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Introduction

Macrocycles are cyclic molecules with a skeleton containing 12 to over 100 atoms.
Macrocyclic structures are widely found in natural products; roughly 20% of known
terrestrial and marine sources contain cycles of different sizes.l!! Macrocycles can be
carbo- or heterocycles (i.e. containing atoms other than carbon, for example, O, N, S).
Macrocycles are interesting from both synthetic and structural points of view. Their
synthesis is challenging; however, these complicated structures exhibit unique
properties.

As a crucial part of more than 100 important drugs currently on the market, there is
incessant interest in exploring macrocyclic structures for the discovery of new
therapeutic agents.”?! Besides medicinal use, macrocycles are famous for hosting small
organic or inorganic molecules and ions. This ability is used in the molecular recognition
field, specifically chromatography®* and separation of enantiomers,?! as well as in
chemical sensors,® catching hazardous substances!, and in new materials.®

The synthesis of macrocycles is particularly difficult due to the final macrocyclisation
step. Preorganisation, complex and long synthetic strategies, and high dilution
conditions are limitations to synthesis. However, it is the price to be paid in order to
obtain specific properties often associated with a complicated structure, which can be
used in many application areas. Conventional multistep building of macrocyclic
molecules can be avoided if targets are oligomeric macrocycles, which are synthesised
through dynamic combinatorial chemistry.

Cucurbiturils (CB[n]) are examples of very successful oligomeric host molecules.
This family of pumpkin-shaped container molecules are famous for extremely strong
binding with a guest molecule (binding constants of up to 3 x 10 M1). Normal CBs bind
mainly positively charged species, but there is also a sub-class of hemicucurbiturils that
prefer anions. The cucurbituril family has shown potential for application to various
fields, such as catalysis®®, chromatography*”, construction of ion channels*Y, and
functional and supramolecular polymers!*?. Recent results in medicinal chemistry
discovered applications as drug delivery vehicles!*3], fluorescent capsules,**#**! and
hydrogels for 3D cellular engineering.[¢!

The current thesis focuses on the synthesis of hemicucurbiturils. High yields and very
selective procedures were found. The formation of differently sized macrocycles and
the proposed mechanism of chain growth and macrocyclisation were investigated.
Several new hemicucurbituril molecules were synthesised and described. Host-guest
complexation with different molecules (including chiral discrimination) was observed
and documented.



Abbreviations

1D, 2D, 3D
Alloc
AM1

aq.
BioU[n]

Bn

BU[n]

Bu

CB[n]

CCS

CPK

cycHC[n]
d-chloroform
DCC

DCL

DCM

DFT
DIPEA
DMF
DMSO
DNA
eq.
ESI-MS
Et

FA
HC[n]
HOMO
HPLC
HRMS

|

IBX
i-CB
i-cis-cycHC[6]
LUMO
MALDI-TOF
Me
MESP
MPA
MTPA
MoMcCl
NMR
ns-CB

One, two or three dimensional
Allyloxycarbonyl

Austin Model 1 (semi-empirical quantum chemistry method)
Aqueous

Biotin[n]uril

Benzyl

Bambus[n]uri

Butyl

Cucurbit[n]uril

Collision cross-section

Corey, Pauling, Koltun molecular model
Cyclohexanohemicucurbit[n]uril
Deuterated chloroform

Dynamic covalent chemistry

Dynamic combinatorial library
Dichloromethane

Density functional theory
N,N,N-Diisopropylethylamine
Dimethylformamide

Dimethylsulfoxide

Deoxyribonucleic acid

Equivalent

Electrospray ionisation mass spectrometry
Ethyl

Formic acid

Hemicucurbit[n]uril

The highest occupied molecular orbital
High-performance liquid chromatography
High resolution mass spectrometry
Intermediate

2-iodoxybenzoic acid
Inverted-cucurbit[n]uril
Inverted-cis-cyclohexanohemicucurbit[6]uril
The lowest unoccupied molecular orbital
Matrix-assisted laser desorption ionisation — time of flight
Methyl

The map of electrostatic potential
a-methoxyphenylacetic acid
a-methoxy-a-trifluoromethylphenylacetic acid
Methoxymethyl chloride

Nuclear magnetic resonance (spectroscopy)
Nor-seco-cucurbit[n]uril
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PET
PNA
Py
RC
RNA
RP
RT

TBA
TBS
TFA
TfOH
THF
TIPS
ts
TsOH
TWIM-MS
uv
XRD

Photoinduced electron transfer
Peptide nucleic acid

Pyridine

Reactant complex

Ribonucleic acid

Reverse phase

Room temperature

Tetrabutylammonium
Tert-Butyldimethylsilyl

Trifluoroacetic acid
Trifluoromethanesulfonic acid (triflic acid)
Tetrahydrofuran

Triisopropylsilyl

Transition state

p-Toluenesulfonic acid (tosylic acid)
Traveling-Wave lon Mobility Mass Spectrometry
Ultraviolet

X-ray powder diffraction
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1 Literature overview

Macrocycles have very diverse structures, from relatively simple, such as Musconel*”!
(Figure 1), to very complex, such as antiparasitic agent Avermectin B;, containing many
functional groups. These molecules can be natural substances, extracted or separated
from plants or microbes, or artificial, synthesised by chemists. Regardless the origin,
cyclic molecules have unique properties and have been used in many fields from
functional new materials to medicinal chemistry. For example, cyclic peptide
Gramicidin S was very useful in the treatment of gunshot wounds and saved many lives
during World War 111 In addition, crown ethers are used as sensors, solid-state
electrolytes in batteries, artificial ion channels, antibiotics, etc.!?”

OMe HoN
HO,,
) O
MeO” S0~ "0, N
O
MeO ;\
(@) N
(o] P
H
o ) /LNH
3
o \/\NHZ
Muscone Avermectin B, ©OH Gramicidin S

Figure 1. Structures of Muscone!’”!, Avermectin B1,,*¥! and Gramicidin S?Y.

From a synthetic point of view, there are two general methods of constructing
macrocyclic structures. The first is stepwise synthesis using a conventional organic
chemistry approach. Multistep procedures use an open-chain precursor and the final
ring-closing step provides the target molecule. The second approach is via dynamic
combinatorial chemistry, where composition of the resulting mixture of products is
determined by the thermodynamic stabilities of each of the products.

1.1 Stepwise synthesis and head-to-tail cyclisation

Chemists may utilise for stepwise synthesis all possible reactions of organic chemistry.
Depending on functionalities and the complicity of the final molecule, total synthesis
may consist of an overwhelming number of steps. For example, the previously

mentioned Avermectin Bi, was synthesised in 46 steps.[t8!

NO,

o A||OC\N/\

\)\ | Alloc NO,
[e]
HO N/Y\/N . \f/l — \,N/ﬁ/'VNjAo
Alloc o E 25-45% yield o N NO 83% yield H O\ COOH
1 [ &, 2
Figure 2. SyAr reaction vs macrolactamisation for the synthesis of 3.2%

The most challenging stage of the stepwise synthesis is the final head-to-tail
cyclisation?¥ of the corresponding open-chain precursor. Fitzgerald et al. showed how
selection of the ring-closing strategy can increase yield drastically. The vyield of
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nucleophilic aromatic substitution (SnAr) of 1 was 25-45%. However,
macrolactomisation of 2 gave an 83% yield of desired product 3 (Figure 2).22%

OH O

HN
Epothilone A HO
anti-cancer o

Erythromycin A Tyrocidine A o o
antibiotic antibacterial
H,N

Figure 3. Examples of macrocyclic lactones and cyclic polypeptides used as
pharmaceuticals.?324

Important lactone and lactam groups very frequently occur in macrocyclic structures
either in natural products or synthetic pharmaceuticals. As an example, in many
antibiotics, such as Erythromycin A or anti-cancer agent Epothilone A (Figure 3).
Therefore, lactonisation and lactamisation reactions are among the most popular for
macrocyclisation. Several efficient powerful methodologies exist.”?! There are a
number of examples, but here only the simple and efficient environmentally-friendly
approach for the synthesis of macrocyclic lactones, lactams, and ketones will be
described®). The method is based on photoinduced electron transfer (PET) reactions
described by Yoshimi's group. The process consists of three steps (Figure 4). The first
two steps are preparation of acrylate ester from the macrocyclic lactone and the final
step is PET-promoted decarboxylation and cyclisation. Macrocyclisation yield depends
on the concentration of the open-chain precursor and can vary from 29% to 84%. In
more diluted conditions, yields are higher because of competing intermolecular

reactions arising in more concentrated experiments (see chapter 1.2.3).2
o]

A~

O 1) KOH/EtOH, reflux 1) Et,N/CH,Cl, Cl arene, electron acceptor
G 2) MOMCI, Py/DMFy 2) MgBr,(Et,0)/Et,0 NaOH, CHacN/H2091 G
2) MgBRERVIERY
MOMOW W Tf\ w2
X=C, O, N

Figure 4. Macrocyclic lactone ring expansion and conversion to macrocyclic lactams
and ketones through radical photocyclisation.?*!

Another valuable class of macrocycles worth mentioning here is cyclic polypeptides.
These are polypeptide chains, which are able to form a cyclic structure. Over 40 cyclic
peptide pharmaceuticals are already in medical use and one new drug appears every
year. This class has antibacterial, antifungal, and anti-cancer activity, and can even be
used for gastrointestinal disorder treatment.!*®! The first examples of this class of
compounds were separated from the extract of a soil bacillus. Tyrocidine A was
discovered in 1939 by Dudos and Cattaneo?”?% (Figure 3) and Gramicidin S was
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discovered in 1941 by Gause and Brazhnikova (Figure 1)1*°\. Interestingly, Tyrothricin
(Tyrosur®), which is the mixture of Tyrocidine and Gramicidin, was the first commercial
antibiotic and is still on market.??¥ Different methods exist to obtain cyclic polypeptides,
including solid-phase, enzymatic, and typical organic synthesis.l*! To obtain a C-C bond
in the final macrocyclisation step, metal-mediated reactions are used; for example,
Pd-catalysed reactions, including Stille, Heck, or Suzuki-Miyaura cross-couplings. These
are powerful tools in the synthesis of the cyclic polypeptides. Mild conditions can be
used and such reactions have good functional group tolerance.?”® As an example,
synthesis of the 31-membered macrocycle of Rapamycin by Stille coupling is shown in
Figure 5.3

TIPSO,

1) [(2-furyl)3P),PdCl,],
DIPEA, DMF/THF, RT, 74%
2) TBAF, AcOH, 0°C

3) HF-Py, Py, THF, RT, 61%
over 2 steps

Rapamycin

Figure 5. Stille macrocyclisation and completion of Rapamycin synthesis.%

Currently, organic chemists are well equipped to solve complicated tasks. Stepwise
synthesis of the precursor can be quite challenging and time-consuming, but it is often
the only method for constructing complicated architectures. Nevertheless, there are
also macrocycles, which can be constructed in a single synthetic step. These
approaches will be discussed in the next chapter.

1.2 Dynamic combinatorial chemistry

Dynamic combinatorial chemistry®32 (DCC, sometimes referred to in the literature by
its alternative term — dynamic covalent chemistry33) is quintessence for covalent and
supramolecular chemistry. It is an alternative approach to obtain complicated
structures, including macrocyclic structures. All constituents of the reaction mixture in
DCC are termed the dynamic combinatorial library (DCL). During the equilibration
process, library members are interconverting into one another.!3%

Supramolecular chemistry®® is the study of non-covalent interactions and
complexes that operate under thermodynamic control. Fascinating superstructures are
formed through non-covalent interactions, which are usually not very stable and exist
only in solutions. This complicates their separation, investigation, and characterisation.

Dynamic covalent chemistry has much in common with supramolecular chemistry,
including the dynamic and reversible nature of the bonds and so called 'error-checking',
which ensures conversion of thermodynamically unstable products into the most stable
ones. Despite the reversibility of both systems, DCC is much slower than
supramolecular chemistry. Practically, DCC requires a catalyst in order to finish

14



equilibration in a reasonable amount of time. It is also important to mention that most
dynamic covalent bonds are strong enough to not break or exchange without a catalyst.
However, a number of external factors, such as temperature, concentration, and the
presence of impurities can drastically influence the outcome of the reaction.33!

The field of DCC is relatively new, but it has been applied widely to
nanochemistry®®!, material science®”, surface chemistry®®], catalysisi®¥!, chemical
biology!?, and analytical sensing!*!! (Scheme 1).

Ligand

screening I

Complex catalysis and
molecular catalyst
architectures screening
DYNAMIC
COVALENT
CHEMISTRY

Adaptive and
responsive
materials

Functional
systems

Sensing and
pattern
recognition

Scheme 1. Selected applications of DCC.[*%

1.2.1 Kinetic vs thermodynamic control during reaction

Traditionally, organic synthesis uses reactions under kinetic control (Figure 6) through
irreversible chemical bonds and carefully chosen procedures. Such an approach is usual
for the synthesis of natural or unnatural products and examples are presented in

Chapter 1.1.13%

thermodynamic  kinetic

ABE—= A=C
A
I\
I\
AGgE |V N ag ot
1
B, \II |AGC
G '—r_\L__|
', A \AGC
;o |aGyTTCT
I}
7
— =
B ~

Reaction coordinate —
Figure 6. Free energy profile illustrating kinetic (A—>C) versus thermodynamic (A->B)

control of product distribution.?3!

A different approach concerns reversible covalent bonds under equilibrium
conditions. When equilibration is reached fast enough and the reaction occurs under
thermodynamic control (Figure 6), dynamic combinatorial chemistry is used.?Y In these
reactions only relative stabilities (AGs and AGc) of the products control the proportion
in the resulting mixture. Consequently, the equilibrium and ratio of products forming
can be influenced by: 1) modifying starting materials (steric or electronic effects) or

15



2) adding an excess of one of the starting compounds or removing desired product
from the reaction mixture.?

1.2.2 Reversible covalent bonds
Compared to supramolecular interactions, dynamic covalent bonds are more slowly
formed and, therefore, require catalysis to facilitate equilibration. This makes the
system more complex; however, the presence of a catalyst allows equilibration to be
obtained before further manipulations or analysis.*?

One crucial aspect of reversible covalent bonds is the inherent symmetry.
It determines the building block of the synthesised entity and the possible diversity of
library formed (Figure 7).

Symmetric bonds

RI\(:\N R
| P

Unsymmetric bonds

R
0x,

E Trans-symmetric
SR R RN7TNR
RSs R pac R rlhg R gy R

bonds

0]
. RVN\/RI..T: RVNWR
: =
|| =) | - -G - ey Q-
>

Figure 7. Examples of common dynamic covalent bonds within each symmetry class!?
and the design of building blocks and possible associations?®%.

Reversible bonds can be divided to main three categories. The first is symmetric,
where both reacting partners have the same functional group and connection occurs
through it; for example, disulphide exchange, alkene, or alkyne metathesis. The second
is unsymmetrical, where partners with different functionality types form a covalent
bond; for example, acyl transfer, C=N exchange, or acetal exchange. The third is trans-
symmetric, where the reaction is unsymmetrical, but can be reversibly converted into
one another. One disadvantage of symmetrical connections is that there is no
information on the order of building blocks. No directionality is possible and
self-exchange is inevitable. In the case of unsymmetrical bonds, due to
complementarity of functional groups, it is easier to have different building blocks for
screening. Substitutions on one reagent can be varied, while leaving the other
unchanged.*?!

It is of central importance to control whether the dynamic system reaches
equilibrium. There are two main methods to confirm the same. The first is the so called
dual entry-point analysis. The final component distribution is controlled in two
experiments, which were started with different compositions. It is very important to
have equal concentrations of building blocks for both experiments. If the same
distribution of components is observed in both cases, the system is operating under
thermodynamic control. The second is the stationary phase perturbation method.
Experiments under reaction conditions of interest are performed and equilibrate. When
no change in composition is detected, another exchanging component is added. If after
new equilibration, the distribution of initial components has changed, then the system
before addition was in equilibrium. The influence on the physical properties of the
system can be also used to test whether the system is at equilibrium.!*?

16



1.2.2.1  Dynamic imine bond

The unsymmetrical reversible dynamic bond formed during the C-N exchange reaction
will be reviewed in detail. Imine-chemistry operates on key intermediates similar to the
ones present during hemicucurbituril formation, which is the topic of the current thesis.
In addition, imine-bond is one of the most used dynamic bonds in DCC."*!

The reversible condensation reaction between aldehydes or ketones with amine
derivatives under acidic catalysis results in imine bond formation (Figure 8).
This reaction was discovered by German chemist Hugo Schiff in 1864“4 and compounds
containing imine bonds are known as 'Schiff's bases' (Figure 8). Despite the fact that an
imine bond has been known for such a long time, its dynamic nature was only
discovered relatively recently.*”! Currently, imines are found in a variety of fields,
including construction of self-sorting systems, synthesis of molecular walkers,

molecular switches, different cages, and interlocked molecules.**!
Imine formation

Ry
+ Ra— >
R "Ry *"NH Rz)\\N’R3 * O Schiff's bases
R R4=H/ Alkyl/ Aryl
1
i ; R,=Alkyl/ Aryl
o Aminal formation HN’R2 Rz)\\N'R3 Ru=Alkyll Any
)J\ + 2R2‘NH2 P— )\ Ry + MO
R H R H

Figure 8. Imine and aminal formation reactions and Schiff's bases.’**

There are many factors that can influence equilibrium during bond formation, such
as pH, temperature, solvents, concentration, steric, and electronic factors.[** Because
imine formation is a reversible reaction, to direct the process towards product
formation, it is common to remove water from the media. The imine formation and
exchange mechanism and catalysis in water is well studied, but in organic media it is
not well understood. On the basis of the recent studies, Di Stefano concluded that in an
organic solvent it is a two-step concerted mechanism (Figure 9).14¢]

(0] H Y R JoX HO
J/\ -\,ITI’ 2_ o R1_’/\N,H — )\ Ra
RO T Ny — RN

H H H
e o T °
R149}| = [R—H | =R
o y Faz
Rz R2
Figure 9. Formation and decomposition of hemiaminal in organic media via
concerted mechanism.*¢!

In addition to the starting compounds, the amine and aldehyde, during the imine
exchange reaction there are several intermediates termed 'virtual constituents', which
are unstable and nearly undetectable.*?! High-energy iminiums normally react very
quickly with available nucleophiles.*”? Versute methodologies were invented to catch
such labile intermediates as iminium!*® and hemiaminal®? by synthetic cavitands.?
Stabilisation by encapsulation of unstable species in the cavitand is a very elegant,
inspiring solution and an example of a non-trivial application of macrocyclic host
molecules.

Aromatic aldehydes in reaction with amines provide the most stable products
compared to other carbonyl compounds. For this reason, aromatic aldehydes are
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common in the generation of imine-based combinatorial libraries.*® Lehn and
co-workers reported ample research on imines formed from very different aldehydes
and amines.’! Possible complications faced during work with imine libraries are
relatively low yields and lability during the chromatographic process in the presence of
water. NMR analysis of complete crude reaction mixtures is usually used.

1.3 Important features of the synthesis of macrocycles

For both stepwise synthesis and dynamic combinatorial chemistry approaches towards
macrocyclic structures, there are several important characteristic features. These will
be discussed in the next sub-chapters.

1.3.1 Conformational vs configurational preorganisation
While synthesising complex natural or synthetic structures, one of the main problems is
preorganisation of the linear precursor before the ring-closure step.

Favourable preorganisation of the compound can be regarded as conformational
and configurational. Conformational preorganisation means arrangement of precursor
to the conformation in which the reacting ends of the open chain species exist in the
closest distance possible. This promotes the cyclisation process and disfavours
elongation of the chain. The template-effect can be considered a part of
conformational preorganisation. Configurational preorganisation is considered a special
case of conformational preorganisation, where stereochemistry of the formed
intermediates plays a crucial role.?!

In addition, at the inception of supramolecular chemistry, Cram pointed out that
preorganisation is a central determinant of binding power. “The more highly hosts and
guests are organised for binding and low solvation prior to their complexation, the
more stable will be their complexes.”? Therefore, complexation ability with the
templating unit is one of the most important features of macrocyclic structures.

1.3.1.1  Template effect

“A chemical template organises an assembly of atoms, with respect to one or more
geometric loci, in order to achieve a particular linking of atoms.”*3 Thus, a template
provides instructions via non-covalent bonds (such as hydrogen bonds, metal
coordination, electrostatic, donor-acceptor, and m-1t interactions) for the formation of
the only product from the reaction mixture.*

Busch divided templates into thermodynamic and kinetic types (Scheme 2).15%
Thermodynamic templating uses thermodynamic control in reversible reactions. In the
reaction mixture, which is at equilibrium, the template binds to one of the products and
shifts the equilibrium towards this product. The influence of the template in this case is
only stabilisation of the product. For this reason, reaction yield is very high.!>¥

Contrarily, kinetic templating works in irreversible reactions. The template must
stabilise all the transition states during the formation of a desired product. A kinetic
template may also bind the product more strongly than the starting material. As a
result, product formation is favoured thermodynamically as well. Thus, it is difficult to
determine which type of template operates in a specific reaction.®*
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Scheme 2. Schematic representation of kinetic and thermodynamic template effect.[*]

One of the oldest examples of the template effect was described almost a century
ago by Seidel and Dick, which was the oligomerisation of o-aminobenzaldehyde
(Figure 10). In the absence of a template, a linear trimer forms while in the presence of
a metal ionic template (Ni(ll), Zn(ll), Co(ll)), and tri- and tetradentate macrocycles are
formed.k®!

NHZ

OHC

Figure 10. One of the earliest examples of thermodynamically temp/ated imine

Q@} v o

synthesis.>¢l

Another example of the template’s importance in the synthesis of macrocycles are
crown ethers.’”] The condensation reaction of the diphenol and dichloro compound
(Figure 11) performed by Pedersen in 1967 was expected to produce polymeric
product. Instead, it yielded up to 80% cyclic product indicating that additional factors
influenced product formation. The presence of the potassium ion, originated from the
base KOH, interacted with the ethyleneoxy units (-CH,CH,0-) of the open-chain or ring
of the crown ether. These units are flexible and can adopt either s-trans or s-cis
conformations. The latter provides perfect orientations for oxygen lone pairs in the
centre. Oxygens of the diphenol units were already in the suitable orientation. Six
oxygens from the open chain formed a coil around the template and made cyclisation
highly favourable. Analogous template effects exist in the synthesis of nonaromatic

crown ethers as well.[29
(\O/\ a0 ﬁoﬂ

ok 1 .
OOl O~ 0
OH HO T o crown-6

o b

Figure 11. Template effect in the dibenzo-18-crown-6 synthesis.[?%
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Templating properties of the neutral and cationic species have been well
studied.*®> Anion-templated synthesis and binding was developed slowly partially due
to the relatively diffuse nature of anions. In addition, anions have relatively high
solvation free energy, pH sensitivity, large size, and variable shape / geometry."
Anions are important in various biological processes; for example, in protein folding!®.
70-75% of enzyme substrates and co-factors are anions. 6%

The size and geometry of the templating anion are the main factors that play a role
in the shape and connectivity of the final product.®? The most common anionic
templating agents are chlorides or halides in general, which are spherical, monoatomic,
and vary in size (1.33 A for F~ to 2.20 A for I")!3]. In Figure 12 there are very elegant
examples of chloride-mediated coordination assemblies. The first is Lehn's circular
helicate 4% formed from five tris(bipyridine) strands around a chloride ion, which
shows the importance of anion size. In the presence of a chloride template,
a pentanuclear species formed; however, in the presence of a sulphate anion,
a selectively hexanuclear helicate structure formed.l®¥. The second is the beautiful
structure of tetranuclear [12]mercuracarborand-4 (5) reported by Hawthorn!©66],

Figure 12. Templated structures of circular helicate 4, tetranuclear
[12]mercuracarborand-4 5 and [5]-pseudorotaxane 6. Figures are reprinted with
permission from Elsevier, ref. [67],

Increasing the size and structural complexity of the template due to a greater
amount of "templating information" can result in more complex architectures.[®®
The octahedral geometry of the hexafluorophosphate ion programmed through
electrostatic interactions and hydrogen bonds formation of superstructure 6, were
made by Stoddart's group!®®!.

