorescence

Spectroscopy

We chose to use fluorescence spectroscopy rather than 'H NMR or UV/Vis

spectroscopy to determine the association constants of III-1eguest complexes for
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several reasons: 1) the data can be acquired quickly and accurately by directly
monitoring the change in emission of III-1, 2) the amount of material needed is
minimal due to the high sensitivity of fluorescence spectroscopy, 3) the change in the
fluorescence emission spectrum of I1I-1 is usually large and can be easily monitored
for a wide-range of guests, and 4) association constants on the order of 10° M can be

obtained directly.

3.2.3 Alkanediamines

In order to determine the influence of the length of the alkanediamines on the
association constants, we performed fluorescence titrations with shorter and longer
alkanediamines (II1-4, III-5, III-7 — I1I-12) and compared the results to those
obtained for alkanediamine II1-6 (Figure 3). The general trend of decreasing binding
affinity for different lengths of alkanediamines is as follows: 1,10-decanediamine
(I1-10) > 1,11-undecanediamine (III-11) > 1,12-dodecanediamine (ITI-12) > 1,9-
nonanediamine (III-9) >> 1,8-octanediamine (III-8) > 1,7-heptanediamine (I1I-7) >>

1,6-hexanediamine (I11-6).
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Table 1. Association constants for guests II1-3 — III-13 with III-1.

Guest CB[6] analogue III-1 K, (M™)
I11-3 n.d.

114 n.d.

I1-5 n.d.

I11-6 (2.4+0.12) x 10
I11-7 (2.8+0.12) x 10°
I11-8 (5.4+0.17) x 10°
I11-9 (1.8 +0.05) x 10
I11-10 (2.4 +0.33) x 10
I-11 (2.3+0.27) x 10*
1-12 (2.0 +0.27) x 10*
I11-13 n.d.

n.d. = no binding detected.

3.2.3.1 The Length of Alkanediamines Influences Their Binding
Towards Host I11-1

As can be seen in Table 1, as the length of the alkyl chain increases so does
the binding constant. Once the length of the chain between the amines reaches ten
carbons, a maximum binding constant is reached at 24,000 M. We hypothesize that
unlike CB[6], which prefers to bind shorter alkanediamines (III-5 and II1-6) which
position their -NH;" groups at the carbonyl-line portals, CB[6] analogue ITI-1 prefers
longer alkanediamines (III-7 — I1I-12) due to the oval shape of the host which
maximizes both hydrophobic and ion-dipole interactions. Based on the binding

constants of III-6 — III-12 with CB[6] analogue III-1, we hypothesize that the alkyl
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chain also spans the hydrophobic cavity of the CB[6] analogue as in the case of

CBJ[6], but does so diagonally.

Figure 8 shows the results of an MMFF minimization of the III-1<III-10
complex. The hydrophobic alkyl groups reside inside the cavity of the CB[6]
analogue, shielded from the polar aqueous environment outside the cavity. As
illustrated in Figure 8, the 1,10-decanediammonium is able to span across and
through the cavity from one side of the macrocycle to the other in order to maximize
the ion-dipole interactions between the ammonium groups and the carbonyls of the
glycolurils as well as to fill the hydrophobic cavity more completely. Fluorescence
titrations carried out using the shortest diamines — 1,4-butanediamine (III-4) and 1,5-
pentanediamine (ITI-5) — with CB[6] analogue III-1 does not result in changes in the
fluorescence spectrum. Thus, we conclude that the binding constant is significantly
lower than that for 1,6-hexanediamine (II1-6) (K, < 240 M) and outside the range of

219
the fluorescence measurements.
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Figure 8. Minimized geometries for III-1¢1,10-decanediammonium (ITI-10+2H")
obtained from molecular mechanics calculations (MMFF). Atom colors: C, gray; N,

blue; O, red; H, white.

3.2.3.2 Electrostatic Potential

Figure 9a shows the electrostatic potential energy map for CB[6];’ the
convergent C=0 groups result in a highly electrostatically negative region at the two
C=O0 lined portals. For comparison, Figure 9b shows the electrostatic potential
calculated for CB[6] analogue I1I-1 which indicates a less electrostatically negative
portal comprising only four glycoluril carbonyl groups on each face of the
macrocycle. These glycoluril carbonyl groups are important in the formation of
favorable electrostatic interactions with the -NH;  groups on the alkanediamine
guest. The remaining four carbonyl groups associated with the bis(phthalhydrazide)

portions of host III-1 are significantly less electrostatically negative regions and are
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preferentially oriented parallel to the cavity of III-1. It is well established that this
electrostatic preorganization endows CB[6] with high selectivity towards the binding
of alkanediamines. The less electrostatically negative portals of CB[6] analogue III-1
is presumably due to the fact that the four C=0O groups on each side of I1I-1 do not
converge upon one another as dramatically as seen for CB[6]. Accordingly, we
hypothesized that ion-dipole interactions would be less important in the recognition
properties of III-1 relative to CB[6] itself. The ability of the electron deficient
bis(phthalhydrazide) side walls of III-1 to engage in n-7 interactions will clearly play

a prominent role in determining the affinity of III-1 towards its guests.

Figure 9. Electrostatic potential energy maps of: (a) CB[6] and (b) CB[6] analogue

III-1. The red to blue color range spans —78 to +35 kcal mol™.

3.2.3.3 CBJ|6] Shows Greater Selectivity Towards the Binding of
Alkanediamines Compared to Host I11-1

A comparison of the binding constants of alkanediamines (III-6 — I1I-10) to
CBJ6] analogue 1 and CB[6] are illustrated in Figure 10. From this plot, it is
immediately apparent that CB[6] possesses a higher affinity for alkanediamine I1I-6
with an association constant on the order of 10° M™". On the other hand, CB[6]

analogue III-1 possesses a larger affinity for alkanediamines I1I-9 and I1I-10, but
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with association constants on the order of 10° M. Overall, CBJ6] is a much better
host for the binding of alkanediamines with association constants two orders of
magnitude higher than that for CB[6] analogue III-1. This result is not surprising due
to the fact that the shape of the cavities and portals are different. CB[6] possesses a
barrel-like shape with all six electron-rich carbonyls pointed into the opening of the
cavity slightly making it preorganized to engage in more favorable ion-dipole
interactions with alkanediamines. In addition to its higher affinity for
alkanediamines, CB[6] is also a more selective receptor than III-1 for these
compounds. The selectivity of CB[6] for alkanediamines relative to CB[6] analogue
III-1 is evident by comparing of the slope of the lines shown in Figure 10. For
CBJ[6], the slope is much steeper (= 1.0 log K, units per CH;) than for CB[6] analogue
III-1 (= 0.6 log K, units per CH,) over a range of alkanediamines (I1I-6 — I11-10)
which indicates that CB[6] displays better selectivity for shorter alkanediamines (e.g.

I11-6) versus longer alkanediamines (e.g. III-10) relative to host III-1.
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Figure 10. Relationship between the binding constant (log K,) versus chain length n

for alkanediamines II1-6 — I11-10 for CB[6] analogue III-1 (@) and CB[6] (A).69
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After determining that III-1 is capable of encapsulating alkanediamines in its
cavity, we were curious to find out whether the amine groups on the alkanediamines
were essential for binding to occur. Previous binding experiments with guests
containing terminal hydroxy groups in place of ammonium groups have been shown
to lead to a decrease in the affinity towards CB[6] of approximately 1000-fold.> This
decrease in affinity is due to the absence of ion-dipole interactions in the case of —-OH

groups relative to —NH;" groups.”"%*

Accordingly, we hypothesized that the
affinity of III-1 toward 1,6-hexanediol (III-3) would be significantly less favorable
than III-6 due to the lack of ion-dipole interactions in the complex. When the
fluorescence titration experiment was carried out with host I1I-1, we did not observe
a change in the fluorescence spectrum of I1I-1 and thus conclude that the association
constant between III-1 and III-3 is small; similar to what was observed for
alkanediamines III-4 and III-5. Finally, to further test whether the length of the
alkanediamine and its resulting hydrophobicity is important in the formation of a
stable host-guest complex with III-1, we used 1,12-dodecanediol (III-13). Once
again, we did not observe a change in the fluorescence spectrum of III-1 upon
addition of III-13. Therefore, we can conclude that the ammonium groups, which
interact with the carbonyl portals of host III-1 through ion-dipole interactions, are
essential in order guests to undergo tight binding in the cavity of III-1. The
hydrophobic effect alone does not appear sufficient to induce tight binding with III-1.
Protonated amino groups, which allow for ion-dipole interactions to occur spanning

diagonally across the cavity of I1I-1, are the critical factor dictating III-1 complexing

with alkanediamines.
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3.2.4 The Affinity of Substituted Aromatic Guests Towards Host I11-1

The experimental results presented above led us to postulate that guests
containing aliphatic chains are not the most favorable guests for III-1 due to the fact
that the advantageous m-m interactions between host and guest cannot occur.
Therefore, we sought to determine whether CB[6] analogue III-1 is better suited to
bind larger, specifically aromatic, guests. Compared to CB[6], which does not
preferentially bind large aromatic molecules in its cavity, CB[6] analogue III-1
possesses a wider cavity as well as the potential for n-m interactions with the

appropriate guests based on the incorporation of aromatic walls into the macrocycle.

Previously, we determined that the binding constant of III-1*benzene (I11-14)
is 6900 M".'” The distance between the two aromatic walls in ITI-1 is 6.9 A which
results in a high level of preorganization for III-1 to engage in favorable m-nt
interactions with aromatic guests (Figure 2). Based on this relatively weak binding
constant relative to the long-chain alkanediamines (III-8 — III-11), we hypothesized
that substituents with the ability to interact with III-1 through ion-dipole interactions
and hydrogen bonds such as -NH;" and ~OH groups would increase the affinity for
these types of guests toward III-1. Also, increasing the size of the guests and the
number of aromatic rings in the guest molecule should also increase the stability of
these complexes. In order to determine whether CB[6] analogue I1I-1 would display
enhanced affinity towards a wider range of aromatic guests, fluorescence titrations

experiments were performed for several water soluble aromatic compounds (Figure

11).
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Figure 11. Aromatic guests and dyes used in fluorescence titration experiments with

CB[6] analogue III-1.

Accordingly, several guests were studied to give insight into the electronic
preferences, sterics, number of hydrogen bond donors, and the length/size of different
types of aromatic guests. From monosubstituted, to disubstituted, to trisubstituted
aromatic compounds, the goal was to establish a structure-activity relationship
between association constants and types of substituted aromatic molecules. The
association constants range from 10° to 10® M depending on the guest studied and
were all obtained directly by monitoring the change in the emission of III-1 through
the use of fluorescence spectroscopy. The order of decreasing binding affinity is as
follows: catechol (III-15) > o-phenylenediamine (III-16) > resorcinol (III-17) > p-

phenylenediamine (III-18) > hydroquinone (ITI-19) > phenol (IT11-20) > m-
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phenylenediamine (III-21) > p-xylylenediamine (III-22) > aniline (I1I-23) > picric

acid (III-24) > benzoic acid (I1I-25) >> benzene (I11-14) > p-nitrophenol (I11-26).

3.2.4.1 Aromatic Guests Containing One Group Capable of
Donating H-Bond(s): Aniline, Phenol, Benzoic Acid

The association constant for aniline (III-23) is about an order of magnitude
higher than benzene (I1I-14) at 4.5 x 10* M"'. We hypothesize that this increased K,
is most likely due to the anilinium —NH;" (pK, = 4.6) group engaging in H-bonding
and ion-dipole interactions with the carbonyls of III-1 similar to the alkanediamines
discussed previously. Phenol (III-20) also has a larger affinity towards host 1 than
benzene which is most likely due to the —OH group on the aromatic ring engaging in
H-bonding with the carbonyls of III-1. These results provide evidence that the
addition of groups to the aromatic ring of the guest molecule which can form
hydrogen bonds or ion-dipole interactions with the electron-rich carbonyl portals of
I1I-1 have a greater affinity for III-1 with binding constants in the range of 10* M
which is about one order of magnitude higher than the unsubstituted benzene (I11-14).
The combination of these non-covalent interactions, which are not available with
benzene (III-14), leads to an increase in the association constant for aniline (ITI-23)
and phenol (III-20). On the other hand, benzoic acid (III-25) has a smaller
association constant (K, = 2.5 x 10* M) relative to aniline (I1I-23), but a larger
association constant relative to benzene (III-14). Based on the decrease of the
association constant of benzoic acid (III-25) relative to aniline (ITI-23) and phenol
(II-20), we hypothesize that the —CO,H group is better solvated, making the guest

less hydrophobic, which leads to less favorable host-guests interactions.**

117



Table 2. Association constants of aromatic guests III-14 — III-31 with CB[6]

analogue III-1.

Guest CBI[6] analogue III-1 K, (M™)
I-14'7 6.9+1.1)x 10°
I1-15 (2.9+0.60) x 10°
I11-16 (2.5+0.70) x 10°
I1-17 (13+0.20) x 10°
I11-18 (8.0 + 1.4) x 10°
I11-19 (7.6 +2.0) x 10°
I11-20 (7.4 + 1.5) x 10°
I1-21 (5.6 + 0.80) x 10*
I11-22 (5.4 +0.30) x 10*
I11-23 (4.5 +0.70) x 10°*
111-24 (3.8 + 0.40) x 10*
11-25 (2.5 +0.50) x 10*
111-26 (2.5 +0.30) x 10°
1-27 n.d.

I11-28 (2.2+0.08) x 10°
111-29 (4.6+1.1)x 10°
111-30'" (8.2 +0.50) x 10°
I11-31 (1.1 +0.20) x 10°

n.d. = no binding detected.
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3.2.4.2 Aromatic Guests Containing Two Groups Capable of
Donating H-Bonds

Additional substitution on the aromatic ring of the guests generally increases
the association constant towards CB[6] analogue III-1. Specifically, catechol
(ITI-15) and o-phenylenediamine (III-16) have very favorable interactions with I1I-1,
based on their association constants of 2.9 x 10° and 2.5 x 10° M, respectively.
These results provide evidence that ortho substituted aromatic rings bind
preferentially in the cavity of III-1 over para substituted aromatic rings. Based on the
minimized geometries for catechol (III-15) obtained from molecular mechanics
calculations (see Experimental Section, Figure 14), one of the —OH groups hydrogen
bonds with the carbonyls of the glycolurils while the other —OH forms an
intramolecular hydrogen bond. A similar geometry and enhanced K, is observed for
o-phenylenediamine (III-16) relative to p-phenylenediamine (II1I-18). Meta-
substituted resorcinol (I1I-17) forms a strong complex with ITI-1 (K, = 1.3 x 10
M™), but the K, value for the corresponding meta-diamine III-21 is reduced by half
(K, (ITI-1+111-21) = 5.6 x 10* M™"). Currently, we do not understand the origin of this
difference between I11-17 and I1I-21. We would expect a higher binding constant
based on the ability of III-21 to participate in H-bonding and n-n interactions as well
as the additional ion-dipole interactions due to the -NH;" groups. On the other hand,
the electron-rich aromatic ring of III-17 can form favorable charge-transfer
interactions with the electron-poor bis(phthalhydrazide) walls while inside the cavity
of III-1.'%"! Apparently, a fine balance exists between the various — n-m, ion-
dipole, charge-transfer, and H-bonding interactions — which determine the stability of

III-1eguest complexes.
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3.2.4.3 Aromatic Guests Containing Multiple Functional Groups:
Benzenetricarboxylic Acid, p-Nitrophenol, and Picric Acid

We chose to study the ability of trisubstituted 1,3,5-benzenetricarboxylic acid
(ITI-27) to bind inside the cavity of host III-1. Fluorescence titration of III-1 with
II1-27 did not show a change the fluorescence emission spectrum of III-1. We
postulate that the increase in the number of the —CO,H groups increases the solvation
of the guest which makes the guest less hydrophobic, thus a decrease in the K, with

III-1 is observed.?!??

Therefore, the addition of two —CO,H groups on the aromatic
ring dramatically decreases the association constant between I1I-1 and III-27 relative
to benzoic acid (III-25). We postulate that benzoic acid (III-25) can form favorable
n-n interactions in the cavity of III-1 simply by directing the —CO,H group away
from the cavity, whereas trisubstituted I1I-27 does not have the ability of placing the

—CO,H groups away from the carbonyls on host III-1 and outside the hydrophobic

cavity of III-1.

The detection of explosives in soil and groundwater have been explored using
host-guest chemistry based on self-assembled monolayers functionalized with

. 22422
cyclodextrins. 7

The ability of III-1 to bind nitrated arenes was, therefore,
investigated to determine whether the CB[6] analogue III-1 might be used in
detecting explosives such as trinitrotoluene (TNT) and dinitrotoluene (DNT). We
used p-nitrophenol (I1I-26) and picric acid (I11-24) as surrogates for determining the
relative affinity of nitrated arenes towards III-1 because they are not highly explosive

and possess better solubilities in aqueous solutions than TNT and DNT. Using

fluorescence spectroscopy, we were able to determine the association constants of p-
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nitrophenol (III-26) and picric acid (III-24) with CB[6] analogue III-1. The
association constants for I11-26 and ITI-24 are 2.5 x 10° and 3.8 x10* M 1
respectively. We hypothesize that the enhancement in binding relative to III-26 is
due to the favorable m-m interactions between the electron poor walls of the host and
the electron poor arene. The size and shape of the 1,3,5-trinitro-substituted aromatic
ring is a good match for the cavity of III-1; this result bodes well for the use of I1I-1

as a fluorescent sensor for explosive devices based on TNT.

3.2.4.4 Larger Aromatic Guests Increase the Surface Area of n-n
Interactions

Based on the binding constant of CB[6] analogueeguest complexes being
strongly dependent on the nature (e.g. number and pattern of functional groups)
aromatic properties of the guest, we decided to study guests which possess two or
more aromatics rings in their structure. Methyl viologen (III-28) has been used
previously in order to study the molecular recognition properties of both CB[7] and
CB[8].!'*!1>12722 CB[7] forms a 1:1 complex with ITI-28 (K, = 1.3 x 10’ M)
which is about three orders of magnitude larger than the formation of CB[6] analogue
II-1-111-28 (K, = 2.2 x 10* M™)). We postulate that this difference in K, is due to
CBJ[7] possessing an appropriately sized and shaped cavity for III-28 which
maximizes the non-covalent interactions compared to CB[6] analogue III-1. CB[8§]
forms a 1:1 complex with III-28 (K, = 1.1 x 10° M) that is less stable than
CBJ7]I1I1-28 indicating that the distance spanning from one C=0 portal to the other
provides favorable ion-dipole interactions with the pyridinium rings in the formation

of both 1:1 complexes (CB[7]-II1-28 and CB[8]-II1-28), but the size of the cavity of
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CB[7] accommodates guest III-28 better resulting in the formation of a tighter

complex.

Accordingly, we hypothesized that benzidine (II1-29) would be an ideal guest
for III-1 based on molecular mechanics calculations. The distance between the —NH,
groups is similar to 1,10-decanediamine (III-10) and the aromatic rings provide a
rigidity to the guest as well as the possibility to interact with the aromatic walls of the
host through n-n interactions. As can be seen in Figure 12, III-29 is capable of
spanning the hydrophobic cavity of III-1 with favorable n-r interactions as well as
ion-dipole interactions of the protonated amines with the carbonyls on the glycolurils
of the macrocycle. As expected, there is a slight twist between the biphenyl rings in
II1-29 as it is bound in the cavity of host III-1. This twist in guest III-29 while
bound in the cavity of III-1 results in a slight twist in bis(phthalhydrazide) walls of
host III-1 to maximize the n-n interactions with III-29. From this minimized
structure, the distance from the center of the Ar-Ar bond of the guest to the centroid
of the aromatic ring of the host is = 3.4 A, which is consistent with the preferred
distance for m-m interactions. After performing the fluorescence titration experiment,
we discovered that the association constant for 1eI11-29 was 4.6 x 10° M. This
result was consistent with previous data obtained with Nile Red (III-30) which binds
with an association constant of 8.2 x 10° M™". Based on the strong affinity of the dye
III-30, we decided to study a similar dye called Nile Blue Chloride (ITI-31) which

1

resulted in a similar association constant of 1.1 x 10° M. These results provide

evidence, as expected, that increasing the surface area for m-m interactions by
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increasing the size of the n-system of the guest as well as increasing the coplanarity
of the guest molecule significantly increases the association constant. Accordingly,
host ITI-1 functions as an excellent receptor for dyes and other large, flat aromatic
molecules. These results suggest that CB[6] analogue 1 will become a broadly
applicable host for the detection of polycyclic aromatics with detection limits
approaching or exceeding the uM range. Through the judicious selection of guests
with complementary size and shape as well as electrostatic profile, it is possible to
obtain host-guest complexes of ITI-1 with K, values that exceed 10° M™'!' Due to the
high affinity observed for host III-1 toward polycyclic aromatic molecules and those

that possess amino groups, we thought that host III-1 would be a prime candidate for

228,229

the detection of amino acids and nucleobases.

Figure 12. Cross-eyed stereoview of the MMFF-minimized structure of
ITI-1+benzidinium (ITI-29+2H"). Atom colors: C, gray; N, blue; O, red; H, white; H-

bonds, red—yellow striped.
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3.2.5 Biologically Relevant Guests Bind in the Cavity of Host I11-1

Due to the high solubility of host III-1 in aqueous solutions, its high affinity
towards aromatic molecules, and the ability to detect these guest molecules at uM
concentrations with fluorescence spectroscopy, we envisioned III-1 as a potential
module for the use in such applications as ion and molecular transport as well as
peptide and DNA sensing.” Importantly, proteins and DNA do not absorb at long
UV/Vis wavelengths and therefore do not interfere with the detection of host III-1.
In order to test our hypothesis that CB[6] analogue III-1 would associate with
biological molecules, we chose to study several amino acids and nucleobases (Figure
13). These experiments were performed using fluorescence spectroscopy to monitor

the change in fluorescence emission of host III-1 as described above.

3.2.5.1 Dopamine

Based on the high affinity of III-1 towards catechol (III-15) we decided to
study the binding of dopamine (Figure 13, III-32), which is similar to ITI-15, but
possesses a —(CH;),NH, group on the aromatic ring. Under our experimental
conditions (pH 4.74), the amino group is protonated which should enhance the K,
value for III-1III-32 by the combined influence of ion-dipole, hydrogen bonding,
and m-m stacking interactions. In the experiment we found that the K, value
(K, = 7.1 x10* M) is comparable to that observed for III-1eIII-15. We postulate
that the geometrical preferences of the catechol (III-15) and ammonium region of
guest II1-32 are incompatible and result in an overall decrease in the association

constant. Specifically, the -NH;" of dopamine (ITI-32) would like to position itself at
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either one of the carbonyl portals of host III-1, similar to the alkanediamines
discussed previously to maximize the ion-dipole interactions and hydrogen bonding.
For this conformation of binding to occur, the complex must sacrifice more favorable
n-7 interactions as well as hydrogen bonding with one of the —OH groups on the
aromatic portion of III-32 (see Experimental Section, Figure 15). On the other hand,
if the aromatic portion of III-32 is positioned in the cavity in order to maximize the
n-n interactions within the cavity of III-1, the -NH;" group is unable to form
favorable interactions with the carbonyl portal of host III-1. The ability of III-1 to
detect III-32 in water has several potentially significant biological uses since

dopamine is an important neurotransmitter.