1.3.2 Intra- vs inter-molecular reactions
Another important feature of the synthesis of macrocycles is the relation between
intra- and inter-molecular reactions in the media. High-dilution conditions or
pseudo-high-dilution conditions are a common inevitable parameter of most
macrocyclisation synthetic procedures. High dilution favours intra-molecular processes
over inter-molecular processes.l?*7% Intra-molecular reactions lead to elongation of
oligomers and inter-molecular reactions cause macrocyclisation.*”l High-dilution
conditions always complicate scaling of the process and do not favour 'greenness'.
Mandolini and co-workers described in great detail the synthesis of cyclophane
formals (Figure 13).Y Firstly, a complicated mixture of polymeric material and cyclic
oligomers were obtained from dimer to hexamer as a result of an irreversible reaction
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of bromochloromethane with benzene dimethanol. Yields of desired cyclic compounds
were very low (1.2% to 3.7%). The same results were obtained in an acid-catalysed
reversible oligomerisation process of a cyclic dimer in dilution conditions at 25°C.
Authors varied starting cyclic oligomers, and no relation between the composition of
the resulting mixture and the source of monomers was detected. However, only the
concentration of the monomers in the reaction mixture had a direct influence on the
proportion of the cycles formed. High dilution favoured formation of the smaller cycles.
Use of the silver template and dichloromethane instead of chloroform allowed authors
to increase the yield of the cyclic dimer up to 60%.

{% ﬂ o
NaH, THF
© + CHBrel ————= Eé %j O * (EE §>+90|ymers

high dilution
CH,OH o

k/

TfOH TfOH 0™ o TfOH
C4

Figure 13. Irreversible reaction towards cyclophane formals and ring-ring
equilibria triflic acid catalysis.[]

In the same article, Mandolini also mentioned specific concentrations of monomers
or effective molarity. The theoretical study of Jacobson and Stockmayer (JS theory)?
predicted the existence of a concentration below which the equilibrium of the system
consisted only of small cyclic compounds. At low concentrations, cyclisation occurred
faster than chain growth. This difference in rates of the processes is expressed in
effective molarity (EM;)73:

EM — K(mtra)t
Kmter
where Kjinter)i refers to the ring-chain equilibrium between the acyclic oligomer M; and

the cyclic oligomer C; and Kixer is the equilibrium constant for the intermolecular
reaction.

[C]
K(intra)i = [711]
—A+B—S —AB —

[-AB —]
Kinter = AIE =

1.3.2.1 Dynamic polymerization
In the case of DCC intra- and intermolecular reactions acquire special terms and are of
central importance. During dynamic polymerisation there are three types of processes
occurring: a) elongation or propagation and reverse process depropagation, b) scission
of the polymeric chain, and c) equilibration of cyclic and linear species (Scheme 3).[74
The concentration of the monomers in the DCL plays a crucial role (IS theory) in the
rates of the exchange reactions. Chain propagation is a second-order reaction, but cycle
formation is first-order. As a result, at low concentrations, the cyclisation process
occurs faster than propagation.3%
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Scheme 3. Three types of reversible processes occurring during dynamic polymerisation:
a) propagation/depropagation, b) chain scission, and c) ring-chain equilibria.l’%
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If the system is truly reversible, it is responsive to direct stimuli. Changes in the
environmental parameters, such as temperature, pressure, light, or the presence of a
template can trigger a change in the system.74

1.4 Cucurbit[n]urils

More than a century ago, Behrend et al. synthesised the first cucurbit[n]uril (CB).
At that time the structure of the new macrocycle was not determined. Only in 1981,
Mock and co-workers, with the help of X-ray diffraction, were able to reveal the
structure of this pumpkin-shaped cyclic molecule.’® From the beginning of 2000,
Day!””, Kim[8, and Isaacs” contributed intensively to the cucurbituril family's "wealth
and prosperity". Numerous cyclic, acyclic, normal and substituted homologues,
analogues, derivatives, and congeners were synthesised and analysed (Figure 14).[2081
Cucurbiturils are examples of the cooperation between template-assisted dynamic
combinatorial chemistry and supramolecular chemistry.

[75]
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Figure 14. Cucurbit-type hosts.[s?

Cucurbiturils, with outstanding recognition ability, have been applied to a variety of
fields, including medicinal®3 and material science.®*

1.4.1 Synthesis and mechanism of formation
For Mock and other early researchers working with CBs, their formation was "enigmatic
spontaneous synthesis" (Figure 15).7%1 Only in the first decade of the 21% century was
the mechanism of formation determined.

H,0 HpS04 cone. H,0

H H

N—-N Hel - . . CBI6]
0:< I >:o + CHxO ——» precipitate WE solution — solution —

N N

H H

oxcess precipitate

Figure 15. The first reaction scheme of CB[6] synthesis.!”®!

Extensive work by the groups of Day®>2¢l and Isaacs!”®#”! revealed key mechanistic
aspects. Isaacs studied the early stages of the reaction and Day described the final steps

of the CB formation mechanism.
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Figure 16. CB[n] formation mechanism.



The mechanism of CB[n] formation was named in analogy with step-growth
polymerisation: step-growth cyclo-oligomerisation.””®! The first step (Figure 16) is acid
catalysed condensation between two equivalents of formaldehyde and glycoluril, which
results in the formation of S- and C-shaped dimers. A C-shaped dimer is at least
2 kcal/mol more stable that an S-shaped dimer, and these are in constant
equilibration.®® Further oligomerisation and back-biting reversible processes provided
DCL of differently sized and shaped oligomers.

Isaacs et al. were able to separate reaction intermediates, such as oligomers (from
dimers to hexamers), ns-CB[6] and (t)-bis-ns-CB[6], from the formaldehyde deficient
reactions.’” |saacs et al. also obtained kinetic intermediates i-CB[6] and i-CB[7]®°.
These inverted analogues could be converted to normal CB through heating in HCI,
which confirmed the proposed mechanism as well as its kinetic nature.[®”) Experiments
with separate oligomers showed that fragmentation and recombination could occur
before the final cyclisation step. When the chain grew long enough, an irreversible
cyclisation occurred. Day®! and Isaacs” both showed that CB[5]-CB[7] are
thermodynamically stable, yet CB[8] could be converted to smaller rings.

The broad work of Day’s group provided a complete overview of the influence of
different parameters, such as acid nature and concentration, concentration of reactants
and reaction temperature (Table 1) on product distribution.!®> There was no difference
between the acids tested, as long as it was strong enough and in sufficient
concentration. Temperature had a strong effect on reaction rate, but not on product
distribution. However, the concentration of the starting compounds, in agreement with
JS theory, played crucial role. A small glycoluril concentration induced cyclisation over
oligomerization and small cycles prevailed. Higher concentrations resulted in the
formation of larger rings.
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Table 1. Effect of the acid type and concentration of the reactants on the distribution of
the products.[®!

glycoluril acid weight %
mg/mL acid CB5 CB6 CB7 CB8
155-190 conc. HSO4 12 88 <1 <1
155-190 9M H,SO4 23 44 23 8
155-190 conc. HCI 17 48 28 7
155-190 9M HCI 17 50 25 8
155-190 5M HCI 9 52 35 4
155-190 50% HBF,4 28 43 24 5
155-190 melt TsOH 5 61 25 7
0.125 conc. HCI 58 42 - -
1700 conc. HCI 3 44 33 12

The role of the template in the mechanism of cucurbituril formation is still up for
debate. Day proposed, on the basis of AM1 calculations, that positive electrostatic
potential in the inner cavity of the glycoluril moieties is attractive for the small anions
to stabilise the open chain precursor.!® On the other hand, potential positively charged
templates had no pronounced effect on product distribution. !

1.4.2 Chiral cucurbit[n]urils
The structure of normal-cucurbit[n]urils is symmetric.®?! This is one of the reasons why
they form extremely strong binding with guest molecules. However, this restricts
introduction of chirality into such symmetric molecules. There are only a few reported
examples of chiral CB analogues (Figure 17).
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Figure 17. Chiral CBs: (A) (*)-bis-ns-CB[6]*?, (B) acyclic 10-membered oligomer,

(C) functionalised tetramers!®?, (D) twisted-CB[14], (E) mono-functionalised CB[7]
connected with biotin. Figures B, D, and E are reprinted with permission from American
Chemical Society and Wiley and Sons, ref. 9, P11 and [*3], respectively.
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Isaacs' research group was able to separate unusual members, including ns-CB[6],
(x)-bis-ns-CB[6], and bis-ns-CB[10], from the paraformaldehyde deficient reactions
(1 eq. glycoluril and 1.5 eq. paraformaldehyde).’® The absence of one methylene
bridge in the case of ns-CB[6] did not provide chiral properties, and only (+)-bis-ns-CB[6]
with two bridges absent was entirely asymmetric (Figure 17A). Moderate formation of
diastereoselective complexes with chiral amines was observed. Interpretation of
complex formation with aliphatic amines was complicated by fast exchange, and that
the host was available only as a racemic mixture.®?

Acyclic CBs become chiral because of helical folding; for example, the reported
10-membered oligomer® (Figure 17B) or due to functionalisation by chiral terminal
groups. Isaacs®® (Figure 17C) reported an example of tetrameric oligomer
functionalisation; however, the level of enantioselectivity was poor, likely due to the
remote location of chiral centres from the complexation cavity of the tetramer.

In the case of large cucurbiturils, such as CB[13]-CB[15], axial chirality becomes
possible, thus big cycles can form twisted structures (Figure 17D). The twisted-CB[14]
cavity demonstrated adaptability. Complexation studies showed that binding with a
small 1,4-butylammonium guest molecule with stoichiometry 1:2, K, 1.9 x10%8 M and
2.9 x10% M referred to two separate binding sites. However, binding with a larger
1,8-octyldiammonium guest occurred with stoichiometry 1:1 and K, 7.9 x10° M1.[8291]

Isaacs also introduced one functionalised monomer into the core of the CB[7], which
was connected through a linker with biotin or another ligand (Figure 17E). Chirality of
the resulting CB was achived through chiral nature of the ligand. With the help of the
new host the anti-cancer drug Oxaliplatine was efficiently transported towards cancer
cells but no chiral interaction was studied.'3 Chirality in single-bridged CB
(hemicucurbiturils) will be discussed further.

1.4.3 Hemicucurbit[n]urils

Inspired by cucurbituril chemistry, Miyahara and co-workers synthesised the first
hemicucurbiturils®¥ (HC), member of a new branch of the cucurbituril family, in 2004
(Figure 18). The monomer of the HC, ethylene urea, can be viewed as 'half' of the
glycoluril (the monomer of CB); hence the name.®! Hemicucurbiturils are not as
numerous as cucurbiturils, but in recent years several interesting new members have
appeared (Scheme 4). Generally, all HCs form guest-host complexes with anions
through C-H---anion interactions and the chaotropic effect.>%!
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Scheme 4. Hemicucurbit[n]uril representatives.

1.4.3.1 Unsubstituted hemicucurbit[n]urils

The optimised procedure for a six-membered ring is an equimolar reaction of
ethyleneurea and 37% formaline in 4 M HCl at room temperature. It yields in less than
30 minutes with 94% of the six-membered cyclic product as HCl adduct (Figure 18).
The same mixture in 1M HCl at 55°C provides 93% of HC[12] in three hours.[*4

)OL
HN” NH
HN_ NH _HCHO | HN__NH

HN_ _NH
I.( TaMHCH K * /_N N’\ )_N j)( g
\I \/ ethylene urea

Figure 18. Synthesis of HC[6], ethylene urea, and glycoluril structures.®¥

glycoluril

HC[6], due to the alternate orientation of carbonyl groups, interacts most with
anions, such as CI"®4, SCN~, and I"®7), Interestingly, it was reported by Buschmann that
HC[6] interacts with ions of transition metals, including Co?*, UO%, and Ni%**.®®! Some
interactions of HC[6] with ferrocene and ferrocenium ions were recently reported.®”
In the case of HC[12], there is only one example of complexation. Two phenazine
hydrochloride salt molecules were reported to be complexed into HC[12]; however,
HC[6] forms a complex with the same guest at stoichiometry 1:1.11%°1 Unfortunately,
HC[6] is poorly soluble in water and only some additives (e.g. thiocyanate) can improve

it to some extent®”. It can be easily dissolved in common organic solvents though, such
as methanol and chloroform.0%
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Figure 19. Catalysed by HC[6] reactions: a) esterification of conjugated carboxylic
acids*Y, p) oxidation of furan, 2-methylfuran, and thiophene by oxygen in water,2%%
c) oxidation of benzylic alcohols by IBX.[1%%]

HC[6] shows catalytic activity in some reactions (Figure 19). It was effective in the
catalysis of the esterification reaction of small conjugated carboxylic acids!*°*, oxidation
of furan and 2-methylfuran and thiophene in water by oxygen naturally present in the
mixturel’®2, A hemicucurbituril-supported ionic liquid phase palladium catalyst was also
recently prepared®. Tao’s group described the ability of the HC[6] to perform
chemoselective oxidation of hydrobenzoic alcohols by 2-iodoxybenzoic acid to
aldehydes without over-oxidation.!'®3 Both HC[6] and HC[12] have been used by
Buschmann et al. as carriers in water/chloroform extraction of cysteine, leucine, valine,
phenylalanine, and serine.[10%!

Due to the smaller number of atoms in the structure of hemicucurbiturils, as
compared to double-bridged cucurbiturils, it is more convenient to investigate by
means of computational chemistry. Yoo and Kang!*®®! recently published very detailed
work concerning the mechanism of hemicucurbituril formation (Scheme 5A). The rate
determining step of the first phase of cycle formation was the transformation of
intermediate I, through tsi3 towards iminium. This statement is consistent with the
experimental observations that high temperatures are often needed to generate
enough iminium ions in the reaction mixture.

The mechanism of CB chain growth was step-growth cyclo-oligomerisation. In the
case of hemicucurbiturils, the same mechanism was reported. In contrast with CBs, in
HC monomers can be added in two ways: syn- and anti-pathways (Scheme 5B).
The anti-pathway of the dimerisation was kinetically more favourable. Further oligomer
growth transition states were similar to those calculated for the dimer. Moreover,
‘alternate' conformation of the formed cycle was stabilised by greater flexibility
compared to 'cone' conformation.

The conclusion of this study was that the rate-determining step for hemicucurbituril
formation was formation of the iminium and barriers for oligomerisation and
cyclisation were nearly half the iminium barrier. Formation of the HC[6], starting from
ethyleneurea and formaldehyde in acidic conditions, was favoured kinetically as well as
thermodynamically.[1%!
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Scheme 5. (A) Plausible mechanism for iminium formation and (B) acyclic methylene-
bridged dimers. Figure A is reprinted with permission from Elsevier, ref. %I,

All published hemicucurbiturils to date will be reviewed and are divided into several
sub-groups according to structural features. Due to the complex structure of this class
of molecules, often trivial names are given to new members of this family by different
synthetic chemists, which makes it difficult to classify in the CB family. This thesis
focuses on the synthetic procedures, complexation properties, and possible
applications published for the HCs.
1.4.3.2  Cyclohexanohemicucurbit[n]urils
The first cis-cycHC[6] was prepared by Wu and co-workers in 2009. Heating of a mixture
of cis-octahydro-2H-benzimidazol-2-one with 1 eq. of paraformaldehyde in 4M HCI at
70°C for four hours provided, after purification, six-membered cis-cycHC in 78% yield
(Figure 20). The crystal structure of this macrocycle showed ordinary for this class of
molecules alternated orientation of the monomers. The solid state external complexes
of CHCls and CCls with cis-cycHC[6] were described.!*?7!

Several names have been used for the cis-cycHC[6] compound. It was first named
hemicyclohexylcucurbit[6]uril’®”, then cyclohexylhemicucurbiturill®®®), but a preferable
name would be cyclohexanohemicucurbit[n]uril (cycHC). This is in agreement with
IUPAC rules, where hemicucurbituril is the parent compound and the prefix
cyclohexano- defines the substituent on the parent macrocycle.
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In 2013 SindelaF reported one new macrocycle named norbornahemicucurbit[6]uril
(norHC[6])*%1. It could also be viewed as cyclohexanohemicucurbit[6]uril with a
methylene bridge substituent in the cyclohexane ring!®! (Figure 21). During MALDI-TOF
MS analysis of the filtrate, after separation of the main product, 4-, 5-, 7-, and
8-membered homologues were detected.
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Figure 21. Synthesis of norHC[6].1%]

This macrocycle was formed in relatively low yield, likely due to the bulkiness of the
additional substituent on the cyclohexane ring. No complexation data were available
for this macrocycle.
1.4.3.3  Bambus[n]uril
Sindelaf stated that bambusurils share properties of CBs and HCs, as the macrocycle is
made from glycolurils, as CBs are, and the monomers are connected through single
bridges as in HCs.*'Y However, in reality, the alternate configuration of the monomers
defined the chemical properties, similarly to all single-bridged hemicucurbit[n]urils.
BU[n]s are the most studied among the single-bridged CB family members and
currently many analogues have been synthesised (Figure 22).111%
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Figure 22. General scheme for the synthesis of BU[n].[**%
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Bambus[n]urils are composed of n 2,4-substituted glycoluril monomers connected
by one line of aminal bridges in the equatorial part of the molecule. This macrocycle
was named for the resemblance of its structure to a bamboo stem.!*'! BU synthesis is
possible not only in aqueous conditions, but in organic media as well.'*3) However,
despite the large number of analogues synthesised, there have only been two
homologues synthesised thus far: four- and six-membered BU[n]. In hemicucurbituril
synthesis, the template has a more pronounced effect than in double-bridged
cucurbituril's’®. For bambusurils, in the absence of a template, four-membered
cycles™2114 gre formed. An anionic template directs the formation of the
six-membered cycle. For example, use of HCl afforded Me1,BU[6]™'% in 30% yield, and
the presence of BF4 resulted in 80% vyield of the six-membered macrocycle. When a
variety of templates were tested for BU[6] synthesis, yields strongly depended on the
affinity of the cycle formed towards the anionic template used.'*® Heck and
co-workers showed that the use of a microwave reactor not only notably reduced
reaction time, but it also increased yield, in some cases up to 90%.1!

Generally, alkyl-substituted BU[n]s are not very soluble in water and organic
solvents. However, the tetrameric cycle, which was always present in the
reaction in an organic solvent as a by-product, has significantly better solubility
and can be easily washed out from the solid hexameric product by
chloroform.[*3l Several water soluble macrocycles, such as BnCOOH3,BU[6]™*7),
(CH3)sCO0H;,BU[6], and (CH;)sCOOH1,BU[6]1!8), were recently synthesised.

From the reaction mixture, hemicucurbiturils are normally isolated as complexes
with the corresponding template, typically halide ions. Sindela¥’s group was able to
prepare anion-free BUs. Such molecules are much easier to use in further complexation
studies. The first method consisted of replacement of the CI~ template, originated from
the synthesis, by I~ and its subsequent oxidation to I, by hydrogen peroxide or
photochemistry methods. The resulting anion-free macrocycle precipitated.***) Another
method was to prepare BUs in organic media using HSO,~ template. The reaction media
was then changed to water, templating ion became the cosmotropic highly hydrated
S04% and was washed out from the cavity of the macrocycle by water.118!

Macrocyclic structures are able to form complexes with guest molecules.
A four-membered BU is too small to accommodate any ion or molecule inside the
cavity. However, it was reported that substituted BU[4]s, such as BnBU[4], due to
deeper binding pockets formed by benzyl-substituents, were able to accommodate two
acetonitrile molecules.[**3!

Nevertheless, the main binding studies used hexameric BUs. BU[6] has a
hydrophobic inner cavity, which is able to bind anions. Computational and X-ray
studies showed that there are 12 weak C-H---anion hydrogen bonds that participate in
host-guest interaction. The relatively flexible structure of the BUs allowed for the
accommodation of various anions, from F~ to PF¢~, and association constants varied
from 1.0 x 10° to 1.0 x 107.**2 Due to the synthesised water soluble analogues,
complexation of BUs was possible in both organic and aqueous media and the
strongest binding was observed for ClO4 in water.!*”! In solution, the stoichiometry of
the BU binding and inorganic anions was 1:1 no matter which anion and solvent was
used. Exceptionally strong binding of BU in water can be explained by numerous
hydrogen bonds forming in the cavity and by enthalpy driven complexation based on
expulsion of so-called high energy water by guests from the inner cavity of the host
moleculel®®120],
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In solid state, complexes with stoichiometry 1:1 and 1:2 (BU:guest), were
ObSErVed.llB’lZl’lZZ]

Bambusurils can find application, due to the ability to bind anions. As BU[6] forms
complexes with inorganic anions through slow exchange in a 'H NMR timescale, the
complexes have unique chemical shifts and it is possible to visualize binding of anions.
Thus, BU[6] can be used in the identification of different anions in the mixture. Sindelar
and co-workers developed a method for quantification of up to five different anions in
mixture within 5% error.[*23l Me;,BU[6] was used as the reductant in the photochemical
reaction with methylviologen.!*?!1 Bn;,BU[6] and fluorinated BU[6] were used as carriers
of anions in the liquid membrane during electromembrane extraction.24125!

Sulphur and nitrogen containing BU analogues were introduced by Keinan and Reany.
Such compounds were termed hetero-bambusurils or semithio- and semiaza-BUs
(Figure 23).
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Figure 23. Synthesis of semithio- and semiaza-BUs.[*?¢!

Despite the conclusions from the computational study of Pichierril*?”:128], which
predicted the possibility of the existence of stable sulphur analogues of CBs, all recent
attempts at the same were unsuccessful. Keinan and Reany’s review provides an
overview of the different approaches towards hetero-glycolurils, though many were
not successful. The importance of the C=0 functionality in bambusuril formation was
observed experimentally. The condensation reaction of formaldehyde with
thio-glycolurea did not result in thioacylaminal bridge formation. Semithio-bambusurils
(semithio-BU) can be formed only if the bridge is built between the ethylene part of the
monomer and sulphur is in the outer part of the molecule.*”**4 Using Heck's reaction
conditions, four- and six-membered semithio-bambusurils were synthesised.**4
Semithio-bambusurils can be transformed into semiaza-bambusurils (semiaza-BU) by a
two-step one-pot reaction (Figure 23).112°
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Semithio-BU[6] is insoluble in organic solvents and only the presence of certain
anions can dissolve it in DMSO. Affinity towards halides of semithio-BU[6], in order, is
Br>I>Cl, which is different than for normal BU[6]"*!”). Semithio-BU[4] is too small to
accommodate anions inside the cavity, but it showed interaction with cations Hg?* and
Pd?* from outside the macrocycle.*' Semiaza-BU[6] can uniquely form guest-host
complexes with three anions simultaneously: two triflate anions and either bromide or
iodide.'?®! In addition, BU[6], semithio- and semiaza-BU[6] were compared as
transmembrane transporters for CI. All three were good anion binders, but
semithio-BU[6] was the most efficient transporter.[**!]
1.4.3.4  Biotin[6]uril
In 2014 Pittelkow et al. published the synthesis of the first water soluble
hemicucurbituril-type macrocycle — biotin[6]uril (BioU[6])[*3%, which consisted of six
D-biotin monomers (Figure 24). A mixture of D-biotin with paraformaldehyde in 3.5 M
H,S0, with halide template (NaBr) heated at 60°C for two days provided BioU[6] in 63%
yield.

X
HN NH template NaBr S

+ CHO — R
Hﬁ'” At, H,SO, k 0 L? ?7
\ A AN

Figure 24. Synthesis of BioU[6].110%]

The six-membered macrocycle has an alternate orientation of monomers,
hydrophobic cavity, and 12 C-H functions, which were potential hydrogen bond donors.
Concerning the chirality of D-biotin and the possible number of stereo- and
regio-isomers of the final molecule, only one isomer was isolated in relatively high
yield.