3.2.5.2 Aromatic Amino Acids Form Strong Complexes With
CBJ6] Analogue III-1

Fluorescence titration experiments were also performed with L-phenylalanine
(II1-33), L-tyrosine (I11-34), and L-tryptophan (III-35). We chose these amino acids
because host III-1 should possess good affinity for them due to the possibility of n-nt
stacking and ion-dipole interactions. Compounds III-33 — III-35 have association
constants of 4.2 x 10*, 5.7 x 10* and 3.2 x 10° M, respectively (Table 3). CBJ[6]
analogue III-1 binds III-35 especially tightly which is most likely due to the larger
size of the indole ring compared to the monocyclic rings on amino acids I1I-34 and
III-35. Based on these initial results, we believe that CB[6] analogue I1I-1 will bind
to peptides and proteins containing aromatic amino acid residues which will be useful
in peptide sensing applications. Interestingly, when the titration was performed using

L-histidine (II1-36) as a guest, the fluorescence emission spectrum of III-1 does not
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change. In the case of I1I-36, we hypothesize that the protonation of the imidazole
ring N-atom makes the aromatic ring relatively hydrophilic. Apparently, removal of
the solvating water molecules is less favorable than guest inclusion within the cavity
of III-1. A similar result was recently reported by Urbach for complexation of I11-36
inside CB[8]*III-28. In this study, Urbach also reports the binding of 1II-33 — I11-35
towards CB[8]-I1I-28 with binding constants of 5.3 x 10°,2.2 x 10°, and 4.3 x 10*
M , respectively, at 27 °C in sodium phosphate (10 mM, pH 7.0), respectively. * In
combination, these experiments provide evidence that the hydrophobicity of the

aromatic portion of the amino acid is essential in order to complex inside the

hydrophobic cavity of I11-1.

OH
11-32 NH2 NHz

111-33 111-34

Ho

N
M o o
I11-35 I1I-36 '"37 H III38
0 NH \> b
\fL & f\ NH»

N -43
n-42
III-39 111-40 -41 OH OH

Figure 13. Biologically relevant guests used to investigate the binding properties of

CB[6] analogue III-1.
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Table 3. Association constants of biologically relevant guests I11-32 — I11-43 with

CB[6] analogue III-1.

Guest CBI[6] analogue III-1 K, (M)
111-32 (7.1 +0.60) x 10*
111-33 (4.2 +0.70) x 10*
111-34 (5.7+1.1)x 10°
I11-35 (3.2+1.0) x 10°
111-36 n.d.

111-37 n.s.

I11-38 (4.4 +0.90) x 10*
I11-39 (3.8 £ 0.90) x 10°
111-40 (6.0 + 1.0) x 10°
111-41 (7.0 + 1.4) x 10°
111-42 n.d.

111-43 n.d.

n.d. = no binding detected. n.s. =not soluble.

Overall, CB[6] analogue III-1 possesses a slightly larger affinity for guests
III-33 — III-35 compared to CB[8]-I11-28 due to III-1 possessing two aromatic walls
in the macrocycle which can participate in a sandwich-like binding (dual =n-n
interactions) where the aromatic walls are on both sides of the aromatic guest whereas
in CB[8]-II1-28 can only interact with one side of the aromatic guest (single n-nt
interaction). Although the affinities of III-1 and CB[8]-I11-28 are comparable, it may
be advantageous to use III-1 in certain cases because III-1 — with its native

fluorescence — will be responsive at sub-uM concentration where CB[8]I11-28 will
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dissociate into CB[8] and III-28 which do not exhibit a fluorescence response to

amino acids.

3.2.5.3 Nucleobases as Guests for CB[6] Analogue I1I-1
We were also interested in the potential binding of the building blocks of
RNA and DNA, therefore we studied the ability of CB[6] analogue III-1 to bind all

five of the different nucleobases (Chart 3).>*

Unfortunately, guanine (III-37) was
not soluble in the media used for our binding experiments (sodium acetate, 50 mM,
pH 4.74, 25 °C) so we were unable to determine its association constant with III-1.
However, the other purine, adenine (III-38), and the pyrimidines thymine (I1I-39),
uracil (II1-40), and cytosine (III-41) were all soluble which facilitated the
determination of their affinity towards CB[6] analogue 1 (Table 3). Not surprisingly,
II1-38 — with its large m-surface relative to the pyrimidines — has the largest
association constant (K, = 4.4 x 10* M) of the nucleobases studied. Interestingly,
adenosine (I1I-42) does not bind to host ITI-1. We postulate that sterics and solvation
effects are important factors in the binding process to form stable host-guest
complexes with CB[6] analogue III-1. The sugar residue of III-42 most likely makes
the guest too bulky as well as more hydrophilic (relative to adenine (II1-38)) to bind
efficiently in the cavity of III-1. To provide further evidence that sugars do not
associate with host III-1, glucosamine (I11-43) was injected into a solution containing

III-1; no binding was detected by fluorescence spectroscopy. From these

experiments we conclude that nucleosides as well as sugars do not possess the
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appropriate shape or hydrophobicity necessary to form stable complexes with host

ITI-1.

33 Conclusion

The incorporation of (bis)phthalhydrazide walls into the macrocycle of CB[6]
analogue III-1 gives rise to its fluorescent properties. The size and shape of II1-1
permits the binding of larger, flatter guests relative to the parent CB[6] while still
retaining the ability to bind long chain alkanediamines although with different
geometrical preferences. The combination of non-covalent interactions such as m-n
stacking, ion-dipole, hydrogen-bonding, and the hydrophobic effect gives rise to the

wide variety of guests that can be encapsulated by CB[6] analogue III-1.

CBJ[6] analogue III-1 preferentially associates tightly with a variety of
aromatic molecules with binding constants up to 10° M. Aromatic guests form n-n
interactions while encapsulated inside the cavity of III-1 which is due to the
preorganized structure of III-1. Although this paper focuses solely on monitoring the
change in the fluorescence emission spectrum of III-1, future experiments can be
performed by monitoring fluorescent guests which have the ability to be excited at
different wavelengths relative to host molecule III-1. Therefore, the association
constants can be determined either by directly monitoring the change in fluorescence

of the host or the change in the fluorescence of an appropriate guest.
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Furthermore, since CB[6] analogue III-1 is highly soluble in aqueous
solutions, it functions as a fluorescent sensor towards biologically important
molecules with uM detection limits. The ability of III-1 to form strong complexes
with aromatic amino acids (e.g. tryptophan (III-35)) provides a platform for sensing
peptides. The versatility of CB[6] analogue III-1 as a host molecule allows for its
potential use as a fluorescence sensor in the detection of proteins, neurotransmitters,
nitroaromatics, dyes, and other aromatic guests. Additionally, the carboxylic groups
on the equator can be functionalized to yield organic soluble CB[n] analogues which
will display similar affinities towards aromatic guests and guests containing
hydrogen-bond donating groups in non-polar, organic solutions such as CHCI; or
CH,Cl, which may have useful applications in nanotechnology such as micro-chip
arrays. These carboxylic groups can also lead to a functionalized solid support
containing CB[6] analogues which would allow the detection and separation of
aromatic guests including, but not limited to, dyes, peptides, and DNA. Due to the
UV/Vis, fluorescence, and electrochemical properties displayed by the CB[n]
analogue family, their ease of functionality, and their ability to recognize several
types of aromatic guests with affinities up to 10° M, these macrocycles are poised to

have a great impact towards advances in the field of supramolecular chemistry.
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34 Experimental

3.4.1 Titration Experiments

General. Cucurbit[6]uril analogue III-1 was synthesized and purified according to
literature procedures.m’186 All guests were purchased from commercial suppliers and
were used without further purification. Solutions UV/Vis and fluorescence titrations
were prepared in NaOAc buffer (pH 4.74, 50 mM). For 'H NMR experiments,

solutions were prepared in NaOAc buffered D,O (pD = 4.74, 50 mM).

"H NMR Spectroscopy. All spectra were recorded on a spectrometer operating at
400 MHz for 'H and are referenced to external (CHs);SiCD,CD,CO,H (6 = 0.0 ppm).
The temperature was calibrated using the separation of the resonances of
HOCH,CH,OH and controlled at 22 + 1 °C using a temperature control module. The
chemical shifts of host III-1 were monitored as a function of added 1,6-
hexanediamine concentration and the tabulated values of chemical shift versus
concentration were used to determine values of K, by nonlinear least-squares analysis

using Associate 1.6.7'

For the Job plot, the total concentration of host III-1 and 1,6-
hexanediamine was held constant at 1| mM. As the mole fraction () of host ITI-1
was changed from 0.0 — 1.0, the chemical shifts of the resonances for the host were

monitored. The Job plot was constructed using the mole fraction () of host ITI-1 x

the change in chemical (Ad) versus the mole fraction (y) of host ITI-1.
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UV/Vis Spectroscopy. All spectra were measured on a UV-Visible
spectrophotometer using 1 cm path length quartz cuvettes. The temperature was held
constant at 22 + 1 °C using a microprocessor controlled recirculator bath. The change
in absorbance of host III-1 was monitored at 340 nm as a function of increasing 1,6-
hexanediamine concentration and the change in absorbance versus concentration were
used to determine values of K, by nonlinear least-squares analysis fitting to a 1:1

binding model.

Fluorescence Spectroscopy. All spectra were measured on a fluorescence
spectrophotometer with excitation and emission monochromator band-passes set at 5
nm. The temperature was held constant at 22 + 1 °C using a RTE bath/circulator
containing a microprocessor controller. The excitation wavelength of 360 nm was
used for the fluorescence of host III-1. The change in fluorescence emission was
monitored as a function of increasing guest concentration and the area under each
spectrum was determined by integration from 450 to 600 nm. The change in area
under the emission spectra versus guest concentration were used to determine values

of K, by nonlinear least-squares analysis fitting to a 1:1 binding model.

3.4.2 Molecular Mechanics Calculations (MMFF)

Computational Results. Minimized geometries obtained from molecular mechanics
calculations were performed using Spartan 2002 v. 1.0.7 for Macintosh employing the
MMFF force field. Electrostatic potentials were determined by single point

calculations (PM3) of the MMFF minimized geometries of I1I-1 and CB[6].
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Figure 14. Minimized geometries of I1I-1+catechol (III-15) obtained from molecular

mechanics calculations (MMFF). Atom colors: C, gray; N, blue; O, red; H, white.
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Figure 15. Minimized geometries of III-1*dopamine (III-32) obtained from
molecular mechanics calculations (MMFF). Atom colors: C, gray; N, blue; O, red;

H, white.
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Facially amphiphilic derivatives of methylene bridged glycoluril dimers are a versatile model system for systematic studies of self-assembly
in water. Thorough physical organic characterization, including analytical ultracentrifugation, a technique rarely used in synthetic self-assembly
studies, allows us to conclude that this class of molecules undergoes hydrophobically driven self-association to yield tightly associated

discrete dimeric assemblies.

The hydrophobic effect i1s widely regarded as a major driving
force in a variety of molecular recognition processes includ-
ing the folding of proteins into their native states, protein—
protein interactions, and the formation of lipid bilayers.! The
past decade has witnessed the increasingly sophisticated usc
of hydrogen bonds, 77— interactions, and metal—ligand
interactions to form highly structured aggregates.” Despite
these advances, the use of the hydrophobic effect as a driving
force in the self-association of nonnatural molecules into
tightly associated aggregates that are well defined in terms
of structure and degree of association remains a challenge.*+*
The reason i1s simple: the hydrophobic effect typically

! University of Maryland.

* Technical University of Gdansk.
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ivolves the association in water between molecules with
large apolar regions. These molecules do not typically have
structural features that lend themselves to forming directional,
specific intermolecular contacts that lead to stable structured
aggregaltes in a predictable manner. We report that facially
amphiphilic methylene bridged glycoluril dimers 1a and 2a

(3) For examples of dimeric assemblies based on van der Waals
interactions and/or solvophobic forces, see: (a) Wilcox, C. 8.; Greer, L.
M.; Lynch, V. J. Am. Chem. Soc. 1987, 109, 1865—1867. (b) Zimmerman,
5. C.; Mrksich, M.; Baloga, M. J. Am. Chem. Soc. 1989, 111, 8528—8530.
(c) Webb, T. H.; Suh, H.; Wilcox, C. 5. J. Am. Chem. Soc. 1991, 113,
8554—8555. (d) Cram, D. J.; Choi, H.-1.; Bryant, J. A.; Knobler, C. B. J.
Am. Chem. Soc. 1992, 114, TT48—7765. (e) Rowen, A. E.; Elemans, J. A.
A.W.; Nolte, R. J. M. Acc. Chem. Res. 1999, 32, 995—1006. (f) Haino, T.;
Rudkevich, D. M.; Shivanyuk, A.; Rissanen, K.; Rebek, 1., Jr. Chem. Eur.
J. 2000, 6, 3797—3805.

(4) For examples of the use of aromatic—aromatic interactions in
intramolecular folding processes, see: (a) Lokey, R. 5.; Iverson, B, L. Nature
1995, 375, 303—305. (b) Zych, A. 1.; Iverson, B. L. J. Am. Chem. Soc.
2000, /22, 8898—8909. (c) Prince, R. B.; Barnes, 8. A.; Moore, I. 8. J.
Am. Chem. Soc. 2000, 122, 27582762, (¢) McKay, S. L.; Haptonstall, B.;
Gellman, S. H. J. Am. Chem. Soc. 2001, 123, 1244—1245. (d) Mulla, H.
R.; Cammers-Goodwin, A. J. Am. Chem. Soc. 2000, 122, 738—739. (¢)
Prince, R. B.; Barnes, 8. A.; Moore, 1. 8. 1. Am. Chem. Soc. 2000, 122,
2758—2762. (d) Gardner, R. R.; Christianson, L. A.; Gellman 5. H. J. Am.
Chem. Soc. 1997, 119, 5041—5042. (e) McKay, S. L.; Haptonstall, B.;
Gellman, S. H. J. Am. Chem. Soc. 2001, 123, 1244—1245. (f) Kim, E.-L;
Paliwal, S.; Wilcox, C. 5. J. Am. Chem. Soc. 1998, 120, 11192—11193.
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form tightly associated, discrete dimeric aggregates lasla
and 2as2a in water by hydrophobically driven self-associa-
tion.

Nolte has pioneered the use of glycoluril-based molecular
clips in molecular recognition, self-assembly, and catalysis. >
They have observed dimerization of molecular clips in the
solid state,* thin lamellar films > organic solvents,*# and
in aqueous solution.™™ We recently described a method for
the synthesis of methylene bridged glycoluril dimers exem-
plified by le and 2e.” On the basis of the precedent of Nolte®
we hypothesized that facially amphiphilic® compounds 1a
and 2a that bear strictly hydrophilic carboxylate solubilizing
groups on their convex face and whose concave face is
defined by two roughly parallel aromatic rings might display
interesting self-association behavior in water.” This model
system combines four features that makes it well suited for
systematic physical organic studies of hydrophobic self-
assembly in water: (1) strong self-association, which is (2)
hydrophobically driven, yielding (3) discrete dimers that (4)
display slow exchange processes that can allow for structural
elucidation of the aggregates.
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R.; Barberd, J.; Rowan, A. E; Nolte, R. J. M. J. Org. Chem. 2001, 66,
391-399. (g) Reek, J. N. H.; Priem, A. H.; Engelkamp, H.; Rowan, A. E.;
Elemans, J. A, A, W.; Nolte, R. J. M. J. Am. Chem. Soc. 1997, 119, 9956—
9964. (h) Reek, J. N, H.; Kros, A.; Nolte, R. I. M. Chem. Commun. 1996,
245-247. (i) Elemans, J. A. A. W.; de Gelder, R.; Rowen, A. E.; Nolte, R.
1. M. Chem. Commun. 1998, 1553—1554.
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examples of molecular tweezers, see: (a) Chen, C.-W.; Whitlock, H. W. /.
Am. Chem. Soc. 1978, 100, 4921—4922. (b) Zimmerman, S. C.; VanZyl,
C. M. J. Am. Chem. Soc. 1987, 109, 7894—7896, (¢) Zimmerman, S. C.
Top. Curr. Chem. 1993, 165, 71—102. (d) Harmata, M.; Bames, C. L.;
Karra, 8. R.; Elahmad, 8. J. Am. Chem. Soc. 1994, 116, 8392—8393, (c)
Maitra, U.; Potluri, V. K. J. Org. Chem. 2000, 65, 7764—7769. () Brown,
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C.; Sesmilo, E.; Gutiérrez-Puebla, E.; Monge, A.; Elguero, 1.; Fruchier, A.
J. Org. Chem. 2001, 66, 1607—1611.

(7) Win, D.; Lagona, J.; Damkaci, F.; Fettinger, J. C.; Isaacs, L. Org.
Lent, 2000, 2, 755—758,

(8) For facial amphiphiles, see: (a) Cheng, Y.; Ho, D. M.; Gottlieb, C.
R.; Kahne, D.; Bruck, M. A. J. Am. Chem. Soc. 1992, 114, 7319—7320.
(b) Walker, S.; Sofia, M. 1.; Kakarla, R.; Kogan. N. A.; Wierichs, L.;
Longley, C. B.; Bruker, K.; Axelrod, H. R.; Midha, S.; Babu, S.; Kahne, D.
Proc. Natl. Acad. Sci. [/.5.A. 1996, 93, 1585—1590. (¢) McQuade, D. T.;
Barrett, D. G.; Desper, J. M.; Hayashi, R. K.; Gellman, S. H. J. Am. Chem.
Soc. 1995, 117, 4862—4869. (d) Janout, V.; Lanier, M.; Regen, §. L. /.
Am. Chem. Soc. 1997, 119, 640—647. (¢) Janout, V.; Zhang, L.-H.; Staina,
L. V.; Di Giorgio, C.; Regen, S. L. J. Am. Chem. Soc. 2001, 123, 5401—
5406. () Bandyopadhyay, P.; Janout, V.; Zhang, L.-H.; Regen, S. L. J.
Am. Chem. Soc. 2001, 123, T691-7696, (g) Isaacs, L., Witt, D.; Fettinger,
1. C. Chem. Commun. 1999, 2549—2550. (h) Broderick, S.; Davis, A. P.;
Williams, R. P. Tetrahedron Lett. 1998, 39, 6083—6086. (1) Vandenburg,
Y. R.; Smith, B. D.; Pérez-Payiin, M. N.. Davis, A. P. J. Am. Chem. Soc.
2000, 122, 32523253 (j) Taotafa, U.; McMullin, D. B.; Lee, S. C.; Hansen,
L. D.; Savage, P. B. Org. Lett. 2000, 2, 4117—4120. (k) Bharathi, P.; Zhao,
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(N In the crystal structure of a related C-shaped molecule” the distance
between the ups of the aromatic rings is 7.04 A and the angle between the
aromatic rings is 187,
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Figure 1. Three-dimensional shape of 1a and a schematic
illustration of 1asla that highlights the reduction in symmetry that
results upon dimerization.

Compounds 1a—3a were prepared by the alkaline hy-
drolysis of the corresponding ethyl ester derivatives le—
3e.” We used isothermal titration calorimetry (ITC) dilution
experiments'® (o measure association constants and thermo-
dynamic parameters for the formation of laela and 2ae2a.
Aggregates laela and 2as2a are tightly associated at 298 K
(100 mM sodium phosphate buffered DO, pD 7.4), and their
formation is enthalpically and entropically driven (laela,
Ka = 39 uM, AH = —3.5 kcal mol™!, AG = —6.0 kcal
mol™!, AS = 8.5 eu; 2ae2a, K; = 24 uM, AH = —4.75 kcal
mol~!, AG = —6.3 kcal mol™!, AS = 5.2 eu).!! In contrast
to 1a and 2a, 'H NMR dilution experiments indicate that 3a
(0.2—50 mM), which lacks a well-defined hydrophobic cleft,
undergoes very weak self-association at room temperature
(K, = 5 M™1)."2 To unambiguously establish that the
dimerization process was driven by the hydrophobic effect,
we determined the change in heat capacity (AC,) for the
formation of 1aela by performing ITC measurements from
288 to 328 K (Figure 2) and calculating the slope of a plot
of AH versus T. The observed negative value of AC, (AC,
= —185 % 6 cal mol™" K™') allows us to conclude that the
formation of laela is a hydrophobically driven event."

In studies of self-association it can be challenging to
unambiguously establish the degree of association. For

(10) Burrows, S, D.; Doyle, M. L.: Murphy, K. P.; Franklin, 8. G.; White,
1. R.; Brooks, L; McNulty, D. E.; Scott, M. O.; Knutson, J. R.; Porter, D.;
Young, P. R.; Hensley, P. Biochemistry 1994, 33, 12741—12745.

(11) We estimate the error in the ITC denived values of AH and Ky to
be 0.2 keal mol~! and 10%, respectively.

(12) We would have preferred to use the S-shaped diastereomer” of 1a
for this control experiment but it is not soluble in aqueous solution.

(13) (a) Sturtevant, J. M. Proc. Natl. Acad. Sci. U.S.A. 1977, 74, 2236—
2240. (b) Murphy, K. P.; Privalov, P. L.; Gill, S. 1. Science 1990, 247,
559—561. (¢) Spolar, R. S.; Ha, J.-H.: Record, M. T. Proc. Natl. Acad. Sci.
U/.5.A. 1989, 86, 8382—8385.

Org. Lett, Vol. 3, No. 20, 2001

136



¢ |-TAS

keal mol”
A
1

280 2 éO 360 31I o 32|D 330
Temperature (K)

Figure 2. A plot of the ITC derived thermodynamic parameters
for the formation of lasla versus temperature. Aff (), AG (V),
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example, "H NMR dilution experiments performed with 1a
at 55 °C in water fit well to both 2-fold and 3-fold self-
association equilibrium models. To differentiate between
these possibilities and provide strong evidence that la
undergoes controlled sclf-association to yicld a discrete
dimeric assembly in water, we turned to analytical ultracen-
trifugation (AUC). Sedimentation equilibrium measurements
allowed a determination of the molecular weight of lasla
(Figure 3) under solution-based equilibrium conditions.'* The

a) 0.6

8 0.4

c 4

8 ]

i 0.2

< 0 : E = S s i

b) 0.01 ‘ %EUEE :p: . o
05 eF 2%, %&%ﬁ%@ﬁ@ﬁﬁ

-0.01 4

T L P LT (LS R L R
6.75 6.85 6.95 7.05 7.15
Radius (cm)

Figure 3. (a) A plot of absorbance (O) versus radius obtained for
1a at sedimentation equilibrium. The best fit of the data to a model
comprising a single homogeneous species is overlaid (—). Condi-
tions: [la] = 400 xM: 55,000 rpm; 4 = 259 nm. (b) A plot of the
residuals (0) versus radius for the data shown in part a.

data fit well to a model comprising a single species with a
molecular weight of 1915 + 115 (calcd MW (laela) = 1616)
with random residuals."”” We also performed the more
standard vapor pressure osmometry (VPO), gel permeation

(14) (a) Schubent, D.; Tziatzios, C.; Schuck, P.; Schubert, U. §. Chem.
Eur.J. 1999, 5, 1377—1383. (b) Laue, T. M. Methods Enzymel. 1995, 259,
427-452.
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chromatography (GPC), and electrospray mass spectrometry
(ES-MS) measurements. The molality of solutions of 1a and
2a were about half of the prepared concentrations, suggesting
that 1a and 2a exist exclusively as the dimers laela and
2as2a. In contrast, VPO showed that 3a, which lacks a
hydrophobic cleft, is monomeric in water. The ES5-MS
spectrum of 2a showed the presence of [2as2a — H]™ and
[2a — H]™; peaks corresponding to singly or multiply charged
ions of higher order aggregates were not observed. GPC
measurements performed with laela and 2ae2a (4.1 mM)
gave estimated molecular weights of 1605 and 1465,
respectively. Chromatograms recorded at lower concentra-
tions (41 #M) showed longer migration times and significant
peak tailing that indicated that lasla and 2ae2a are in
equilibrium with 1a and 2a on the time scale of the GPC
measurement. The combined inference of these four tech-
niques provides a validation of our design hypothesis and
indicates that 1a and 2a undergo discrete self-association
processes to yield dimers.

Hydrogen bonds and metal—ligand interactions are ex-
tremely useful in self-assembly studies because they are
strong and have well-defined directional preferences. Our
goal is to determine similar directional preferences governing
the self-association of 1a and derivatives. Figure 4 shows

Figure 4. 'H NMR spectrum of 1a (500 MHz, 5 mM, D0 buffer)
at 324 K (top) and 294 K (bottom). The resonance marked () is
due to incomplete suppression of residual HOD.

the 'H NMR spectrum obtained for lasla at 324 and 294
K. As the temperature is decreased from 324 to 294 K, the
time-averaged C», symmetry observed at higher temperature
1s reduced and two resonances are observed for the methoxy
(H,) and aromatic protons (Hy). We suggest that coalescence
at higher temperatures results from an exchange process
between protons on the inside of the aggregate (H,; and Hy;),
which are upfield shifted as a result of the anisotropic effect
of two aromatic rings, with those on the outside (H,, and
Hyp). Although we are currently unable to determine the
precise structural details of laela because of exchange
processes that are in the intermediate exchange regime on
the NMR time scale, we believe that structural modifications

(15) We determined the density of the buffer (100 mM phosphate
buffered 1,0, pD = 7.4, p = 1.1155 g mL~") and the partial specific volume
for 1a (i = 0.6137 mL g~") by making high Precision density measurements
on solutions of 1a ([1a] = 0—10 mg mL™").
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will slow the exchange processes and allow structural
determinations of related dimeric aggregates.

We have presented facially amphiphilic derivatives of
methylene bridged glycoluril dimers as a model system to
study self-assembly in aqueous solution, This model system
combines several advantageous features, namely, hydropho-
bically driven self-association to form tightly associated,
discrete dimeric assemblies in water and sufficiently slow
dynamic exchange processes that should allow for structural
elucidation. We are currently studying facial amphiphiles
bearing different functional groups and substitution patterns
on their aromatic rings with the goal of determining the
structural details and thermodynamic parameters for a series
of related dimeric aggregates. By identifying trends in the
structural and thermodynamic properties of this series of
aggregates we plan to deduce some of the rules governing
their self-association, which hopefully will be broadly

3224

applicable to other hydrophobically driven self-assembly
processes.
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Abstract: Cucurbit[8]uril (CB[6]) is a macrocyclic compound, prepared in one pot from glycoluril and
formaldehyde, whose molecular recognition properties have made it the object of intense study. Studies of
the mechanism of CB[n] formation, which might provide insights that allow the tailor-made synthesis of
CB[n] homologues and derivatives, have been hampered by the complex structure of CB[n]. By reducing
the complexity of the reaction to the formation of S-shaped (125-185) and C-shaped (12C—18C) methylene
bridged glycoluril dimers, we have been able to probe the fundamental steps of the mechanism of CB[n]
synthesis to a level that has not been possible previously. For example, we present strong evidence that
the mechanism of CB[n] synthesis proceeds via the intermediacy of both S-shaped and C-shaped dimers.
The first experimental determination of the relative free energies of the S-shaped and C-shaped dimers
indicates a thermodynamic preference (1.55—3.25 kcal mol ") for the C-shaped diastereomer. This
thermodynamic preference is not because of self-association, solvation, or template effects. Furthermore,
labeling experiments have allowed us to elucidate the mechanism of this acid-catalyzed equilibrium between
the S-shaped and C-shaped diastereomers. The equilibration is an intramolecular process that proceeds
with high diastereoselectivity and retention of configuration. On the basis of the broad implications of these
results for CB[n] synthesis, we suggest new synthetic strategies that may allow for the improved preparation

of CB[n] (n = 8) and CB[n)] derivatives from functionalized glycolurils.

Introduction

In 1905, Behrend reported that the condensation reaction of
glycoluril (1a) and formaldehyde i concentrated HCI yields
an insoluble polymeric material.' To make the material more
tractable, it was dissolved in concentrated sulfuric acid from
which a erystalline substance could be obtained. In 1981, Mock
el al.? reinvestigated Behrend’s original report and discovered
that the product of this reaction was cucurbituril, CB[6].* a
remarkable macrocyclic compound comprising six glycoluril
rings and 12 methylene bridges (Chart 1). In their syntheses of
CB[6], neither Behrend nor Mock detected the presence ol
macrocyclic compounds comprising five, seven, or eight gly-
coluril rings (CB[5], CB[7], CB[8]). This result, when coupled
with the high yield (82%) synthesis of CB[6] disclosed by
Buschmann, suggested that the formation of CB[6] was

*To whom correspondence should be addressed. E-mail: LIS@
umail.umd.edu.
! University of Maryland.
* Lanzhou University,
# Current address: Chemical Faculty, Technical University of Gdansk,
Naruwtowicza 11/12, 80-952 Gdansk, Poland.
(1) Behrend, R.: Meyer, E.; Rusche, . Liehigs Ann. Chem, 1908, 339, 137,
(2} Freeman, W, A.; Mock, W. L.; Shih, N. Y. J, Am. Chem. Soc. 1981, 103,
7367-8.
(3) Kim, J1; Jung, [-S.; Kim, S.-Y.: Lee, E; Kang, J-K. ‘sab«lmulu S
Yamaguchi, Fo: Kim, K S An. Chem. .Sm 2000, 122, 540

10.1021/ja0258761 CCC: 522,00 @ 2002 American Chemical Society

Chart 1
HNj\NH
R
HN\H,NH

o 1

1a R=H CB[5] (n=0)
ib R = Me CB[6] ("f”
1e RR=(CHy), ggg} o
1d R=Fh CB(10] (n=5)
1e R=COsEl

Me 1,CB[5] (R = R'= Me, n = 0)
Cy:CB[5] (RR=R.R = (CHy)y n=0)
CysCB[6] (RR=R'R' = (CHas n=1)
PhzCB[6] (R=H,R'=Ph, n=1)

governed by a thermodynamic preference for CB[6].* The first
successful synthesis of an analogue of CB|6] was described by

J. AM. CHEM. SOC. 2002, 124, 8297 8306 = 8297
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Stoddart who found that the condensation reaction between
dimethylglycoluril 1b and formaldehyde gives rise to cyclic
pentameric Me;yCB[5].” Again, cyclic oligomers containing
larger or smaller numbers of equivalents of 1b were not detected.
The belief that only a single cyclic oligomer would be accessible
by the acid-catalyzed condensation reaction gained further
acceptance following the suggestion by Cintas that “glycoluril
directs the formation of the product and participates in the
macroscopic geometry, although in this case, the template is
an integral part of the structure it helps to form.”® Since 1981,
the outstanding molecnlar recognition properties of CB[6] have
been described in numerous reports from the groups of Mock,’
Buschmann * Kim,” and others.””~° In light of the wide range

(4 Buschmann, H.-J.; Fink, H.; Schollmeyer, E, Preparation of Cucurbituril,
German Patent DE 196 03 377 Al, 1997,

(5) Rinn, A; Hough, G. C.: Stoddart, I F.: Williams. D. I Angew. Chem.,
fnr. Ed Ef’ 1992, 31, 1475-1477.

(6) Cintas, P. J. Incluzion Phenom. Mol. Recognir. Chem. 1994, 17, 205 -20.

{7y Mock, W. L.; Shih, N. Y. J. Ore. Chem. 1983, 48, 36183819, Mock, W.
L:lma T. A chuu. J. P Manimaran, T. L. J. Org. Chem. 1983, 48,

3619-3620. Mock, W. L; Shih, N. Y. I. Org. Chem. 1986, 51, 4440—

4446, Mock, W, L.; Shih, N. Y. /. Am. Chem, Soc. 1988, 110, 4706—

4710. Modk, W. L.; Ira, T. A.; Wepsiee, I P.; Adhya M. J. Org. Chem.

1989, 54, 53025308, Mock, W. L.; Slulu N. Y. /. Am. Chem. Soc. 1989,

111, 2697-2699. Mock. W. L.; Pierpont, 1. J. Chem. Soc., Chem. Commen,

1990, 1509-1511.
(8) Buschmann, H. J.; Cleve, E; ‘a‘chollme}er E. Inorg. Chim. Aca 1992,
193, 9397 Buschmann, H. 1. Scholl r. E. T¢ flvng 1993, 28,

182 ~184. Buscl H.I; Schall ¥ F_ 7, Inclusion Phenom. Mol
Recognit. Chem. 1997, 29, 167174, Me':chke C.; Buschmann, H. 1;
Schollmeyer, l‘. J’he’mmhm Acta 1997, 297, 43-48. Buschmann, H. J.;
Jansen, K; 5 T F_ Th him. Acta 1998, 317, 9508, Bus-
chmann, H. J.; Jansen, K.; hke, C.; Schell ..]...J‘ ltion Chem,
1998, 27, 135140, Buschmann, H. J.; Jansen, h. Schollmeyer, E. J
Anclusion Phenom. erncydic Chem., 2000 .i? 231230, Busclnann,
H. L; Jansen, K.; S r, B, Ther . Acta 2000, 346, 33-36.
Buschmann, H. I.; Cleve, L Janserl. K. Wego, A Schollmeyer, E J.
Inclusion Phenom. Macrocyelic Chem. 2001, -ﬁ‘? 117120, Buschmann,
H. I: Qleve, E.: Jansen, K. Qchol!meyef E. 45(:! Chim. Acta 2001, 4537,

157163, Jansen, K.; Buschmarn, H. 1.; o, A; Dopp, I Mayer, C;

Drexter, H. I.: Holdt, H. 1. Q:hu]lme)rﬁ' F 7. Inclusion Phenom.

Macrocyelic Chem. 2001, 39, 357363,

Kim, H.-1: Jeon, Y.-M.: Kim, J; Whang, D.; Kim, K. J. Am. Chem. Soc.

1996, 118, 9790-9791. Whang, D; Heo, 1 Park 1. IL; Kim, K. Angew.

Chem., I, Ed. 1998, 37, 7880, Whang, I.; Park, K.-M.; Heo, J.; Ashton,

P Kim, K. . Am. Chem. Soc. 1998, 120, 48994900, Whang, D.; Jeon,

Y M.: Heo. 1.: Kim, K. J Am. Chem, Soc. 1996, 118, 11333—11334. Roh,

§.G.: Park. K.-M.: Park. G.-1: Sakamoto, S.: Yamazuchi, K. Kim, K.

Angew. Chem., Int. Ed 1999, 38, 638641, Park, K.-M.: Whmg. D.: Lee.

E.: Heo, J.; Kim, K. Chem.-Eur. J. 2002, §, 498508, Lee, J. W.: Ko, Y.

H: Park S-H.: Yamaguchi, K.; Kim, K. Angew. Chem., Int. Ed 2001,

w?dﬁ?dQTgeFﬁeulklanAmemM 2000, 3

2699-2701. Kim, S.-Y.: Jung, L-S.; Lee, E; Kim Sakanoto, 5.

Yamaguchn, K.; Kim, K. Angew. Chem.. fut. Ed. 2001 4& 2119~ 21"1

Isobe, H.: Tomita. N.: Lee, J. W.; Kim, H.-I; Kim, K.: Nakamura, 5.

Angew. Chem., Int. Ed. 2000, 39, 4357—'4360. El Haouaj, M.: Luhmer,

M.; Ko, Y. H.; Kim, K.; Bartik, K. /. Chem. Soc., Perkin Trans. 2 2001,

804—807; Bl Haouaj, M.; Young, H. K.; Luhmer, M.; Kim, K.; Bartik, K.

£ Chem. Sec., Perkin Trans. 2 2001, 21042107,

(10) Karcher, 5.; Kornmuller, A; Jekel, M. Water Sei Technol, 1999, 40, 425
433, Karcher, 5.: Kornmueller, A.: Jekel, M. Acta Hydrochin. Hydrohial.
1999, 27, 38—42. Karcher, S.; Knnmmlll:r A Tekel, M. Water Res. 2001,
35, 33093316,

(11) Sokolov, M. N.; Virovets, A. V.; Dybtsev, D, N.; Gerasko, O. A.; Fedin,
V. P.; Hemandez- Molina, R.; Clege, W.. Sykes, A G. Angew. Chem., Ini.
Eed. 2000, 39, 1659—1661. l’edm. V. P.: Sokolov, M.; Lamprecht, G. I;
Hemandez-Molina B.; Seo, M.-S.; Virovets, A. V.: Clegg, W.: Sykes. A
G. fnorg. Chem. 2001, 40, 6508 6603, Fedin, V. P.; Gramlich. V.; Woede,
M.; Weber, T. Inorg. Chem, 2001, 40, 1074-1077, Sokelov. M. N.;
Virovets, A V.; Dybisev, D. N.: Chubarova, E. V.; Fedin, V. P.: Fenske,
1. Inorg. Chem. 1, 40, 48164817,

(12) Marquez, C.; Nau, W. ‘M. Angew. Chem., Int. Ed 2001, #0, 43874390,
Marquez, Nau, W. M. ew. Chem., Int. Ed 2001, 40, 3155-3160.

(13} Tuncel, I; Steinke, J. H. G. Chem. Commun. 1999, 1509—1510, Tuned,
D.; Steinke, J. H. G. Chem. Commum. 2001, 253—254, Krasia T. C;
Steinke, J. H. G, Chem. Commuae. 2002, 2223,

(14) Hoffmann, R.; Knoche, W.; Fenn, C.; Buschmann, H.-1. [ Chem, Soc.,
Faraday Trans. 1994, 90, 1507-1511. Neugebaver, B.; Knoche, W. J.
Chem. Soe., Perkin Trans, 2 1998, 529-534,

(15) Wagner. B. D MacRae, A, L J. Phys. Chemn. B 1999, 103, 1011410119,
Wagner, B. D.; ﬁ%ﬂick, S. L Gill, M. A, MacRae, A. L; Stojanovie,
N. Can. J. Chem. 1, 79, 1101-1104,

(16) Zh: X. X.; Krakowiak KF_XueGR-adshm]‘y Tzatt, R M.
Ind. Eng. Chem, Res, 2000, 39, 33163520,
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(o

of recognition properties of CB[6], many researchers have been
interested in preparing derivatives of cucurbitunl comprising
different numbers of glycoluril rings, containing complex
functional groups on their convex face, and whose methylene
bridges are functionalized. Success in these endeavors has
recently started to appear in the literature.” '’

Concurrent with our preliminary report’® on the diastercose
lective formation of methylene brndged glycoluril dimers, the
groups of Kim*“! and Day'"=" reported the preparation and
characterization of homologues of cucurbituril containing five,
seven, eight, and 10 glyeoluril rings (CB[3], CB[7], CB[&], and
CB[10]) under strongly acidic conditions {concentrated mineral
acids) at moderate temperatures (75100 °C). Kim recently
extended the family of CBlr] to include Cy;CB[5] and
CyCB[6] by the use of 1e in the condensation process*? and
Nakamura was able to isolate the partially substimuted Ph,CB[6].7
These new CB[n]s posscss remarkable molecular recognition
properties?“"~*7 that have resulted in the synthesis of molecular
Russian dolls®® ball bearings?” eyroscopes,’’ allowed the
selective recognition of a charge-transfer complex.”” and the
catalysis of a [2 + 2] photoreaction.’” Clearly, these synthetic
and mechanistic studics are expanding the range of CB[n]
derivatives that can be accessed and are beginning to define
the scope and limitations of the cucurbitunl synthesis.

The current state-of-the-art concerning the mechamsm of
CB[n] synthesis outlined in Scheme | largely follows the
suggestions of Day et al.'® The initial condensation of glycoluril
with formaldehyde most likely yields a diastereomeric mixture
of methylene bridged glycoluril dimers (28 and 2C).**"! We
refer to these molecules as S-shaped and C-shaped, respectively,
because three-dimensional depictions of these molecnles re-
semble those letters (Chart 2). Depending on the specilic
conditions of the reaction, 28 and 2C may either equilibrate
with one another or undergo further oligomerization to yield a
diastereomeric mixture (3) of glycoluril derivatives with both
3- and C-shaped methylene bridged glycoluril dimer substruc-
tures. This material, presumably related to Behrend's polymer,
must now undergo equilibration to afford oligomers (4 and 5)
containing stretches of methylene bridged dimers with the all
C-shaped relative stereochemistry, This equilibration reaction

(17) Day. A I; Blanch, R. I; Amold AP Lorenzo, 5.; Lewis, G. B.; Dance,

L Auei.’w (.kem Int. Ed. 2002, 41, 275-277.

(18 Dhy Anfg‘l)d A. P Blanch, R. 1 Snushall, B. J. Org. Chem. 2001,

(19 P!‘HFA- L: Amold, A, P.; Blanch, R. 1, Method for Synthesis Cucurbiturils,

Intl. Appl. PCTIATIO000412, 2000

(20) Blanch. R. 1.; Sleeman, A. 1.; White, T. 1. Ameold, A. P.: Day, A. 1. Nano
Lett. 2002, 2. 147—149.

(21 Kim, K.; Iﬁ.lm Y Jurg, 1-5.; Kim, S.-Y ; Lee, E; Kang, 1-K. Cucurbitusil
Denivatives, Their Preparation and Uses. European Patent Appl. EP 1 094
065 A2, 2001.

(22) Zhao, L: Kim, H.-L: Oh J; Kim, 5-Y.; Lee, J. W.; Sakamoto, S.:
Yamaguch, K.; Kim, }'Lf].n,gﬂv Chem., Int. Ed. 2001, 40, 4233-4235.

(23) lsobe, H. b:lto S, Nakamura, E. Org. Ler. 2002, 4, 1287—1289. For
another report of partially substituted CB[n), see ref 19,

(24) Witt, D.; Lagona, I.; Damkaci, F.; Fettinger, I. C.; Isaacs, L. Org. Len,
2000, 2, 755758,

(25 Kim, H.-L; Jeon, W. 5.;
2002, 99, 5007-5011,

(26) Ong, W.; Gon

(27 Lorenzo, S.; Day. A Craig, D.; Blanch,
CrysiEngComm 2001, 49, 1-7.

(28) Kim, S.-Y.: Jung, 1.-5.; Lee, E;: Kim, J; Sakamoto, S.; Yamagudu, K.
Kim, K. Angew. Chem.. . Ed. 2001, 40, 2119-2121.

(29) Kim, II -L.; Heo, 1; Jenn.w S,; Lee, E.; Kim, 1.; Sakamoto, S.; Y amaguchi,
K KAWCM .hrEdmlJGlF’b 1529,

(30) Jon, S Y Ko, Y. H.; Park, 5. IL; Kim, H.-1; Kim, K. Chem. Commuen.
2001, 1938 1939,

(31) Wu, A Ch:i(rd‘:mty, A.; Witt, I,; Lagona, 1; Dzmk:x:: F.; Ofon, M.;
Chiles, K. Fettinger, J. C.; Isaacs, 5 ? Org. Chem. 2002, 67, in press,

Ko, Y, H; Kim, K. Proc. Natl. Acad, Sci. US.A.

. Lent, 2002, 4, ASAP,
: Amold, A Dance, L
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Scheme 1. Current Mechanistic Understanding of CB[n] Formation®
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2The dashed arrows indicate C—N bonds that need to be formed to yield CB[a].

may, or may not, be influenced by the presence of appropriate
templating molecules in the reaction medium. Day recently
reported modest effects of acid type, acid concentration, reactant
concentration, temperature, templating molecules, anions, and
cations on the distribution of CB[#r] obtained in the condensation
reaction.!!? These oligomeric intermediates, 4 and 5, then
undergo cyclization reactions to enter the CB [#] manifold. Day
also demonstrated, by elegant product resubmission experiments,
that within the CB[x] manifold pure CB[8] is converted under
the reaction conditions {concentrated HCI, 100 °C) to CB[3],
CBI[6], and CB[7], but that CB[3], CB[6], and CB[7] are stable

under these conditions.®

The complexity associated with the CB[n] synthesis —
formation of n rings, 2n methylene bridges, with complete
control over the relative stereochemistry of n glycoluril rings
— has frustrated experimental attempts to (1) obtain proof of
the intermediacy of glycoluril dimers with the relative stereo-
chemistry exemplified by 28, (2) assess the relative thermody-
namic stability of 28 and 2C, and (3) elucidate the mechanism
for the interconversion of 285 and 2C. Our approach to the
synthesis of analogues of CB[6] and other glycoluril derivatives
with interesting molecular recognition properties™™ relies on
the identification of the methylene bridged glycoluril dimer
substructure (2C) as the fundamental building block of CB[x].
Previously, we described three complementary synthetic meth-
ods that allow for the efficient synthesis of methylene bridged
glycoluril dimers bearing two o-xylylene substituents { Chart 2).
As a result of this synthetic simplification, the complexity of
the reaction — the formation of one ring, two methylene bridges,
and control over the relative stereochemistry of two glycoluril
rings — was substantially reduced relative to the synthesis of
CB[n]. As a result, we have been able to address several key
mechanistic questions that have been elusive in the chemistry
of CB[n] itself. In this paper, we discuss (1) the kinetic (S- and
C-shaped) and thermodynamic (C-shaped) products of the
dimerization reaction, {2) the ratio of the S- and C-shaped
methylene bridged glycoluril dimers under equilibrium condi-
tions, (3) potential sources of the observed preference for the
C-shaped diastereomer, and (4) the mechanism of the isomer-
ization of the S- to the C-shaped dimers. Last, we discuss the

(32) lsaacs, L; Witt, D Angew. Chem, {nr £d4 2002, 47, 1905—1907.
(33) Isaacs, L; Witt, D; Lagena, J. Org. Lew 2001, 3, 32213224

implication of these results for the synthesis of new derivatives
of cucurbituril.