The proposed mechanism of formation was trimerisation of quickly formed
biotin-dimers.[1% BioU[6] showed complexation preferring softer anions over harder
anions (SCN">I>Br>Cl").[131

In 2015 BioU[6] was modified to be soluble in organic solvents by esterification.
Methylated (BioU[6]mes), ethylated (BioU[6]ets), and butylated (BioU[6]bug) biotinurils
were prepared. Hexaesters showed good complexation with ClI" and moderate
complexation with NOs;~ and HCOs. No binding of SO,% was detected. For all three
BioU[6] esters, transmembrane transport of anions was investigated. BioU[6]bug with a
long lipophilic chain had the best transporting results; however, all three showed good
anion transportation ability.
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2 Aims of the study

Macrocyclic container-molecules exhibit unique properties, which can be used in
industry, pharmacology, and other important fields. These molecules can encapsulate
organic molecules and ions, fully modifying the environment for the guest molecule,
similarly to enzymes.

Hemicucurbit[n]urils are a relatively new branch of the cucurbit[n]uril family. At the
beginning of this PhD study, few four- and six-membered and single twelve-membered
hemicucurbituril were reported. Moreover, important features, such as chirality, which
is of central importance in nature, are only present in exceptional CB family examples.
To determine new specific applications, a deep understanding of macrocycle structure
and behaviour is required. A wider variety of the shapes and dimensions of the host
molecules will open up new horizons for application and development.

The particular aims of this study are:

e to obtain new chiral hemicucurbiturils and characterise their structures;

e to optimise synthetic procedures for enantiomerically pure cycHC[6] and
larger macrocycles;

e tostudy structure and properties of the new chiral macrocycles;

e to study the mechanism of cyclohexanohemicucurbiturils’ formation;

e toinvestigate host-guest complexes of the new macrocycles.
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3 Results and discussion

The following section of the thesis focuses on the synthesis of the new chiral
cyclohexanohemicucurbit[n]urils ((S,S)-cycHC[6], (R,R)-cycHC[6], or trans-cycHC[6] in
general), structural features, and complexation. In the current work, racemic mixtures
of the trans-cycHC[6] and its monomer octahydro-2H-benzimidazol-2-one were not
used, thus, the general name trans-cycHC will be used for enantiomerically pure
macrocycles if the exact configuration is not particularly important. The first part of the
following chapter covers synthesis of the enantiomerically pure trans-cycHC[6], its
geometry, and electronic structure. In the second part, with the help of computational
chemistry and analytical methods, interactions that play a role in complexation with
organic molecules and ions will be described. The third part outlines the route towards
larger homologues of trans-cycHC[n] and trans-cycHC[8] in particular. The focus is on
optimisation of the synthetic procedure starting from monomers or via the reversible
trans-macrocyclisation process from cycHC[6]. The formation mechanism of cycHCs are
discussed in detail. The fourth part describes the structure, synthesis, and complexation
of another new HC, the inverted-cis-cyclohexanohemicucurbit[6]uril (i-cis-cycHC).

3.1 Trans-cyclohexanohemicucurbit[6]uril

Chirality is a very important structural feature in nature. RNA, DNA, enzymes, proteins,
sugars, and hormones are all chiral. The fact that there are not many examples of chiral
hosts in the cucurbituril family is a major drawback. The chiral complexation ability of
CBs has not yet been well studied.®?! Introduction of chiral and enantiomerically pure
hosts is of great importance.

3.1.1 Synthesis and structure (Publication | and II)

On the basis of the first synthesis of cyclohexanohemicucurbit[6]uril, published by
Li and co-workers,!*%”1 we envisioned formulation of its chiral isomer. The approach
was to start the synthesis from inexpensive and commercially available
cyclohexane-1,2-diamine cis-/trans-mixture. The relatively simple two-step synthesis
provided a enantiomerically pure urea derivative in good yield (Figure 25).[132133] After
careful purification, the obtained urea was used as a starting compound for the
synthesis of the trans-macrocycle under the conditions reported by Li*%”). In the
literature, heating of the cis-urea derivative with formaldehyde in 4 M aqueous
hydrochloric acid at 70°C for four hours resulted in a good yield of cis-cycHC[6]. In the
case of enantiomerically pure cyclohexa-1,2-diylurea, after four hours under the same
conditions, a heterogeneous mixture with peculiar properties was formed.
The obtained substance, which was viscous and insoluble in common organic solvents,
was a mixture of oligomers of different lengths. Following a reaction mixture by NMR
showed that one set of signals was steadily grewing and after reaction prolongation to
24 hours, (R,R)- or (S,S)-cycHC[6] were obtained with up to 85% vyield (Figure 26).
The structure of isolated product was determined to be the six-membered macrocycle
HCl complex, according to ESI-MS and quantitative NMR techniques. To obtain the
desired trans-cycHC[6], it was also possible to use hydrobromic acid; however, the yield
decreased to 75%. Other acids, such as trifluoroacetic, sulfuric, and hydroiodic in
aqueous conditions were not suitable for the synthesis of cycHC[6]. In the case of
sulfuric and hydroiodic acids, probable side reactions and decomposition of the starting
compound occurred. During the oligomerisation process in aqueous media, competing
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nucleophilic addition of water to the imine intermediate occurred and, therefore,
strong acidic conditions were used to eliminate water from the hydroxyaminal
intermediate. Trifluoroacetic acid with acid dissociation constant pKa=0.23™3* in water
was probably not acidic enough to secure fast equilibration between dynamic library
members. Another possible reason was the weak complexation between the anionic
template and the hexameric oligomer in water, which resulted in no cyclisation.

1) crystallisation H
NHz2  with tartaric acid ~N (CH2O)n
smmessd, (] 0 21
2) (Ph0),CO N 70°C
NH, N 4M HCI
HB
(SSor(RR) T

(S,S)-cycHC[8] or (R,R)-cycHC[6]

Figure 25. Synthesis of (S,S)- and (R,R)-cyclohexanohemicucurbit[6]urils starting from
cyclohexane-1,2-diamine.1321331
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Figure 26. (A) 'H- and (B) *C-NMR spectra of cyclohexa-1,2-diylurea, mixture of

cycHC[6] and oligomers (products of uncompleted reaction,) and cycHC[6].

After several attempts, mono-crystals of trans-cycHC[6] were obtained from the
mixture of CCl, and diisopropylethylamine. The crystal structure showed that six
monomers adopted the 'alternate' orientation (Figure 27) characteristic of all single
bridged HCs. No guest molecule was incorporated in the cavity of the macrocycle.
Obviously, strongly basic diisopropylethylamine abstracted/neutralised the chloride ion
during crystallization. The cyclohexyl rings leaned toward each other close the opening
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of the macrocycle, such that the shape of this HC was similar to a cucurbiturils’
pumpkin or ball shape. This was as opposed to the bambusuril®*? or cis-cycHC[6]%7],
where portals are wider than the central part of the molecule (Figure 14).

Figure 27. Crystal structure of (S,S)-cycHC[6].

If the dimensions of the non-collapsible empty void in trans-cycHC[6] are compared
with those of other known macrocycles, trans-cycHC[6] is large enough to
accommodate a guest molecule or ion. The opening of trans-cycHC[6] is 2.2 A, which is
comparable to the corresponding value of 2.4 A in cucurbit[5]urils.!35 The cavity size

of cycHC[6] is wider, and the distance between the two opposite carbonyl carbons is

5.3 A, comparal!'>’!

ble to the cavity size of 5.8 A in cucurbit[6]uril’*3*! and 5.3 A in a-cyclodextrin{t3!,
The height of trans-cycHC[6] is 12.1 A, taking into account the van der Waals radii of
relevant atoms.

Trans-cycHC[6] has a polar belt bearing urea functionalities in the middle and
nonpolar cyclohexyls around the openings. The monomers are linked to each other via
one methylene bridge, thus, cyclohexyl rings are relatively flexible, and the size of the
opening could possibly be increased (Publication Il). This hypothesis was experimentally
confirmed in later complexation studies of trans-cycHC[8].'3”! Dimensions of the
narrow portals of the macrocycle allow bulky guest ions into the cavity as a result of the
conformational change of the host.

Computational studies on the structure of trans-cycHC[6] contributed to a deeper
understanding and better prediction of structural and complexation properties, which
were confirmed experimentally. The highest occupied molecular orbital (HOMO) of the
(S,S)-cycHC[6] is located on the heteroatoms of the macrocycle (Figure 28A, for
computational details see Publication Il). The HOMO lobes on nitrogens are located on
both inner and outer sides of the macrocycle. In addition, the HOMO is located on
cyclohexyls. Therefore, the binding site for cationic species is spread around the
molecule and partially inside the cavity. The lowest unoccupied molecular orbital
(LUMO, Figure 28B) is concentrated in the centre of the cavity. Thus, it was assumed
that electron rich compounds can be encapsulated into the cavity of the (S,S)-cycHC[6].
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Figure 28. Electronic structure of (S,S)-cycHC[6]: (A) HOMO, (B) LUMO, (C) MESP.

The map of electrostatic potential (MESP) for (S,S)-cycHC[6] is shown in Figure 28C.
The most electron-rich regions (red areas) were on the oxygen atoms, while the most
electron-deficient areas (blue areas) were found on the methylene bridges and the
centres of cyclohexyl groups. As a result, the openings of the macrocycle were rather
electron-poor. Due to the chiral character of the urea monomers, one of the
electron-rich nitrogens faced inside the cavity of the trans-cycHC[6] and another faced
outside. The complexation of both an anion and a proton inside the cavity of the
macrocycle is feasible; however, spatially larger electron-poor guests are expected to
bind outside of the macrocycle (Publication II).

3.1.2 Complexation properties

Generally, different hosts are selective toward different types of guests. At the
beginning of this PhD study, information about the complexation properties of
hemicucurbiturils was controversial. Buschmann et al. reported HC[6] to form
complexes with both anions®” and cations!®®, which was intriguing. Thus, the first step
of the complexation study of (R,R)-cyclohexanohemicucurbit[6]uril was screening the
interaction with different classes of substances using NMR and MS analysis (Figure 29).

NH, P
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o 0
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o 7 8 OH 9 NH;CI H,N 10 11 12 13

Figure 29. Structures of studied compounds 7-13 that formed complexes with (R,R)-
cycHC[6].

The addition of one equivalent of (R,R)-cycHC[6] to the solution of compounds 7-11
in chloroform caused a *C-NMR chemical shift change in small molecules. However, no
chemical shift change for the macrocycle was detected. During ESI-MS analysis,
mixtures 7-10 with cycHC[6] were studied. The molecular ions of cycHC[6]+carboxylic
acids 7 and 8 were detected in negative mode (as carboxylates) and cycHC[6]+amino
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group containing compounds 9 and 10 were detected in positive mode (in protonated
form). This confirmed the existence of 1:1 complexes. In addition, a 2:1 (2 cycHC[6]:10)
complex with diammoniumbutane 10 was detected by ESI(+)-MS (for the complexation
study details see Publication I).

Binding with chiral acid was studied to reveal the stereoselective behaviour of
cycHC[6]. The formation of diastereomeric complexes between methoxyphenylacetic
acid (MPA) 11 and (R,R)-cycHC[6] was detected by 3C-NMR. Mixtures of MPA and
cycHC[6] in ratios of 5:1, 1:1, and 1:5 were analysed. The splitting of 3C-NMR signals of
rac-MPA along with an accompanying chemical shift change was observed. Figure 30
shows representative 3C-NMR fragments of MPA signals at C3 carbon. In the case of
enantiomerically pure samples of MPA (Figure 30A), the addition of (R,R)-cycHC[6]
caused a shift and because the exchange process was fast on the NMR timescale,
no splitting of the peak occurred. Chemical shift corresponded to the average signal
between complexed and non-complexed acid. Owing to complexation with cycHC[6],
the R-MPA C3 signal shifted more upfield compared to the C3 of complexed
S-enantiomer. For mixtures with different ratios of MPA and cycHC[6] (Figure 30B), the
higher the number of complexed MPA molecules, the greater shift observed.
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Figure 30. Structure of MPA 11 and fragments of 23C-NMR spectra of C3 signals:

(A) 1) MPA, 2) S-MPA complex with (R,R)-cycHC[6], and 3) R-MPA complex with (R,R)-
cycHC[6], (B) 4) rac-MPA and (R,R)-cycHC[6] in 5:1 ratio, 5) rac-MPA and (R,R)-cycHC[6]
in 1:1 ratio, and 6) rac-MPA and (R,R)-cycHC[6] in 1:5 ratio.

-—135.87

Diffusion NMR measurements of (R,R)-cycHC[6] with guests 7-13 were performed to
confirm that NMR chemical shift changes were a result of complexation and not caused
by other factors. For example, a change of ion strength or acidity of the solution can
induce a change in the dissociation of the carbocylic acid and, therefore, also influences
the chemical shift. The diffusion NMR technique can be used to evaluate the mobility of
different dissolved species in solution and has been exploited for studying
intermolecular complexation and solution state aggregates. Moreover, diffusion
methods allow for estimation of the binding constant K, from a single measurement.
It is an acceptable alternative to titration studies.[t38-140]

39



Table 2. Diffusion coefficients D (10° m?/s) and association constants K, (M?) of guest
molecules with (R,R)-cycHC[6] host in 1:1 mixtures in CDCls.

gUESt Dfree Dbound DcycHC[G] Ka
none 5.26+0.01

7 9.09+0.01 6.91+0.01 4.68+0.01 73.2+0.5
8 9.66+0.01 8.66+0.01 5.27+0.01 14.4+0.1
9 5.18+0.01 4.87+0.01 5.11+0.01 NA
10 13.94+0.01 12.17+0.01 5.16%0.01 11.9+0.5
S$-11 10.34+0.01 8.94+0.01 5.29+0.01 20.1+0.2
R-11 Diree Of S-MPA was used 8.59+0.01 4.99+0.01 27.2+0.8
12 15.48+0.02 13.85+0.02 4.83+0.01 8.0+0.5
13 18.45+0.07 18.56+0.02 5.27+0.01 0+0.5

Dsree denotes uncomplexed guest; Dyound is @ complexed guest and Dcychcie) is @ complexed
macrocycle; binding of 9 could not be reliably determined, as diffusion methods are not suitable
for binding evaluation when the D of guests and macrocycles are very close.

As can be seen from the Table 2, the self-diffusion coefficients (D) of small
molecules, which reflect the rate of thermal translational motion of dissolved species,
decreased in the presence of (R,R)-cycHC[6]. These measurements clearly indicated
intermolecular interaction and support the earlier observations from ESI-MS and 1D
NMR, compounds 7-12 indeed form complexes with (R,R)-cycHC[6]. Despite the fact
that the association constants were relatively small (up to 73.2 M?! for
monoethylfumaric acid 7).

Based on literature®*!11 chlorine and bromine anions from the reaction mixture
should be incorporated into the hemicucurbituril's inner cavity. Unfortunately,
attempts to obtain a crystal structure of the macrocycle’s complexes failed. MS, 3C-,
and diffusion NMR analyses showed that compounds with very different complexation
characteristics, such as carboxylic acids and amines, had an interaction with
(R,R)-cycHC[6]. However, the nature of the interaction was unclear and whether
inclusion complexes formed or were bound from the outside remained unknown at
that time.

A systematic search for binding sites for guest molecules was performed by Mario
Oeren using computational chemistry (Publication 1). Based on these results, anionic
guests strongly preferred binding inside the macrocycle (Figure 31). All spherical
halogen anions induced symmetrical changes in the structure of the macrocycle and
flexible cyclohexyls covered the anion (Figure 31A). In the case of halides, the
interaction energies decreased with the growth of the halide. However, in the case of
non-spherical guests, such as anions of formic acid, deformation of the macrocycle
occurred (Figure 31B). From the computational study, formate had a high interaction
energy with (S,5)-cycHC[6], but distortion of the macrocycle geometry by this ion
partially cancelled the effect of the strong interaction.
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Figure 31. Calculated complexes of trans-cycHC[6] with anions (A) CI and (B) HCOO'.

The search for a proton binding site resulted in six possible locations. In the
lowest-energy geometry, the proton was attached to the nitrogen atom inside of the
macrocycle (Figure 32A). It is important to mention that the binding of larger cations
through the inner cavity was much less probable, due to the size and position of the
LUMO. For the non-dissociated species, binding from outside the macrocycle was
favourable in all cases (Figure 32B).

A B

Figure 32. Structures of the lowest energy geometries of (A) protonated (S,S)-cycHC[6]
and (B) (S,S)-cycHC[6] HCl complex. Hydrogen atoms, except the added proton, were
omitted for clarity.

In d-chloroform, it was not possible to observe complexation of trans-cycHC[6] with
different halides by means of NMR. Solubility of trans-cycHC[6] in other organic
solvents was rather poor. Despite the fact that halide complexes were observed by
mass-spectrometric analysis, all attempts to measure binding strength or rank the
affinity for halogen ions by ESI-MS were unsuccessful. The results of experiments were
not reproducible, because of system contamination with CI-. From the reaction
mixture, cycHC[6] was obtained as CI~ or Br~ complexes; however, after
chromatographic purification with CH,Cl,/methanol eluent, it tended to be anion free.
This conclusion was made on the basis of NMR titration with TBABr or TBAI in
d-chloroform, where no shift was observed for cycHC[6]. However, in a different
solution system (5% acetic acid in methanol) used for ESI-MS, complexes with Br~ and I~
were detected.

To overcome previously mentioned problems concerning solubility and to
experimentally confirm computational results, traveling-wave ion mobility mass
spectrometry analysis (TWIM-MS) was used. The collision cross-section (CCS) values
measured by ion-mobility MS and those calculated for CI;, Br, HCOO", and H* were in
good agreement. CCS of the complexes with anions were very similar (Figure 33),
supporting the host-guest complexation model. The CCS of protonated cycHC[6] was
slightly larger, possibly due to the opened portals. The CCS of the [cycHC[6]+Na*]
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complex was significantly larger than the other CCS values, showing that sodium

interacted with the macrocycle HOMO from the outside.

[cy cHC[6]+H]

[cy cHC[6]+Na]
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Figure 33. lon-mobility mass-spectra of studied (S,S)-cycHC[6] complexes.

3.2 Trans-cyclohexanohemicucurbit[8]uril (Publications IIl and IV)

3.2.1 Structure and homologues

All CB family members are oligomeric macrocycles; therefore, differently sized normal
CB[n]s can be synthesised as a mixture in one batch.[78:8>141] Analogously, in the case
of hemicucurbiturils, different homologues of the favourable six-membered macrocycle
can be formed (Publication llI).

A crude reaction mixture of (R,R)-cycHC[6] in 0.1% formic acid in acetonitrile was
carefully examined by RP-HPLC-MS analysis (Figure 34). 7-, 8-, 9-, and 10-membered
homologues of (R,R)-cycHC[6] were observed. Unfortunately, the amounts were too
small for separation. Studies on the influence of temperature on composition of the
reaction mixture revealed no dependence in the range of 60-90°C. Purification of the
crude product by RP flash chromatography produced (R,R)-cycHC[8] in 11% yield.

@

®)

cycHC[8]
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Figure 34. RP-HPLC-MS chromatograms of (R,R)-cycHC[9], (R,R)-cycHC[8], (R,R)-
cycHC[7], (R,R)-cycHC[6], and (R,R)-cycHC[10]: (a) detected by UV at 210 nm and (b)
detected by (+)ESI-MS.

cycHC[9]

NMR analysis of the cycHC[8] showed (Figure 35, c and d) that the macrocycle was
highly symmetric, and all monomers were equal. Chirality of the starting compounds
remained in the product as a pair of methylene bridges seen on the spectra. This was a
specific feature of the chiral hemicucurbiturils, as two subsequent bridges had different
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electronic surroundings (Figure 35, a and b). In the case of the first type of methylene
bridge (C8), because of the alternate orientation of the monomers, both adjacent
carbons were C1 and the protons were faced outside the macrocycle. The second type
of bridge-carbons were C9, which were surrounded by C2 carbon protons pointing
inside the cavity.
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Figure 35. Assigned *H and 3C NMR spectra of a), b) (R,R)-cycHC[6] and ¢), d) (R,R)-
cycHC[8].

NMR data were in good agreement with the computationally obtained structure of
(R,R)-cycHC[8] (Figure 36). The equatorial belt of the macrocycle adopted a square-like
shape, having methylene bridges with carbons on the corners of the macrocycle.
According to the computationally optimised structure, all cyclohexyl rings were in chair
conformation, which was in good agreement with high value of 3J(HH)-coupling
constants (>11 Hz) between the cyclohexyl axial protons observed by H-NMR.
Modelling confirmed that monomers were in alternate orientations and cyclohexyl
rings leaned slightly over the opening, as in the case of (R,R)-cycHC[6]. The diameter of
(R,R)-cycHC[8]'s portal was 4.6 A, which was within the corresponding values of normal
cucubiturils35; CB[6] was 3.9 A and CB[7] was 5.4 A. The cavity diameter at the
equator of the (R,R)-cycHC[8] macrocycle was 8.5 A, which was comparable to the 8.8 A
CB[8] cavity size. (R,R)-cycHC[8] had a barrel shape and cavity dimensions similar to
normal cucurbiturils.

Figure 36. Calculated structure of (R,R)-cycHC[8]: top and side view.
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cycHC[7] cycHC[9] . cycHC[10]
Figure 37. Calculated structures of (R,R)-cycHC[7], (R,R)-cycHC[9], and (R,R)-cycHC[10].

Geometries of 7-, 9-, and 10-membered homologues were also calculated (Figure 37).
Macrocycles with an odd number of monomers were not as symmetrical. The two
portals were not equal because of two aligned urea cycles, but the geometries were
almost barrel-shaped. Unfortunately, only trace amounts of 7-, 9- and 10-membered
cycHCs were formed under the studied conditions, such that the conformation could
not be experimentally described.

In the negative ion mode of MS analysis, complexes of (R,R)-cycHC[8] with chloride
and formate anions were detected, confirming that the newly substituted
hemicucurbituril could bind anions similar to other alternate-oriented cucurbituril
family members.

Further investigation and optimisation of the reaction conditions revealed that the
previous hypothesis about the presence of an eight-membered homologue in the
hydrochloric acid reaction mixture was not correct. The typical synthetic procedure,
heating urea monomers and formaldehyde in hydrochloric acid only produced
oligomers and the six-membered cycle: (R,R)-cycHC[6]. It was later noted during HPLC
analysis that the amount of (R,R)-cycHC[8] was increasing over time. Thus, this
transformation may occur as a result of the reaction catalysed by formic acid, which
was one of the HPLC eluents, as well as one of the components in the HPLC sample.

3.2.2 Synthesis of cyclohexanohemicucurbiturils
0]
\N—{
A\N
n
Neo O b)lw < (RR)-cycHC[6]
,1¥)-CyC
O:NFO o (RR-cycHC[s] ~gn Y

14H

Scheme 6. Synthetic scheme for obtaining (R,R)-cycHC[8] from a) R,R-cyclohexa-1,2-
diylurea, b) a mixture of oligomers, and c) (R,R)-cycHC[6] under acidic catalysis and in
the presence of an appropriate template.

In Scheme 6 there are three potential ways to produce (R,R)-cycHC[8] (Publication IV).
The investigation began with the transformation of (R,R)-cycHC[6] to (R,R)-cycHC[8]
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(Scheme 6 c), as this was previously noted in the HPLC sample. Examples of screened
reaction conditions are shown in Table 3.

Table 3. Representative examples from screening the reaction conditions® for the
transformation of compound (R,R)-cycHC[6] to (R,R)-cycHC[8], monitored by HPLC.

No. Reaction conditions Ratio of(R,R)-cycHC[8] to (R,R)-
Acid (eq.)/Solvent cycHC[6]
HCOOH(10)/CHsCN no reaction
HCOOH (10)/CHCl; 50:50

3 HCOOH (300)/H,0 no reaction
4b HCOOH (300)/- oligomers

5 HCOOH (300)/- 83:17

6 HCOOH (300)/CHCl; 60:40

7 HCOOH (300)/CH5CN 90:10

8 CH3COOH (300)/CHCl; or CH3sCN 0:100

9 CH3COOH(300)/H,504(50)/CHsCN 50:50

10 H»S04 (300)/CH5CN decomposition
11¢ CF3;COOH(300)/CH3CN 95:5

2Unless noted otherwise, (R,R)-cycHC[6] (0.04 M) was reacted in the listed media at RT
for 24 hours; PReaction temperature 100°C; “Reaction time was 2 hours.

The choice of solvents was dictated by the solubility of trans-cycHC[6], which was
relatively poor in most organic solvents and water. CycHC[6] is soluble in chlorinated
solvents, such as dichloromethane (DCM) and chloroform, or in carboxylic acids, such
as formic and acetic acid. Generally, the macrocycle transformation from one
homologue to another did not proceed under heterogeneous conditions. For example,
the same concentration of formic acid in acetonitrile, which resulted in a
heterogeneous reaction mixture, did not catalyse the trans-macrocyclisation reaction at
all. In contrast, in chloroform for 24 hours, a 1:1 ratio of six- and eight-membered
cycHC was observed (Table 3, entries 1 and 2). Because of the homogeneity issue,
water was not a suitable media for the reaction (Table 3, entry 3). Heterogeneity
caused by the insolubility of inorganic salts (NaPFs) had no pronounced effect on
reaction progress (Table 4, entry 3).

Increasing the reaction temperature impeded the formation of (R,R)-cycHC[8] and
mainly oligomers were detected. Reaction in pure formic acid at room temperature
provided good conversion; however, at 100°C over 24 hours only oligomers were
detected (Table 3, entry 4 and 5). In addition, acid concentration was determinative.
Within 24 hours in a homogeneous reaction mixture in the presence of 10 eq. of formic
acid in chloroform, half of the (R,R)-cycHC[6] was converted to (R,R)-cycHC[8] (Table 3,
entry 2). The reaction rate was increased by a 300-fold excess of formic acid (Table 3,
entries 5-7). The highest conversion of (R,R)-cycHC[6] to (R,R)-cycHC[8] was obtained in
the case of formic acid catalysis in the presence of acetonitrile as the co-solvent
(Table 3, entry 7). Likely, acetonitrile assisted proton transfer into the macrocycle. Under
these conditions, (R,R)-cycHC[8] was isolated in the gram scale to produce 71% yield.

Acetic acid for 72 hours only partially decomposed (R,R)-cycHC[6] into oligomers
(Table 3, entry 8); therefore, acetate ion was not a suitable template for
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macrocyclisation. In the case of a mixture of acetic and sulphuric acids with acetonitrile
as a co-solvent, the macrocycle enlargement reaction occurred favourably (Table 3,
entry 9). However, even over long time periods, (R,R)-cycHC[8] did not become the
major product. When 300 eq. of sulphuric acid were used in acetonitrile, very quick
decomposition of starting compounds occurred. Subsequently, trifluoroacetic acid,
a very strong organic acid, was used as the catalyst (Table 3, entry 11). This resulted in
the transformation of (R,R)-cycHC[6] to (R,R)-cycHC[8] 10 times faster than under
formic acid catalysis, and (R,R)-cycHC[8] was isolated in 71% yield (For further details,
see S| Publication 1V). The remarkable selectivity of the six-membered macrocycle
(R,R)-cycHC[6] conversion to eight-membered (R,R)-cycHC[8] prompted a study into the
mechanism of the transformation.

3.2.2.1 Kinetic study

With the goal of identifying the intermediates of the transformation of (R,R)-cycHC[6]
to (R,R)-cycHC[8], the formic acid catalysed reaction was chosen as a model (Table 3,
entry 7), due to its slower and experimentally more convenient reaction rate.
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Figure 38. (A) Stacked 'H-NMR spectra recorded during (R,R)-cycHC[6] transformation
to (R,R)-cycHC[8]. Bridge methylene peak (4.6 ppm for (R,R)-cycHC[6] and 4.8 ppm for
(R,R)-cycHC[8]) integrals were used for the collection of kinetic data. (B) Kinetics plot of
(R,R)-cycHC[6] (filled dots) and (R,R)-cycHC[8] (empty dots).

No intermediates were detected during the transformation of (R,R)-cycHC[6] to
(R,R)-cycHC[8] in the NMR timescale (Figure 38A). The kinetic data (Figure 38B)
revealed that the overall reaction was pseudo first-order, and reached a plateau.
Significantly, the consumption rate of (R,R)-cycHC[6], ko»s=0.30 = 0.03 h%, and the
formation rate of (R,R)-cycHC[8], ko5s=0.18 + 0.01 h!, were similar. In addition, the sum
of the peak integrals of macrocycles, relative to an internal reference, decreased only
5% during the reaction, which indicated that the occurrence of side reactions was
minimal. To test whether the plateau at the end of the reaction was caused by an
equilibrium between the starting material and the product, isolated (R,R)-cycHC[8] was
placed into a mixture of formic acid and acetonitrile. Indeed, a small amount of the
six-membered homologue (R,R)-cycHC[6] was formed, confirming the reversible nature
of interconversion of six- and eight-membered trans-cycHCs, with the equilibrium
strongly shifted towards the formation of (R,R)-cycHC[8].
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3.2.2.2  lIdentification of intermediates

Pittelkow et al. 3% stated that dimers were the main intermediates in the formation of
biotin[6]uril. Two compounds (R,R)-cycHC[6] and (R,R)-cycHC[8], differ by a dimer unit.
In order to check whether the fragmentation-recombination during the macrocycle ring
enlargement proceeds via dimer addition, introduction of the *3C label to methylene
bridges of (R,R)-cycHC[6] was performed. 3C-labelled and non-labelled (R,R)-cycHC[6]
were used in a 1:1 mixture for the synthesis of (R,R)-cycHC[8]. If the transformation of
(R,R)-cycHC[6] to (R,R)-cycHC[8] proceeds via dimer addition it should be reflected in
the isotope-distribution pattern. In that case, even numbers of 3C- and 2C-isotopes
would prevail in the resulting (R,R)-cycHC[8]. The experiment, however, proved that
this was not the case. The number of *C-isotopes in isolated (R,R)-cycHC[8] followed a
normal distribution, including all species and complexes observed by ESI-MS (Figure
39). This fact demonstrates that the transformation of (R,R)-cycHC[6] to (R,R)-cycHCI[8]
does not proceed via dimer addition, and random differently sized oligomers and
monomers are involved in the reaction.
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Figure 39. HRMS spectra of the reaction mixture of labelled and unlabelled (R,R)-
cycHC[6] in 1:1 FA/ACN solution measured after 48 hours.

HRMS analysis of the crude reaction mixture showed the presence of
cyclohexanohemicucurbit[6-10]urils and linear oligomers (up to an octamer) (Figure 40).
Open-chain oligomers were either capped by hydrogens on both ends (Figure 40,
compounds 14b-14h) or had one hydrogen at one of the terminal ureas substituted by
a methyleneformate group (Figure 40, compounds 17b-17h). This data allowed for the
proposition of the reaction mechanism described in next sub-chapter.
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Figure 40. Structures of compounds detected by HRMS during the formation of (R,R)-
cycHC[8]

3.2.2.3  Mechanism of cyclohexanohemicucurbituril formation
The large number of observed intermediates gives reason to suggest the presence of a
dynamic combinatorial library (DCL), which is characteristic of dynamic covalent
chemistry (DCC).B%3474142-1441 Thys, the equilibrium between trans-cycHC[6] and
trans-cycHC[8] would be under thermodynamic control. CycHC[6] transformation to
cycHC[8] can be considered consistent with several steps (Figure 41): (a) cycle opening,
(b) chain growth, and (c) template-assisted cyclisation.

Two important experimental observations discussed in the previous chapter were:
a) the existence of differently sized oligomers in the reaction mixture and
b) the Gaussian distribution of 3C labelled methylene bridges in the product.
Both indicate that the chain growth step actually involves propagation, depropagation,
and chain scission processes, which occur after cycHC[6] cycle opening.

O OO
a) b) c)

Figure 41. Schematic representation of the (R,R)-cycHC[6] transformation to (R,R)-
cycHC[8]: a) cycle opening, b) chain growth, and c) template-assisted cyclisation.

As in all thermodynamically controlled reactions, cycHC[6] and cycHC[8] are
equilibrating, and their equilibrium is influenced by both the ring-to-chain equilibrium
and the equilibrium between the recombination (propagation) and fragmentation
(depropagation) of the oligomeric chain (Chapter 1.3.2.1 and Scheme 2).
The experimental value for the equilibrium constant K., of the overall reaction of
trans-cycHC[6] transformation to trans-cycHC[8] is 3.0 x 10°, which corresponds to a
difference in Gibbs free energies (AG) of 31 ki/mol in favour of (R,R)-cycHC[8].
The DFT-calculation of Gibbs free energy of differently sized (R,R)-cycHCs showed that
the cycle strain was not a driving force in the formation of (R,R)-cycHC[8]. Instead, the
templating effect of the formate anion amplified the formation of the eight-membered
cycle by increasing the thermodynamic stability of the inclusion complex.

Trans-macrocyclisation was initiated by protonation. To open thermodynamically
stable cycHC[6], acidic conditions were used. The acid did not have to be very strong,
even relatively weak acetic acid was strong enough to catalyse the reaction in the
presence of an appropriate template. Previous studies (Publication IlI) showed that
trans-cycHC[6] can be protonated, and a favourable location for the proton is the
nitrogen atom pointing inside the macrocycle.

48



On the basis of experimental data and calculated energies of the model system, a
transformation mechanism of (R,R)-cycHC[6] to (R,R)-cycHC[8] was proposed. The key
steps are outlined in Scheme 7. Protonation of (R,R)-cycHC[6] is a rate-limiting step and
the reaction rate is dependent on the acid strength, as experimentally determined. The
cycle opened as a result of the first methylene linkage breakage. A key intermediate
iminium ion was formed. Therefore, the acylaminal bond between monomers was
dynamic under acidic conditions. As a result of the formation of a dynamic
combinatorial library through propagation/depropagation of oligomers, chain-scission,
and self-association of oligomers occurred. The presence of a dynamic library,
consisting of oligomeric, open-chain, and macrocyclic intermediates, was observed by
HRMS.

49



0s

depropagation, HCOO as a

¥ propagation template
H DCL,
(R,R)-cycHC[6] .— — oligomers, -~

macrocycles

+

H 1 propagation

H,CO

o j@
;;\;r;ﬁo S q - q o e CE o

HO

cycHC[6]H*

Scheme 7. Proposed reaction mechanism of (R,R)-cycHC[8] formation catalysed by formic acid.

(R,R)-cycHC[8]



The template plays a central role in the cycle formation step (Figure 41c). Not all
studied templates were equally effective. The shape and size of the anion were also
crucial here. For example, an acetate template was shown not to be suitable for the
formation of six- or eight-membered cycles (Table 3, entry 8). When PFs~ was used,
which was expected to be suitable for the cavity of the desired trans-cycHC[8] from
both size and shape parameters, the reaction resulted in efficient conversion to the
eight-membered macrocycle (Table 4, entry 3). Reaction in formic and trifluoroacetic
acids led to eight-membered macrocycles as conjugate anions of corresponding
carboxylic acids acted as templates (Table 4, entries 1 and 2). The solvent had a
significant effect on the cycHC[8] formation rate. Polar aprotic solvents favoured
stabilisation of the charged intermediates (protonated cycHC[6] and imines).[**!

Based on the proposed mechanism, the DCL could be generated from monomer 14
(Scheme 6, route a). Indeed, in formic and trifluoroacetic acids, or a NaPFs/acetic acid

mixture (R,R)-cycHC[8], it formed quite well (Table 4, entries 4-6). While comparing the
formation of (R,R)-cycHC[8] from two different starting compounds, 14 and
(R,R)-cycHC[6], the first reaction was much slower. The reason is the formation of the
bond between the urea monomer and formaldehyde, which occurred through
acid-promoted imine formation, which was a rate limiting step.[*”:1%! This step is absent
in trans-macrocyclisation reactions, as all methylene bridges are already present in
cycHC[6]. The best yield and selectivity were achieved with CF3COOH, which provided
(R,R)-cycHC[8] at a 73% vyield on a gram scale. This route allowed for an enantiopure
chiral macrocycle to be obtained very efficiently in two steps, starting from
commercially available 1,2-cyclohexanediamine!*32,

Reversible reactions under thermodynamic control can be directed by external
stimuli influencing the thermodynamic stability of the products. In case of the studied
hemicucurbiturils, a template change to chloride resulted in directed equilibrium shift
towards cycHC[6] (Figure 42). (R,R)-cycHC[8] was converted to (R,R)-cycHC[6] in the
presence of a chloride anion under classical synthetic conditions!%”! (Table 4, entry 8) or
by using NaCl as a template in acetic acid at elevated temperature (Table 4, entry 9).

H*/ CF3CO0" or HCOO" or PFg~
trans-cycHCI6] trans-cycHCI8]
H*/ CI

Figure 42. Template influence on the equilibrium between cycHC[6] and cycHC[8].
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Table 4. Selected reaction conditions and the templates for (R,R)-cycHC synthesis.

No  Starting Additive/Acid/ Template Time (h), T Ratio® of Product Isolated yield
comp. Solvent?® cycHC[8] to of product
cycHC[6]
1 cycHC[6] HCOOH/CH3CN HCO,~ 24, rt 92:8 cycHC[8] 71%
2 cycHC[6]  CF3COOH/CH3CN CF3COy” 1.5,rt 95:5 cycHC[8] 71%
3 cycHC[6]  NaPF¢/CH3COOH/CHsCN PFs~ 24, rt 99:1 cycHC[8] 90%
4 14 HCOOH/CH;sCN HCO,~ 24, rt 92:8 cycHC[8] 7%
5 14 NaPFg/CH;COOH/CH3CN PFs~ 24, rt 95:5 cycHC[8] 55%
6 14 CF;COOH/CHsCN CF3CO;” 2, rt 96:4 cycHC[8] 73%
7¢ 14 HCI/H,0 cr- 24, 70°C 0:100 cycHC[6] 85%
8 cycHC[8]  HCI/H,0 cl- 24, 70°C 5:95 cycHC[6] 71%
9 cycHC[8] NaCl/CH3COOH cl- 24,70°C 40:60 cycHC[6] 21%

2Generally 300 eq. of organic acid or 4 M HCl were used. ®Determined by HPLC (See details in Pub. IV SI). “Described previously in Pub. I.



3.2.3 Structure and complexation of cyclohexanohemicucurbit[8]uril

The crystal structure confirmed the barrel-like shape of (R,R)-cycHC[8] (Figure 43).
According to the crystal structure, the cavity of (R,R)-cycHC[8] was of sufficient size for
the encapsulation of different guests.

Figure 43. Top view of the crystal structure of cycHC[8] in ball and stick (left) and CPK
(right) representations (colour code: C grey, N blue, O red, H turquoise).

Subsequent complexation studies performed by diffusion NMR in CDCls confirmed
the ability of the (RR)-cycHC[8] to form complexes with carboxylic acids.
The comparative results of the complexation of (R,R)-cycHC[6] and (R,R)-cycHCI[8] are
presented in Table 5. The association constants of simple carboxylic acids (acetic,
formic, and trifluoroacetic acids) followed the order of acidity (Table 5, entries 1-3) for
both six- and eight-membered hosts. Analogously to small carboxylic acids,
complexation with the more acidic a-methoxy-a-trifluoromethylphenylacetic acid
(MTPA) was stronger than with a-methoxyphenylacetic acid (MPA) (Table 5, entries
4-7). R-handed (R,R)-cycHC[6] and (R,R)-cycHC[8] preferred different enantiomers of
MPA (Table 5 entries 4 and 5). This may be due to the different geometries of
complexes formed. R-handed cycHC[8] showed nearly double the affinity for S-MPA, as
compared to the R-MPA confirming that (R,R)-cycHC[8] was able to form complexes
enantioselectively. Further investigations showed that cycHC[8] was able to bind anions
in methanol with good selectivity.3”!

Table 5. Association constants K, (M) of carboxylic acids with (R,R)-cycHC[6] and (R,R)-
cycHC[8] in 1:1 mixtures in CDCls.

No Guest CycHC[6] CycHC[8]
Ka Ka
1 CH3COOH 8.0+0.5° 17+2
2 HCOOH 97 +1 72.6+0.5
3 CF3COOH 21 (+3) x 103 29(+1) x 103
4 R-MPA 27.2 £0.8° 27.0+0.5
5 S-MPA 20.1+0.2° 53+3
6 R-MTPA n.d. 3.3 (+0.1) x 10?
7 S-MTPA n.d. 3.0 (£0.1) x 102

aAssociation constants from ref. 1981: n.d.- not determined.
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3.3 Inverted-cis-cyclohexanohemicucurbit[6]uril (Publication V)

In order to compare properties of chiral cycHC[n]s with diastereomer cis-cycHC[6] 23,
published by Wu et al.['l, 23 was synthesised starting from cis-urea 22 (Figure 18).
Surprisingly, in addition to previously known cis-cycHC[6] 23, another six-membered
cycHC[n] diastereomer was obtained in almost equal amounts.

T
BB

Figure 44. Cis- and inverted-cis-cycHC[6] 23, 24 crystal structures (the inverted
monomer of 24 is shown in blue).
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3.3.1 NMR identification of new stereoisomer, the inverted-cis-
cyclohexanohemicucurbit[6]uril

Single crystal analysis of the new diastereomer of cycHC[6] showed that it had one
monomer in an inverted configuration (Figure 44). Figures 44 and 45 show that
cis-cycHC 23 is highly symmetric; however, the structure of 24 is quite different.

Careful analysis of 1D and 2D NMR spectra in tandem with XRD analysis allowed for
the structure of the additive to be ascertained. As inverted-cis-cycHC[6] 24 had a plane
of symmetry (Figure 45), cutting the number of atoms in half and simplifying the
analysis of such a complicated structure. The two sides of the molecule were equal;
therefore, there were four different monomers, which were labelled a, 3, y, and 6.
All C-atoms were numbered and a Greek letter denoted the monomer each belonged
to (Figure 45). Monomer o is inverted (shown in blue in the Figure 44). Here, it is
important to stress that monomers in the molecule were in an alternate orientation;
therefore, numeration of the carbon atoms of the subsequent urea monomers were
changing direction (Figure 45 structure 24). All hydrogen and carbon atoms were
assigned when analysing the COSY, HSQC, HMBC, and NOE spectra, as well as the
chemical shifts and coupling constants (see Publication V).
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Figure 45. Schematic structures of 23 and 24 with numbered atoms and fragments of

13C-NMR spectra from (a) 23 and (b) 24.

The COSY spectrum (Figure 46) shows a correlation cross peak for B; and Bs, as well
as for y1 and ys hydrogens. Thus, these hydrogen atoms are of the same monomers and
have different chemical shifts. In Figure 46, these pairs of hydrogens are shown with
arrows of certain colours and the respective cross peaks are circled in the same colour.
o and & monomers are symmetrical; therefore, the oi; and 8; hydrogen atoms give only
a single peak in the H NMR spectrum and no cross peaks can be seen in the COSY
spectrum. Thus, the symmetry plane crosses the molecule between the two.
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Figure 46. Part of a COSY spectrum, indicating neighbouring hydrogens, marked by
arrows on the structure. The respective crosspeaks are indicated by circles in the figure.
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Figure 47. Parts of an HSQC and an HMBC spectra. The correlations in the spectrum are
marked by arrows on the molecular structure.

The HSQC signals shown on Figure 46 clearly indicate correlation between a.o, PBio,
and y10 methylene bridge carbon atoms and the respective hydrogens. In addition, the
HMBC spectrum (Figure 47) shows that oy and B: hydrogen atoms both have an
interaction with the oo bridge carbon atom and, therefore, are located next to the
same bridge. From the previously mentioned COSY spectrum, the o, hydrogen atoms
are from the symmetrical monomer. The fact that o and 1 hydrogens both are
correlated with a0 carbon atoms is reflected by the blue arrows in Figure 47. By the
same logic, 81 and y; hydrogen atoms are correlated with the yio bridge carbon atom,
(marked with black arrows) and the &; hydrogen atoms are from the symmetrical
monomer. In addition, the Bs and ys hydrogen atoms are correlated in the HMBC
spectrum with the 1o bridge carbon atoms (marked with green arrows).

The NOESY spectrum (Figure 48) shows cross peaks between &; and y; hydrogen
atoms and between 6; and 35 hydrogen atoms. Thus, all hydrogen atoms point towards
the cavity of the i-cis-cycHC[6]. Moreover, there is a cross peak between ys and fs
hydrogen atoms, which supports the same conclusion. These correlations are outlined
in the 3D figure obtained from the crystal structure of the i-cis-cycHC[6] (Figure 48).
For a; hydrogen atoms, no cross peaks are detected, which confirms that these
hydrogen atoms point away from the cavity of the macrocycle.
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Figure 48. Part of a NOESY spectrum indicating hydrogen atoms, which are in close
proximity. The crystal structure shows the same hydrogens in the solid state and
demonstrates the close proximity (two monomer units were omitted in the crystal
structure for clarity). The arrows indicate NOE correlations.
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3.3.2 Synthesis and mechanism

Classical conditions for the synthesis of normal cucurbiturils and hemicucurbiturils,
under which an equimolar mixture of cis-urea 22 and formaldehyde was heated in 4 M
HCl were applied. Under these conditions, Wu et al. *%” isolated pure cycHC[6] at 78%
yield; however, in this study, a mixture of 23 and 24 in nearly an equal ratio was instead
obtained. The ratio of macrocycles varied batch-to-batch (Table 6 entry 1) and total
yield of both macrocycles was in the range of 55-77%.

An example of inverted-CB[6] and inverted-CB[7]'®®! gave reason to suspect that
inverted-cycHC[6] was one of the thermodynamically less stable side products of the
step-growth oligomerisation. After subjecting both six-membered macrocycles 23 and
24 to the same reaction conditions separately (Table 6, entries 5-6), only small amounts
of 23 were transformed to 24, yet nearly 2/3 of 24 was transformed into 23. This led to
the conclusion that 23 was thermodynamically more stable than 24. Increasing the
temperature to 80°C under microwave irradiation (MW) or 110°C in an oil-bath did not
affect the ratio of the formed cycHCs (Table 6, entries 2 and 3). Moreover, reaction
time prolongation from 4 to 17 hours had no significant influence on the result.
However, when the concentration of HCl was doubled to 8 M, the amount of 23
increased significantly. The proposed explanation is that in 4 M HCI both products were
stabilised by the template and, as a result of precipitation, both were out of the
equilibration process. Chloride had a stronger stabilising effect on cis-cycHC[6] 23, and
in case of more concentrated HCl, where the template concentration was higher,
a more stabilised product formed.

Table 6. Screened reaction conditions (see Publication V).

No Starting aq. HCl Temp., Ratio of Yield

compound (M) Time cycHC[6]* 23+24
23:24 (%)

1 22 4 70°C, 4h 1.4:1to 55-77

1:1.4°

2 22 4 MW (80°C), 2h 1.2:1 74
3 22 4 110°C, 4h 1.1:1 78
4 22 8 70°C, 4h 3.3:1 84
5 23 4 100°C, 3h 19.3:1 n.d.
6 24 4 100°C, 3h 1.3:1 n.d.

aDetermined through UV-HPLC calibration curves, standard deviation varies 1-11%;
bReaction was repeated five times, from 100 mg to 1 g scale of starting compound 22
(see Publication V for details).

The proposed mechanism of i-cis-cycHC[6] formation is as follows. During the
step-growth oligomerisation, analogously to cucurbiturils' formation mechanism,
monomers can be added in two ways: so-called C- and S-type oligomers, analogously to
25 and 26 dimers in Figure 49 (configurations R,S,S,R and R,S,R,S, respectively).
Computational studies showed that one inverted monomer may be added with the
same probability during entire oligomerisation process. Dimer 26 was lower in energy
and only complexation with CI~ made 25 more thermodynamically stable. Template
assisted precipitation of cyclic compounds out of the reaction media produced the
kinetic product 24 and restricted its conversion to the thermodynamically more stable
cis-cycHC[6] 23.
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Figure 49. Diastereomeric dimers 25 and 26 as intermediates in cis- and i-cis-cycHC[6]
formation.