Results and Discussion

Previously, we reported the synthesis of a wide variety of
C-shaped and S-shaped methylene bridged glycoluril dimers.®!
Chart 2 shows the structures of the compounds that we discuss
in this paper. The reaction between glycoluril derivatives 6 and
7 should give rise to roughly equal amounts of S- and C-shaped
methylene bridged glycoluril dimers, because the first bond-
forming (stereochemical determining) step is unlikely to be
highly diastereoselective.! We were surprised, therefore, that
condensation reactions typically produced the C-shaped dimers
in modest to high diastercoselectivity after 24 h.

Kinetic Formation of a Mixture of C-Shaped and S-
Shaped Methylene Bridged Glycoluril Dimers. The diaste-
reoselective formation of C-shaped methylene bridged glycoluril
dimers, typified by 8C, suggested that thermodynamic prefer-
ences were playing a major role in the outcome of the reactions.
We hypothesized that both the S- and the C-shaped diastereo-
mers were kinetic products that were transformed into the
C-shaped diastereomers under thermodynamically controlled
conditions. To test this hypothesis, we performed dimernzation
reactions at lower temperatures and/or with shorter reaction
times (Scheme 2). We choose these dimerization reactions
because they represent the three different synthetic methods that
we have developed and because we were not able to isolate the
S-shaped diastereomers when the reactions were run to comple-
tion.! Gratifyingly, we found that compound 6 yields a mixture
of Te (531%), 8C (37%), and 85 (7%) when the dimenzation
reaction is run for only 14 h; 8C is formed in 88% yield as the
only isolable product when the reaction is run to completion.
Cyclic ether 19, for example, is transformed into a 2:3 mixture
of 125 and 12C when the reaction is run to 59% conversion. In
contrast, 12 was obtained in 87% yield to the exclusion of
125 when the reaction is run to completion. Similarly, ureidyl
NH compound 20 gave a mixture of cyclic ether 21 (15%), 138
(7%), and 13C (44%) under milder conditions. The het-
erodimerization reaction between ()22 and cydlic ether (£)-
23 was also successful; we were able to isolate 14857 (7%),
(+)-148C (6%), (£)-14CT (12%), and 14CC (18%) in addition
to unreacted starting materials. The S7, SC, CT, and CC
descriptors denote the overall shape of the molecule (S-shaped

J. AM. CHEM. SOC. = YOL. 124, MO, 28 2002 8299
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Chart 2. Methylene Bridged Glyw{uril Dimers
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or C-shaped) and the relative location of the methoxy substit-
uents (cis or trans). A similar reaction with (£)-22 only yielded
the C-shaped compounds (£)-14CT (48%) and 14CC (46%).*!
These results allow us to conclude that both the C-shaped and
the S-shaped diastereomers are kinetic products of the reaction,
formed in comparable amounts, whereas the C-shaped diaster-
comers are the thermodynamic products of the reaction. These
results provide strong evidence for the formation of 8- and
C-shaped methylene bridged glycoluril dimers, 28 and 2C, in
condensation reactions with formaldehyde and provide experi-
mental support for the suggestion by Day et al.'® that S-shaped
intermediates initially form in the synthesis of CB|n].
Equilibration of S-Shaped and C-Shaped Diastereomers
and Determination of Their Relative Free Energies. The
previous section demonstrates that both the C- and the S-shaped
diastereomers are kinetic products and that the C-shaped
diastereomer is the thermodynamic product. Those results do
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not, however, allow us to conclude that these reactions have
reached thermodynamic equilibrium or to assess the relative free
energies of the C- and 8-shaped diastereomers. To address these
questions, we used the pure C-shaped and S-shaped diastere-
omers of six different symmetrical homodimers and separately
resubmitted them to the reaction conditions (Table 1). If each
set of equilibration reactions gives the same C:S ratio, then we
can conclude that equilibrium has been reached and caleulate a
value of AG. Table 1 shows that similar C:S ratios were
achieved in the majority of cases. Quinoxaline derivatives 17C
and 17§ did not interconvert under the reaction conditions
implying that the ~2:1 ratio of 17C:17§ obtained in their
synthesis represents a slight Kinetic preference for 17C. We
attribute the lack of isomerization to preferential protonation
of the quinoxaline N-atoms which competes with the protonation
of the ureidyl O-atoms required for isomerization. The values
of AG under the reaction conditions (83 °C) range [rom —1.55
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Scheme 2. Formation of S-Shaped Compounds under Kinetically Table 2. Solvent Effects on the 16C:165 Ratio?
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Table 1. Equilibration of C- and S-Shaped Compounds?

== 5-Shaped
R'/““
R-ri

C-Shaped
100 Equilibrium
%G C:S ralio
¢ Time
C—C+S 5—C4+S AG
starting material 33 [l (kecal mol ")
8 98:2 Hocd -225106—-2.75
12 98:2 98:2 =215
13 98:2 97:3 2460 -2.75
16 95:5 9010 -1.5510-215
17 100:0 0: 100 ne.
18 99:1 98:2 27510 -3,25

4 e, = no equilibration.
to —3.25 keal mol L. The values of AG obtained here represent
the first experimental determinations of differences in free
energy between S- and C-shaped glycoluril dimers; these values
are of fundamental importance toward the synthesis of CB|n]
and derivatives, These results suggest that it is the intrinsic
preference of the methylene bridged glycoluril dimer substruc-
ture to adopt the C-shaped form that drives the formation of
CB|n]. It is not necessary, although plausible, to postulate the
participation of components of the reaction mixture (glyeoluril,

“nd. = not determined. * S-shaped compound not detected. dec =
decomposed.

water, salts, or acid) as reaction templates to explain the
formation of CB[n] (Scheme 1). A simple caleulation, ignoring
entropic and enhanced enthalpic contributions in the macrocy-
clization reaction, suggests that in a worst case scenario (16C:
165 = 90:10, AG = —1.55 keal mol 1) 53% ((0.9)*) of linear
glycoluril hexamers would adopt the all C shape needed for
CB[6] formation.

Solvent Effects on the C:S Equilibrium. In an attempt to
address the factors that influence the relative stability of the C-
and S-shaped diastereomers, we performed the isomerization
reactions of 16C and 165 in a variety of different solvents (Table
2). We hypothesized that different solvents might preferentially
solvate either the C-shaped or the S-shaped compounds and
thereby influence the C:8 ratio at thermodynamic equilibrium.
Alternatively, because the S-shaped and C-shaped compounds
have different dipole moments, simple changes in the dielectric
constant of the medium might influence their ratio at equilib-
rium. We choose 16C and 168 because it was straightforward
to prepare sizable quantities of both diastereomers and because
the C:S ratio determined in 1,2-dichloroethane would allow us
to observe both increases and decreases in the equilibrium ratio.
We were unable to study this equilibrium in solvents that
undergo destructive side reactions with the iminium ion
intermediates (e.g., Cglls). Table 2 shows the results of separate
equilibration experiments that we performed in eight different
solvents; these solvents range in boiling point from 61 °C
(CHCI3) to 101.2 °C (CH3NOa), have dieleetric constants that
range from 2.05 (Cglg) to 37.5 (CH3CN), and display a range
of sizes, shapes, and functional groups.**3 As can be seen from
Table 2, the effects are neither large, nor do they follow trends
based upon the dielectric constant, For example, the smallest
16C: 165 ratio (90:10) was observed in CHiNOa (e = 35.9),
whereas in CH3CN (e = 37.5), one of the largest ratios (98:2)
was observed. Although we did not observe any dramatic effects
attributable to differences in solvation in the solvents studied,
we note that the two solvents with the highest 16C:16S ratios

(34) Laurence, C.: Nicolet, P.; Dalati, M. T.; Abboud, J.-L. M.: Notario, R. /.
Phys. Chem. 1994, 98, 5807 5816

(35) Vogel, A. L: Furniss, B. 8.: Hannaford, A, 1. Smith, P. W, G.; Tatchell,
A. R Vogel's Textbook of Practical Organic Chemisiry, Sth ed.; Longman
Scientific & Technical: Essex, UK. 1989,
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Figure 1. X-ray crystal structure of 18C as the toluene solvate.

(CeFeand CHaCN) are those that we would expect to bind within
the dleft of 167!

The X-ray crystal structure of 18C (Figure 1) was obtained
as the toluene solvate and depicts one possible orientation of
an aromatic solvent within the cleft defined by the two
tetrafluorophenyl rings. The distance between the tips of the
aromatic rings, defined as the distance between the C2—C3 and
C11—Cl12 centroids, is6.786 A, which represents a nearly ideal
spacing for complexation of an aromatic ring. The distance
between the centroids of the two tetrafluorophenyl rings is 7.228
A The solvating toluene assumes an offset stacked arrangzement
with respect to the tetrafluorophenyl rings. It is twisted by
approximately 30° with respect to the tetrafluorophenyl rings;
the dihedral angles from C26 through the centroids of the toluene
ring, the tetrafluorophenyl ring, and the centroids of the C4A—
C18A and C9A—CI13A bonds amount to 2.0° and —4.9°
respectively. The molecule exhibits a slight end-to-end twist of
—3.0° as defined by the dihedral angle through the centroids of
the C2—C3, C4A—C18A, C9A—CI13A, and C11-CI12 bonds.
The distances between the carbonyl oxygens of each glycoluril
ring, O8—015 and 06—017, amount to 5.918 and 5.889 A,
respectively, values slightly smaller than those observed for
CB[5] (5.98—6.042 A)2

Self-Association Is Not the Cause of Enhanced C:5 Ratios.
One possible explanation for the relatively large C:S ratios is
self-association. Nolte has observed a tendency for related
molecules to dimerize in CHCl; and water, and we have
observed strong self-association for our C-shaped molecules in
water, 2 5%~ Self agsociation of the C-shaped compounds
would sequester them as the dimers resulting in a shift in the

(36) Holder, S. I.; Elemans, I A A W.; Donners, I 1. I M., Boerakker, M. I
de Gelder, R, Barbera I, Rowan, A E; Nelte, B 1. N J. Org. Chem.
2001, 66, 291399

(37y Bowan, A. E; Elemans, 1 A A W, MNolte, B. I M. Acc. Chem. Res.
1099 32, 995—1006.

(32) Elemans, J. A A. W, de Gelder, ., Fowan, & E; Nolte, . 1. M. Chem.
Commun. 1998, 1553—1554

(39 Reck, I N. H.; Eros, A ; Nolte, E. 1. M. Chem. Commun. 1996, 245—247.
Eletans, I A. A. W.; Rowan, A. E.; Nclte, B J. M. 4. Am. Chem. Soc.
2002, 124, 1532—1540
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equilibrium toward the C-shaped form. Such an equilibrium shift
would, of course, be sensitive to concentration, solvent, tem-
perature, and self-association constant (K;). At the concentrations
at which we perform the condensation reaction — up to 100
mM, but more typically 20 mM — relatively large values of K;
(=100 M1y would be required to drive the equilibrium. To
test for self-association, we performed a dilution experiment
with 12C in CICD,CD:Cl ([12€7] = 200 uM to 100 mM, 298
K). We did not observe any changes in chemical shift over this
concentration range, which implies that self-association is
negligible for 124 Tt is unlikely, therefore, that the diaste-
reoselective formation of the C-shaped compounds is due to
self-association.

Templation of the C-Shaped Diastereomer by p-Toluene-
sulfonic Acid Is Not the Cause of Enhanced C:S Ratios.
Another potential cause of the large preference for the C-shaped
diastereomers is the templation of the C-shaped compounds by
a molecule of PISA. Binding of PTSA within the C-shaped
cavity would result in a shift in the C to S equilibrium in favor
of the C-shaped compound. A typical dimerization reaction —
the formation of 12C for example — results in a solution with
[12€7 = 20 mM and [PTSA] = 100 mM. For PTSA to bind to
and thereby template at least 90% of the molecules of 12C, a
binding constant of Kz > 109 M~! would be required. To test
for the possibility that PTSA is acting as a template in this
reaction, we performed a titration experiment with 12C and
PTSA in CICD:CDCl ([12€] = 20 mM, [PTSA] = 0-100
mM, 70 °C). We did not observe changes in chemical shift of
the aromatic protons of 12C suggesting that PTSA does not
bind within the cavity of 12C under these conditions.? It is
unlikely, therefore, that the diastereosel ective formation of the
C-shaped compounds is due to PTSA acting as a template.

AMI Calculations Reveal a Thermodynamic Preference
for the C-Shaped Diastereomer. Having excluded many of
the plausible experimental causes of the diastereoselective
formation of C-shaped methylene bridged glycoluril dimers, we
considered the possibility that the C-shaped diastereomers are
simply thermodynamically more stable than the S-shaped
diastereomers. For this purpose, we decided to compute the
relative heats of formation of the C-shaped and S-shaped
diastereomers (Table 3).1% Table 3 shows AMI1 computational
results of the heats of formation of §—11. These computations
suggest a small (0.5 kcal mol™!) to a quite large difference
(—10.2 keal mol~1) in the heat of formation between the S-
and C-shaped diastereomers. In particular, the difference
calculated for ethoxycarbonyl substituted 8 (—10.2 kcal mol ~!)
is significantly larger than the experimental value (—2.25 to
—2.75 keal mol~1) determined by equilibration studies in CICH;-
CH;Cl described above. Given the large differences in the heats

(40) Alternatively, the observation of no changes in chemical shift could indicate
a fully dimeric form over this range of concentration. en we have
observed dimers for our compounds, we have invariably observed sizable
upfield shifts in the NME which we do not observe for 12€. We, therefore,
formulate 12€ as the menomer in 1 2-dichlorcethane. We have performed
similar dilution experiments for 8C, 12C, 13C, 16€, 17C, and 18C in the
mare economical solvent CDClz, and, in all cases, the self-association
constants (K < 10 M~ were too small to be responsible for the
predominance of the C-shaped diasterecmer.

(41) We did, however, note small changes (~004 ppm) in the chemical shift
of the protons on the central methylene bridges. These changes are not
well desenbed by a 1.1 binding model, but are consistent with a small
conformational change of the central e ght-membered ring. For a discussion
of these types of conformational changes, see: Jangen, R I, de Gelder,
E.; Rowan, & E; Scheeren, H. W, Nolte, R. 1. M. 4. Org. Chem. 2001,
66, 2643 —2653
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Scheme 3. Three Different Mechanisms for the Equilibrium between the S- and C-Shaped Diastereomers
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Table 3. AM1 Heats of Formation (keal mal=1) for 8—11
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2There are many different relative orientations of the four COLEt groups
& Two different relative orientations of the boat-shaped fused six-rmembered
rings are possihble
of formation between the glycoluril dimers bearing different
substituents, we are more confident in the experimental relative
free energy values given in Table 1.

Mechanism of the Interconversion of the C- and S-Shaped
Diastereomers. Previously, we have discussed the mechanism
for the formation of methylene bridged glycoluril dimers3! In
this section, we discuss experiments that pertain to the mech-

PTSA, (CICH2)z, reflux

S G S

- CiR—L-RR-,\_gt j@

anism of the interconversion between the S- and C-shaped
diastereomers. Scheme 3 describes the three different mecha-
nistic proposals; the equilibrium arrows that connect intermedi-
ates along a single mechanistic path are color coded {(mechanism
1, blue; mechanism 2, red; mechanism 3, green). All three
mechanisms begin with protonation of one of the carbonyl
oxygens by the acid catalyst (PTSA) giving 24. From this point
the three mechanisms diverge. In mechanism 2, one C—N bond
of the glycoluril skeleton breaks, generating intermediate 25,
which has lost one stereogenic center. Reclosure of that same
C—N bond can occur to generate intermediate 26; this two-
step process results in net inversion of configuration at that
carbon atom. Intermediate 26 is probably prohibitively high in
energy because of the trans ring junction, which disfavors
mechanism 2. Repetition of this two-step process results in
inversion of configuration at the second C-atom delivering
intermediate 28 by way of 27. Intermediate 28 is common to
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Scheme 4. Diastereoselective Equilibration Reactions
OMe
o 89 e o

= CICHzCHzCI ==
R%—FRR"- R | ———=—=+1 7]
wvu\ru S reflux &

o R' .

R o o R

(£}-145C R =Br
(£}-158C R' = NO;

o} O
""-N

-
sCt:

" NiN e I'#l’E N iing
NG

N Y NVN\lr
e LY :
o . R
CT.CC.5C
(t}14CT R =Br 15:nd.:1 14CC R = Br
(£}15CT R' = NDz 15:nd.:1 15CC R = NO2

NJL Me
N”“*

PTSA,
2~ CICH,CH,CI
,,__,N : reflux NVN Nv
OMe & \g R
crcesr
14ST R =Br +}14CT R =Br 1:6:.nd.  14CCR=
1557 R = NO, $)15CTR'=NO, nd:6 ' 5 1566 R - NO,
PTSA,
CICH2CHZC!
85 + 168 8C + 16C p-é—é-
reflux

all three mechanisms; upon loss of a proton it delivers the
C-shaped diastereomer. Overall, mechanism 2 is an intramo-
lecular process that results in the inversion of configuration at
two C-atoms. Mechanisms | and 3 diverge rom mechanism 2
in the transformation of 24 into 29 by cleavage of one of the

—N bonds of a methylene bridge. Mechanisms 1 and 3 diverge
from 29. Mechanism 1 proceeds by the protonation of 29
followed by cleavage ol a second C—N bond of the methylene
bridge to yield the pair of intermediates (30). We have depicted
the cleavage of 29 such that each half retains a single positive
charge; the alternative pathway involving one hall retaining both
methylene bridges and two positive charges is also possible,
but likely to be higher in energy. It is worth noting that the
pair of intermediates generated in this manner from a single
molecule of 29 is heterochiral, that is, the racemic mixture (£)-
30. To generate the C-shaped product, this pair must undergo
exchange with other like intermediates to generate the homo-
chiral pair comprising two molecules of 30 or ent-30. This pair
is then able to sequentially reform the C—N bonds of the two
methylene bridges lforming C-shaped product by way of 31 and
common intermediate 28, Overall, mechamsm 1 results
breaking of the S-shaped glycoluril dimer into two heterochiral
pieces that undergo exchange to generate a homochiral pair that
results in formation of the C-shaped product. Mechanism 3
diverges from mechanism | at intermediate 29. In mechanism
3, the iminium ion intermediate 29 is captured by the carbonyl
oxygen lone pair yielding 32 or by the ureidyl nitrogen lone
pair yielding intermediate 33. Of these two options, we prefer
the use of the oxygen atom lone pair because it 1s likely to be
more nucleophilic. The overall pathway, however, is better
illustrated conceptually via spiro compound 33. The spiro
compound can break down in two ways, one leading back to
intermediate 29 and one leading 1o 31 which after deprotonation
vields common intermediate 28 and then the C-shaped diaste-
reomer. The overall process of mechanism 3 resulls in intramo-
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38CR= CU:EI {not detected)

lecular swapping of partner N-atoms involved in the methylene
bridges. The use of the oxygen lone pair to accomplish the same
overall transformation of 29 into 31 proceeds via intermediates
32 and 34—37.

Mechanisms 1—3 have different stereochemical outcomes and
can be distinguished on the basis of labeling experiments. To
schematically illustrate the different outcomes, two different
carbon atoms of the starting S-shaped diastereomer (Scheme
3) were labeled with blue, red, and green dots. The positions
of these labels are indicated as they progress through mecha-
nisms 1, 2, and 3, respectively. As can be readily ascertained
from Scheme 3, mechanism 1 (blue) leads to a scrambling of
the label between two locations (blue half circles), mechanism
2 (red) does not result in any change in the relative position
(cis) of the labels (red dots), and mechanism 3 (green) results
in a transposition of one of the labels to the opposite side (trans)
of the C-shaped diastereomer (green dots).

To realize this labeling experiment in practice, we separately
performed isomerization reactions of (£)-148C and the meso
compound 148T (Scheme 4). Under mechanism 1, (£)-148C
should yield a mixture of 14CC and (£)-14CT, under mecha-
nism 2 only 14CC, and under mechanism 3 only (4)-14CT.
Similarly, under mechanism 1, 14ST would yield a mixture of
14CC and (£)-14CT, under mechanism 2 only 14CT, and under
mechanism 3 only 14CC. Scheme 4 shows the results of the
equilibration reactions of (£)-145C, 14ST, (+)-158C, and 158T.
The separate isomenzation reactions of (£)-145C and (£)-155C
gave only (£)-14CT and (4)-15CT, respectively, along with
small amounts of unreacted starting material. The isomerization
reaction of 1487 yields 14CC and (£)-14CT in a 6:1 ratio,
whereas the sluggish isomerization of 158T gave exclusively
15CC at 55% conversion. These results provide strong evidence
that mechanism 3 is the dominant pathway for the interconver-
sion of the S-shaped and C-shaped diastereomers under our
standard isomerization conditions (CICH;CH,CI, anhydrous
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PTSA, reflux). We also performed a crossover experiment
involving the isomerization of a mixture of 85 and 16S. Under
mechanism 1, we would expect the formation of 8C, 16C, and
the crossover product, heterodimer 38C. In contrast, il mech-
anism 3 is dominant, then 8C and 16C should be the exclusive
products. When this isomerization reaction was run to 78%
completion, we observed the clean formation ol a mixture of
8C and 16C providing additional support for the dominance of
mechanism 3.

The fact that the isomerization of methylene bridged glycoluril
dimers follows mechanism 3 is not only useful in the synthesis
of our compounds, but might be important for the tailored
synthesis ol CB[n] and its derivatives. For example, Day and
co-workers have recently shown that heating purified CB[8] in
concentrated HCI at 100 °C results in the formation of CB|3],
CB[6], and CB[7]. In contrast, pure CB[5], CB[6], and CB[7]
are stable under these conditions.'® These results require that
two adjacent methylene bridges are broken and that one or more
glycoluril rings are extruded. This type of reaction would likely
follow a pathway related 1o mechanism 1. We believe that
mechanism 1 is not operative in our system because we work
under anhydrous acidic conditions. In aqueous acid, it is likely
that H2O can compete with the internal N and O nucleophiles
of mechanism 3 for the capture of 29 (Scheme 3), effectively
foreing fragmentation of the methylene bridges by a variation
of mechanism 1. In the absence of competing nucleophiles,
under anhydrous acidic conditions, we suggest that CB[n] (n
> B) and derivatives might display enhanced stability. We
further suggest that the optimal synthesis of CB[n] (n > 8) and
derivatives might be best performed in a two-step manner similar
to our heterodimerization reactions, via reaction ol a his(cyclic
ether) (e.g., 39a—39e, Chart 3) and a functionalized glycoluril
(c.g., la—le), followed by an isomerization step of the
intermediate S- and C-shaped methylene bridged glycoluril
oligomers under anhydrous acidic conditions. If this approach
is fruitful, it might be possible to prepare CB[n] derivatives
from two different glycoluril derivatives (e.g., 39e and 1a), and
that those derivatives might alternate in the CB[n] derivative
(c.g., 40),1°

Conclusions

Until recently, it has not been possible to prepare either
homologues or derivatives of CB[n].*'"">* Even today, the
synthesis of homologues mainly provides CB[ 5], CB[7], CB|8],
and CB[10], and the synthesis of derivatives of CB[n] 1s limited
to the smaller ring sizes (MeoCB[3], CysCB[5]. Cv¢CB[6], and
Ph:CB[6]). Despite these limitations, it has become increasingly
clear that the homologues and derivatives ol CB[n] have
superior characteristics.*'” > The complexity of the CB[n]
synthesis — the formation of n rings, 2n methylene bridges,
and control over the relative stereochemistry of n glycoluril

rings — has made investigations of the mechanism of CB[n]
synthesis challenging. Such investigations can, however, provide
insights that expand the scope and define the limitations of
CB[n] synthesis.

The use of methylene bridged glycoluril dimers as a model
system for CB[n] synthesis has reduced the complexity of the
investigation to the formation of one ring, two methylene
bridges, and control over the relative stereochemistry of two
glycoluril rings. This reduction in complexity has allowed us
to probe the mechanism of CB[#] formation at a level of detail
that has not been possible to date. Specifically, we have
demonstrated that the condensation reactions that connect two
glycoluril rings by methylene bridges deliver both the S-shaped
and the C-shaped diastereomers as kinetic products. The relative
thermodynamic stability of these two diastereomers was exam-
ined by separately resubmitting the pure C- and S-shaped
diastereomers Lo the reaction conditions. The C-shaped diaster-
comers are more stable than the corresponding S-shaped
diastereomers by 1.55—3.25 keal mol ™! The values of AG are
only modestly solvent dependent. These measurements represent
the [lirst experimental determinations of the driving force for
the C- to S-equilibrium which is important in the conversion
of the growing methylene bridged glycoluril oligomer into the
all C-shaped CB[n]. The mechanism of this 8- to C-intercon-
version was delineated by a series of labeling experiments. These
experiments, performed under anhydrous conditions in CICHa-
CHC1, establish the intramolecular nature of the isomerization
and demonstrate the retention of configuration of the two halves
of the dimer. The elucidation of the mechanism of the
isomerization reaction has broad implications for the improved
synthesis of CB[n]. For example, the intramolecular nature of
the isomerization suggests that it is the length of the growing
methylene bridged glycoluril oligomer chain (4 and 5) that
controls the size of the CBln] oligomer. It further suggests that
the substitution pattern of these intermediate oligomers might
be preserved in CB[n] oligomers. FFor example, the heterodimer-
ization of 39e and la could yield CB[n] derivative 40 with
alternating substituents.' Armed with these new insights into
the mechanism of CB[n] formation, it should be possible to
expand the range of CB[n] homologues and CBn] derivatives
and to capitalize on their superior molecular recognition
characteristics,

Experimental Section

General. Starting materials were purchased from Alfa-Aesar, Acros,
and Aldrich and were used without further purification. Compounds
6C—10C, 85, 12C, 128, 13C, 135, 14CC. (£)-14CT, (£)-148C, 145T,
15CC, (£)-15CT, (£)-158C, 1587, 16C—18C, 165—188, 19, 20, 21,
(£)-22, and (£)-23 were prepared according to literature proce-
dures #3152 THEF and toluene were distilled from sodium benzophenone
ketyl, and methylene chloride was distilled from CaH; immediately
before use. TLC analysis was performed using precoated glass plates
from Analtech or Merck. Column chromatography was performed using
silica gel (230—400 mesh, 0.040—0.063 um) from E. Merck using
eluents in the indicated v:v ratio. Melting points were measured on a
Meltemp apparatus in open capillary tubes and are uncorrected. IR
spectra were recorded on a Nicolet Magna spectrophotometer as KBr
pellets or thin films on NaCl plates and are reported in em™'. NMR
spectra were measured on Bruker AM—400 and DRX 00 instruments
operating at 400 MHz for "H and 100 MHz for PC. Mass spectrometry
was performed uvsing a VG 7070E magnetic sector instrument by
electron impact (EI) or by fast atom bombardment (FAB) using the
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indicated matrix, The matrix “magic bullet™ is a 5:1 (wiw ) mixture of
dithiothreitol:dithioerythritol. Electrospray mass spectrometry expen
ments were performed on a Finnegan LOCG ion-trap mass spectrometer.
Elemental analyses were performed by Midwest MicroLab (Indianapo-
lis, IN).

Representative Procedure from Scheme 2. Synthesis of 1457 and
(+)-145C. A mixture of PTSA (737 mg, 3.88 mmol) and C1CH; CH;-
C1 (30 mL.) was heated under N at reflux for 30 min under an addition
funnel filled with molecular sieves (4 A). Compounds ()23 (118 mg,
0.78 mmol) and (+)-22 (385 mg, 0.78 mmol) were added, and heating
was continued for 4 h at 60 °C. The reaction mixture was diluted with
EtOAe (500 mL), washed with saturated Na:C'Cx, dried over anhydrous
MgS0;, and trated. Flash chromatography (SiOs, CHCI/CH,-
CN, 10:1 and then 4:1) yielded 1457 (27 mg, 0.03 mmol, 7%), (£)-
145C (23 mg, 0.02 mmol, 6%), () 14CT (48 mg, 0.05 mmol, 12%),
and 14CC (72 mg, 0.07 mmol, 18%) as white solids along with
unreacted starting materials ()-23 and (£)-22. Compound 148T (eluted
with CHCI/CHCN 10:1). mp 145147 °C. TLC (CHCIy/CH:CN 10:
13: R:0.24. IR (KBr, em ') 2985m, 2935w, 2842w, 1742s, 16995,
1457m, 1429s, 1388m, 1368w, 1208s, 1173s, 1030s. 'H NMR (400
MHz, CDCL): 7.42 (d, J = 8.9, 2H), 672 (d, J = 8.9, 2ZH), 567 (d,
J=163, 2H), 5.52(d, J = 16.3, 2H), 5.06 (d, J = 13.6, 2H), 495,
J=13.6, 2H), 4.22 (d, J = 16.3, 2H), 4.19 (g, F = 7.1, 4H), 3.96 (d,
J =163, 2H), 3.84 (s, 6H), 3.85-3.70 (m, 4H), 1.26 (1, J = 7.1, 6H),
113 (1, J = 7.1, 6H). PC NMR (100 MHz, CDCL:): 1654, 164.0,
156.5, 155.2, 155.0, 137.1, 133.2, 127.1, 115.1, 113.0, 81.0, 78.7, 63.7,
63.5, 56.6, 51.9, 44.4, 36.6, 14.0, 13.6. MS (FAB, Magic Bullet): m/z
1019 (100, [M + HJ*). HR-MS (FAB, Magic Bullet): m/z 1149,0247
(M + Cs]*, CyoHy"BraNgOyCs ealed 1149.0242). Compound (£)-
145C (eluted with CHCL/CHRCM 10:1), mp 144 146 *C. TLC (CHCl/
CHLCN 10:1): R;0.18. IR (KBr, em™'y: 2978w, 2939m, 2842m, 17425,
1457m, 1429m, 1388s, 1367m, 1309m, 1269s, 1078s, 1020s, '"HNMR
(400 MHz, CDCl). 7.42 (d, J = 8.9, 2H), 6.72 (d, J = 8.9, 2H), 5.64
(d, J = 16.2, 2H), 5.56 (d, J = 16.2, 2H), 5.01 (s, 2H), 4.99 (s, ZH),
432 (d, J = 16.2, 2H), 4.25-4.10 (m, 4H), 3.84 (s, 6H), 3.90-3.70
(m, 6H), 1.26 (t, J = 7.1, 6H), L14 (1, J = 7.1, 6H). *C NMR (100
MHz, CDCl)x 1654, 163.9, 156.6, 155.1, 155.0, 137.1, 133.2, 127.2,
1149, 113.1, 80.9, 78.7, 63.7, 63.5, 56.6, 52.2, 51.5, 44.4, 36.5, 13.9,
13.6. MS (FAB, Magic Bullet): m/z 1019 (100, [M + H]*), HR-MS
(FAB, Magic Bullet): m/z 1149,0276 ([M + Cs]*, CoHuBrNa0,Cs
caled 1149.0242).

Representative Procedures from Table 1. Isomerization of 12C.
A mixture of FTSA (0.042 g, 0.220 mmol) and CICHCH,CI (10 mL)
was heated under Nz at reflux for 30 min under an addition funnel
filled with molecular sieves (4 A). Compound 12C (0020 g 0022
mmol) was added, and reflux was continued for 72 h. The reaction
mixture was diluted with EtOAe (100 mL), washed with saturated Naz-
COx, dried over anhydrous MgSQy, and concentrated. A C:5 ratio of
39:1 was calculated on the basis of the integration of the resonances
for 12€ (6.06 ppm) and 125 (5.04 ppm) in the erude 'H NMR spectrum.

Isomerization of 125, A mixture of PTSA (0.051 g, 0.220 mmol)
and CICH: CH:Cl (10 mL) was heated under Ny at reflux for 30 min
under an addition funnel filled with molecular sieves (4 A). Com pound
125 (0.050 g, 0.054 mmol) was added, and reflux was continued for 6
days. The reaction mixture was diluted with EtOAc (100 mL), washed
with saturated Na;COs, dried over anhydrous MgS0,, and concentrated.

8306 J. AM. CHEM. SOC. = VOL. 124, NO. 28, 2002

A 8 ratio of 5001 was calculated on the basis of the integration of
the resonances for 12C (6.06 ppm) and 125 (5.04 ppm) in the crude
'H NMRE spectrum.

General Procedures for Table 2. Isomerization of 16C. A mixture
of PTSA (41 mg, 0.22 mmol) and solvent (6 mL) was heated under N,
at reflux for 30 min under an addition funnel filled with molecular
sieves (4 A). Compound 16C (50 mg, 0.045 mmol) was added, and
reflux was continued for several days, The reaction mixture was diluted
with EtOAc (100 mL), washed with saturated NaxCOs, dried over
anhydrous MgS0y, and concentrated. The 16C 168 ratio was caleulated
on the basis of the integrals of the resonances for 16C (6.04 ppm) and
168 (4.98 ppm) in the crude 'H NMR spectrum.

Isomerization of 165, A mixture of PTSA (41 mg, 0.22 mmol) and
solvent (6 mL) was heated under M. at reflux for 30 min under an
addition funnel filled with molecular sieves (4 A). Compound 165 (50
mg, 0.045 mmol) was added, and reflux was continued for several days.
The reaction mixture was diluted with EtOAe (100 ml.), washed with
saturated Na;COn, dried over anhydrous MgS0Ou, and concentrated. The
16168 mtio was caleulated on the basis of the integrals of the
resonances for 16C (6.04 ppm) and 165 (4.98 ppm) in the crude 'H
MNMR spectrum.

Repr tative Pr ¢ from Sch 4.1 ization of (+)-
148C. A mixture of PTSA (23 mg, 0.12 mmol) and CICHCH.CI (6
mL) was heated under Ny at reflux for 30 min under an addition funnel
filled with molecular sieves (4 Ay Com pound (£)-148C (15 mg, 0.02
mmol)was added, and heating was continued for 12 days. The reaction
mixture was diluted with EtOAe (100 mL), washed with saturated
aqueons Na,COh, dried over anhydrons MgSO,, and concentrated. The
'H NMR spectrum of the crude material was used to calculate a CT:
3C ratio of 15:1 on the basis of the integrals of the resonances for
(+)-14CT at 6.03 ppm and (+)-148C at 5.01 ppm.

Neray Crystal Structure of 18C. A detailed description of the data
collection, solution, and refinement of the atructure can be found in
the Supporting Information, Crystal data for 18C: [CyglNeO=Fs]
[CiHz] (1036.85); orthorhombic, space group Pea2(1); colorless block,
a= 161489100 A, &= 11.4856(7) A, ¢ = 24.0250(15) A; ¥ = 4456.2-
(5) A% Z =4 T=193(2) K; R(F) = 0.0451; GOF on F? = 1.044.

AMI Calculations. All computations were performed on a Dell
Precision 620 workstation with 512 ME of RAM and dual Pentium III
processors running PC Spartan Pro under Windows 2000 professional,

4

The overall structure was created with Spartan’s graphical user interface
and then minimized by MMFF94 or SYBYL molecular mechanics
calculations, These minimized structures served as the input files for
the AM1 calculations.
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Methylene-bridged glycoluril dimers are the fundamental building blocks of cucurbituril (CB[G]),
its hormmologues (CB[n]), and its derivatives. This paper describes three complementary methods
for the synthesis of C- and S-shaped methylene-bridged glycoluril dimers (2934 and 37-44). For
this purpose, we prepared glycoluril derivatives (1a—d) bearing diverse [unctionalities on their
convex face. These glycoluril derivatives were alkylated under basic conditions (DMSO, t BuOK)
with 1,2-bis(halomethyl)aromatics 6—15 to yield 4a—d and 1624, which contain a single aromatic
o-xylylene ring and potentially nucleophilic ureidyl NH groups. Glycoluril derivatives bearing
potentially electrophilic cyclic ether groups (5a—f) and 2528 were prepared by various methods
including condensation reactions in refluxing TFA containing paraformaldehyde. The condensation
reactions of 4a—d and 16—24 with paraformaldehyde under anhydrous acidic conditions (PTSA,
CICH,CH.CI, reflux) give, in most cases, the C-shaped and S-shaped methylene-bridged glycoluril
in good to excellent yields. In many cases, the C-shaped compound is formed preferentially with
high diastereoselectivity. Cyclic ethers 5a.d—f and 25-26 undergo highly diastereoselective
dimerization reactions to yield methylene-bridged glycoluril dimers with the formal extrusion of
formaldehyde. Last, it is possible to perform selective heterodimerization reactions using both cyclic
ethers and glycoluril derivatives bearing ureidyl NH groups. These reactions deliver the desired
C- and 5-shaped heterodimers with low to moderate diastereoselectivities, This heterodimerization
route is the method of choice in cases where the homodimerization reactions fail. The formation of
side products (+)-35b and (+)-35d helps clarify the electronic requirements for a successful CB[n]
synthesis, The X-ray structures of 30C, 38C, and 385 allow for a discussion of the structural features

of this class of compounds,

Introduction

Cucurbiturll (CB[B]) is a an Intriguing macrocyclic
compound comprising six glycoluril (1f) rings and twelve
methylene bridges whose structure was established by
Mock in 1981.' CB[6] possesses a hydrophobic cavity with
carbonyl-lined portals that results in remarkable molec-
ular recognition properties (Chart 1). For example, Mock
and co-workers found that CB[6] binds tightly (Ky == 1
uM) to alkyldiammonium ions in aqueous solution by a
combination of the hydrophobic effect and fon—dipole
interactions.® It was also demonstrated that CB[6] is an
efficient enzyme mimic capable of catalyzing the dipolar
cycloaddition between azide and acetylene derivatized
ammonium ions by their simultaneous binding within the
cavity of CB[6].* The synthetic method used to prepare
cucurbituril is equally impressive; simply heating gly-
coluril (la) and formaldehyde under strongly acidic

* To whom correspondence should be addressed.

T University of Maryland.

* Lanzhou University.

S Current address: Chemical Faenlty, Technical University of
Gdansk, Narutowicza 11712, 80-952 Gdansk, Poland.
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conditions (H,S0Oy, 135—145 °C) results in the formation
of CBI6] in high yield.* This straightforward synthetic
method has allowed the use of CB[6] in many elegant
studies including molecular necklaces,” bowls,” polyro
taxanes,” DNA complexes,® molecular switches,” removal
of contaminants from aqueous waste streams,'” studies
of moelecular polarizability,!’ and ion and molecular
complexation studies.!?

In efforts to expand the range of applications, several
groups have been investigating the preparation of con
geners of cucurbituril that display enhanced properties.
This line of Inquiry was first pursued by Stoddart, who
prepared Me sCBI[5] by condensation of 1e with formal
dehyde.'* More recently, Kim and co-workers'*'® as well
as Day and co-workers'™!" jsolated homologues of cucur-
bituril comprising five, seven, eight, and ten glycoluril

(3) Mock, W.L.: Irra, T. A.: Wepsiec, J. P.: Manimaran, T.L. J Crg.
Chem. 1983, 48, 3619-3820. Mock, W. L.; lira, T. A, Wepsiec, . P,
Adhya, M. J. Org. Chem. 1989, 54, 5302-5308.

(1) Buschmann, H.-J.; Fink, H.: Schollmeyer, E. Preparation of
Cucurbituril, German Patent DE 196 03 377 A1, 1997,

(5 Whang, D.; Park, K.-M.; Heo, J.; Ashton, P.; Kim, K. J 4m
Chem. Soc. 1998, 120, 4899-4900. Roh, S.-G.: Park, K.-M.; Park, G.
J.; Sakameoto, 5.; Yamaguchi, K_; Kim, K. Angew. Chem., Int. Fd 1999,
33, 638641, Lee, E.; Kim, J.: Heo, J.; Whang, D.; Kim, K. Angew.
Chiem., Int. Ed. 2001, 40, 399-402,

(6) JTeon, Y.-M.: Kim, I.: Whang, D.; Kim, K. J. Am. Chemn. Soc. 1996,
118, 9790-9791, Whang, D.; Heo, J.; Park, J. H.: Kim, K. Angew,
Chem., Int. Ed. 1998, 37, 78-80.
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CHART 1

HN” NH
R=—R
HN.__NH

X,

0
1a R =COEt CB[5| (n=0)
1b R=Ph cBls| (n=1)
1c R=2:pyricyl CBl7] (n=2)
1d AR = (CHy)y cBl8] (n=9)
Te R=Me CB[10] (n=5)
1 R=H

Me;oCBI5] (R =Me, n=0)
Cy:CB[5] (RA =R, R =(CHzs n=0)
CysCB[6] (RR=R'A'=(CHy)y n=1)
Ph,CB[E] (R=H,R'=Ph,n=1)

units (CB|5], CB|7], CB[8], and CB[10]) and detected
other homologues by performing the condensation reac
tion under milder, kinetically controlled conditions. These
advances have already expanded the range of molecular
recognition applications'® 2 of these systems to include
molecular Russian dolls,?! ball bearings,* gyroscopes,'™
the catalysis of a [2 — 2| photoreaction,® and the selective
recognition of a charge transfer complex.?! Most recently,
Kim's group has demonstrated that cyclohexyl fused
glycoluril 1d is transformed into Cy;CBI[5] and Cy;CB[6]
whereas Nakamura's group isolated the partially sub
stituted Ph,CB|[6].%°

We have also been interested in tailoring the recogni-
tion properties of CB[n| by preparing derivatives func-
tionalized around their equator, at their methylene
bridges, or by substitution of an aromatic ring for a
glyeoluril ring. In contrast to the one-step syntheses of

(7) Whang, [.; Jeon, Y.-M.: Heo, J.: Kim, K. .. Am. Chem. Soc. 1996,
118, 11333-11334. Whang, D.: Kim, K. L Am. Chem, Soc. 1997, 119,
451-452. Whang, D.: Heo, J.: Kim, C.-A.: Kim, K. Chem. Commun.
1997, 2361-2362. Lee, E.; Heo, J.; Kim, K. Angew. Chem., It Ed.
2000, 39, 2699-2701. Lee, J. W.: Ko, Y. H.: Park, S.-H.: Yamaguchi,
K.: Kim, K. Angew. Chcm., Int. Ed. 2001, 40, 746749, Park, K.-M.:
Whang, D.: Lee, E.; Heo, J.: Kim, K. Chem.—FEur. J. 2002, 8 198
508, Meschke, C.: Buschmann, H.-1.; Sehollmeyer, E. Polviner 1998,
40, 945-949; Meschke, C.; Buschmann, H. J.; Schollmeyer, E. Mac
romel. Rapid Commun. 1998, 19, 59-63. Buschmann, H. J.; Wego,
A Schollmeyer, E.: Dopp, D. Supramol Chem. 2000, 11, 225-231.
Buschmann, H. J.: Cleve, E.: Mutihac, L.: Schollmeyer, E. Microchem.
. 2000, 64, 99-103. Tuncel, D.: Steinke, J. H. G. Chem. Commun
1999, 1509 1510; Tuncel, D.: Steinke, J. H. G. Chemn. Conmun. 2001,
253254,

(8) Isobe, H.: Tomita, N.; Lee, J. W.: Kim, H.-J.; Kim, K.; Nakamura,
E. Angew. Chemn., Int. £d. 2000, 39, 42574260,

(9 Mock, W, L. Pierpont, J. J. Chem. Soc,, Chem. Comunun. 1990,
15091511, Jun, S. L: Lee, J. W.; Sakamoto, 5.; Yamaguchi, K.: Kim,
K. Tetrahedron Lett. 2000, 41, 471475,

(10) Buschmann, H. 1.: Gardberg, A.: Schollmeyer, E. Textilvered.
Turg 1991, 26, 1537, Buschmann, H. I.; Schollmeyer, E. J. Tnclusion
Phenom. Mol Recognir. Chem, 1992, 14, 91-9; Buschmann, H. J.:
Schollmeyer, E. . Inclusion Phenom. Mol. Recognit. Chem. 1997, 29,
167-174: Buschmann, H. I.: Schollmeyer, E. Textilverediung 1998,
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43874390,
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Stoddart, Kim, and Day, we have chosen to pursue a
multistep synthetic approach. Such an approach, while
inherently more labor intensive, affords greater struc
tural control, may generate mechanistic insights that
result in cucurbituril syntheses with enhanced scope, and
offers the opportunity to study the self-assembly and
molecular recognition properties of intermediates en
route to congeners of cucurbituril.?” Our approach®® to
the synthesis of congeners of CB|6] relies on the identi
fication of the methylene-bridged glycoluril dimer sub-
structure (2, bold in CBI6]) as the essential building block
for cucurbituril derivatives (Scheme 1). In this paper we
present three complementary synthetic routes to meth-
ylene bridged glycoluril dimers. We also present the
X-ray crystallographic characterization of these two
diastercomers.