3.3.3 Complexation

To determine the influence of shape on the complexation ability of cycHC[6]s,
interaction with trifluoroacetic acid (TFA) for three macrocycles, (R,R)-cycHC[6],
cis-cycHC[6] 23, and i-cis-cycHC[6] 24, was investigated. In addition, the methylated
monomers (R,S)- and racemic (R* R*)-(N,N’-dimethyl)-cyclohexa-1,2-diylureas, 27 and
28, were synthesised to compare properties and cyclic structures. A series of °F-NMR
titration experiments were conducted (Table 7). Surprisingly, Job's method revealed 1:2
stoichiometry in the case of cycHC[6]s' complexes with TFA. For cyclohexadiylurea
derivatives, stoichiometry of 1:1 was established. The positive cooperativity for the
binding of a second TFA molecule with all cycHC[6] was witnessed. Better complexation
of cis-monomeric urea 27 with TFA was observed, as compared to chiral monourea 28,
complexation may have been induced by the difference in shape (Figure 50). The same
trend was preserved in the case of macrocyclic entities. The best binder for the TFA was
cis-cycHC[6] 23. Asymmetric (R,R)- and i-cis-cycHC[6] 24 showed good complexation
ability, with association constants 1.8-10° and 6.7-10°, respectively (Table 7, entries 1
and 3).

Table 7. Association constants K of cycHC[6]s and mono-ureas 27 and 28 with TFA,
determined by *°F-NMR titration in CDCls.

— K11(M™) K1z (M™) Keot(M?)
No  Urea derivative 102 102 105
1 (R,R)-cycHC[6] 28+0.1 6.3+0.2 1.8+0.1
2 23 7.3+0.7 l6+1 12+2
3 24 8.8+0.7 7.6+09 6.7+0.9
4 27 43 £5 -
5 28 212 -
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Figure 50. Structures of (R,R)-cycHC[6] and urea derivatives 27 and 28 (protons shown
are participating in complexation with TFA).

To understand whether binding of TFA occurred inside or outside the cavity,
an analysis of the following (R,R)-cycHC[6] protons was conducted (Figure 50). Proton
lax at 2.77 ppm shifted upon addition of 16 eq. of TFA to 2.86 ppm. However, proton
2ax at 2.40 ppm, which is positioned inside the cavity, did not change upon addition of
TFA (see Publication V for supporting information). Thus, external complexation with
fast exchange on the NMR time scale was proposed.
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4 Conclusions

The first enantiomerically pure cucurbit[n]uril family member—
cyclohexanohemicucurbit[6]uril — was synthesised at a yield up to 85%. Its reaction
conditions and crystal structure were reported. Complexation studies of
cyclohexanocucurbit[6]uril revealed interaction with organic and inorganic acids,
halides, and amines. The chiral nature of the new macrocycle resulted in the formation
of diastereomeric complexes with methoxyphenylacetic acid, which were detected by
NMR. Using the diffusion NMR technique, association constants for small organic
compounds, such as monoethylfumaric acid or butanediamine with cycHC[6], were
obtained.

Modes of complexation were analysed to determine that anionic species interacted
with LUMO inside the cavity, and protons interacted with HOMO inside the macrocycle.
However, larger cations and non-dissociated acids could only bind outside of the host
molecule. Experimental results from ion-mobility MS studies supported computational
conclusions.

Eight-membered enantiomerically pure cyclohexanohemicucurbituril was detected
and separated by RP flash chromatography. Its structure was determined by NMR and
MS methods. The existence of 7-, 9-, and 10-membered homologues was reported.

A highly efficient synthetic method providing enantiomerically pure cycHC[8] was
developed. The crystal structure of the first eight-membered single-bridged cucurbituril
and its complexation with carboxylic acids were reported. Studies of reaction kinetics,
intermediates, and the influence of acid type, solvents, and templates on the reaction
rate were performed and resulted in a proposed reaction mechanism. It started from
either a urea derivative, an oligomeric mixture, or cycHC[6]. Formation of a dynamic
combinatorial library of intermediates was followed by the final template-assisted
cyclisation step, which resulted in the formation of cycHC[8].

The thermodynamically unfavoured inverted-cis-cyclohexanohemicucurbit[6]uril
was detected and the structure of the first inverted single-bridged cucurbituril was
described by NMR, MS, and X-ray diffraction techniques. Its formation mechanism was
proposed. Parameters influencing formation of the thermodynamically unfavoured
diastereomeric macrocycles were investigated and optimised. Complex formation of
the i-cis-cyclohexanohemicucurbit[6]uril and trifluoroacetic acid with 1:2 stoichiometry
was observed and a binding mode from outside the macrocycle was proposed on the
basis of NMR titration analysis.

Through this work, the family of cucurbiturils was significantly enlarged by the
introduction of new enantiomerically pure, variably sized, sterecisomeric single-bridged
cucurbiturils. Efficient synthetic approaches for the generation of new host molecules
can be applied to host-guest chemistry, which is a tool for designing molecular
machines, new sensors, and materials useful in the pharmaceutical, agricultural, and
chemical industries.
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Abstract
Cyclohexanohemicucurbit[n]urils: synthesis, formation
mechanism, and complexation

This thesis provides an overview of macrocyclic properties and structure, and the
synthesis of hemicucurbit[n]uril-type molecules. The literature review starts with an
introduction of two possible synthetic approaches towards diverse and structurally
complicated macrocycles. Conventional stepwise synthesis with subsequent head-to-tail
cyclisation is a widely used method to obtain many drugs and materials. Another
method towards macrocyclic entities is based on the reversibility of the chemical bonds
and manipulation of equilibrium by external stimuli. Dynamic combinatorial chemistry
is a relatively new branch of modern chemistry, which provides another dimension to
chemical synthesis. The current work focuses on reversible covalent bonds, and imine
in particular, as this bond plays a crucial role in the key intermediates formed during
hemicucurbituril synthesis. Moreover, such important features as template effect,
inter- and intra-molecular reactions, and equilibrium are discussed.

Hemicucurbiturils are a relatively new part of the cucurbituril (CB) family, which are
barrel-shaped container molecules famous for extremely strong binding of cationic
guest molecules. A brief overview of the literature concerning the synthesis and
formation mechanism of cucurbiturils is supplemented by examples of chiral members
of this family. Several structurally diverse HC analogues have already been synthesised,
characterised, and applied. Careful study of all currently published hemicucurbituril-type
macrocyclic hosts closes this chapter of the thesis.

The results and discussion chapter focuses on synthesis, characterisation, and
complexation of the cyclohexanohemicucurbiturils (cycHC[n]). The chiral six-membered
cycHC[6] is described, which is the first enantiomerically pure member of the CBs.
The versatile investigation of structure, properties, and synthesis is presented.
The distinctive feature of this enantiomeric host is its ability to form diastereomeric
complexes with a chiral anionic guest. The larger cycHC eight-membered macrocycle
was discovered, which was the first example of an octameric hemicucurbituril.
Previously, only 6-membered and 12-membered HCs had been obtained. A deep and
multilateral investigation of the cyclohexanohemicucurbituril's formation mechanism,
identification of intermediates, and screening of synthetic conditions resulted in good
reaction yields and a valuable contribution to the field of HCs. The synthesis and
properties of the inverted analogue of cis-cycHC[6] were described based on screening
reaction conditions and identifying the structure. Detailed interpretation of
complicated NMR spectra is presented. The formation mechanism of the kinetic
product, j-cis-cycHC[6], is proposed. Finally, the uncommon HC complexation
stoichiometry of 1:2 for carboxylic acid was determined, and the binding of all three
currently known cycHC[6] diastereomers are described.

As a result of the current work, several new macrocycles were added to the
cucurbit[n]uril family. The first enantiomeric examples of this type of hosts and their
diastereomeric complexes with guest molecules were reported and fully characterised.
Comprehensive studies of formation mechanisms and structures of cycHCs allowed for
an important contribution to be made to the field.
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Lihikokkuvote
Tsiikloheksanohemikukurbit[n]uriilid, nende siintees,
tekkemehhanism ja komplekseerumine

Kaesolev doktorit6o annab Ulevaate hemikukurbituriil-taapi ainete
supramolekulaarsetest omadustest, struktuurist ja slnteesist. Kirjanduse Ulevaade
kirjeldab kahte Iahenemisviisi mitmekesiste ja struktuuriliselt keeruliste makrotsiklite
saamiseks. Esimene on traditsiooniline viis, mis pdhineb mitmeetapilisel avatud ahelaga
vahelhendi sinteesil ja sellele jargneval terminaalsete riihmade tsikliseerimisel.
See on laialdaselt kasutatav meetod ravimite ja erinevate materjalide saamiseks.
Teine ldhenemine pdhineb diinaamiliselt tekkivate ja katkevate keemiliste sidemete
ehk poorduvate sidemete tekkel. Supramolekulaarsete interaktsioonide poolt juhitud
diinaamiline kombinatoorne keemia, mis on suhteliselt uus suund kaasaaegses
keemias, véimaldab saavutada vdga suurt efektiivsust keeruliste keemiste Ghendite
slinteesil. Antud t66 keskendub péoérduvatel sidemetel ja tdpsemalt aminaal-sideme
tekkel, kuna neil on keskne roll hemikukurbituriilide siinteesil. Lisaks ndidatakse mallide
moju inter- ja intramolekulaarsete reaktsioonide omavahelisele tasakaalule.
Hemikukurbituriilid on suhteliselt uus haru kukurbituriilide arvukast perekonnast.
Kukurbituriilid on tlnnikujulised mahutid, mis on tuntud oma Ulitugeva sidumisega
katioonsete kiilalismolekulidega. Hemikukurbituriilid toimivad samuti molekulaarsete
mahutitena, kuid seovad endasse pigem anioonseid kilalismolekule, nad on leidnud
kasutust katalUsaatoritena, anioonide transporteritena ldbi raku-membraani, tahkes
faasis elektroniiilekandjatena ning anioonide sensoritena.

Kéesolevas t606s uuriti tstkloheksaanohemikukurbituriilide (cycHC[n]) siinteesi,
iseloomustati nende struktuure ja komplekseerumist. Nimelt tootati vdlja esimeste
enantiomeerselt puhaste kukurbituriilide perekonna liikkmete (S,S)- ja (R,R)-cycHC[6]
suintees. Kirjeldati kiraalse kuueihikulise hemikukurbituriili struktuuri ja omadusi
kvantkeemiliste arvutuste, NMR, XRD ja MS meetoditega. Nende enantiomeersete
,mahutite” Uheks eristatavaks omaduseks on véime moodustada diastereomeerseid
komplekse kiraalsete kiilalisanioonidega. Jargnevalt uuriti, kuidas slinteesida suurema
mahtuvusega cycHC homolooge ning avaldati esimese kaheksaihikulise
hemikukurbituriili saamismeetod ning detekteeriti 7- kuni 10-Ghikulised cycHC-d.
Tanu pdéhjalikule tsiikloheksaanohemikukurbituriili tekkemehhanismi uurimisele ja
vaheilhendite identifitseerimisele tootati valja vdaga efektiivne, happekatalidtiline malli
poolt suunatud siinteesitee kiraalse 8-lhikulise cycHC[8] saamiseks. Lisaks tootati valja
meetod esimese lihe podratud monomeeriga hemikukurbituriili, inverted-cis-cycHC[6],
sliinteesiks ning pakuti valja selle termodinaamilistelt ebasoodsa hendi
tekkemehhanism.

Kokkuvotteks, selle t66 tulemusena rikastati kukurbituriilide perekonda mitme uue
stereoisomeerse ja homoloogilise makrotsikliga. Mitmekiilgsed ja p&hjalikud ainete
struktuuri ja tekkemehhanismi uuringud vdoimaldasid anda olulise panuse
supramolekulaarse keemia valdkonda. Valjaté6tatud meetodeid uute molekulaarsete
mahutite sinteesiks saab rakendada molekulaarsete masinate, uute sensorite ja
materjalide saamiseks. Need omakorda on vajalikud keemia-, farmaatsia- ja
toiduainet6ostuses ning pollumajanduses.
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ABSTRACT
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The first enantiomerically pure members of the cucurbituril family, (all-S)- and (all-R)-cyclohexylhemicucurbit[6]urils (cycHC), were synthesized in
good yield (up to 85%). The crystal structure of this new macrocycle clearly shows its ball-like shape. CycHC monomers adopt a “zigzag”
conformation, having apolar cyclohexyls around the openings and polar ureas in the middle. Cyclohexylhemicucurbit[6]urils formed complexes
with halides, carboxylic acids and amines and diastereomeric complexes with methoxyphenylacetic acid in organic media. The association
constants of cycHC with small organic compounds were evaluated by diffusion NMR in chloroform.

The first synthesis of macrocyclic ureas was reported by
Behrend et al. in 1905; later they were named cucurbiturils'
by Mock et al. in 1981.> The pioneering work on the
characterization of the first cucurbituril, CB[6], and its
complexation studies performed by Mock were taken
further by Kim and co-workers, who isolated new mem-
bers of the cucurbituril family, CB[5], CB[7] and CB[8].}?
in 2000. Less than two years later, Day et al. isolated
the host—guest pair CB[5]@CB[10].* Since then studies of
cucurbiturils have dramatically grown in number, especially
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with respect to their host—guest chemistry. Cucurbiturils
form complexes with inorganic species (metallic cations
and their counteranions) and with various organic guests,
binding especially well with diammonium compounds.’
Not only has the family of cucurbiturils grown in the ring
size of homologues, which differ in the number of mono-
mers in the macrocycle, but also there has been progress
in the synthesis of new relatives of cucurbiturils: inverted
cucurbiturils ({CB[n]s),® ns-cucurbit[x]urils,” and various
cyclic® and acyclic congeners.” Soon after the discovery of
the usefulness of the cucurbituril family, Miyahara et al.
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synthesized hemicucurbiturils, HC[6] and HC[12], which
can be viewed as cucurbiturils that are cut in half along
the equator.’® Li et al. synthesized and reported the
crystal structure of a substituted hemicucurbituril meso-
cyclohexylhemicucurbit[6]uril."" Hemicucurbiturils have,
because of their “zigzag” conformation, a significantly
different complexation ability from cucurbiturils. Hemi-
cucurbit[6]urils form complexes with selected anions,
cations, and small molecules (water and formamide).'®'?

In the most recent development in the member list of
the cucurbituril family, the research group of Sindelar'
introduced bambus[r]urils, which combine the structural
properties of cucurbiturils (glycouril monomers) and hemi-
cucurbiturils (zigzag conformation). The list of bambus-
[nlurils was increased by Rivollier et al.'* this year.
Compared to cucurbiturils, bambusurils have enhanced
structural flexibility and good solubility in organic solvents.

These given examples complete the list of known cucur-
bituril congeners, of which only one has been shown to
exhibit chiral recognition toward an enantiomerically pure
guest, the nor-seco-cucurbituril (%)-bis-ns-CB[6], which
was synthesized from achiral monomers in racemic form.”®

In this paper, we describe the synthesis, structure, and
complex formation of the new chiral (a//-R)- and (all-S)-
cyclohexylhemicucurbit[6]urils.

Enantiomerically pure hemicucurbit[6]urils ((a//-S)- and
(all-R)-cycHC, Scheme 1) can be synthesized from (S,S)-
and (R,R)-cyclohexane ureas. Both enantiomers of starting
ureas can be easily derived from 1,2-cyclohexanediamine
by stereoselective crystallization with L- or p-tartaric acid'®
and subsequent carbonylation with diphenylcarbonate.'®
The enantiomeric purity of derived hemicucurbiturils is
inherited from the frans-1,2-cyclohexanediamines.

Cyclohexylhemicucurbit[6]urils (cycHC) are formed by
heating the starting urea and formaldehyde in 4 M aqueous
hydrochloric or hydrobromic acid. CycHC is the main
product formed in thermodynamically controlled condi-
tions and precipitates from the reaction mixture as HCl or
HBr complex in good yield (85% of cycHC+HCl and 64%
of cycHC+HBr) (Scheme 1). The existence of such reac-
tion products as 1:1 halogenide complexes was determined
by ESI-MS and quantitative NMR analysis. So far our
attempts to isolate macrocyclic products from the reac-
tions catalyzed by other acids, namely, sulfuric, trifluoro-
acetic, and hydroiodic acids, have failed.
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Scheme 1. Synthesis of Cyclohexylhemicucurbit[6]urils
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(all-S)-cycHC or (all-R)-cycHC

CycHC formed carbon tetrachloride solvate monocrys-
tals from a mixture of CCly and diisopropylethylamine.
The crystal structure showed that 6 monomers incorpo-
rated into cycHC adopted zigzag conformations, as with
all single-bridged members of the cucurbituril family
(Figure 1). Strongly basic diisopropylethylamine ab-
stracted/neutralized the hydrogen chloride during crystal-
lization; therefore, halogenide was not incorporated in the
crystal structure of cycHC. The cyclohexyl rings leaned
toward each other, closing the opening of the macrocycle, so
the shape of this macrocycle was more similar to cucurbi-
turils’ pumpkin or ball shape than to the bambusurils, with
cavity shrinkage in the middle of the macrocycle.

The size of the opening of cycHC was found to be 2.2 10\0,
which is comparable to the corresponding value of 2.4 A
for cucurbit[5Juril.'” The cavity size of cycHC was wider,
and the distance between the two opposite carbonyl car-
bons was 5.3 A, comparable to the cucurbit[6]uril cavity
size of 5.8'" and 53Ain a-cyclodextrin.'® The height of
cycHC was 12.1 A. The given distances take into account
the van der Waals radii of relevant atoms. In spite of the
resemblance of the general shapes of cucurbituril and
cyclohexylhemicucurbit[6]uril, their polar and lipophilic
regions were arranged in opposite formations. CycHC had
a polar belt bearing urea functionalities in the middle and
nonpolar cyclohexyls around the openings. The monomers
were linked to each other in cycHC via one methylene
bridge; thus, cyclohexyl rings that were further apart from
this bridge were flexible, and the size of the opening could
increase. Therefore, cycHC could serve as a chiral host
molecule that has unique complexation ability.

Figure 1. Crystal structure of (a/l-S)-cyclohexylhemicucurbit[6]uril.

(17) Lee, J. W.; Samal, S.; Selvapalam, N.; Kim, H.-J.; Kim, K. 4cc.
Chem. Res. 2003, 36, 621.
(18) Szejtli, J. Chem. Rev. 1998, 98, 1743.
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The interaction of cycHC with small organic com-
pounds was studied by NMR and MS analysis. Mixing
cycHC and the compounds 1-5 as shown in Figure 2 in
chloroform in equimolar ratios caused a '>3C NMR chem-
ical shift change of small molecules. As a representative
example, the *C NMR spectra of monoethylfumarate 1 with
and without cycHC are shown in Figure 2. The nonequal
direction of the '*C NMR chemical shift change of different
monoethylfumarate 1 carbons supports the postulate of
the existence of a host—guest complex between cycHC and
acid 1. In ESI-MS analysis of mixtures of 1—-4 and cycHC,
the molecular ions of complexes cycHC+carboxylic acids
1 and 2 were detected in negative mode (as carboxylates)
and complexes cycHC+amino compounds 3 and 4 in
positive mode (in protonated form), confirming the ex-
istence of 1:1 complexes. Also a 2:1 (cycHC:4) complex
with diamine 4 was detected by MS.
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Figure 2. '3C NMR spectra of carboxylic acid 1 without (upper)
and with (lower) (a//-R)-cycHC and structures of 1—7, whose
complexes with cycHC were studied in this work.

The formation of diastereomeric complexes with meth-
oxyphenylacetic acid (MPA) 5 and (a/l-R)-cycHC was
detected in *C NMR spectra. Mixtures of MPA and
cycHC in ratios of 5:1, 1:1, and 1:5 were analyzed, and
the splitting of rac-MPA '*C NMR signals along with
an accompanying chemical shift change was observed.
Figure 3 shows representative '>C NMR fragments with
MPA signals at C3.

The complexed MPA signal of C3 was shifted downfield
compared to the uncomplexed MPA C3 signal (Figure 3
spectrum d). Complexed and uncomplexed MPA did
not give isolated signal pairs in spectra of MPA and cycHC
mixtures, because of an exchange within the NMR time
span. Nevertheless, diastereomeric complexes of (R)-
MPA-+(all-R)-cycHC and (S)-MPA+(all-R)-cycHC were
distinguishable in all analyzed rac-MPA and (all-R)-
cycHC mixture ratios. The mixtures of (al/-R)-cycHC with
enantiomerically pure MPA gave single peaks resonating
at different frequencies, confirming the formation of dia-
stereomeric complexes.
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Figure 3. Fragments of '>*C NMR spectra of MPA: C3 signals
measured with and without (a/l-R)-cycHC: (a) rac-MPA and
(all-R)-cycHC in 5:1 ratio; (b) rac-MPA and (all-R)-cycHC in
1:1 ratio; (c) rac-MPA and (all-R)-cycHC in 1:5 ratio; (d) MPA
without cycHC; (e) (S)-MPA and (all-R)-cycHC in 1:1 ratio;
(f) (R)-MPA and (all-R)-cycHC in 1:1 ratio.

Diffusion NMR measurements of cycHC with guests
1-5 and additionally with acetic acid 6 and thioacetic acid
7 were performed to confirm that NMR chemical shift
changes are caused by complexation. Diffusion NMR can
be used to evaluate the mobility of different dissolved
species in solution and has been exploited for studying
intermolecular complexation and solution state aggregates.
Moreover, diffusion methods allow to get an estimate for
the binding constant K, from a single measurement, and it
is an acceptable alternative to titration studies.?

As seen in Table 1, the self-diffusion coefficients (D) of
small molecules, which reflect the rate of thermal transla-
tional motion of dissolved species, decrease in the presence
of cycHC. Although these preliminary measurements need
further elaboration, they clearly indicate intermolecular
interaction and support the earlier observations from ESI-
MS and 1D NMR that compounds 1—6 form complexes
with cycHC.

In the case of 1:1 host—guest complex formation and full
inclusion of the guest, the host D value should not change
upon complexation. The relation between molecular size
and diffusion coefficient predicts that the self-diffusion
coefficient of the host dimer should decrease at least 26%
compared to the monomeric host D value.>* However, the
small decrease of the complexed host’s D (for example 11%

(19) Rymden, R.; Carlfors, J.; Stilbs, P. J. Inclusion Phenom. 1983, 1,

(20) (a) Johnson, C. S. Prog. Nucl. Magn. Reson. Spectrosc. 1999, 34,
203.(b) Cohen, Y.; Avram, L.; Frish, L. Angew. Chem., Int. Ed. 2005, 44,
520. (c) Cohen, YA; Avram, LA; Evan-Salem, T.; Slovak, S. Diffusion
NMR in supramolecular chemistry and complexed systems. In Ana-
Ivtical Methods in Supramolecular Chemistry, 2nd ed.; Schalley, C. A. Ed.;
Wiley: Weinheim, 2012; pp 197—-285.
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Table 1. Diffusion Coefficients D (107'° mz/s) and Association
Constants K, (M) of Guests with (a/l-R)-cycHC Host in 1:1
Mixtures in CDCl3

guest Dree Dyouna Deyenc K,
none 5.26 +£0.01

1 9.09 +£0.01 6.91+0.01 4.68+0.01 73.2+0.5
2 9.66 + 0.01 8.66 +0.01 5.27 +£0.01 144 +0.1
3 5.18 £ 0.01 487+0.01 5.11+0.01 NA

4 13.94+0.01 12.17+0.01 5.16+0.01 11.9+ 0.5
S-5 10.34 £ 0.01 894 +0.01 5.29+0.01 20.1+0.2
R-5 @ 859+0.01 4.99+0.01 27.2+0.8
6 1548 +£0.02 13.85+0.02 4.83+0.01 8.0+ 0.5
7 18.45+0.07 1856 +0.02 5.27 +£0.01 0.0+ 0.5

“ Dpyee Of S-MPA was used.

Dy denotes uncomplexed guest, Dyouna complexed guest, and Deyeric
complexed macrocycle. All samples were prepared in CDCl; at 26.5 mM
concentration of each component and measured at 288 K in neat
solutions or in 1:1 mixtures of guest and cycHC. Association constants
K, were calculated according to Rymden et al.'” Binding of 3 could not
be reliably determined, as diffusion methods are not suitable for binding
evaluation when the D of guests and macrocycles are very close.

in case of guest 1) can also be caused by simultaneous existence
of complexes with different host—guest ratios, in addition to
1:1 ratio or by partial inclusion of the guest molecule.