Results and Discussion

Experimental Design. To develop flexible methods
for the synthesis of derivatives of CB|[n], we have initially
focused our attention on the preparation of methylene-
bridged glycoluril dimers (2C and 258) which constitute

(12} Hoffmann, R.: Knoche, W.: Fenn, C.; Buschmann, H.- 1. /. Chem.
Sor., Faraday Trans. 1994, 90, 1507 11. Meschke, C.: Busclunann,
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chmann, H. J.; Jansen, K.; Meschke, C.; Schollmeyer, E. ./ Selution
Chem. 1998, 27, 135-140. Buschmann, H.-J.: Jansen, K.: Schollmeyer,
E. Acta Chim. Slov. 1999, 46, 405-411: ‘hmann, H. J.: Jansen,
K.: Schollmeyer, E. Thermochim. Acta 2000, 346, 33—36. Buschmann,
H. J.: Cleve, E.: Jansen, K.: Wego, A Schollmeyer, E. J. Jaclusion
th-.-rom Mdnm velic Chem, 2001, 40, 117-120. Buschmann, H. J.:
Cleve, E.; Jansen, K. Schollmeyer, E. Anal. Chim. Acta 2001, 437,
157-163. £l Haouaj, M.: Young, H. K.: Luhmer, M.; Kim, K.; Bartik,
K. L Chem. Soc,, Perkin :'mm 22001, 21042107 Illlauuaj M.:
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2 2001, 804-807. Marquez, C.; Nau, W. M. Angew. Chem., Int. Fd.
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Methylene-Bridged Glycoluril Dimers

SCHEME 1. Retrosynthetic Analysis of CB[n]

o} [0} o

the fundamental structural unit of cucurbituril (Scheme
1}). To minimize the synthetic challenges posed by the
presence of four ureidyl NH groups in 2C and 25, we
further restrict the present study to the preparation of
derivatives of 2C and 28 comprising a single set of
methylene bridges and bearing two o-xylylene groups (3C
and 35). We use the suffixes € and 8 throughout this
paper to distinguish between these two diastereomers
because their three-dimensional structures resemble
those letters (Scheme 1). A successful synthesis of
congeners of cucurbituril requires control over the rela-
tive stereochemistry of each pair of methylene-bridged
glycoluril dimers. For example, consideration of the pair
of diastereomers 3C and 38 reveals that only the C-
shaped diastereomer 3Cis capable of being transformed
into a derivative of cucurbituril, since the S-shaped
diastereomer 38 possesses the wrong relative stereo-
chemistry. An important objective of the present work,
therefore, is the development of methods that allow the
diastereoselective formation of 3C. Our retrosynthetic
analysis of 3C and 35 leads to ureidyl NH compound 4
and cyclic ether 5. We envisioned that condensation
reactions between 4 and 5 would proceed under acidic
conditions where the nucleophilic tautomer of 4 could
react with the iminium ion generated after protonation
of 5. To investigate the scope and limitations of the
dimerization reaction used to prepare methylene-bridged
glycoluril dimers, we needed to prepare derivatives of 4
and 5 bearing a range of solubilizing substituents on their
convex faces and on their aromatic rings.

Synthesis of Glycoluril Building Blocks. Com
pounds la—d were prepared by literature procedures.® 3
We chose these [our building blocks because (1) they were
easily prepared, (2) they broadly represented the range

(29) Branda, N.: Grotzfeld, R. M.: Valdéz, C.: Rebek, J. 1. ./ Am.
Chem. Soc. 1995, 117, 7.

(30) Reek, J. N. H.: Kros, A Nolte, R. J. M. Chem. Commun. 1996,
245-247.
(31) Butler, A, R.; Leitch, E. J. Chem. Soc., Perkin Trans. 2 1980,
103105,

(32) Gompper, R.: Nith, H.: Rattay, W.: Schwarzensteiner, M.-L.:
Spes, P.; Wagner, H.-U. Angew. Chem., Int. Ed. Engl 1987, 26, 1039—
041

(3'3,1 Kutepov, D, F.: Potashnik, A. A Khokhlov, D. N.: Tuzhilkina,
V. A. J Gen. Chem. USSR 1959, 29, 840842,
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of glycoluril derivatives typically encountered (alkyl,
carboxylic acid derivative, aromatic, and heteroaromatic),
and (3) they provided good solubility characteristics. The
majority of glycoluril derivatives used in this paper,
however, are derived from 1a, which possesses two ethyl
ester groups on its convex face. This choice is based on
our interest in preparing water soluble methylene-
bridged glycoluril dimers?#* and the fact that glycoluril
derivatives bearing ethoxycarbonyl groups dimerize in
high yield.

Synthesis of 1,2-Bis(halomethyl)aromatic Com-
pounds. In their pioneering studies of molecular recog
nition, self-assembly, and catalysis, the groups of Nolte¥3
and Rebek®™* have devised many practical synthetic
methods for the preparation of derivatives of glycoluril.
An important step in many of these syntheses involves
the nucleophilic addition of glycoluril anions to 1,2-bis
(halomethyl)aromatics to generate glycoluril derivatives
bearing o xylylene rings on one or both sides ol the
glycoluril skeleton.® Chart 2 shows the structures of 10
alkylating agents (6—15) that we have used in our
synthetic studies. Of these 10 alkylating agents, 6 and
14 were commercially available, 7,9 8,42 10,% 11," and
15" were prepared by literature procedures, and 9, 12,

(34) Isaacs, L. Witt, D. Angew. Chem., [nt. Fd. 2002, 41, 1905-
1807,

(35) Rowan, A, E.; Elemans, J. A. A, W.; Nolte, R. J. M. Acc. Chem.
Kes. 1999, 32, 9951006,

(36) Sijbesma, R. P.: Nolte, R, J. M. Top. Curr. Chem. 1995, 175,
25-56.

(37) Rebek, 1., Jr. Chem. Soc. Rev. 1996, 25 255-264.

(38) Rebek, J., Jr. Ace. Chem. Res. 1999, 32, 278286,

(39) (a) Valdéz, C.; Spitz, U. P.; Toledo, L. M.; Kubik, 5. W.; Rebek,
J. 1 Am. Chem. Soc. 1995, [17, 1273312745, (b) Wyler, R.; de
Mendoza, J.: Rebek, 1., Jr. Angew. Chem., Int. Ed. Fngl 1993, 32,
1699-1701. {c) O'Leary, B. M.: Szabo, venstrup, N.; Schalley, C.
A Luetzen, Ao Schaefer, M.; Rebek, | . Am. Chem, Soc. 2001,
123 11519-11533. (d) Reek, J. N. H.: Kros, A.: Nolte, R. 1. M. Chem.
Cominun. 1996, 245-247. (e) Elemans, J. A. A, W.: de Gelder, R.;
Rowan, A. E.; Nolte, R. J. M. Chern. Comumnun. 1998, 1553—1554. (1)
Jansen, R, owan, A. E.: de Gelder, R.: Scheeren, H. W.: Nolte, R.
J. M. Chem. Comimun. 1998, 121-122.

(40) Dhederich, F.: Jonas, L.; Gramlich, V.; Herrmann, A.; Ringsdorf,
H.: Thilgen, C. Helv. Chim. Acta 1993, 76, 2445-2453.

(41) Ardecky, R. J.; Kerdesky, F. A. 1.; Cava, M. P. .J. Org. Chem.
1981, 46, 14831485,

(42) Kang, J.; Hilmersson, G.; Santamaria, J.; Rebek, J, J. J Am.
Chem. Soc. 1998, 120, 36503656,

(43) Shahak, I.;: Bergmann, E. D. ./ Chem. Sec. C 1966, 10051009,
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CHART 2
MeO
seBwesilee
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6 7 MeO 8
Me OMe OMe
@Br Me | @Br Br
Br Mml Br Br
o N_09 10 ro1 QN 12

r 13 14 15

and 13 were prepared by bromination ol the correspond
ing oxylylene derivatives with N-bromosuccinimide in
CCLy 2847

Synthesis of Glycoluril Derivatives Bearing Two
Ureidyl NH Groups and a Single o-Xylylene Group.
For the preparation of glycoluril derivatives bearing a
single substituted oxylylene sidewall, we adapted chem-
istry developed by the groups of Rebek and Nolte.™
Treatment of glycoluril derivatives la—d with + BuOK
in DMSO results in nucleophilic species that react with
bis(halomethyl)aromatics 6—15 yielding glycoluril de
rivatives 4a—d and 16—24 (Chart 3 and Table 1) in low
to moderate yields. Entries 1—4 (Table 1) illustrate the
effect of the four different solubilizing groups (COzEL, Ph,
2-pyridyl, and (CHz)s) on the alkylation reaction with a
single alkylating agent (6). The nature of the solubilizing
group significantly affects the yield of the alkylation
reaction, and in our hands, the alkylation of 1a proceeds
most smoothly, since the anion generated by treatment
with ¢ BuOK is nicely soluble in DMSO and shows a
lower tendency to form gels which lower yields signifi
cantly. Entries 1 and 513 illustrate the effect of the
alkylating agent on the alkylation reaction; compounds
16—24 have been arranged from electron rich to electron
poor. The electronic nature of the substituents on the
aromatic ring does not have a discernible effect on the
efficiency of the alkylation reaction, although we have
noticed that extended reaction times lead to decreased
yields in the case of the more electron deficient alkylating
agents. Compounds (£)-18, (£)-20, and (£)-21 are chiral
because of the unsymmetrical arrangements of functional
groups on their aromatic rings; these compounds are
synthesized and used in this paper as the racemic
mixture.

Synthesis of Cyclic Ethers by Acid-Catalyzed
Condensation with Paraformaldehyde. Having se-
cured a range of potentially nucleophilic glycoluril de
rivatives (4a—d and 16—24) bearing a range of solubi
lizing groups on their convex faces and substituents on

(44) Goldberg, Y.; Bensimon, C.; Howard, A. .J. Org. Chem. 1992,
57, 63746376,

(45) Coe, P. L.: Croll, B. T.; Patrick, C. R. Tetrahedron 1967, 23,
505 508,

(46) Kndlker, H. I.; Bavermeister, M.: Pannek, J. B. Tetrahedron
1993, 49, 841 -862.

(47) Lai, Y.-H.: Yap, A. H. T, /. Chem. Soc., Perkin Trans. 2 1993,
13731377,
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their aromatic rings, we turned to the problem of creating
a series of potentially electrophilic glycoluril derivatives
(5a—f and 25—28). For this purpose, we turned to the
work of Nolte, who has developed a methodology utilizing
glycoluril-derived cyclic ethers, chloromethyl groups,
acetoxymethyl groups, and hydroxymethyl groups for the
generation of iminium ions that undergo efficient elec
trophilic aromatic substitution reactions.” % For our
purposes, the more stable cyclic ethers (Chart 4) were
preferable. The Nolte cyclic ether synthesis™ calls for
sequential treatment with NaOH and formaldehyde in
aq DMSO, followed by reflux in HCI at pH 1. We
anticipated that these basic and aqueous acidic conditions
might pose problems with substrates bearing ethoxycar
bonyl groups. We, therelore, developed a one-step pro
cedure that proceeds under anhydrous acidic conditions
(TFA, reflux) using paraformaldehyde (Table 2). These
reactions proceed in moderate to good yield and offer an
alternative to Nolte's procedure when working with
compounds containing potentially sensitive functional
groups. The lowest yield (20%) was obtained for 2 pyridyl
substituted glycoluril 5¢. This result is not surprising,
since the pyridyl ring is protonated in TFA, which
probably raises the energy of the intermediates leading
to 5S¢, resulting in a reduced reaction rate or side
reactions,

Synthesis of Methylene-Bridged Glycoluril Dim-
ers. After preparing a series of glycoluril derivatives
bearing potentially nucleophilic ureidyl NH groups (4a—d
and 16—24) and potentially electrophilic cyclic ether
groups (5a—f and 25—28), we turned our attention to
ward their condensation reactions that lead to methylene-
bridged glycoluril dimers. Chart 5 gives a summary of
the compounds (29C—44C and 295-445) that are dis-
cussed in this paper. There are three synthetic methods
that lead from the two sets of building blocks to meth
ylene-bridged glycoluril dimers: (1) the reaction of 2 equiv
of 4 with a source of formaldehyde, (2} the condensation
of 4 with cyclic ether 5, and (3) the reaction of 2 equiv of
5 with the formal extrusion of formaldehyde. In each
case, we propose that the reaction proceeds through a
common set of intermediates (Scheme 2}, although many
subtle variations are possible and we do not have evi
dence to exclude those possibilities in this discussion.
Compound 4 can tautomerize into nucleophile (+)-45,
which after reaction with formaldehyde, proton transfer,
loss of water, and tautomerization leads to the racemic
mixture (£) 47, Similarly, protonation of cyclic ether 5
followed by extrusion of formaldehyde also leads to race-
mic mixture (4)-47. At this stage, two different scenarios
are possible: 47 can react with a molecule of like handed
ness (45) or it can react with a molecule of opposite
handedness (ent45). Reaction between 47 and 45 gener

(48) Smeets, J. W. H.: Sijbesma, R. P.: Niele, F. G. M.; Spek, A. L.;
Smeets, W. J. J.: Nolte, R. J. M. L Am. Chem. Soc. 1987, 109, 928
929,

(49) Niele, F. G. M.; Zwikker, J. W.; Nolte, R. J. M. Tetrahedron
Letr 1986, 27, 243-246.

(50) Smeets, J. W. H.; Sijbesma, R. P.; van Dalen, L.; Spek, A. L.
Smeets, W. 1. 1.: Nolte, R. J. M. J. Org. Chem. 1989, 54, 37103717

(51) Sijbesma, R. P.: Nolte, R. J. M. Recl. Trav. Chim. Pays-Bas
1993, 112, 643647,

(52) Reek, J. N. H.: Elemans, J. A. A, W.; Nolte, R. J. M. J. Org.
Chem. 1997, 62, 22342243,

(53) Niele, F. G, M.; Nolte, R. ). M. J. Am. Chem. Soc. 1988, 110,
172-177.
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CHART 3
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4a R= COE|4cR 2-pyridyl 16 R =CO:E!
- 2 pé¥ Ol

b R=Ph

17 R =COzEt {: 18

JOC Article

)LN Me
HN

JCGH«

19 R =CO:Et
2E

@% @:’“"” @Cﬁ;ﬂ @f}« 15:%

(#)-20 R =COzEt (£)21 R= CO,_Et 22 R = COsE 23 R= CO,Et 24 R= CD2Et
TABLE 1. Synthesis of 4b—d and 16-24 CHART 4
. 0
ji R j\ M 5a R = COZEt
HN” TNH R" N” TNH N 5b R F'
1) DMSO, t-BuOK m —\ i
oL owsormoc TN EL I Cla=r 58,
HN NH 2 alkylatingagent ol AN N NH N— e RS- CONH(CH:L;NM&Z
£ hid 5 R=GO,L
o} o} o}
» e — - ) o
entry R alkylating agent  product  yield (%) Jl\ MeO JL
1 CO:Et 6 4a 844 MeO N N— NN
2 Ph 6 ib 62 R RO R——{=R b
3 2-pyridyl 6 4c 13 MeO Ne N—T N N—
4 (CHy) 6 4d 31 l{ iz
5  COEt 7 16 45 25 R=CO,Et O 27 R=CO,Et
6  COFEt 8 17 47 @
7 COEt 9 18 22
8  COs bt 10 19 68 " . Ly
9 COEt 1 20 62 —\ N N/
10 COEt 12 21 32 R RP R")+L°
11 COE 13 22 37 Me N__N NN
12 COEt 14 23 26 Br
13 COzEL 15 24 45 26 R=CO;Et © O ()-28 R=CO,Et
“ Ref 39a.

ates intermediate 485, which is transformed into 498
and ultimately into the S shaped product 38. Conversely,
reaction between 47 and ent 45 generates intermediate
48C, which leads to the C-shaped methylene bridged
glycoluril dimer via intermediate 49C. Since a highly dia-
stereoselective reaction is not expected between inter
mediates 45 and 47, one would expect to isolate a mixture
of the S-shaped and C-shaped methylene bridged gly
coluril dimers if the reaction is run under kinetically con
trolled conditions. If, however, the reaction is run under
thermodynamically controlled conditions, the ratio of the
two products will be dictated solely by the relative free
energies of the S- and C-shaped diastereomers.
Homodimerization Reactions of Ureidyl NH Com-
pounds. The most straightforward synthesis of methyl
ene-bridged glycoluril dimers involves the condensation
reaction between 2 equiv of 4 and 2 equiv of formalde
hyde. Our standard procedure (Scheme 3) involves heat-
ing the reactants at reflux in 1,2-dichloroethane contain-
ing ptoluenesulfonic acid as acid catalyst under anaddition
funnel filled with molecular sieves for at least 1 day.
Table 3 summarizes 12 homodimerization reactions that
we have performed. In all cases, we observe a moderate

TABLE 2. Synthesis of Cyclic Ethers under Anhydrous
Acidic Conditions

TFA,
NH (CH0), R

R Nji"_\
_)_{I‘THR A g Rj;rtfo
3 Y

entry R starting material product yield (%)
1 COzEL da 5a 44
2 2-pyridyl dc 5c 20
3 (CHz)y 4d 5d 63
4 CO,EL 16 25 52
5 COzEx 17 27 56
6 COzEr 19 26 55
7 COzEL 20 28 34

to large preference for the formation of the C-shaped
diastereomers. Such a preference, if general, would
explain the high yields obtained in the synthesis of
CB|n|.

Entries 1—4 (Table 3) illustrate the pronounced influ
ence of the solubilizing groups on the convex face of the
glycoluril ring on the dimerization reaction. For example,
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CHART 5. Chemical Structures of Methylene-Bridged Glycoluril Dimers
R" Nj\ £ N R
@: FMM e II: 3@ eCelsn
R" N]/Nn_—- R
29C R =COEt 37C R= GOzEt. R'= OMe 378 R=CO;Et, R = OMe
30C R=Ph 38C R=CO.Et R = Me 385 R=COzEt R' = Me

31C R = 2-pyridyl

32C RR = (CHg),

33C RR = (CO)2N(CHz)3NMez
34C R=COzH

RR

éﬁwwﬁ*ﬁ

295 R=CO;Et

308 R=Fh

318 R = 2-pyridyl

328 RR=(CHzl

335 RR = (CO);N(CH);NMe,
345 R=COzH

Py S

EE

anch coza R'=Br
(£)-41CT R = COEL R =

39C R= COzEl, R = OMe
40CC R=CO,Et, R = Br
41CC R=CO3EL R =

Me

et

39S R=COzEL R =OMe
(+)-40SC R =CO:EL, R = Br
(£)-418C R=COEL, R = NO,

R' R'

NO,

15

40ST R=CO:EL R =
41ST R = CO,Et, R = NO,

NO,

3 N\g)“f_—N\g/N > r @:K E: : } Q Q:CNYN-.E erNj[hD
1 — E j\ — F
NTN F N\|O‘/NV N\|orN I F F I N\é‘:N--_- NIN F

the dimerization reaction with ethoxycarbonyl substitut
ed glycoluril 4a (entry 1) furnishes only the C-shaped
diastereomer 29C, whereas cyclohexyl- and phenyl
substituted glycolurils 4d and b (entries 4 and 2) proceed
in lower yield and with the formation of side products
35 and 36. I'or 4¢, with 2-pyridyl solubilizing groups, we
did not detect either 31C or 318 by 'H NMR. These
changes in yield and product distribution cannot be
explained by steric dilferences. Below, we present a
mechanistic rationale for these changes based on the
electronic nature of the solubilizing groups.

The remaining entries in Table 3 focus on the chem
istry of glycoluril derivatives bearing ethoxycarbonyl
solubilizing groups, since those substrates result in
efficient dimerization reactions. Entries 5 and 7-12
illustrate that the dimerization reaction tolerates a
variety of different substituents on their aromatic rings
(OMe, Br, NO;, F, and hetercaromatics), The nature and
location of substituents can, however, significantly influ

5822 J. Org. Chem., Vol 67, No. 16, 2002

ence the rate and yield of the reaction. For example,
simply changing the location of two methoxy groups
(compare entries 5 and 6) resulted in decomposition
rather than dimerization, and the presence of a quinoxa
line ring (entry 11) lowers the yield and greatly reduces
the reaction rate presumably because of the protonation
of the quinoxaline ring N-atom.

As mentioned above, compounds (£)-20 and (£) 21 are
chiral and racemic because of the unsymmetrical ar
rangements of substituents on their o xylylene rings. In
the dimerization reaction of (£)-21 (Table 3, entries 9),
two C-shaped and two S-shaped diastereomers were
isolated and characterized. We denote these compounds
as 41CC (C-shaped, OMe groups cis), (+£)41CT (-
shaped, OMe groups trans), (£)-418C (S-shaped, OMe
groups cis), and 418T (5 shaped, OMe groups trans).
Compounds 41 CC and 41 8T result from the dimerization
of two molecules of opposite handedness and are achiral
meso compounds, whereas the racemic mixtures (%)
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Outline of Three Pathways to Methylene-Bridged Glycoluril Dimers®
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4 Mechanistic steps: (a) tautomerization, (b) nucleophilic addition (+CHz0) and proton transfer, (¢} loss of water and tautomerization,

{d) proton transfer.

SCHEME 3.
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TABLE 3. Dimerization of Glycoluril Derivatives
Bearing Ureidyl NH Groups

Rm-
C-shaped

startin, Cshaped  S-shaped  side product(s]
entry R malerlag] (yiel(l.m%:{) [yiold?‘gé} lylwld. ‘36}{ !
1 CO:Er 4a  29C (88) 29S (nd)
2 Ph 4b  30C (19} 305 (nd) 35b (26), 36b (2)
3 2-pyridyl 4c 31C  (nd)® 318 (nd)
4 (CHz)s 4d  32C (57) 325 (nd) 35d(9), 36d (5)
5 COeuEt 16 37C (BT} 378  (nd)
6 CO:Et 17 39C (nd) 395 (nd)
7 COsER 19 38C (75 385 (6
8 CO:Et 20 400CC (46) 40SC (nd)
40CT (48) 4057 (nd)
9 CO:Et 21 4100 (28) 418C (21)
41CT (24) 4187 (22)
10 CO:Et 22 42C  (47) 428 (10)

11 CO:Et 23 43C (35) 43S (1)
12 COzEt 24 4C (44) 445 (3)

nd = not detected.

Nj\Nj\H j\
-

b: R=Ph
NE/N\CHE

d:RR = (CH2)s
41CT and (+£)-418C result from the dimerization of 21
of like handedness. In this example, a nearly statistical
distribution of the four sterecisomers was obtained. In
contrast, the dimerization of (+)-20 yielded exclusively

(£)-35b

()-36b “CHs
()-35d

(£)-36d o]

Dimerization of Glycoluril Derivatives with Ureidyl NH Compounds

iﬂ o J I IKN W;w?jii -

+ Side Products S-shapad
the C-shaped diastercomers 40CC and (£} 40CTin 94%
combined yield.

Separation, Identification, and X-ray Crystal-
lographic Characterization of the C-Shaped and
S-Shaped Diastereomers. Gratifyingly, the separation
of the crude reaction mixtures described in Table 3 was
possible using simple silica gel chromatography. The
conformationally rigid C-shaped diastereomers have
higher dipole moments, lower Ry values, and lower
solubilities in common organic solvents than the corre
sponding S-shaped diastereomers (¢ = 0 D by symmetry
arguments), which facilitate their purification. Spectro
scopic identification of the C-shaped and S-shaped dia
stereomers is based on a combination of 'H and "C NMR
spectroscopy and symmetry arguments. Consider, for
example, the C-shaped and S-shaped diastercomers 38C
and 3858 (Table 3, entry 7). The C-shaped diastereomer
38C is (ypsymmetric, whereas 388 has time averaged
Cyprsymmetry. These symmetry differences manifest
themselves in the number of resonances expected for the
newly formed methylene bridges; for 38 C we expect and
observe a pair of doublets for the diastercotopic methyl
ene protons (6.02 and 4.58 ppm), whereas for 385 we
expect and observe a singlet (5.00 ppm) for the chemically
equivalent methylene protons. These symmetry consid-
erations are sufficient to allow complete spectroscopic
identification of methylene bridged glycoluril dimers
prepared from two achiral building blocks. A peculiar but
particularly diagnostic feature of the 'H NMR spectra of
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all of the S-shaped diastereomers that we have prepared
to date is the significant upfield shift observed for only
one of the two chemically nonequivalent CH: groups of
the CO;CH,CHj; solubilizing groups. For example, for 385
the two methylene groups resonate at 4.19 and 3.58 ppm,
whereas for 38C both resonate at 4.17 ppm. The X-ray
crystal structure of 388 (Figure 1) provides an explana-
tion for this observation. In each of two rapidly equili-
brating S-shaped conformations of 385, one of the
methylene groups of the internal CO;Et groups is in the
shielding region of the aromatic ring of the opposing
sidewall, leading to the observed upfield shift. A similarly
diagnostic feature of the S-shaped versus the C-shaped
diastereomers is the *C NMR chemical shifts of the
central methylene bridges. For 38 C these carbon atoms
resonate at 47.8 ppm, whereas for 385 they resonate at
51.8 ppm. In general, the C-shaped diastereomers reso-
nate at 747 —48 ppm, and the S-shaped diastereomers
resonate at 51—52 ppm.'” These three criteria and
symmetry arguments allow complete structural assign-
ments of even the most complicated C.-, G-, and -
symmetric methylene-bridged glycoluril dimers (ex-
amples: 41CC, (£)-41CT, (+)-415C, and 4157).

The structural assignments of the C-shaped and S-
shaped diastereomers based on 'H and *C NMR and
symmetry arguments described above have been further
corroborated by X-ray crystallography of many of our
compounds. Figure 1 shows the X-ray structures deter-
mined for 30, 38, and 385. Compounds 305 and 38C
assume C-shaped conformations with their o-xylylene
rings roughly parallel. All four solubilizing groups (Ph
and COzEt) are displayed on one face of the molecule,
resulting in an amphiphilic topology. Compound 38C
crystallized as the CH3CN solvate; one of the solvating
CH;CN molecules fills its cleft with the CH; group
oriented toward the glycoluril rings. The distances be-
tween the centers of the o-xylylene rings of 30€ and 38C,
defined as the C1-C2—-C3—C4—-C4A—C18A and COA—
CIl0—C11-C12—C13—CI13A centroids, are 7.366 and
7.588 A, respectively. Because of the slight tapering of
the cleft, the distances between the tips of the o-xylylene
rings, defined as the distance between the centroids of
the CZ—C3 and C11—C12 bonds, are 6.951 and 7.258 &
for 30C and 38C, respectively. The mean planes of the
aromatic rings of 30C and 38 Cintersect each other with
angles of 21.8° and 17.1°, respectively. There is a slight
overall end-to-end twist of the C-shaped molecules of 30C
(—4.0°) and 38C (—3.3%), as measured by the dihedral
angle through the centroids of the C2—C3, C4A—C18A,
COA—CI13A, and C11-CI1Z bonds. The substituents on
the convex face of 30 and 38 C are nearly eclipsed; the
CHB—ChA—-CBA—C6B and CYB—CYTA—CBA—CEB dihe-
dral angles measure 9.6° and 3.4° (30() and —1.6° and
1.4% (380), respectively. The substituents at C6A and
C7A on the convex face of the molecules are nearly
collinear; the C6B—C6A—CT7A and C7TB—CT7A—C6A angles
amount to 95.0° and 94.7° (30C) and 96.5° and 95.0°
(380C), respectively. The separations between these sub-
stituents, as measured by the C6B—C7B distance, are
3.985 A (300) and 3.984 A (380), indicating that they
are not in van der Waals contact. The N6—C7—N7 and
N16—C16—N15 bond angles of the methylene bridges
amount to 116.2° and 118.3° (30C) and 114.8° and 115.0°
(38C). These values are larger than the tetrahedral bond
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FIGURE 1. X-rav crystal structures of 30C, 38C, and 38S.
The solvating CHCl; and woluene molecules have been removed
from the structure of 30C

angle, as are those observed for Me;CB[5] (114.0°—
115.4°)* and CBI[b] (113.2°—114.7°), CB[6] (112.9°—

156



Methylene-Bridged Glycoluril Dimers

SCHEME 4.

o

-shaped

JOC Article

Dimerization Reactions of Glycoluril-Derived Cyclic Ethers
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TABLE 4. Dimerization Reactions of Glycoluril-Derived Cyclic Ethers

entry R starting material C-shaped (yield, %) S-shaped (yield, %) side product (s) (yield, %)
1 CO:EL 5a 29C (©92) 298 ()
2 Ph 5b 30C (nd)* 308 (nd) 35b (42)
3 2-pyridyl 5¢ 31C (nd) 318 (nd)
4 {CHz)4 5d 32C (34) 328 (nd) 35d (16). 36d (12)
5 CONH{CHz)sNMe; Se 33C (85) 338 (nd)
6 COzLi 5f 34C (85) 348 (nd)
7 COzEt 25 37C (93) 378 (nd)
8 COzEr 26 38C (87) 388 (3)
9 COzEx 27 39C (nd) 398 ()

and = not detected.

115.0°), CB[7] (112.7°=114.5%), and CB[8] (113.0°—
113.6°)."1% The ureidyl N atoms involved in the central
eight-membered ring do not show significant deviations
from planarity: the sum of the three bond angles around
NBA, NTA, N15A, and N16A of 30C amount to 358.3%,
359.97, 359,57, and 359.8”, whereas those around NG, N7,
N15, and N16 of 38C amount to 359.07, 359.9, 359.0",
and 360°, respectively. The distances between the car
bonyl oxygens {[)(i—(')l? and O8—015) of a single gly
coluril ring are 5.611 and 5.653 A (300 and 5.755 and
5.785 (380, distances that are slightly larger than those
observed for related molecules containing a single gly-
coluril ring®™ * but smaller than those observed for CB[5]
(6.176—6.217 A), CB[6] (5.98—6.042 A), CB[7] (5.913—
6.114 A), and CB[8| (6.041—6.171 A)."'5 The distances
between oxygen atoms of adjacent glycoluril rings (06—
08 and 015—017) are 3.405 and 3.309 A (300) and 3.424
and 3.380 A (380, respectively. These distances are
larger than those observed in the crystal structures of
MeoCBI5] (average, 3.177 A; range, 3.141-3.218 A)"®
and CB[5] (average, 3.310 A; range, 3.184—3.602 A),
comparable to those of CB[6] (average, 3.4025 A; range,
3.138—3.624 A), and shorter than those of CB[7] (aver-
age, 3.627 A; range, 3.405—3.859 A) and CBI8] (average,
3.810 A; range, 3.695-3.906 A).L13

In constrast to 30C and 38C, diastereomer 388 crys
tallizes in an S-shaped conformation that displays two
ethoxycarbonyl groups on each face of the molecule. One
of the most interesting features of the crystal structure
of 385 is the close proximity of methylene carbon atom
C6D to the centroid of the aromatic ring defined by CO9A—
C10-C11-C12—-C13—C13A (3.713 A). One of the protons
attached to C6D is a mere 2.951 A from the centroid of
this aromatic ring. The close proximity of this proton to
the center of the aromatic ring places it in its shielding
region, which provides an explanation for the observation
of the significant upfield shifts observed for these protons
in the 'H NMR of the S-shaped diastereomers. The most
notable structural effect of the relative stereochemistry
of the S-shaped diasterecomers is present in the central
eight membered ring. For example, the sums of the bond

angles around ureidyl nitrogen atoms N6, N7, N15, and
N16 of 38§ amount to 350.1°, 357.9°, 359.9°, and 346.3°.
N atoms N6 and N16 are decidedly nnnplanal. suggesting
the presence of strain relative to C-shaped diastereomers
30C (average, 359.4% range, 358.3°—-359.9°) and 38C
(average, 359,57 range, 359.0"—3607) an(l cucurbiturils
MeoCBI[5] (average, 359.7" range, 359.5°—360), CB[5]
(average, 358.7°; range, 357.3°—359.9°), CBI6] (average,
368.8% range, 356.0°—3607%), CB[7] (average, 358.1%
rangp '1 54.9°-359.9%), and CBI8| (average, 357.3% range,
355 358.2°). 11315 Other structural features are com
p:ll'(lhll? between the C- and S shaped diastereomers. For
example, the NG—-C7-N7 and NI15-C16—-NI6 bond
angles measure 110.9° and 113.97, values only slightly
smaller than those observed for 30C and 38C. The
substituents on the convex face ol the glycoluril rings are
once again nearly eclipsed with C5C—C5B-C6B—-C6C
and CTC—CT7B—CBB—C8C dihedral angles of —5.0" and
—hih®;

Homodimerization Reactions of Cyclic Ethers.
The mechanistic rationale proposed in Scheme 2 suggests
that cyclic ethers should also participate in this dimer
ization reaction (Scheme 4). Table 4 shows the results of
the dimerization reactions from cyclic ethers that we have
performed to date. Entries 1-6 illustrate the influence
of the solubilizing groups on the convex face of the
glycoluril skeleton on the dimerization reaction. Sub
strates 5a, e, and f (entries 1, 5, and 6) that bear electron
withdrawing carboxylic acid derivatives on their convex
face are efficient substrates yielding only the C-shaped
diastereomers in high yield. As in the case of the
dimerization from the ureidyl NH compounds (Table 3},
the substrates bearing Ph, fused-cyclohexyl, and 2-pyridyl
substituents are poor substrates for the reaction (Table
4, entries 2—4), and both 5b and 5d lead to side products
(#)-35 and (£)-36. Compounds bearing lunctionalized
oxylylene rings are also acceptable substrates for this
reaction (Table 4, entries 1, 7, and 8). Interestingly, we
could not detect either 39C or 395 in the dimerization
reaction with 27. Similar behavior was observed in the
dimerization reaction of 17 (Table 3, entry 6).
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SCHEME 5. Dimerization Reactions from Ureidyl NH and Cyclic Ether Compounds
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The survey of the substrates that participate effectively
in this reaction is not as extensive as that described in
Table 3 because the cyclic ethers themselves must be
derived from the corresponding compounds containing
ureidyl NH groups. Additionally, a comparison of the
results obtained by these two methods (Table 3, entries
1—7 versus Table 4, entries 14 and 7—9) indicates that
dimerization occurs in comparable yield in most cases.
The single exception is the dimerization reaction of
phenyl glycoluril (5b), a poor substrate for our reaction,
which yields 30C only from 4b (Table 3, entry 2 versus
Table 4, entry 2). These considerations suggest that the
method described in Table 3 is preferable, since the cyclic
ether substrates are themselves derived from the ureidyl
NH compounds in only moderate yield (Chart 4, Table
2).

Heterodimerization Reactions of Ureidyl NH
Compounds and Cyclic Ethers. The dimerization
reactions described in Tables 3 and 4 offer two routes to
the preparation of methylene bridged glycoluril dimers.
OFf these two methods, the direct dimerization of the
ureidyl NH compounds is preferable. On the basis of the
mechanism of the dimerization reaction proposed in
Scheme 2, we considered the possibility of performing a
selective heterodimerization reaction by the reaction
between 1 equiv of ureidyl NH compound and 1 equiv of
cyclic ether (Scheme 5). The success of this method, the
selective synthesis of a dimer comprising two different
o-xylylene rings, requires a fast reaction between inter-
mediates 45 and 51 (Scheme 2) and that the equilibria
connecting those intermediates (via 46 and 47) that
result in the scrambling of the locations of the methylene
bridges are slow relative to methylene-bridged glycoluril
dimer formation.

Initially, we choose to study reactions between ureidyl
NH compounds and cyclic ethers that would result in
homodimeric species to limit the potential complexity of
the reaction. Table 5 summarizes the results of the
experiments that we performed. The effects of the solu
bilizing groups on the convex face of the glycoluril on the
dimerization reaction (Table 5, entries 1—4) are similar
to those observed for the direct dimerization of 4a—d
(Table 3) or 5a—d (lable 4). Glycoluril derivatives
bearing electron withdrawing ethoxycarbonyl groups
(Table 5, entry 1) dimerized much more readily than
those bearing phenyl or fused cyclohexyl groups (entries
2 and 1), and those bearing the readily protonated pyridyl
substituents (entry 3) were resistant to dimerization.
Those glycoluril derivatives bearing ethoxycarbonyl solu
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TABLE 5. Dimerization Reactions from Ureidyl NH and
Cyclic Ether Compounds

starting C-shaped S-shaped  side product(s)

entry R material (yield, %) (yield, %) (yield, %)
1 COzEt 4a+5a 29C (89) 298 (2)
2 Ph 4b + 5b 30C (16) 308 (nd) 35b (70)
3 2-pyridyl 4¢ + 5¢ 31C (nd)® 318 (nd)
4 (CHg)y 4d+ 5d 32C (30) 325 (nd) 35d (12), 36d (10)
5 COzEr 16 + 25 37C (91) 3785 (2)
6 COzEr 17 + 27 39C (56) 39S (nd)
7 COFt 19+ 26 38C (90) 385 (3)

“nd = not detected.

bilizing groups that undergo smooth homodimerization
also yield dimers by the heterodimerization route (Table
5, entries 5 and 7; Table 4, entries 7 and 8; Table 3,
entries 5 and 7). There are situations, however, where
the heterodimerization reaction is preferable to either of
the two homodimerization pathways. For example, even
though neither homodimerization pathway allowed the
detection of either 39C or 395 (Table 3, entry 6; Table 4,
entry 9), the heterodimerization pathway (Scheme 5)
allowed the isolation of 39C in good yield (Table 5, entry
6). In those cases, where direct dimerization reactions
fail, the heterodimerization route offers a viable alterna

tive,

To fully demonstrate the synthetic utility of the het
erodimerization reaction (Scheme 5), it was necessary to
prepare true heterodimers, methylene-bridged glycoluril
dimers comprising two different o xylylene rings, and
show that these heterodimers are produced selectively
at the expense of the corresponding homodimers. Table
6 shows the results of three heterodimerization reactions
that we have performed. Entry 1 shows the heterodimer-
ization of dimethoxyxylylene ureidyl NH compound 16
and xylylene cyclic ether 5a. In theory, six dimers might
be formed (homodimers 29C, 298, 37C, and 378 and
heterodimers 52C and 528); in practice, we isolate the
two heterodimers and the two C-shaped homodimers. The
desired heterodimers 52C and 525 were obtained in high
combined yield (81%), with a modest level of diastereo
selectivity favoring the C-shaped diastereomer 52C. This
level of diastereoselectivity was particularly surprising,
considering the fact that the relative stereochemistry of
the product is set during the first covalent bond forming
reaction between the two reaction partners (Scheme 2,
(£) 45 = (£) 51). In a separate report, we present a
mechanistic rationale for the enhanced yield of the
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TABLE 6. Heterodimerization Reactions
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Entry #  Starting Materials Products
N’““N N
N“-—-—fN N N—-./N
52C R COzEI ?f F 528 R CO:EI
+29C (14 %) + 37(::14%)
w S .
N7 NN Me N"“‘N
2 (£)-21 +25 — R RR-
Me ”

. ¥ X
’E j\ Me
L

\gwﬁm

(£)-54C R = COzEt
(43%)

NN

3 R

(£)-53C R=COzEt  NOz
(31%)

(£)-538 R=COzEL
(B4%)

i ,E e

N-—"N

L
Y Y

()-548 R =COzEt
(53%)

OMe

C-shaped heterodimer.* Table 6 (entries 2 and 3) shows
the reactions of the racemic ureidyl NH compounds (+)
21 and (+)-18 with the dimethoxyxylylene cyclic ether
25. In these cases, of the six possible products, we observe
only two, the desired heterodimers, and isolate them in
excellent combined yield. In contrast to entry 1 (Table
6), these two heterodimerization reactions produce the
S-shaped diastereomers with modest diastereoselectivi
ties. These three experiments and the results of Tables
3=5 that demonstrate a preference for the C-shaped
diastereomers suggest that the formation of the mixture
of C- and S-shaped diastereomers occurs under kinetic
control (Table 6, entries 2 and 3) and that the preference
for the C-shaped heterodimer (Table 6, entry 1) reflects
thermodynamic control, ™

Substituent Effects on the Mechanism of the
Dimerization Reaction and Implications for CB[n]
Synthesis. To date, CB[n] and fully substituted deriva
tives have been synthesized using glycolurils 1d—
f1A150720 These three glycoluril derivatives represent
only one of the four main classes of commonly encoun-
tered glycolurils (alkyl, aromatic, heteroaromatic, and
carboxylic acid derivative). We were surprised by the lack
of success in the synthesis of CB[n] derivatives using
other glycoluril derivatives. The formation of cyclohexyl-
and phenyl-substituted dimers 32C and 30C, in sharp
contrast to the dimerization reactions involving ethoxy-
carbonyl-substituted glycolurils, proceeds in modest yields
and with the formation of side products 35 and 36. These
side products provide clues for the lack of success in the
synthesis of fully substituted CB|n| from 1b. Scheme 6
shows a mechanistic proposal for the formation of side
products (+£)-35. This mechanistic proposal is illustrated

(54) Chakraborty, A.: Wu, A.: Witt, D.: Lagona, J.: Fettinger, J. C.;
Isaacs, L. J. Am. Chem. Soc. 2002, 124, 8297 -8306.

SCHEME 6. Proposed Mechanism for the
Formation of (4+)-35 in the Dimerization Reactions
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for the dimerization reactions of cyclic ethers 5, but the
mechanisms of all three types of dimerization reactions
potentially involve common intermediates (Scheme 2).
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Cyclic ether 5 undergoes protonation on its ether oxygen
(85), followed by ring opening to yield iminium ion (+)-
56. Formally, the conversion of (+)-56 into the observed
products (4)-35 occurs by a hydride shift. Formulation
of the reaction as a hydride shift from (£)-56 ignores the
fact that only phenyl and cyclohexyl glycolurils generate
these side products, since one would also expect ethoxy-
carbonyl-substituted glycolurils to generate similar side
products. We have never observed aldehydic side prod
ucts in the dimerization of ethoxycarbonyl-substituted
glycoluril derivatives. Alternatively, one can postulate the
formation of intermediates (4)-57. One would expect that
intermediates (4)-57 would be favored when R.R
(CH.)s and R = Ph because of the ability of these groups
to stabilize adjacent carbocations but disfavored when R
= CO;Et, since this group would destabilize an adjacent
positive charge. The conversion of (£)-57 into (£)-35 is
then formulated as an ene reaction of a cationic Nacyl
tminium lon with an imine.** The lower yield obtained
in the synthesis of 30C than in that of 32C can be
explained by the fact that the phenyl substituents are
better able to stabilize the adjacent positive charge in
(£)-57, thereby leading to the enhanced yield of (+)-35b
compared to (+)-35d. These observations have implica
tlons for the synthesis of derivatives of CB[n]. They
suggest that the CBln| synthesis is likely to be most
successful in the case of glycoluril derivatives bearing
electron withdrawing substituents on their convex face
and least successful in the case of electron donating
substituents that are able to stabilize adjacent positive
charges. The recent report of the synthesis of Cy:CB[6]
and CysCBI[5] in 2% and 16% yields, respectively, sug
gests that alkyl groups may be borderline substituents
for the synthesis of CB[n].2! However, if it is desired to
use a glycoluril derivative containing electron donating
groups on its convex face (e.g. 1b or d) for CB[n]
synthesis, then it would be prudent to perform such a
reaction using heterodimerization conditions (Tables 5
and 6),'%“® involving the reaction of 1b or d with, for
example, 58 which is not prone to form aldehydic side
products,

Conclusions

The outstanding molecular recognition properties of
cucurbituril, its homologues CB[n], and its derivatives
(Me,oCBI5], Cy:CBI[5], Cy:CBI[6), and Ph.CB[6]) have
prompted several groups to broaden the scope and define
the limitations of cucurbituril synthesis. We have taken
a multistep synthetic organic approach based on the
identification of methylene-bridged glycoluril dimers 2C
and 28 as the fundamental building blocks in CB[#]
synthesis. We examined condensation reactions between
glycoluril derivatives bearing one o-xylylene wall and
either free ureidyl NH groups (4a—d and 16—24) or cyclic
ether (5ba—fand 25—27) groups. Three different methods,
the condensation reactions of 4a—d and 16—24 with
paraformaldehyde (Table 3), the homodimerization of

(55) Borzillerd, R. M. Weinreb, S. M. Spnthesis 1995, 347-360. The
conversion of (£)-57d Into (£)-35d could also concelvably deliver the
compound with the fransfused glycoluril derivative, whereas this
transformation would be precluded by the cyclohexyl ring of (£)-35¢.
In either case, the comparatively high energy frans-fused ring system
has never, to the best of our knowledge, been observed in glycoluril
derivatives.
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cyclic ethers 5a—f and 25-27 (Table 4), and the het-
erodimerization reactions (Tables 5 and 6) of cyclic ethers
and wureidyl NH compounds, all deliver the C- and
S-shaped diastereomers in good to excellent yields with
glycoluril derivatives bearing electron withdrawing car
boxvlic acld derivatives on their convex face. The C-
shaped compound is usually formed preferentially in
diastereoselective reactions. Of these three synthetic
methods, we prefer the direct dimerization reaction of
the ureidyl NH compounds (Scheme 3, Table 3), since it
produces the C- and S-shaped dimers In similar yields
and diastereoselectivities to those of the dimerization of
cyclic ethers (Scheme 4, Table 4) but involves fewer
synthetic steps. The heterodimerization reactions (Tables
5 and 6) are most useful when it {s necessary to access
methylene-bridged glycoluril dimers bearing differen-
tially substituted rings or when substrates undergo low
yielding homodimerization reactions. Glycoluril deriva-
tives bearing phenyl and fused cyclohexyl groups are poor
substrates for the dimerization reactions because they
are able to stabilize adjacent positive charges leading to
aldehydic side products. The development of synthetic
methods for the synthesis of methylene-bridged glycoluril
dimers offers the opportunity to study the fundamental
steps in CB[n] synthesis™ and the potental to expand
the range of CB[n] homologues and derivatives.