It is important to note that association constants be-
tween organic molecules were measured in an organic
solvent (CDCl;), and therefore lower affinities compared
to the organic molecule complexes in aqueus solutions can
be expected. Nevertheless, the determined K, values reflect
organic molecules’ relative affinities toward cycHC. The
nature of complexation with amino-substituted guests
needs further elaboration, but preliminary conclusions
on carboxylic acids can be drawn. The highest binding
is observed with the most planar carboxylic acid 1, and
introduction of branching to the o position of carboxylic
acids 2 and 5 decreases K. There is a small difference in the
association constants of (a//-R)-cycHC with S-and R-MPA,
indicating minor chiral recognition. The K, for acetic acid 6

Org. Lett, Vol. 15, No. 14, 2013

is an order of magnitude lower than for the guest 1, suggesting
that polar and apolar regions of the host and guest do not
match in this case. The absence of complexation with thioa-
cetic acid 7, which incorporates a bulkier sulfur atom, indicates
that complexation is dependent on the size and shape of the
guest. Therefore the existence of inclusion complexes of cycHC
and carboxylic acids is proposed. Studies on the exact nature
of complexation will be the subject of our further research.

New (all-S)- and (all-R)-cyclohexylhemicucurbit[6]urils
were synthesized: the first enantiometrically pure members
of the cucurbituril family. These hemicucurbiturils formed
complexes with either HCl or HBr, depending on the
acid used for their formation. Complexation of cycHC
with carboxylic acids and amines was detected, and their
association constants were determined in organic media.
Formation of inclusion complexes with carboxylic acids
was proposed. CycHC formed diastereomeric complexes
with enatiomers of methoxyphenylacetic acids, binding
affinities of which were distinguishable. Detailed studies
on the complexation and on the synthesis of homologues
are currently underway in our group.
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HCOO"), the proton (H*) and non-dissociated acid (HCL HBr, HI and HCOOH) guests was performed. The
geometries of guest—host complexes were optimized via density functional theory using the BP86 functional,
SV(P) basis set and Stuttgart pseudopotentials for iodide. Binding affinities and their trends were evaluated at the
BP86/TZVPD level of theory. In addition, the quantum theory of atoms in molecules was used to gain insight
into guest—host interactions. A computational study in the gas phase and ion-mobility mass-spectrometry
analysis revealed that the studied macrocycle formed inclusion complexes with anions. Protonation of
the macrocycle is preferred at the nitrogen atom pointing inside of the cavity. In the studied conditions,
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1. Introduction

Although the first cucurbituril (CB) was synthesized more than
100 years ago," and characterized over 30 years ago,” this
macrocyclic compound has gained wider attention only in
recent decades. Applications of CBs® are based on their ability
to bind guest molecules, mainly alkylammonium cations. CBs
are widely used as catalysts,” nanomaterials and as drug delivery
vehicles.” Hemicucurbiturils (HCs) are a relatively new branch in
the diverse CB family.> The first HCs (HC[n] with n = 6, 12) were
synthesized by Miyahara et al.® in 2004 and since then only a few
new HCs have been reported.”® Amongst new HCs, the first
enantiomerically pure member of the cucurbituril family, (all-S)-
and (all-R)-cyclohexylhemicucurbit[6]Juril (cycHC[6]), has been
synthesized in our group.'’ Unsubstituted HCs have been
reported to catalyse organic reactions,’’ ™ although their mode
of action is still unknown. In contrast to CBs, in which the urea
units are aligned, HCs adopt a ‘zig-zag’ orientation, causing a
substantial difference in the electronic structure of the macro-
cycle and thereby allowing for the binding of anions.'*
The anion binding properties of structurally close relatives of
hemicucurbiturils, namely bambus[r]urils'® (BU[n], n = 4-6)
have also been reported.'®"®

Since the pioneering computational study of Kim and
co-workers in 2001, there has been a steady increase in the

Department of Chemistry, Tallinn University of Technology, Ehitajate tee 5,

19086 Tallinn Estonia. E-mail: riina@chemnet.ee

7 Electronic supplementary information (ESI) available: Computational and IM-MS
CCS details, including optimized geometries. See DOI: 10.1039/c4cp02202e
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non-dissociated acids formed complexes at the oxygen atom pointing outside of the macrocycle.

number and quality of computational treatments of cucurbiturils
and related systems. In many cases, complexation with various
guest molecules has been among the goals of the studies. The
size of the system, which is further increased by inclusion of a
guest, initially necessitated the use of relatively simple models
(Hartree-Fock) and small basis sets (STO-3G, 3-21G).">! Recent
advances in computer technology have made treatments with
more sophisticated models (DFT with hybrid functionals, up to
triplezeta basis sets) feasible.?> > Use of the density fitting (also
known as resolution of identity) approximation is routinely used,
especially because the associated loss in accuracy is negligible.

Several researchers have paid close attention to the frontier
molecular orbitals - the highest occupied MO (HOMO) and lowest
unoccupied MO (LUMO) - of the macrocyclic systems,**** as
well as the electrostatic potential generated by the molecule.** >
These properties lead to the prediction of binding sites and
modes of guests, and HOMO-LUMO energy gaps can be used
as indicators of relative reactivities. The map of electrostatic
potential (MESP) outlines electron-rich and electron-poor regions
of a macrocycle, which are indicators of locations of possible
electrostatic interactions between the host and the guest.

Binding modes and binding energies of various guest mole-
cules have also received research attention.'®*">***¢ guch
models can also provide insight into the probable location of
the binding site, including whether binding inside or outside
of the macrocycle is preferred. Additional information about
the nature of chemical bonds between the host and guests
has been obtained from the quantum theory of atoms in mole-
cules (QTAIM).?**! This model also provides an estimate of the
strength of host-guest interactions.

This journal is © the Owner Societies 2014
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It has been reported that the HC binds anions®***” and a
few cations.*®* In addition, Cong et al. have suggested that the
binding of a proton inside of HC occurs during catalysis with
HC."? The chiral hemicucurbituril (all-S)-cycHC[6] was isolated
as a hydrogen halide complex. Additionally, based on the
results of a diffusion NMR study of (all-S)-cycHC[6] complexes,
it was proposed that substituted hemicucurbituril forms inclusion
complexes with carboxylic acids.'® So far, there is no crystal
structure of (all-S)-cycHC[6] complexes and it is not known whether
the acids are bound as dissociated anions or as non-dissociated
neutral species. A computational study of the structure and
mode of complexation of cycHC[6] would increase our knowl-
edge in this field.

In this paper, we report the geometry and electronic struc-
ture of cycHC[6] and its complexes with the anions CI~, Br~, I”
and HCOO™ and the proton and non-dissociated (HCl, HBr, HI
and HCOOH) guests. Different binding sites were evaluated
and selected complexes were studied using QTAIM analysis.
Additionally, a study of ion mobility mass-spectrometric analysis
of cycHC[6] complexes was performed.

2. Experimental section
2.1 Computational details

2.1.1 Description of the opening and the cavity of cycHC[6].
Four parameters were chosen to describe the geometric changes
of the macrocycle upon complexation with guests. The distances
from the carbon C, and oxygen O to the centre of the cavity X
(r(Cx-X) and r(O-X)) describe the changes of the geometry at the
equator of the macrocycle. The distances from the C4, and C; to
the centre of the cavity (r(C4;-X) and r(C,-X)) describe the
opening or closing movement of the cyclohexyl groups. The
shortest distance of Cs; from the axis (Z) (r(Cs-Z)) describes
the openings of the macrocycle. The listed distances are graphi-
cally depicted in Fig. 1. The cavity size of the optimized struc-
tures was studied using the program Swiss-PdbViewer."®

2.1.2  Electronic structure calculations. All molecular structures
in this work were built using the program Avogadro*' and pre-
optimized therein using the MMFF94 molecular-mechanical
model. Further geometry optimizations were conducted with

L

Fig. 1 Atom numbers, centre of the cavity and axis of cycHC[6].
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density functional theory (DFT), using the BP86 functional*>™¢
along with the def2-SV(P)*’ basis set. The interactions between
guest and host were expected to be prevailingly electrostatic;
hence, in the interest of computational speed, the choice of the
lightweight, thus fast functional without dispersion correction
was justified. To speed up the geometry optimization, the
resolution of identity (RI) approximation was used.**”! Vibra-
tional frequency calculations were performed to ensure that all
chosen geometries were at minima, and to estimate the zero-
point vibrational energies (ZPE). The energies of local minima
were refined by single-point calculations with the def2-TZVPD*”
basis set. The iodine atoms were described with the inclusion
of the appropriate Stuttgart pseudopotential.*>** In addition,
counterpoise correction calculations were performed to obtain
basis set superposition error (BSSE) corrected energies for host-
guest complexes.”® The transition states were verified using
dynamic reaction coordinate calculations. All calculations were
performed in the gas phase. Solvation effects were omitted
because cycHC[6] complexation was previously studied in hydro-
phobic solvent (CDCL)" and to model that one should include
the first shell explicitly and use a continuum model to describe
the bulk solvent. Currently, little information is available
about the structure of the first explicit solvation shell of chloro-
form for the calculated species. Also, in this work complexes were
experimentally studied in the gas phase by mass-spectrometric
analysis. The density functional theory calculations were per-
formed using the Turbomole 6.4 program package.” %

2.1.3 Search for binding sites. The search for binding sites
for guests was done systematically, where outside of the macro-
cycle five latitudes (with 36° increments) and five longitudes
(with 10° increments) were combined (Fig. 2).

The crossing points of the meridians and parallels were used
as initial locations for the guests in the geometry optimizations.
For each guest type, a few locations were added manually as
well. The centre of the macrocycle was added to the set for
anions and locations on the HOMO were added for the proton.
The combinations of anion and proton locations were added
for the non-dissociated guest.

2.1.4 Binding energy of the guest. The binding energy (BE)
was calculated by subtracting the sum of the total energies of
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Fig. 2 Latitudes and
binding sites.

longitudes used

in a systematic search for
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the reagents from the sum of the total energies of the products.
The total energies for each geometry were calculated as sums of
DFT energies (DE) and basis set superposition error (BSSE)
corrections from def2-TZVPD calculations and the zero-point
energy (ZPE) correction from def2-SV(P) calculations. The binding
energy of anions and non-dissociated guests with the host were
calculated according to eqn (1).

BE = (DEgy + ZPEgy + BSSEgy) — (DEg + ZPEg + DEy + ZPEy),

M

where the equation components with the subscripts GH, G and
H denote the aforementioned energies of the guest-host
complex, guest and host, respectively.

The calculation of the binding energy of a proton to the
macrocycle is shown in eqn (2), and it was found via the reaction
of an oxonium ion with a host molecule, producing water as the
secondary product.

BE = (DEgy + ZEgn + DEn 0 + ZEn o)
— (DEy 01 + ZEy o+ + DEy + ZEy), ©)

where the equation components with the subscripts GH, H,O,
H;0" and H denote the aforementioned energies of the guest—
host complex, water, oxonium ion and host, respectively.

2.1.5 Post-processing of the results. For visualization of the
map of electrostatic potential (MESP), single-point calculations
were repeated at the def2-SV(P) level of theory using Gaussian 09°°
software. Visualizations of geometries, frontier orbitals and MESP
were generated from the output files with Jmol®® and Molekel.®!
The binding properties of the macrocycle were studied via
QTAIM,®* using the program Multiwfn®® with def2-SV(P) density.
The required .wfx file for iodine with ECP information was
generated with Gaussian 09. Interactions between the host and
the guest were investigated via locating the bond critical points
(BCPs) as defined in the QTAIM model. The interaction energies
(E) were calculated using the potential energy density (V) at the
corresponding BCP, as in this case E = V/2.%

2.2 Ion-mobility mass-spectrometric analysis

Hemicucurbituril cycHC[6] HCI and HBr adducts were synthe-
sized as previously described.'® 40 uM solutions of cycHC[6] +
HCI and cycHC[6] + HBr in a solvent mixture of H,O (47.5%),
MeOH (47.5%) and HCOOH (5%) were prepared and analyzed
by electrospray ionization ion mobility mass spectrometry
(ESI-IM-MS). All of the MS experiments were performed using
a Waters Synapt G2 HDMS quadrupole travelling wave ion mobility
orthogonal acceleration time-of-flight mass spectrometer (Waters,
Manchester, UK), equipped with a normal Z-spray ESI source in
both positive and negative ion modes. A source temperature of
100 °C, capillary voltage of 2 kv, desolvation temperature of 150 °C,
and cone voltage of 20 V were set as the ESI parameters. All
experiments were performed under conditions of 280 m s™*
wave velocity and 18 V wave height by traveling wave ion-
mobility mass spectrometry (TWIM-MS). The experimental
collision cross-sections (2p) of cycHC[6] complexes were calcu-
lated by the calibration method of Thalassinos et al.,* with
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polyalanine as a calibrant. The published Qp values of the
polyalanine were obtained from the database of the Clemmer
group.®® The theoretical Q, values were calculated by the projec-
tion approximation method, using the radius of each atom®”
from the hard sphere mode.*®

3. Results and discussion

3.1 Geometry and electronic structure of
cyclohexylhemicucurbit[6]uril

The calculated structure of cycHC[6] had monomers in ‘zig-zag’
orientation and exhibited D; point group symmetry. Validation
of the computed structure was done via comparison of the
shortest distances between the centre of the cavity, axis and
selected atoms - 7(Cs-Z), 7(C;-X), (Csa—X), 7(C2-X) and r(0-X) -
of the calculated and crystallographic structure'® (Table 1).

As can be seen from Table 1, the distances r(C,-X) and
r(0-X) of the computed structure were very close to the
experimental ones, while the difference increased for the atoms
that were located closer to the opening from r(C4,-X) to r(C5-Z).
The differences between the computed and experimental struc-
ture were probably caused by the flexibility of cyclohexyl groups,
which were influenced by the packing forces in the crystal
structure. The volume of the internal cavity was 22 A® for the
calculated structure and 18 A® for the experimental structure.

The highest occupied molecular orbital (HOMO) was mostly
distributed over the polar cyclic urea functional groups, and its
bulkiest lobes were on the nitrogen atoms (Fig. 3a). Nitrogen
atoms were not planar, adopting quasi-sp*/quasi-sp® geometry,
and therefore the HOMO lobes on nitrogen atoms were present
both inside and outside of the macrocycle. The HOMO was also
located on the cyclohexyl moiety and this orbital only slightly
covered the oxygen atoms. The location of the binding site for
cations was not uniquely determined by the orbital structure.
The binding of a cation could take place inside or outside of the
macrocycle, where the HOMO of the latter was delocalized. The
lowest unoccupied molecular orbital (LUMO), on the other
hand, was concentrated mostly inside the macrocycle (Fig. 3b).

This positioning of the LUMO in the centre of the cavity
creates a potential binding site for anions. Therefore, we could
expect interaction between the HOMO of the anionic guests
and the LUMO of macrocycle, which would result in encapsula-
tion of the anionic guest molecule. The HOMO-LUMO gap was

Table 1 Distances between the centre of the cavity and axis and selected
atoms of computed and experimental cycHC[6] in A

Computed parameters Experimental parameters”

(Cs-2Z) 3.1 2.7+ 0.2
7(C-X) 4.2 3.8+ 0.1
HCyaX) 42 41401
7(C,-X) 4.4 44£02
1{0-X) 5.0 5.0 £ 0.1

“ Radii were the mean values for six atoms of each monomer given with
maximum absolute deviation.
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Fig. 3 Electronic structure of cycHCI6]: (a) HOMO; (b) LUMO; (c) MESP.

4.93 eV (SV(P)), making it the lowest amongst analogous macro-
cycles (6.04-6.58 €V).>*

The map of electrostatic potential (MESP) of cycHC[6] is
shown in Fig. 3c. The most electron-rich regions (red area) were
on oxygen atoms, while the most electron-deficient areas (blue
areas) were found on the methylene bridges and the centres of
cyclohexyl groups. Besides oxygen atoms, nitrogen atoms were
found to be electron-rich as well (yellow area) and, due to the
chirality of the monomer, one electron-rich nitrogen was pointing
outside of the macrocycle and the other one inside. The MESP
on nitrogen atoms agreed with the HOMO being located on the
nitrogen atoms. The openings of the macrocycle were rather
electron-poor. The listed characteristics of cycHC[6] electronic
structure and frontier orbitals made it possible to visualize
possible binding sites of guest molecules. However the complexa-
tion of both an anion and a proton inside the cavity of macrocycle
is feasible. Further computations of the interaction strengths
and binding energies of non-dissociated and dissociated acids
with cycHC[6] were carried out.

3.2 Structure of cycHC[6]-anion complexes

In the search for the binding sites for anions, geometry optimiza-
tion of all generated initial structures led to multiple distinct local
minima for all anions. In all cases, anions strongly preferred the
binding site inside the macrocycle. The energy difference between
the lowest-energy minimum, having an anion inside, and the
second-lowest one, having an anion outside, was always over
25 k] mol™" and reached 100 kJ mol™" for some higher-lying
minima. Based on these results, we propose that all anions prefer
to reside inside the macrocycle. The lowest energy complexes are
shown in Fig. 4. All possible molecular geometries of different
binding sites and their energies can be found in the ESL+}
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Fig. 4 Lowest energy complexes of cycHCI[6] with anions Cl™ (a) and
HCOO™ (b).

Table 2 Distances between the centre of the cavity, axis and selected
atoms of non-complexed and complexed cycHC[6] with anions in A.
Cavity volumes are given without a guest in A3

cycHC[6] complexed with

Non-complexed

cycHC[6] cl Br- | HCOO™
H(H5.4-Z) 2.4 2.2 2.3 24 2.3-24°
H{H735-X) 3.2 3.0 3.1 3.2 3.0-3.1
r(H4a,-X) 3.2 3.0 3.0 3.1 3.0-3.2
1C-X) 4.4 4.5 4.5 4.5 4.4-4.5
Cavity volume 22 21 21 22 21

“ Minimum and maximum distances are given due to the asymmetrical
geometry of the complexes with this anion.

The shortest distances between inside-pointing axial hydrogens
(H5ax, H7.x, H4a,y), carbonyl carbon (C,) and the centre of the cavity
(X) and axis (Z) were measured to compare the geometries of anion
complexed macrocycles and non-complexed macrocycles. The
relevant distances r(H5.-Z), r(H7x-X), r(H4a,,-X) and r(C,-X)
are given in Table 2.

All spherical halogen anions caused symmetrical changes in
the geometry of cycHC[6], while the non-spherical formic acid
anion led to deformation of the macrocycle. Upon adopting the
anions inside the cavity of the macrocycle, the distance r(C,-X)
increased, showing that the equator of the cycHC[6] had
expanded slightly. At the same time, the distances between
the inside-pointing hydrogens of the cyclohexyl rings and axis, as
well as the centre of the cavity (r(H5,Z), /(H7ax-X), r{H4a.-X))
decreased, indicating that flexible cyclohexyl rings covered the
anions, causing a slight shrinkage of the opening. The biggest
changes in cavity size took place in the case of the chloride and
the smallest with the iodine complex.

According to QTAIM analysis, halogen anions had 12 bonding
interactions with the macrocycle. All halogen anions interacted
with the same hydrogens (H4a,, and H7,,) of each monomer of
the macrocycle. The calculated interaction energies were close to
5 kJ mol ™" for both interacting hydrogens and similar for each
halogen anion. The HCOO™ ion interacted with the same
hydrogen atoms, although the interaction energies showed large
variability (3.0-14 kJ mol '). Additionally, the HCOO~ formed
two extra bonding interactions between the formate hydrogen
atom and two nitrogen atoms of different monomers of the
macrocycle (H-N interactions (a) and (b) in Table 3).

Phys. Chem. Chem. Phys., 2014, 16, 1919819205 | 19201
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Table 3 Interaction and binding energies (kJ mol™? of anions with cycHC[6]
Cl™ Br- I HCOO™
Average interaction energies 4.7 4.9 4.8 9.7¢
H-N (a) — — 7.3
H-N (b) — — — 4.5
Sum of interaction energies 56.7 59.1 58.0 127.8
Binding energy —102 —87 —65 —83

“ The average interaction energy for HCOO™ does not contain H-N
energies.

The binding energies of the four anions with the host molecule
were computed according to the reaction of cycHC[6] with
anion X, as shown below. The binding and interaction
energies of anion complexes are listed in Table 3.

X~ + cycHC[6] — X @cycHC[6]

Despite the fact that formate had the highest interaction
energy with cycHC[6] (127.8 k] mol "), the binding energy
showed the strongest interaction with chloride (—102 kJ mol™*),
in the gas phase, as chlorides fit best into the macrocycle.
Distortion of the macrocycle geometry by the HCOO™ ion partially
cancelled the effect of the strong interactions by increasing
tension in the macrocycle. In the case of halides, the interaction
energies decreased with the increase in the size of the halide,
which could have been caused by the repulsive force between the
anion and heavy atoms of the macrocycle. These computational
results agree well with the LUMO localization inside of the

View Article Online
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non-complexed macrocycle and confirm that cycHC[6] forms
inclusion complexes with halogen and formate anions.

In addition to binding energy, the transition states of ion
insertion were studied as well. While CI~ and Br~ insertion is
spontaneous, the transition state energies for I’ and HCOO™
insertion are 22 kJ mol~* and 12 kJ mol " respectively (Fig. 5). At
the start of the ion insertion both anions were bound at the opening
of the macrocycle. Energies of the corresponding local minima at
the opening were higher than the global minima by 11 kJ mol * for
I" and 20 kJ mol * for HCOO ™, respectively. During the transition,
anions moved along the Z axis, the cyclohexyl groups opened up: the
1{H5,Z) increased from the value of 2.4 A up to 3.6 A. This indicates
that the studied anions have low or no insertion barriers, which
means that the formation of the inclusion complexes is favored.

3.3 Structure of cycHC[6] with a proton

The search for possible binding sites yielded six local minima
for the proton. The lowest energy geometries with covalently
bound protons are shown in Fig. 6. Energetically, the binding of
the proton to the macrocycle was favoured for all local minima,
as shown in Table 4. The binding energy of the proton with the
cycHC[6] was computed according to the reaction of cycHC[6]
with oxonium as shown below:

H;0" + cycHC[6] — [cycHC[6] + H'] + H,0

The results show that, in reaction with an oxonium ion,
cycHC[6] is preferably protonated at the nitrogen N; atom

Transition States

< Global Minima
N .-20 kJ/mol
N

Fig. 5 Reaction coordinates of I~ (solid line) and HCOO™ (dashed line) forming inclusion complexes with cycHC[6].
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Fig. 6 Structures of protonated cycHCI[6]. Hydrogen atoms (except the added proton) were removed.

positioned inside of the macrocycle. According to the Boltzmann
distribution, the population of protonated geometry I will be over
90%. Favourable protonation sites were in good agreement with
the analysis of the electronic structure of cycHC[6]. However,
it should be noted that the binding of bulkier cations inside
the cavity of the macrocycle is much less probable, due to the
position and size of non-complexed cycHC[6] LUMO.

3.4 Structure of cycHC[6] with HCI, HBr, HI or HCOOH

The non-dissociated guests can bind both inside and outside of
the macrocycle. Energetically, the outside binding sites were
favoured for all guests. The inclusion complexes were at least
14 kJ mol * higher in energy. The representative energetically
favored geometries of the complex with hydrogen chloride are
shown in Fig. 7; the complexes with HBr, HI and HCOOH were
similar. In contrast to the favourable binding site of the proton
at the nitrogen of cycHC[6], there was binding of electron-poor
hydrogens of non-dissociated acids at the oxygen atom of the
macrocycle outside the cavity. This change in the preferred
interaction site is most probably caused by steric factors.
The binding energies of these complexes confirm that com-
plexation with non-dissociated acids was energetically favour-
able in the studied conditions (Table 5). The binding energies

Table 4 Energies (kJ mol ) of the protonation of cycHC[6]

Protonation site Energy difference Binding
Geometry nr of cycHC[6] from minima energy
1 At N, inside 0 —244
11 (o] 7 —238
juts At N; outside 9 —236
v (6] 11 —233
v At Nj; inside 13 —232
VI At N, outside 34 —211

Fig. 7 Lowest energy geometries of cycHC[6] and HCl complexes.