Experimental Section

General. Starting materials were purchased from com-
mercial suppliers and were used without further purification,
Compounds 5a, b, e, and f, 253, 27, 29C, 33C, 34C 37C 375,
39C, 52C, 525 2957 as well as 12, (4)-21, (4)-538, and
(+£)-53C° were prepared according to literature procedures.
THF and toluene were distilled from sodium benzophenone
ketyl, and methylene chloride was distilled from Call; im
mediately before use. TLC analyses were performed using
precoated glass plates from Analtech or E. Merck. Column
chromatography was performed using silica gel (230-400
mesh, 0.040-0.063 pm) from E. Merck using eluents in the
indicated w/v ratio. Melting peints were measured on a
Meltemp apparatus in open capillary tubes and are uncor-
rected. IR spectra were recorded on a spectrophotometer as
KBr pellets or thin films on NaCl plates and are reported in
inverse centimeters. NMR spectra were measured at 400 MHz
for 'H and 100 MHz for "*C. Fast atom bombardment (FAB)
mass spectra were obtained using the indicated matrix. The
matrix “magic bullet” is a 5:1 {w/w) mixture of dithiothreitol—
dithiverythritol. Elemental analyses were performed by Mid-
west MicroLab (Indianapolis, IN).

Representative Experimental Procedure [rom Table
1 (19). Glycoluril 1a (8.00 g, 28.0 mmol) was dissolved in anhyd
DMSO (100 mL) under Nz, and +BuOK (591 g, 52.7 mmol)
was added. Alter stirring for 15 min, 1,2-bis(chloromethyl)
4,5-dimethylbenzene (1.26 g, 6.20 mmol) was added in one
portion, and stirring was continued for 3 h. The reaction
mixture was poured into 0.1 N HCI (1 L) and extracted with
EtOAc (3 = 400 mL). The extracts were washed with brine (2
» 300 mL) and dried over anhyd Mg50,. After [iltration and
rotary evaporation, the residue was purified by flash chroma-
tography (Si0:, CHCL/MeOH 25:1) to give 19 (1.76 g, 4.22
mmel, 68%) as a white solid. Mp 236 °C. TLC (CHCl/MeOH,
25:1) R¢0.23. IR (KBr, crn™'): 3217 s, 3019 m, 2940 m, 1710 s,
1464 m, 1368 m, 1270 m, 1145 m, 1034 s, '"H NMR (400 MHz,
DMSO-df;): 8.38 (s, 2H), 6.99 (s, 2H), 4.48 (d, .J = 15.8, ZH),
4.32 (d, J=15.8, 2H), 4.19 (g, J= 7.1, 2H), 4.09 (g, J=T.1,
2H), 2.12 (s, 6H), 1.19 (v, J= 7.1, 3H), 1.16 ({t, J=T7.1, 3H).
13C NMR (100 MHz, DMSO-d): 167.0, 166.6, 157.5, 135.6,
135.0, 130.9, 82.9, T4.4, 63.1, 62.9, 43.9, 19.2, 14.2, 14.2. M5
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(FAB, magic bullet): m/z417 (100, M + H]*). HRMS (FAE,
magic bullet): m'z 417.1774 (M + HJ]*, CaoHzsN4Os, caled
417.1774). Anal, Caled for CopHoiN,Os (416.17): C, 57.68: H,
5.81. Found: C, 57.66; H, 5.78.

Representative Procedure from Table 2 (5d). A mixture
of 4d (435 mg, 1.46 mmol) and paraformaldehyde (438 mg,
14.6 mmol) in TFA (5 mL) was stirred and heated at reflux
for 20 h. After rotary evaporation, the residue was dissolved
in EtOAc (150 mL), washed with saturated aq Na;CQO;, dried
over anhyd MgS0,, and concentrated. The residue was purified
by flash chromategraphy (SiO;, CHClL/MeOH 50:1) to give 5d
(314 mg, 0.924 mmol, 63%) as a white solid. Mp 245-246 °C.
TLC (CHC1sMeOH 50:1) R-0.33. IR (KBr, em™'): 2949 m, 2911
m, 2876 m, 1707 s, 1472 s, 1446 5, 1239 s, 1005 5, 740 5. 'H
NMR (400 MHz, CDCLy): 7.40-7.35 (m, 2H), 7.25-7.20 (m,
2H), 5.30 (d, J=11.3, 2H), 4.67 (d, J= 15.8, 2H), 4.54 (d, J =
11.3, 2H), 4.35 (d, J= 15.8, 2H), 2.19 (br m, 2H), 2.08 (br m,
2H), 1.66 (br m, 4H). '*C NMR (100 MHz, CDCls): 1574, 136.9,
129.8, 128.1, 71.8, 70.9, 44.0, 25.3, 24.3, 149, 148. (12
resonances expected, 11 observed). MS (FAB, magic bullet):
miz 341 (100, M + H]'). HRMS (FAB, magic bullet): nvz
341.1626 (M + H]*, CeH; NyQ;, caled 341.1614).

Representative Procedure for Table 3 (38C and 385).
A mixture of PTSA (0.168 g, 0.884 mmol) and CICH.CH.C1
(10 mL) was heated under N; at reflux for 30 min under an
addition funnel filled with molecular sieves (4 A). Compound
19 (92.0 mg, 0.22]1 mmol) and paraformaldehyde (20.0 mg,
0.663 mmaol) were added, and reflux was continued for 48 h.
The reaction mixture was diluted with EtOAc (150 mL),
washed with saturated Na,CO;, dried over anhyd MgS0,, and
concentrated. Flash chromatography (5i0;, CHCl/CH:CN 20:
1) gave 3BC (67.0 mg, 0.0782 mmol, 75%) and 385 (5.2 mg,
0.0061 mmol, 6%) as white solids. Compound 38 mp = 300
°C. TLC (CHCL/CH:CN 15:1) R0.22. IR (KBr, cm™'): 2965
w, 1747 s, 1456 m, 1256 m, 1021 m. 'H NMRE (400 MHz,
CDCla): 6.99 (s, 4H), 6.02 (d, J=16.0, 2H), 4.79 (d, /= 16.0,
4H), 4.58 (d, J = 16.0, 2H), 4.32 (d, J = 16.0, 4H), 4.17 (m,
8H), 2.12 (s, 12H), 1.29 (t, .J = 7.2, 6H), 1.24 {t, J = 7.2, 6H).
ECNMR (100 MHz, CDCL): 165.7, 165.0, 154.6, 136.4, 133.5,
131.1, 80.1, 78.7, 63.7, 63.3, 47.8, 44.9, 19.2, 13.9, 13.9. MS
(FAB, magic bullet): m/z857 (27, [M + HJ*), 174 (100, [Cy;Hy -
NOJ*). HRMS (FAB, magic bullet): m/z857.3440 (M + H]*,
CazHasNeO1z, caled 857.3470), X-ray crystal structure. Anal.
Caled for Cy2HeeNeO12 (856.88): C, 58.87; H, 5.65. Found: C,
58.74: H, 5.60. Compound 388 mp 297-299 °*C. TLC (CHCL/
CH:CN 20:1) R;0.20. IR (KBr, cm~"): 2980w, 1766 s, 1742 s,
17205, 1456's, 1424 m, 1387 s, 1308 m, 1250 m, 1157 m, 1020
m. "H NMR (400 MHz, CDCL): 7.07 (s, 4H), 5.00 (s, 4H), 4.74
(d, J=16.0, 4H), 4.26 (d, J= 16.0, 4H), 4.19 (g, J=T7.1, 4H),
3.58(q, S=T.1,4H), 2.16 (s, 12H), 1.25 (t, J=T7.1, 6H), 1.04
(t, .J= 7.1, 6H). C NMR (100 MHz, CDCls): 165.4, 164.2,
155.3, 136.4, 133.4, 131.1, 81.8, 78.5, 63.6, 51.8, 44.9, 19.1, 13.9,
13.6 (15 resonances expected, 14 observed). MS (FAB, magic
bullet): m¥z857 (30, [M -+ HJ*), 174 (100, [C1H:NOJ*). HRMS
(FAB, magic bullet): m/z 857.3490 (M + H|*, Co:HauNaOyz,
calcd 857.3470). X-ray crystal structure. Anal. Caled for
Cy:HyeNeOy; (856.88): C, 58.87: H, 5.65. Found: C, 58.69; H,
5.58.

Representative Procedure for Table 4 (32C, (+)-35d,
and (+)-36d). A mixture of PTSA (760 mg, 4.00 mmol) and
CICH:CH:C1 (5 mL) was heated at reflux for 30 min under an
addition funnel filled with molecular sieves (4 A). Compound
5d (136 mg, 0.400 mmol) was added in one portion, and reflux
was continued for 20 h. The reaction mixture was diluted with
EtOAc (50 mL), washed with saturated aq NaCO;, dried over
anhyd Mg50,, and concentrated. The residue was purified by
flash chromatography (Si0;, CHCl:/MeOH 25:1) to yield 32C
(42.5 mg, 0.0685 mmol, 34%), (+)-35d (21.2 mg, 0.0624 mmol,
16%), and (£)-36d (14.8 mg, 0.0474 mmol, 12%) all as white
solids. Compound 32C mp 370 °C dec. TLC (CHCl/MeOH
25:1) R0.09, IR (KBr, cn™?): 2948 w, 2875w, 1709 5, 1464 s,
1422 m, 1308 m, 1225 m, 759 m, 737 m. 'H NMR (400 MHz,

JOC Article

CF:COOH, D;O-cap.): 7.40-7.35 (br m, 8H), 6.00 (d, 7= 16.8,
2H), 4.92 (d, J=16.2, 4H), 4.73 (d, J = 16.2, 4H), 4.67 (d, J =
16.6, 2H), 2.60-2.50 (m, 8H), 2.00—1.85 {(br m, 8H). “C NMR
(100 MHz, CF;COOH, D;O-cap.): 160.8, 136.4, 131.5, 131.1,
82.4,79.9, 46.3, 46.1, 26.0, 25.6, 16.5, 16.0. MS (FAB, magic
bullet): m/z621 (100, M + H]*). HRMS (FAB, magic bullet):
miz 621.2968 (M + HJ*, CesHeN=Oy, caled 621.2938). Com-
pound (£)-35d: mp 223-225 °C. TLC (CHCls/MeOH 50:1) Ry
0.37. IR (KBr, em™'): 2948 w, 2875w, 17385, 1706 5, 1457 5,
1417 m, 1306 m, 758 m. "H NMR (400 MHz, CDCls): 8.93 (s,
1H), 7.40-7.30 (m, 2H), 7.30-7.20 (m, 2H), 4.79 (d, J= 15.6,
1H), 4.72 (d, J=15.8, 1H), 4.41 (d, J=15.6, 1H), 4.30 (d, J =
15.8, 1H), 2.86 (s, 3H), 2.50-2.20 (m, 3H), 2.10-2.00 (m, 1H),
1.70-1.50 (br m, 4H). *C NMR (100 MHz, CDCl): 160.8,
156.8, 152.9, 136.8, 135.6, 130.0, 129.3, 1285, 128 2, T6.8,76.2,
43.6, 434, 274, 24.7, 23.9, 149, 14.5. MS (FAB, magic
bullet): m'z 341 (60, M + HJ*), 55 (100). HRMS (FABE, magic
bullet): m/z341.1601([M + HJ*, C1sHzN4Os, caled 341.1614),
Compound (+)-36d: mp 314 °C dec, TLC (CHC1:/MeOH 25:1)
R:0.27. IR (KBr,cm™): 3219 m, 2948 m, 17185, 1697 5, 1483
s, 1416 m, 764 m. "H NMR (400 MHz, CDCL): 7.35-7.10 (m,
4H), 6.06 (br s, 1H), 4.66 (d, J = 15.7, 1H), 4.64 (d, J= 15.7,
1H), 4.30 (d, .J = 15.7, 1H), 4.28 (d, J = 157, 1H), 2.59 (s,
3H), 2.25—2.15 (m, 1H), 2.10— 1.70 (m, 3H), 1.70—1.50 (m, 4H).
13C NMR (100 MHz, CDCLs): 158.2, 157.4, 137.3, 136.9, 129.8,
129.2,127.9, 127.8, 77.5, 74.1, 43.6, 43.1, 27.9, 26.0, 24.5, 16.5,
16.2. MS (FAB, magic bullet): m/z313 (100, [M + H]*). HEMS
(FAB, magic bullet): mvz 313.1660 ([M + HJ*, CizHzN,O;,
caled 313.1664).

Representative Procedure for Table 5 (30C and (+)
35b). A mixture of PTSA (5.000 g, 26.3 mmol) in CICH:CH.C1
(25 mL) was heated at reflux for 30 min under an addition
funnel filled with molecular sieves (4 A), Compounds 4b (1,042
g, 263 mmol) and 5b (922.7 mg, 2.11 mmol) were added, and
reflux was continued for 5 days. The reaction mixture was
diluted with EtOAc (100 mL), washed with saturated aq Nas-
CQs, dried over anhyd MgS0O,, and concentrated, The residue
was purified by flash chromatography (SiO,, CHCl/MeOH 50:
1) to yield 30€ (282.7 mg, 0.35 mmol, 16%) and (+) 35b (642
mg, 1.47 mmol, 70%) as white solids. Compound 30C: mp 384
°C dec. TLC (CHCly/hexanes/EtOAcMeOH 25:10:2:1) R:0.16,
IR (KBr, cm™"): 3062w, 3034 w, 2962w, 1734 5, 1450 5, 1426
m, 1286 m, 753 m, 697 m. 'H NMR (400 MHz, CDCls): 7.40-
7.30 (m, 8H), 7.10-6.95 (m, 6H), 6.95-6.80 (m, 10H), 6.55—
6.50 (m, 4H), 5.80 (d, .J= 15.4, 2H), 4.70 (d, J = 15.5, 4H),
4,03 (d, J=15.5, 4H), 3.76 (d, J = 154, 2H), “C NMR (100
MHz, CDCL): 156.5, 136.4, 133.4, 132.0, 129.7, 128.8, 1285,
128.4, 127.8, 127.6, 127.6, 86.1, 84.0, 47,7, 45.0 (16 resonances
expected, 15 observed). MS (FAB, magic bullet): m/z817 (30,
[M + H]"), 91 (100, C;H;"). HRMS (FAB, magic bullet): m/'z
817.3226 (M + HJ*, CsHy N0y, caled 817.3251). Compound
(£)-35b: mp 310-312 *C dec. TLC (hexanes/EtOAc 4:1) Ky
0.23. IR (KBr, cn™1): 3061 w, 3024 w, 2925w, 17465, 1711 s,
1461 m, 1450 m, 1303 m, 1285 m. 'H NMR (400 MHz,
CDCLY: 9.19 (s, 1H), 7.40-6.90 (m, 13H), 6.75-6.60 (m, 1H),
4,95 (d, J=156, 1H), 4.86 (d, J= 15,6, 1 H), 4.29 (d, /= 15.8,
1H), 4.18 (d, J= 15.6, 1H}, 2.93 (s, 3H). “C NMR (100 MHz,
CDCly): 160.3, 157.8, 154.2, 136.6, 135.3, 132.6, 131.4, 130.0,
129.4, 129.3, 1200, 128.8, 128.7, 128.6, 128.5, 128.2, 127.6,
127.5, 126.6, 85.9, 84.3, 45.3, 45.2, 29.5. MS (FAB, magic
bullet): mfz439 (72, [M + H]*), 91 (100, C;H:*). HRMS (FAB,
magic bullet): n¥z 439.1812 (M + HJ]*, CusHa:N4Os, caled
439.1770).

Representative Procedure for Table 6 ((x)-54C and
(£)-545). A mixture of PTSA (0.410 g, 2.15 mmel) in CICH:
CH,C1 (20 mL) was heated under N; at reflux for 30 min under
an addition funnel filled with molecular sieves (4 A). Com
pound 25 (0.210 g, 0.43 mmol) and (+)-21 (0.240 g, 0.43 mmol)
were added, and heating was continued for 24 h. The reaction
mixture was diluted with EtOAc (100 mL), washed with
saturated Na:CO;, dried over anhyd MgSO,, and concentrated.
Flash chromatography (Si0;, CHCly/ CH:CN 4:1) gave (+)-
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548(0.24 g, 0.23 mmol, 53%) and (4£)-34C(0.19 g, 0.19 mmol,
43%), Compound (£)-548 mp = 330 °C dec. TLC (CHCI/CHs-
CN 4:1) R:0.40. IR (KBr, cm™'); 2983 w, 2936 w, 2835w, 1717
s, 1452 5, 1390 s, 1270 s. 'TH NMR (400 MHz, CDCls): 8.00—
7.95 (m, 1H), 7.90-7.80 (m, 1H), 7.80-7.70 (m, 2H), 7.13 (d,
J =88, 1H), 6.96 (d, J= 8.8, 1H), 6.82 (s, 1H), 6.79 (s, 1H),
575(d, J=16.2,1H),5.16 (d, J=13.6, 1H), 5.07 (d, J= 13.6,
1H), 497 (d, J = 13.6, 1H), 4.75-4.60 (m, 4H), 4.34 (d, J =
16.2, 1H), 4.30-4.00 (m, 6H), 3.95- 3.85 (m, 3H), 3.89 (s, 3H),
3.82 (s, 3H), 3.80 (s, 3H), 3.60-3,50 (m, 1H), 3.40-3.30 (m,
1H), 1.30-1.00 (m, 9H), 0.96 (t, J= 7.1, 3H). *C NMR (100
MHz, CDCl3): 168.0, 167.0, 165.2, 165.1, 164.0, 163.9, 157.4,
155.3, 155.1, 154.8, 147.8, 136.3, 134.5, 134.3, 131.9, 131.3,
129.2, 1286, 126.2, 124.1, 123.6, 122.5, 113.0, 112.9, 111.8,
81.6, 81.0, 78.8, 78.2, 64.1, 63.6, 63.4, 56.4, 55.9, 51.8, 44.7,
39.6, 36.3, 13.8, 13.6, 13.5, 13.4 (49 resonances expected, 42
observed). MS (FAB, magic bullet): m/z 1036 (100, [M + H]*).
HRMS (FAB, magic bullet): vz 10363284 (M + HJ*,
CaaHgoNuOy5, caled 1036.3325), Compound (+)-54C mp > 330
*C dec. TLC (CHCI&/CH:CN 4:1) R+0.19. IR (KBr, em~1): 2975
w, 2940 w, 2839 w, 17de, 1717 s, 1456 5, 1270 5, 1014 m, 909
m. 'HNMR (400 MHz, CDCly): 7.95-7.80 (m, 1H), 7.85-7.80
(m, 1H), 7.70-7.60 (m, 2H), 7.13 (d, .J= 8.8, 1 H), 6.88 (d, J=
8.8, 1H), 6.74 (s, 1H), 6.71 (s, 1H), 6.05 (d, J= 16.0, | H), 5.92
(d, J= 16.0, 1H), 5.62 (d, 7= 16.0, 1H), 4.78 (d, J = 16.0,
1H), 4.73 (d, J= 16.5, 1H), 4.72 (d, J = 16.0, 1H), 4.64 (d, J =
16.0, 1H), 4.48 (d, J= 16.0, 1H), 4.34 (d, .J= 16.0, 1H), 4.33
(d, J=16.0, 1), 4.25 (d, .J= 16.5, 1H), 4.25-4.00 (m, 9H),
3.80 (s, 3H), 3.79 (s, 3H), 3.78 (s, 3H), 1.30-1.10 (m, 12H). “C
NMR (100 MHz, CDCL): 167.8, 166.5, 165,5, 1654, 164.7,
164.6, 1570, 154.5, 154.4, 154.4, 154.2, 147.6, 147.5, 135.7,
134.1, 134.0, 131.5, 131.1, 129.2, 128.3, 128.2, 125.3, 123.9,
123.3, 122.1, 1127, 112.6, 111.4, 79.9, 79.5, 78.6, 63.5, 63.3,
63.2, 56,1, 55.6, 55,5, 47.7, 47.5, 44,8, 39.8, 36.4, 13.7, 13.7,
13.6, 13.6 (49 resonances expected, 46 observed). MS (FAB,
magic bullet): miz 1036 (100, M + H]"). HRMS (FAB, magic
bullet): mz1036.3359 (M +H]*, C45H50NaO17, caled 1036.3325).
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X-ray Crystal Structures for 30C, 38C, and 38S. De-
tailed descriptions of the data collection, solution, and refine
ment of the structures can be found in the Supporting
Information. Crystal data for 30€ [CsaHaN:Os][CHCl:]-
[C+Hs]: (1120.54); triclinic, space group Pl: colorless block, a
= 144877(12) A, b= 14.8574(12) A, c = 15.1182(12) A; V=
2787.7(4) A% 7= 2 T= 193(2) K; R(F) = 0.0654; GOF on F*
= 1.082. Crystal data for 380 [Ca:HeN#O, 2] [NCCH:); (938.99);
orthorhombic, space group FPra2,; colorless block, a= 10.7933(9)
A b=126.350(2) A, c=16.7931(14) A: V=4T76.1(T) A%, Z=
4: T=193(2) K; R(F) = 0.0586; GOF on 7 = 1.065. Crystal
data for 385 [C;:H N0y (856.88): monoclinic, space group
P2c colorless block, a = 20.9952(17) A, b= 16.8963(13) A, ¢
=11.9470(9) A; V= 4083.8(6) A% Z=4: T=193(2) K: R(F) =
0.0774; GOF on F* = 1.087.
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