This journal is © the Owner Societies 2014

Table 5 Binding energy (kJ mol™) of the non-dissociated guests with
cycHC[6]

Non-dissociated Energy difference from Binding
guest Geometry minima energy
HCl a 0 —67

b 2 —65
HBr a 0 —26

b 1 —25
HI a 0 —31

b 1 —30
HCOOH a 5 —16

b 0 —21

of the non-dissociated guests with cycHC[6] were computed
according to the reaction shown below, where HX denotes the
non-dissociated acid:

HX + cycHC[6] — [cycHC[6] + HX]

The results indicate that the cycHC[6] was able to bind the
studied non-dissociated guests in the gas phase, although
inclusion complexes were not formed.

3.5 Ion-mobility mass-spectrometric analysis of cycHC[6] ion
complexes

The computationally obtained structures were verified via TWIM-MS
spectroscopy. The collision cross-section (CCS) values measured by
ion-mobility mass spectrometry and calculated from minimum
energy conformers of ClI”, Br and HCOO ™ anion complexes were
found to agree with each other well (Table 6). The deviation of the
calculated CCS from the experimental data was 2%, confirming that
anions formed inclusion complexes with cycHC[6]. The lowest-
energy protonated cycHC[6] theoretical CCS value also coincided
with the experimental data. It should be noted that the CCS of
the [cycHC[6] + Na]" complex was significantly larger than all
other ion CCS values, showing that sodium is positioned out-
side of the macrocycle.

Table 6 Collision cross section value of each trans-cycHC[6] complex

Complex Experimental CCS (A?)  Theoretical CCS (A?)
[eyeHC6] + CI] 182 185

[eyeHC[6] + Br]~ 183 186

[cycHC[6] + HCOO]™ 183 187

[eycHC[6] + H]" 194 197¢

[cycHC[6] + Na]* 225 —

“ For geometry I in Fig. 6.

Phys. Chem. Chem. Phys., 2014, 16, 1919819205 | 19203
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4. Conclusions

The electronic structure of trans-cyclohexylhemicucurbit[6]uril
and its complexes with ionic (H", CI7, Br, I and HCOO ) and
non-dissociated (HCI, HBr, HI, HCOOH) guests was studied. It
was shown that cyclohexylhemicucurbituril had numerous
possible binding sites for all guests. The conclusions based
on our study in vacuo are as follows:

(i) Non-complexed cyclohexylhemicucurbituril exhibited D; sym-
metry, and the computed geometry was in good agreement with the
crystal structure. Calculations showed electron-rich areas on the
oxygen atoms of each of the cyclohexylurea units, while the HOMO
was located at the equator of the macrocycle. The largest lobes of the
HOMO were on nitrogen atoms, pointing inside and outside
the macrocycle. Electron-deficient areas were located on methylene
bridges and the centres of cyclohexyl groups. The LUMO was
concentrated inside the macrocycle, filling the cavity.

(if) All of the studied anions favoured binding inside the
macrocycle. QTAIM analysis showed that twelve bonding inter-
actions existed between the macrocycle and halogen anions,
and fourteen such interactions were found between the macro-
cycle and HCOO™. The order of the binding preference of the
studied anions was CI" > Br~ > HCOO™ > I . The formation
of the inclusion complex of anions with cycHC[6] was also
confirmed by ion-mobility mass-spectrometry.

(iii) The systematic search for a binding site for a proton
resulted in six possible locations. In the lowest-energy geome-
try, the proton was attached inside of the macrocycle to the
nitrogen atom. Proton binding in the reaction of cycHC[6] with
oxonium cation was favourable by —244 kJ mol ™.

(iv) Non-dissociated acids preferred binding outside of the
macrocycle through electron-poor hydrogens of the acids at the
oxygen of cycHC[6]. There were two energetically close and structu-
rally similar binding sites for all of the studied non-dissociated acids.
According to the binding energy, —65 k] mol ', the strongest
complex was formed with hydrogen chloride.
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The existence of new 7-, 8-, 9- and 10-membered homologues of chiral cyclohexylhemicucurbituril is reported. The barrel-
shaped (all-R)-cyclohexylhemicucurbit[8]uril ((all-R)-cycHC[8]) was isolated and its complexes with anions were detected
in negative ion mode MS. Here, 7-, 9- and 10-membered homologues were detected by HPLC—HRMS. Geometries of all
reported macrocycles were calculated using quantum chemical methods, which showed that even-numbered homologues
were barrel-shaped and odd-numbered homologues were asymmetrical barrel-shaped with unequal dimensions of the
openings. The size of the ((all-R)-cycHC[8]) cavity was comparable to CB[8] and it probably can serve as a chiral host.

Keywords: hemicucurbiturils; cucurbiturils; chiral macrocycles; NMR; host—guest complex

Introduction

Hemicucurbiturils are members of the cucurbituril (/)
family, which has grown enormously in this century (2, 3).
There are several homologues (4—6) of normal cucurbiturils
and a wide variety of analogues (7-13). In general,
glycoluril monomers in these macrocyclic compounds are
joined together by two methylene bridges and form strong
host—guest pairs with cationic ammonium compounds (3,
14, 15). In hemicucurbiturils, on the other hand, monomers
are linked together via one bridge, causing a zigzag
orientation of the urea functionalities (/6—18). This
structural change, compared with the normal cucurbiturils,
drastically influences the electronic structure of macro-
cycles and allows complexation of anions inside the cavity
(19, 20). The zigzag orientation of the single-bridged
glycoluril monomers in bambusurils (27) exhibits similar
anion binding properties (22—24). Presently, the ring sizes
of cucurbituril family macrocycles range from 4-membered
bambusurils (25) to 14-membered twisted normal cucurbi-
turil (26). The most widely applied normal cucubituril
homologues have six to eight monomers joined together and
the inner dimensions of these macrocycles allow for
selective complexation of a large number of useful small
molecules (2, 3, 74). Until now, only 6- and 12-membered
hemicucurbiturils have been isolated. Ten years ago,
Miyahara et al. (/6) reported that, in strongly acidic
conditions, ethyleneurea, in the presence of formalin, can
selectively produce two homologues of unsubstituted
hemicucurbiturils in very high yields. Hemicucurbit[6]uril
(HC[6]) is formed in concentrated HCI at lower
temperatures and hemicucurbit[12]uril (HC[12]) in diluted
acid at higher temperatures (Figure 1). It has been shown
that unsubstituted hemicucurbituril can catalyse organic

reactions (27-29). The structure of the first substituted
hemicucurbituril — achiral meso-cyclohexylhemicucurbit
[6]uril (meso-cycHC[6]) — was reported by Li et al. (/7)
and, due to introduced rigidity in the formed macrocycle, it
required much harsher conditions than HC[6] for high-
yielding synthesis. In the same conditions, its more rigid
analogue, norbornahemicucurbit[6]uril (norHC[6]), was
formed in significantly lower yield (30). Together with
norHC[6], traces of 4-, 5-, 7- and 8-membered norborna-
hemicucurbiturils were detected by mass-spectrometric
analysis (30). The only presently known chiral analogue of
substituted hemicucurbiturils, (all-S) or (all-R)-cyclohex-
ylhemicucurbit[6]uril (chiral-cycHC[6]) (18), has cyclo-
hexyl and urea cycles joined in frans-fashion. High-yielding
synthesis of the latter required a much longer (24 h) reaction
time at the same temperature, compared with other
substituted hemicucurbiturils (Figure 1).

In this paper, we report the isolation of a new chiral
homologue of substituted hemicucurbituril, enantiomeri-
cally pure (all-R)-cyclohexylhemicucurbit[8]uril ((all-R)-
cycHC[8]) and analytical evidence of the existence of its
7-, 9- and 10-membered homologues ((all-R)-cycHC[7],
(all-R)-cycHCI[9] and (all-R)-cycHC[10]). The calculated
geometries of all reported macrocycles are also presented.

Results and discussion

The formation of hemicucurbiturils occurs as a result of a
polymerisation reaction; therefore, in addition to the most
favourable 6-membered macrocycles, the existence of
homologues was expected. A reaction mixture of
previously reported (all-R)-cycHC[6] was carefully exam-
ined by reverse-phase (RP)-HPLC—MS analysis, and 7-, 8-,

*Corresponding author. Email: riina@chemnet.ce

© 2014 Taylor & Francis
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Figure 1.

9- and 10-membered homologues of (all-R)-cycHC[6] were
found. A chromatogram of cycHC[6-10] is shown in
Figure 2, in which peaks were detected by ultraviolet (UV)
light and positive ion mode high-resolution mass
spectrometry. The order of homologue elution in RP
column was cycHC[9], cycHC[8] and cycHCI[7] as one
cluster, followed by cycHC[6] and cycHC[10] further apart
from each other. The elution order shows that 10- and 6-
membered homologues were less polar than their 7-, 8- and
9-membered homologues.

Preliminary attempts were made to increase the degree
of formation of higher homologues, by varying the reaction
temperature of cyclisation between 60 and 90°C. According
to the "H NMR analysis, cycHC[6] still remained the main
product in all reactions performed in 4 M HCl solution and
the reaction temperature did not influence significantly the
content of crude product. Additional study is necessary to
find out conditions that could drive macrocyclisation
towards formation of higher homologues. Nevertheless, the
purification of crude product by RP flash chromatography
afforded (all-R)-cycHCI[8] in 11% yield. NMR spectra of
(all-R)-cycHC[8] showed high symmetry; therefore,
signals belonging to all monomers of the macrocycle
were identical, adopting the same averaged conformation as
in the case of chiral-cycHC[6] (I8). The chemical shifts of
relevant atoms of chiral-cycHC[6] and (all-R)-cycHC[8]
were distinguishable and their assignment is presented in
Figure 3.

@

4M HCI 70°C 4h
norHC[6], 9%,
traces of norHC[4, 5, 7, 8]

Ref. 30 Ref. 18 and this work

4M HCI 60-90°C 24h
chiral-cycHC[6), 85%,
chiral-cycHC[8]. 11%,
traces of chiral-cycHC[T, 9, 10]
f.

Hemicucurbit[n Jurils structures and reaction conditions for their synthesis from Refs (/6—18, 30) and this work.

NMR observations are in good agreement with the
calculated geometry of (all-R)-cycHC[8] (Figure 4).

The equatorial belt of the macrocycle adopted a
square-like shape, having methylene bridges with carbon
number C9 (Figure 3) on the corners of the macrocycle.
Carbon C9 is situated between the stereogenic carbons C2,
in which protons H(in) point inside the cavity. According
to the optimised structure, all cyclohexyl rings were in
chair conformation, which was also supported by the high
value of 3J(Hm—coupling constants (> 11 Hz) between the
cyclohexyl axial protons. Monomers were in zigzag
orientation and cyclohexyl rings leaned slightly over the
opening, as in the case of cycHC[6]. The diameter of (all-
R)-cycHC[8] opening was 4.6 A, which is within the
corresponding values of normal cucubiturils (37) CB[6]
(3.9/&) and CBI[7] (5.41&). The cavity diameter at the
equator of cycHC[8] macrocycle was 8.5 A, which is
comparable to the 8.8 A of the CBJ[8] cavity size. (all-R)-
cycHC[8] had a barrel shape as do normal cucurbiturils,
and its cavity dimensions were comparable to the most
widely applied normal cucurbiturils. In the negative ion
mode of MS analysis, complexes of (all-R)-cycHC[8] with
chloride and formate anions were detected, confirming that
the new substituted hemicucurbituril can bind anions as do
other zigzag-oriented cucurbituril family members.

To get a better understanding of the structures of other
existing chiral cyclohexylhemicucurbiturils, geometries of

cycHC[10]

PR

Time (min)

6 65 7 75 [

Figure 2. RP-HPLC-MS chromatograms of (all-R)-cycHC[9], (all-R)-cycHC[8], (all-R)-cycHCI[7], (all-R)-cycHC[6] and (all-R)-
cycHC[10] (a) detected by UV at 210 nm and (b) detected by (4 )ESI-MS.
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7-, 9- and 10-membered homologues were also calculated
(Figure 5).

Macrocycles with odd numbers of monomers
(cycHC[7], cycHC[9]) still formed almost barrel-like
shapes. Cyclohexyl rings of zigzag-oriented monomers
leaned over the openings, but two aligned urea cycles
distorted the symmetry of the macrocycle, leading to two
different sized openings (Table 1). The 10-membered
homologue was a symmetrical five-cornered barrel. In 7-,
9- and 10-membered macrocycles, the cyclohexyl rings
adopted both twisted and chair conformations. The
dimensions describing the sizes of the cavities of the
chiral hemicucurbiturils are outlined in Table 1.

Conclusions

As a result of RP liquid chromatography of the crude
product of previously known chiral-cycHC[6], new 7-, 8-
, 9- and 10-membered homologues of chiral cyclohex-
ylhemicucurbituril were found. The barrel-shaped
(all-R)-cyclohexylhemicucurbit[8]uril was isolated and

Figure 4.

(Colour online) Calculated structures of (all-R)-cycHC[8].

165 160 65 60 55 50 45 30 25

13C (ppm)

Assigned 'H and '*C NMR spectra of (a), (b) chiral-cycHC[6] and (c), (d) (all-R)-cycHC[8], respectively.

its complexes with anions were detected in negative ion
mode MS. Here, 7-, 9- and 10-membered homologues
were detected by HPLC-HRMS. The geometries of all
reported macrocycles were calculated using the density
functional theory, which showed that even-numbered
homologues were barrel-shaped and odd-numbered
homologues were asymmetrical barrel-shaped with
unequal dimensions of the openings. The isolated (all-
R)-cycHC[8] was more polar than its 6-membered
homologue. The cavity of (all-R)-cycHC[8] was com-
parable with CB[7] and CB[8]; therefore, it probably will
serve as a chiral host for anions of small molecules.

Experimental section

General

All used instruments are located at Tallinn University of
Technology, Department of Chemistry. RP-HPLC-MS was
performed on an Agilent 6540 UHD Accurate-Mass Q-
TOF LC/MS spectrometer (Agilent Technologies, Santa
Clara, CA, USA) with AJ-ESI ionisation and a Zorbax
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Figure 5.

Eclipse Plus C18 column (2.1 mm X 150 mm, 1.8 um) and
is reported as m/z ratios. RP flash column chromatography
was performed on a Biotage Isolera™ Prime purification
system using a Biotage SNAP KP-C18-HS Cartridge (60 g,
50 um) (Biotage®, Uppsala, Sweden). NMR spectra were
recorded using a Bruker Avance IIT 400 MHz spectrometer
(Bruker BioSpin GmbH, Rheinstetten, Germany), and
chemical shifts are referenced in carbon spectrum by
CDCl; at 77.16 ppm and proton spectrum by CDCl; at
7.26 ppm. Infrared (IR) spectra were obtained on a Bruker
Tensor 27 FT-IR spectrometer (Bruker Optik GmbH,
Ettlingen, Germany) and are reported in wave numbers.
The intensities of the peaks are reported using the following
abbreviations: s: strong, m: medium and w: weak. Optical
rotation was measured using an Anton Paar MCP 500
polarimeter (Anton Paar GmbH, Graz, Austria). The
melting point was detected using a Nagema melting point
microscope.

Experimental procedures

Synthesis of (all-R)-cyclohexylhemicucurbiturils was
performed as described in an earlier publication
(18), except for varying the temperature between 60
and 90°C.

(Colour online) Calculated structures of (a) (all-R)-cycHC[7], (b) (all-R)-cycHC[9] and (c) (all-R)-cycHC[10].

An RP-HPLC-MS analysis of 1 mg/mL crude sample
in 0.1% formic acid in acetonitrile was performed using a
10-min gradient from 70% to 100% of eluent A, which was
acetonitrile, and eluent B was a 0.1% formic acid aqueous
solution. The flow rate was set at 0.4 mL/min and the UV
detection at 210 nm. Mass-to-charge ratios were measured
using ESI-Q-TOF MS.

RP flash chromatography was performed with 200 mg
of crude product (/8), which was dissolved in 1 ml of
formic acid before loading it into the column. The sample
was purified using gradient from 50% to 100% of eluent A
with the same eluents as described in the HPLC
conditions. The flow rate was adjusted to 40 ml/min, and
the sample detection was measured at 210 nm. Here, 22
mg of cycHC[8] was obtained in 11% yield.

Characterisation data

Compound (all-R)-cycHC[8]: It is a white solid (22 mg,
0.018 mmol, yield 11%). Mp = 245-250°C (dec). IR
(KBr, cm ") 3502 w, 2936 m, 2858 m, 1711 s, 1435 m,
1359 s, 1332 m, 1232 s, 1134 w, 1058 w, 1014 w, 988 w,
919 w, 830 w, 774 m, 667 w, 628 w, 532 w, 516 w, 476 w.
'"H NMR (400 MHz, CDCl;) & = 1.18-1.05 (m, H4ax,
1H), 1.23 (qd, H3ax, J = 11.0, 2.9, 1H), 1.29 (qd, Hb6ax,

Table 1. Dimensions® of (all-R)-cyclohexylhemicucurbit[6—10]urils in A.

cycHC[6]° cycHC[7]° cycHCI[8]* cycHC[9]° cycHC[10]°
Diameter at the opening 22 2.3 4.6 4.9 6.6
42 7.3
Diameter at the equator of the cavity 53 6.8 8.5 9.8 11.5
Height 12.1 12.8 12.5 12.7 12.4

“Taking van der Waals radii into account.
" From Ref. (18).
©From calculated structures.
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J =113, 3.3, 1H), 1.47-1.35 (m, H5ax, 1H), 1.73 (bd,
HS5eq, J = 12.7, 1H), 1.82 (bd, H4eq, J = 12.5, 1H), 2.30
(dd, J = 11.5, 2.7, H6eq, 1H), 2.49 (td, J = 11.0, 2.9, H2
(in), 1H), 2.62 (dd, J = 11.6, 2.7, H3eq, 1H), 2.83 (td,
J=11.1, 3.1, Hl(out), 1H), 4.59 (s, H8, 8H), 4.77 (s, H9,
8H). '*C NMR (101 MHz, CDCl;) 8 = 161.77 (C7), 64.86
(C1), 59.68 (C2), 55.83 (C8), 46.69 (C9), 28.76 (C6),
27.63 (C3), 24.48 (C5), 24.19 (C4). HRMS (ESI + ):
calculated for (CesHo7N;605)" [M + H]' 1217.7670,
found 1217.7670. HRMS (ESI — ): calculated for
(C¢sHo7N16010) [M + HCOO] 1261.7579, found
1261.7607. HRMS: calculated for CgqHosN;cO5Cl
[M + ClI] 1251.7291, found 1251.7283. [a]® = 60° (¢
0.62, CDCI5/CHCI5).

Compound (all-R)-cycHC[7]: HRMS (ESI + ): calcu-
lated for (Cs¢HgsN 140" [M + H]"1065.6720, found
1065.6720. HRMS (ESI — ): calculated for (Cs7HgsN1400)
[M + HCOO] 1109.6341, found 1109.6621.

Compound (all-R)-cycHC[9]: HRMS (ESI + ): calcu-
lated for (C7,H 0N 300)" [M + H]"1369.8619, found

1369.8621. HRMS  (ESI —): calculated for
(C73H109N13011) [M + HCOO] 1413.8529, found
1413.8490.

Compound (all-R)-cycHC[10]: HRMS (ESI + ): cal-
culated for (CgoH21N20010) " [M + H]T1521.9569, found
1521.9551.

Calculation studies

All structures were built and optimised on an MMFF94
(32) level of theory, using the programme Avogadro (33).
Further geometry optimisations were conducted using
density functional theory, combining BP86 (34-38)
functional with a def2-SV(P) (39) basis set. Density
functional theory calculations were performed with the
program package Turbomole 6.4 (40).

The dimensions of (all-R)-cyclohexylhemicucurbitur-
ils were measured using the lengths from the chosen atoms
to the centre of the opening or to the centre of the cavity. For
the opening, a hydrogen atom closest to the centre was
chosen from each monomer. For the cavity, the carbonyl
carbon of each monomer was chosen. Next, the average
radius for both atom sets was found. For both dimensions,
the Van der Waals radius was subtracted from the average
radius and the diameter was obtained by multiplying the
radius by two. The centre points were arithmetic averages
of the Cartesian coordinates of chosen atom sets. Heights
are distances between opening centres, positioned closest to
the edge with two added Van der Waals radii of the
hydrogens.
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Enantiomerically pure cyclohexylhemicucurbit[8]uril (cycHCI8I),
possessing a barrel-shaped cavity, has been prepared in high yield
on a gram scale from either (R,R,N,N’)-cyclohex-1,2-diylurea and
formaldehyde or cycHCI6]. In either case, a dynamic covalent
library is first generated from which the desired cycHC can be
amplified using a suitable anion template.

Research on new and selective host-guest systems and their
applications is currently progressing very quickly. Along with
the search for new selective host-guest pairs, new and more
efficient synthesis methods for hosts are being developed.
Based on the recent success in the field of reversible non-covalent
interactions in supramolecular chemistry,” the concept of dynamic
covalent chemistry (DCC) has been established.’ Controlling
covalent bond formation by non-covalent interactions can serve
as an excellent tool for developing efficient adaptive systems,
where the formation of the host molecule is based on the
structure of the guest.

Cucurbit{n]urils* (CB) are non-toxic host molecules® with a
wide range of applications.'®®® Mechanistic studies have
shown that the formation of oligomers and larger CBs proceeds
reversibly, indicating that the principles of DCC are applicable
in CB chemistry.” Hemicucurbiturils® (HC) are a sub-group of the
cucurbituril family (Fig. 1). HCs are known to form complexes with
anions® and unsubstituted HCs have been applied as catalysts in
organic reactions.' It has been shown that biotin[6]uril esters can
be applied as transmembrane anion carriers.” Miyahara et al.*" were
the first to describe an efficient synthesis of HC[6] and HC[12].
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T Electronic supplementary information (ESI) available: A detailed description of
synthesis, MS, NMR, crystallographic and computational details. CCDC 1053111.
For ESI and crystallographic data in CIF or other electronic format see DOI:
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Fig. 1 Generalized shapes of normal CB, HC and chiral cycHC.

High selectivity towards the HC[6] was explained by the tem-
plate effect of the chloride anion, which was recently confirmed
in a biotin[6]uril synthesis.¥ The halogen anion is also the
necessary template in the synthesis of bambus[6]urils (BU),"*
which can be classified as substituted HCs. Presently, besides
HC[12], only 6-membered HCs® and 4- and 6-membered BUs""
have been isolated as main products. Until now, there has not
been an efficient synthetic method available for the synthesis of
8-membered HCs. The existence of norbornahemicucurbit[8]uril®
has been detected only by mass-spectrometry and (all-R)-cyclo-
hexylhemicucurbit[8]uril (cycHC[8]) has only been isolated as
a by-product in low yield.*

Herein we report an efficient synthesis of enantiomerically pure
cycHC[8], starting either from its homologue cycHC[6] or (R,R,N,N')-
cyclohex-1,2-diylurea 1a and paraformaldehyde. A mechanism of
the transformation of cycHC[6] to cycHC[8] is proposed and proof
of complexation with carboxylic acids is presented.

CycHC[6] was synthesized earlier in our group.* Subsequently,
a small amount of its homologue cycHC[8]* was isolated from
the crude product of cycHC[6]. Moreover, we noticed that in the
chromatographic sample of cycHC[6] containing formic acid the
amount of cycHC[8] gradually increased over time. The screening of
reaction conditions for this conversion showed that cycHC[6] was
transformed to cycHC[8] in the presence of sulphuric, formic and
trifluoroacetic acid, but not acetic acid (S4, ESIT). The conversion of
cycHC[6] to cycHC[8] by trifluoroacetic acid catalysis is approxi-
mately ten times faster than by formic acid (Table 1, entries 1
and 2). Nevertheless, the isolated yield of cycHC[8] was in both
cases 71% in gram scale.
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Table 1 Selected reaction conditions and the list of templates for cycHC synthesis

Starting Ratio” of cycHC[8] Isolated yield
No.  comp. (Additive)/acid/solvent® Template  Time (h), T to cycHC[6] Product of product (%)
1 cycHC[6] ~ HCOOH/CH,;CN HCO,~ 24, 1t 92:8 cycHC[8] 71
2 cycHC[6] ~ CF;COOH/CH;CN CF,CO,~ 15,1t 95:5 cycHC[8] 71
3 cycHC[6] ~ NaPFg (50 eq.)/CH;COOH/CH;CN ~ PFy~ 24, 1t 99:1 cycHC[8] 90
4 1a HCOOH/CH,;CN HCO,~ 24, 1t 92:8 cycHC[8] 7
5 1a NaPF, (50 eq.)/CH;COOH/CH;CN  PF~ 24, 1t 95:5 cycHC[8] 55
6 1a CF;COOH/CH;CN CF;CO,~ 2,1t 96:4 cycHC[8] 73
7 1a HCI/H,0 cl- 24,70 °C 0:100 cycHC[6] + HCl 85
8 cycHC[8]  HCI/H,O cr- 24,70 °C 5:95 cycHC[6] + HCl 71
9 cycHC[8]  NaCl (50 eq.)/CH;COOH cl- 24,70 °C 40:60 cycHC[6] + HCI 21

“ Generally 300 eq. of organic acid or 4 M HCI were used. ” Determined by HPLC. © Described previously in ref. 8c.

The kinetic data for the conversion of cycHC[6] to cycHC[8]
revealed that the overall reaction was pseudo first-order, with a
plateau. The fact, that the transformation of cycHC[6] to
cycHC[8] proceeds faster in stronger acids (Table 1, compare
entries 1 and 2) in combination with the results from DFT
computational study of model structures (529, ESIT) allows us
to state, that the rate-limiting step of this process is protonation
of the macrocycle. Occurrence of side reactions was minimal
and no intermediates were detected by NMR (S16, ESIt).

Pittelkow et al. have shown that dimers are the main
intermediates in the formation of biotin[6]uril.¥ Also, since
cycHC[6] and cycHC[8] differ from each other by a dimer unit,
we wanted to examine whether the cycHC[8] formation proceeds
via dimer addition. We thus introduced '*C labels to methylene
bridges of cycHC[6]* and subsequently used a 1:1 mixture of
3C-labelled and non-labelled cycHC[6] in cycHC[8] synthesis.
The number of '*C-labelled methylene groups in isolated
cycHC[8] varied from 0 to 8, following a normal distribution,
thus confirming that beside dimers, other oligomers or mono-
mers are involved in the reaction (S7, ESIt).

HRMS analysis of the reaction mixture showed the presence of
cycHC[6-10]"* and various oligomers (up to an octamer, S14, ESI).
The large number of observed intermediates pointed to the
presence of a dynamic combinatorial library (DCL).*?

According to DFT-calculated Gibbs’ energies of cycHCs it is
not the cycle strain, but the inclusion complex with formate
anions that induces a preference towards the formation of
cycHC[8] (S27, ESI}). Based on the experimental observations
described above and the energy calculations on a model system
(829, ESIY), we propose that the transformation of cycHC[6] to
cycHC[8] proceeds through the key steps outlined in Scheme 1.
First, a reaction rate-limiting protonation of cycHC[6] occurs,
then breakage of the first methylene bridge of cycHC[6]H" takes
place, forming the iminium 3f. The DCL, whose members have
been observed by HRMS, is generated through depropagation and
propagation reactions. A formate acts as an anionic template and
shifts the thermodynamic equilibrium between DCL members
towards the formation of cycHC[8].

To verify that an anionic template is necessary to drive the
reaction towards the formation of cycHC, we selected an anion
that possessed the size and shape suitable for the cavity of
cycHC[8], the hexafluorophosphate, in combination with acetic
acid. Acetic acid alone was shown not to facilitate the formation
of cycHC[8] (S4, ESI). As expected, in the presence of NaPF, in
acetic acid/acetonitrile, cycHC[6] was efficiently converted to
cycHC[8] (Table 1, entry 3). This observation confirmed that even
though reaction rate depends on the acid strength, the macro-
cycle formation is controlled by the anion, acting as a template.
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DCL, P N H
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Scheme 1 Proposed reaction mechanism of the cycHCI8] formation catalysed by formic acid.
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And with catalysis of formic and trifluoroacetic acid, their
conjugate anions act as templates (Table 1, entries 1 and 2).

Next, based on the proposed mechanism, we envisioned that
the DCL members could be generated starting from monomers
1a. Indeed, using either formic acid, trifluoroacetic acid, or
NaPFq/acetic acid as catalysts afforded cycHC[8] (Table 1,
entries 4-6). The lower rate of formation of cycHC[8] from 1a
than from cycHC[6], was due to the additional acid-promoted
reactions necessary for building methylene bridges. The best
yield and selectivity were achieved with trifluoroacetic acid,
giving the cycHC[8] from 1a on a gram scale in 73% yield. This
synthetic method allowed for the preparation of enantiopure
chiral macrocycle cycHC[8] very efficiently, in only two steps,
starting from commercially available 1,2-cyclohexanediamine.?

According to the proposed mechanism, the conversion of
cycHC[8] to cycHC[6] in the presence of a halide template,
should also be possible. Indeed, using the classic conditions of
CB formation (Table 1, entry 8), cycHC[8] was efficiently converted
to cycHC[6] with the aid of the chloride anion. Similarly, using NaCl
as a templating additive in acetic acid at elevated temperature,
cycHC[8] was also converted to cycHC[6] (Table 1, entry 9), again
highlighting the role of the templating anion in the reaction.

The crystal structure confirmed the barrel-like shape of cycHC[8]
(Fig. 2). According to the crystal structure, the cavity of cycHC[S8],
similar in size to that of CB[6], is of sufficient size for the encapsula-
tion of a number of organic and inorganic guests (Table 2).

Complexation studies of the cycHC[8] with carboxylic acids
were performed by diffusion NMR in CDCl;. The comparative
results of the complexation of cycHC[6] and cycHC[8] are presented
in Table 3. The association constants of simple carboxylic acids -
acetic, formic and trifluoroacetic acids - follow the order of their
acidity (Table 3, entries 1-3) for both hosts.

Analogously to small carboxylic acids, complexation with the
more acidic o-methoxy-o-trifluoromethylphenylacetic acid
(MTPA) was stronger than with a-methoxyphenylacetic acid
(MPA) (Table 3, entries 5 and 6). The opposite preference of
complexation of R-handed cycHC[6] and cycHC[8] toward MPA
enantiomers may suggest different geometries of complexes in
these cases. Nevertheless R-handed cycHC[8] showed nearly
double affinity for S-MPA, compared to the R-MPA. This result
confirms that cycHC[8] forms complexes enantioselectively.

In conclusion, we have presented the first highly efficient synthesis
of an 8-membered representative of the cucurbituril family, the (all-R)}-
cyclohexylhemicucurbit[8Juril. We have shown that the reversibility of
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Fig. 2 Crystal structure of cycHCI8]: top view in ball and stick (left) and
side view in CPK (right) representations (colour code: C grey, N blue, O red,
H turquoise).
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Table 2 Dimensions of cycHC[6,8] and CBI6,8]

Parameters” CycHC[6]” CycHC[8] CB[6]° CB[8]°
Opening diameter (4) 2.2 4.6 3.9 6.9
Cavity diameter (A) 5.3 8.5 5.8 8.8
Height (A) ) 12.1 12.5 9.1 9.1
Cavity volume (A%) 359 1234 119 +21 356 + 16

“ Dimensions account for the van der Waals radii of the various atoms.
? Opening, cavity and height values are from ref. 8c. © Opening, cavity
and height values are from ref. 14a and cavity volume from ref. 14b.
4 Cavity volume of cycHC[6] from ref. 8¢ and cycHC[8] calculated by
analysing the solvent accessible voids in the respective crystal structures
using PLATON'® with a probe radius of 1.2 A® and grid steps of 0.2 A.

Table 3 Association constants K, (M%) of carboxylic acids with cycHC[6]
and cycHC[8] in 1:1 mixtures in CDClz

CycHC[6] CycHC[8]
No. Guest K, K,
1 CH;COOH 8.0 £ 0.5 17 +£2
2 HCOOH 97 +1 72.6 £ 0.5
3 CF;COOH 21(+3) x 10° 29(+1) x 10°
4 R-MPA 27.2 £ 0.8% 27.0 £ 0.5
5 S-MPA 20.1 + 0.2¢ 53+3
6 R-MTPA n.d. 3.3(£0.1) x 10>
7 S-MTPA n.d. 3.0(+0.1) x 107

“ Association constants from ref. 8¢; n.d. - not determined.

the methylene bridge formation allows the size of the cycHC macro-
cycles to be controlled by the anionic templates, with halides driving
the equilibrium towards the formation of cycHC[6], while carboxylates
and PFs~ promoted the formation of cycHC[8].

Chiral cycHC[8] and cycHC[6] were obtained very efficiently in
one step, starting from enantiomerically pure (R,R,N,N')-cyclohex-1,2-
diylurea 1a or either homologue. (all-R)-cycHC[8] enantioselectively
formed complexes with chiral carboxylic acids, demonstrating chiral
discrimination ability. CycHC[8] shows potential for application in
host-guest chemistry.%"¢

In the present study, DCL members were formed from
identical monomeric units. It can be envisioned that by utilizing
a mixture of different monomeric ureas and suitable templates,
a very efficient yet diverse library of useful hemicucurbituril
hosts could become accessible via dynamic covalent chemistry.
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Abstract

Amplification of a thermodynamically unfavoured macrocyclic product through the directed shift of the equilibrium between dynamic covalent chemistry
library members is difficult to achieve. We show for the first time that during condensation of formaldehyde and cis-N, N'-cyclohexa-1,2-diylurea formation of
inverted-cis-cyclohexanohemicucurbit[6]uril (i-cis-cycHC[6]) can be induced at the expense of thermodynamically favoured cis-cyclohexanohemicucurbit[6]uril
(cis-cycHC[6]). The formation of i-cis-cycHC[6] is enhanced in low concentration of the templating chloride anion and suppressed in excess of this template.
We found that reaction selectivity is governed by the solution-based template-aided dynamic combinatorial chemistry and continuous removal of the formed
cycHC[6] macrocycles from the equilibrating solution by precipitation. Notably, the i-cis-cycHC[6] was isolated with 33% vyield. Different binding affinities of
three diastereomeric i-cis-, cis-cycHC[6] and their chiral isomer (R,R)-cycHC[6] for trifluoroacetic acid demonstrate the influence of macrocycle geometry on

complex formation.

Introduction

Reactions forming multiple chemical bonds simultaneously are challenging. Efforts to develop such reactions can, however, be
rewarded by leading to complex target compounds in a single step. Many examples of single-step synthesis of oligomeric
macrocycles have been described, yet achieving product selectivity often remains an obstacle!~5, Templates can offer control over
product formation through preorganization of a corresponding linear precursor, or through altered thermodynamic equilibrium of
the reaction. For example, we recently demonstrated that macrocyclic chiral hemicucurbiturils (HC) can selectively be obtained
both in solution'®17 and in the solid state!8, with the product determined by the choice of the anionic template in the reaction
media. The parent compounds, double-bridged cucurbiturils (CBs),”19-22 are also synthesized in a single step, but the product
distribution is not as efficiently influenced by the addition of templates23. Currently, four-24-29, six-, eight-3° and twelve'6-membered
HCs are known, with the largest variation in substituents achieved for the six-membered6:24-29.31-35 HCs. The cavity shape and
electronic structure of HCs vary, leading to distinct applications in host—guest systems3¢-48, To date, no reports on the formation
of stereoisomeric HCs from the same monomer units have been presented. Herein, we report for the first time the amplification
of formation of a thermodynamically unfavoured inverted-cis-cyclohexanohemicucurbit[6]uril 1 (Figure 1) through dynamic
covalent chemistry. Such a single monomer modification and formation of diastereomeric macrocycles lead to the enrichment of
the pool of hosts, which is important for the development of highly selective host—guests interactions.

Results and discussion

In the course of our investigation on the synthesis and binding properties of chiral cyclohexanohemicucurbiturils30343644,49,50
(cycHCs), we repeated the synthesis of the previously known achiral cis-cycHC33 2 (Figure 1).

Figure 1. Crystal structure of 1 CCDC 1569570 showing the inverted monomer in purple. Positional disorder of the inverted monomer (Figure S8, A) is omitted for
clarity. The DFT model of 2 (see details in Sl and co-ordinates in S23).
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Figure 2. Structures of 2 and 1 with atom numbers shown on 1 and fragments of 13C-NMR spectra of 2 (a) and 1 (b). (For assignment details see SI)

To our surprise, heating cis-N,N'-cyclohexa-1,2-diylurea 3 and paraformaldehyde in 4 M HCl gave a new six-membered cycHC 1
(Figure 1) along with the expected 2 in nearly equal quantities (Figure 2, Scheme 1).

Thorough NMR and single-crystal XRD analysis revealed that the new cycHC[6] had one monomer in an inverted configuration.
Consequently, the new macrocycle was named inverted-cis-cyclohexanohemicucurbit[6]uril 1. Similarly to 2, its diastereoisomer 1
is achiral, however, the latter contains only a single symmetry element—a plane of symmetry (Figure 2). Therefore, compared with
the highly symmetric HC 2, in which the 3C NMR signals of all six monomers overlap (Figure 2a), the carbon spectrum of 1 reflects
the differences of the urea monomers in the macrocycle (Figure 2b). The uneven distribution of electron density in 1 is
demonstrated by large variations in the 3C-NMR chemical shifts.

Single crystals of compound 1 (Figure 1) were obtained from deuterated chloroform. The location of the inverted monomer
appears as disordered between four positions in hexameric 1. Two disorder components (sum of 0.5) corresponding to the inverted
monomer were located in the asymmetric unit, which consists of half of the 1 molecule. The remaining two components are
generated by symmetry. Inversion of the monomer does not affect the direction of hydrogen bonding between i-cis-cycHC[6] 1
and the solvent (SI, Figure S8 B), nor does it significantly change the shape of the molecule, which results in the extensive disorder
observed in the crystal structure and apparent isostructurality to cis-cycHC[6] 2.

The first inverted HC 1 can be obtained in up to 33% isolated yield (Table 1). This contrasts the synthesis of analogous inverted
double bridged CBs, the i-CB[6] and i-CB[7], which were isolated in 2.0% and 0.4% yield, respectively.>!

(e}
! 1 2
am?)Lgnet of RfN)LN/TN NR2 —

Y NH+ CH40H, +
O P,

amount of n Y
template (o)
4: R,S,S,R-oligomer, R, R?: H or iminium,
5: R,S,R,S-oligomer, R', R?: H or iminium
6: R S,S,R-dimer, R'=R2: CH,, n=1 1
7: R,S,R,S-dimer, R'=R? : CH3, n=1
Scheme 1. Formation of 2 and 1 through diastereomeric intermediates 4 and 5.

Formation of diastereomeric macrocycles from achiral cis-(R,S)-monomers proceeds through desymmetrisation of the monomer,
resulting in either R,S,S,R- or R,S,R,S- ordered oligomers 4 and 5 (Scheme 1). Such desymmetrisation can in principle occur with all
HCs, where the monomers are not C,-symmetric. Trapping of an inverted isomer hence suggests also novel opportunities for the
synthesis of non-centrosymmetric HCs, from achiral monomers.



In the described synthesis conditions, Wu et al.3° isolated 2 in 78% yield, however in our hands the same conditions led to the
formation of 2 and 1 in nearly equal amounts. The macrocycles were isolated in an overall 55-77% vyield, with the ratio of 2to 1
varying from batch-to-batch in the range of 1.4:1 to 1:1.4 (Table 1, line 1). We have previously shown that the formation of chiral
cycHCs occurs through the dynamic covalent chemistry and macrocyclic products are thermodynamically stabilized by suitably
shaped and sized anionic templates.1830

The potential ability of isomer 1 or 2 to rearrange into a more thermodynamically stable diastereomer was checked by subjecting
both 2 and 1 independently to analogous reaction conditions (Table 1, lines 5 and 6). A very small portion of 2 was observed to
react in 4 M HCI, whereas nearly two-thirds of 1 was converted to the more symmetric 2. This clearly indicated that cis-cycHC[6] 2
is the thermodynamically more stable diastereomer of the two, with j-cis-cycHC[6] 1 undergoing reversible conversion in the
presence of aqueous hydrochloric acid. The analogous i-CBs were shown to be kinetic intermediates, that can be converted to
thermodynamically more stable CBs.5! However, increasing the temperature, from 70 °C to 80 °C under microwave (MW) or to
110 °C in an oil-bath, which should accelerate the reaction and lead to faster accumulation of the thermodynamically more stable
product 2, appeared not to affect the ratio of the formed cycHC diastereomers (Table 1, lines 2 and 3). This ratio remained constant
even if the reaction time was increased from 4 to 17 hours (see Sl, Table S1). The amount of 2 was, however, clearly increased by
increasing the concentration of HCl from 4 M to 8 M (Table 1, line 4), indicating that 2 is preferably formed in higher template Cl-
and acid concentrations.

Table 1. Screened reaction conditions, the ratio of formed macrocycles and their total isolated yield.

X . Yield
Starting aqg. HCI Temp., Ratio of
No compound (M) Time 1:2° 1+2
i (%)
14:1
1 3¢ 4 70°C,4h to 55-77
1:1.4°
MW (80 °C),
2 3 4 1:1.2 74
2h
3 3 4 110 °C, 4h 1:1.1 78
4 3 8 70°C, 4h 1:3.3 84
5 2 4 100 °C, 3h 1:19 n.d.
6 1 4 100 °C, 3h 1:1.3 n.d.

a Determined through UV-HPLC calibration curves, the maximum standard deviation of determined ratios was 11%; b Reaction was repeated five times, from 100 mg to
1 g scale of starting compound 3 (see Sl for details). < Representative synthesis procedure: suspension of 1.43 mmol of comp. 3 and 1.43 mmol paraformaldehyde was
heated at 70 °C in 5.7 mL of aqueous 4 M HCI. Products formed in the heterogeneous reaction were filtered, washed with water and dried. Crude product purified by
flash chromatography. Total isolated yield of macrocycles was 77%, including 33% of 1, 31% of 2 and their mixture 13%. Characterization of products is given in SI.

To gain a better understanding of the stability of the involved oligomers and macrocycles, that lead to the trapping of 1,
computational studies were performed. A DFT study at the BP86/def-TZVP level>2-55 (see Sl) of model structures of R,S,S,R- and
R,S,R,S-ordered dimers 6 and 7 (Scheme 1; SI, Figure S9), showed 7 to be 3 kJ/mol higher in energy. The gap between energies of
the C-shaped and S-shaped dimers 6 and 7, respectively, was even further increased to 14 kJ/mol by complexation with the chloride
anion (Figure 3). To distinguish between geometric and electronic influences, the chloride was deleted from the optimized
geometry and a single-point calculation was performed. Without the chloride, the unoptimized S-shaped dimer was 6 kJ/mol lower
than the C-shaped one. This confirms that the C-shaped form is stabilized by the interactions with the chloride ion.

These results reflect that the chloride anion is templating the formation of C-shaped oligomers, and therefore in 2 and 1 the R,S,S,R-
ordered configuration prevails. Higher stability of C-shaped oligomers is similar to findings from core cucurbituril C- and S-shaped
dimers®® which showed that C-shaped dimers are thermodynamically favoured.

A computational study on the diastereomeric cycHC[6] macrocycles indicated that compound 1 has 17 kJ/mol higher energy than
2 and upon encapsulation of the chloride anion, the energy difference increased to 30 kJ/mol (see the structure of CI-@1 in Figure
4A).

Figure 3. DFT models of dimers 6 (C-shaped and R,S,S,R-ordered) and 7 (S-shaped and R,S,R,S-ordered) complexes with chloride anion.



A)

Figure 4. DFT models A) CI"11 complex and B) lowest energy geometry HCI@1 formed during geometry optimisation of iminium chloride intermediate.

This demonstrates that the formation of the inverted diastereomer is thermodynamically unfavourable and its formation is
especially hampered if the CI"@2 complex is formed. This result is consistent with the experimental outcome, as the proportion
of 2 depends principally on the concentration of hydrochloric acid; however, it does not explain the equimolar formation of the
unfavourable inverted isomer 1in 4 M HCI.

Modelling of the formation of 1 and 2 from six-membered iminium intermediates unexpectedly showed, that all the studied
hexameric iminium chloride geometries formed HCI@cycHC[6] inclusion complexes upon energy minimization (see Sl for details).
Therefore, we can state that the final macrocyclisation step proceeds without a transition state. Even more significantly, the
resulting inclusion complexes of the diastereomeric macrocycles with hydrochloric acid were energetically very similar. The lowest-
energy geometry of the HCl inclusion complex of 1, which is depicted in Figure 4B, was even 1.5 kJ/mol lower than that of 2.

This outcome indicates that in the final macrocyclisation step, the formation of inverted diastereomer 1 is as favourable as the
formation of 2. The fact that the reactions end in a heterogeneous mixture suggests that the kinetic product 1 is trapped by
precipitation. Low solubility of the macrocyclic products 1 and 2 does not allow for the equilibration of 1 to the thermodynamically
more favourable macrocycle 2..

To probe the influence of geometry of cycHCs on their application as hosts, binding of the three diastereomers 1, 2 and 8 and their
methylated monomers the (R,S)- and racemic (R* R*)-(N,N’-dimethyl)-cyclohexa-1,2-diylureas, 9 and 10 to trifluoroacetic acid
(TFA) was compared (Table 2). TFA was selected as a guest because it serves as an efficient template for conversion of (R,R)-
cycHC[6] 8 to (R,R)-cycHC[8]3°. The stoichiometry of the binding of urea derivatives with TFA was assessed by Job’s method, which
indicated a 1:2 stoichiometry for cycHCs and 1:1 for mono-ureas 9 and 10 (See SlI). Fitting of the cycHCs titration data to a two-
step binding isotherm revealed that the second TFA molecule complexes with all macrocycles with positive cooperativity with
interaction parameter®’ in the range of 3 to 9.

Figure 5. Structures of (R,R)-cycHC[6]** 8 and diastereomeric monoureas 9 and 10 .

Table 2. Association constants? of cycHC[6]s 1, 2, 8 and mono-ureas 9 and 10 with TFA, determined by 1°F-NMR titration in CDCls.

Urea Ki1 (M) K12 (M) Kiot (M72)
derivative . 102 . 102 .105
1 1 8.8+0.7 7.6+0.9 6.7+0.9
2 2 73207 161 122
3 8> 2.8+0.1 6.3+0.2 1.8+0.1
4 9 43+5 -
5 10 2142 -

aTitration data were fitted to 1:2 two-step binding isotherm, first formation of cycHC[6]*TFA with K11, followed by the formation of cycHC[6]*2TFA with K12 and deviation
of K values is the standard deviation of fitting.; ® In our previous study in ref. 30 1:1 binding was incorrectly assumed for chiral cycHCs association with TFA.

The affinity of the chiral cycHC 8 towards the first TFA molecule (K13, Table 2, line 3) was significantly lower than with 2 and 1. The
second TFA and the cumulative association was strongest with 2, which has the largest distance between cyclohexane rings at the
portals. (Table 2, line 2, Figure 1). These observations reflect the correlation between the geometry and size of the openings of
cycHC[6]s and acid binding (Table 2, lines 1 to 3, Figure 1). Following the protons that point inside and outside of the cavity of



macrocycle (see SI, Figure S13), confirms that external complexes with fast exchange on the NMR time scale are formed. Previously,
1:1 and 1:2 binding of carboxylic acids and carboxylates have also been studied for other single-bridged cucurbiturils, the
bambus[6]urils40.58,59,

Conclusions

Our research shows that the first inverted HC 1 can be isolated with up to 33% yield and the diastereoselectivity of the formation
of 2 and 1 can be shifted towards 2 by increasing the concentration of HCl in the reaction mixture. The combined experimental
and DFT study of the formation of macrocycles revealed that the ratio of diastereomeric cycHCs 2 and 1 depends on an interplay
of three important steps during the synthesis: first, the thermodynamic control over templated oligomerisation and
macrocyclisation, second, kinetically favoured and non-selective macrocyclisation step and third, the solubility equilibrium of
cycHCs. A correlation between the geometry of diastereomeric cycHCs and affinity towards TFA was demonstrated. This study
contributes to an understanding of the formation mechanism and binding capacity of cycHC[6]s that can be utilized in
supramolecular and catalytic applications of single-bridged cucurbiturils.
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