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Figure 3.

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.



702 M. Fomitsenko et al.

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].

“ Department of Chemistry, Tallinn University of Technology, Akadeemia tee 15,
12618 Tallinn, Estonia. E-mail: riina.aav@ttu.ee
® National Institute of Chemical Physics and Biophysics, Akadeemia tee 23,
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¢ University of yvaskyla, Department of Chemistry, Nanoscience Center,
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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:
10.1039/c5¢cc04101e
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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.

Chem. Commun.
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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 cl- 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] + HCl 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, ESIt). Based on the experimental observations
described above and the energy calculations on a model system
(S29, 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, ESIT). As expected, in the presence of NaPFg 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.

gepropaga}ion. HCOOeas a k
propagation 1 lat ®
beL, emplate ®N (0] H
cycHCI[6] - oligomers (a-h),| <— -— cycHC[8]
macrocycles
+H® and
HCHO| Ppropagation
cycHC[6]H®
H H
N
Hon Hon HoH o=
N +H® N W N +a N2 a: monomer  e: pentamer
>:0 >:0 - >:O - > H b: dimer f: hexamer
N HCHO N -H,0 Ne N 1b - i - hent
1aH H 2a H > 3aH \\ ° c: trimer g: heptamer
> d: tetramer h: octamer
HO N
HH

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).

This journal is © The Royal Society of Chemistry 2015

View Article Online

Communication

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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Table S8. Diffusion coefficients of the free and bound guest molecules

constants with cycHC[6]

and association

Dfree Dohs DI’ Dbound Ka,
Guest p
(101" m?s°") (1019 m?2s’1) (101 m?s1) M-!
HCOOH | 23.11(x0.03) | 12.47 (x0.02) 5.00 (£0.06) 0.53 (£0.01) 353 (£3)
«CF,COOH | 19.0 (20.1) 14.99 (£0.1) 16.07 (20.07) 0,92 21 (23)x103

2 See comment under Table S7.

7 Computational details

7.1 Equilibrium between cycHC[6] and cycHC|8]

The equilibrium between cycHC[6] and cycHC[8] was studied by evaluating the equilibrium
constant (K,,) from experimental data (page S18) and computationally. It is suggested that the
equilibrium is thermodynamically controlled due to the broad spectrum of observed oligomers
during the transformation reaction. Despite the large number, there were no prevailing
oligomers in the reaction mixture, thus it is presumed that the equilibria between
intermediates do not dictate the equilibrium between cycHC[6] and cycHC[8]. The Jacobson—
Stockmayer theory states that the macrocycles produced under thermodynamic control are
strainless'? and their desired size is obtained by the aid of template molecules.'* We have
shown previously that the formate anion can be encapsulated inside cycHC[6] and the formic
acid can be bound outside of cycHC[6].15 To study whether the encapsulation drives the
reaction towards cycHC[8], density functional theory calculations were used.

Geometry optimizations for local minima were carried out using the dispersion corrected
B97-D functional,'® along with the def2-SV(P)!7 basis set. Vibrational analysis was performed
to ensure that all chosen geometries were at local minima. Additionally a single point
calculation at the B97-D'6/def2-TZVPD!7 level of theory was performed for every stationary
point, with inclusion of the solvation model COSMO (g = 51,1 — formic acid), to refine the
energies. The total energies were calculated using the single point energies from the solvent
phase calculation and adding the Gibbs free energy correction from the vibrational part of the
gas phase calculation!8. Gibbs free energy was estimated using the temperature 293.15 K and
the pressure 0.1 MPa. The calculations were performed using the program package
Turbomole 6.5.1°

Complexation studies (Table 3 from the main text) have shown that cycHC[8] acts as a host
for carboxylic acids. According to DFT calculations, the guest location preferences for
cycHC[8] remained the same as for cycHC[6]". Therefore the theoretical AG was calculated
for a reaction involving inclusion complex with the formate anion,

4(HCOO ~ @cycHC[6])=3(HCO0 ~ @cycHC[8]) + HCOO ™

The computationally derived AG is =177 kJ/mol in favour of cycHC[8], indicating that the
complexation with formate anion induces a preference towards the formation of cycHC[8].
The calculation gives a qualitative explanation for the equilibrium preference of the system.
Based on these findings, it can be proposed that complexation with formate anion may govern
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the overall equilibrium between the 6- and 8-membered cycHCs and drive the aforementioned
reaction towards the formation of cycHC[8].

Table S9. Calculated energies (in Hartrees) of the studied geometries.

Name Energy Gibbs Corr. Total

cycHC[6] -2980.157550°? 1.109313 -2979.048237
HCOO @ cycHC[6] -3169.461130° 1.127793 -3168.333337
[HCOOH+cycHC[6]] | -3169.948819° 1.137799 -3168.811021
cycHC[8] -3973.5356952 1.474656 -3972.061039
HCOO @cycHC[8] -4162.866502° 1.495944 -4161.370558
HCOO @cycHC[8] -4162.788348? 1.495944 -4161.292404
[HCOO+cycHC[8]] | -4162.748669° 1.491423 -4161.257246
HCOOH@cycHC[8] -4163.339071° 1.507781 -4161.831289
HCOOH@cycHC[8] -4163.292729° 1.507781 -4161.784948
[HCOOH+cycHCJ8]] -4163.289851° 1.503302 -4161.786549
HCOO~ -189.284877° -0.004220 -189.289100

a — calculated energies are in gas phase due to unsuitability of the continuum model for the guest-less cavity
b — COSMO solvation model is included

The energy differences of cycHC[6] and cycHC[8] per monomer were compared to confirm
that the Jacobson—Stockmayer theory applies. The difference of AGs is 1 kJ/mol in favour of
cycHC[6] affirms that both macrocycles are strainless. Formic acid favours to be bound
outside the cycHC[8] by 4 kJ/mol as can be seen on Figure S17. Formate anion favours to be
bound inside the cycHC[8] by 92 kJ/mol.

The results do not include a basis set superposition error (BSSE) correction due to
incompatibility between the continuum solvation model (COSMO) and the counterpoise (CP)
approach to BSSE correction. In the CP workflow, COSMO energies of fragments with
different cavities would be added, which would lead to physically meaningless results.
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Figure S17. Geometries used in equilibrium calculations: a) cycHC[6], D)
HCOO~@cycHC[6] (the anion bound outside the cycHC[6] is unfavoured — ref 15), c)
[HCOOH+cycHC[6]] (the formic acid bound inside the cycHC[6] is unfavoured — ref 15), d)
cycHC[8], e) HCOO @cycHC[8], f) [HCOO @+cycHC[8]], g) HCOOH@cycHC[8] and h)
[HCOOH+cycHC[8]]. Image was created using Jmol2.

7.2 Equilibrium between cycHC[6] and cycHC[8]

To gain detailed insight into the reaction pathways of the transformation of cycHC[6] to
cycHC[8], a computational study with model structures was performed. Irrespective of the
vast number of possible reaction routes leading to the transformation of cycHC[6] to
cycHC[8], they can be conceptually reduced to two basic steps: chain depropagation and
chain propagation.
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Because of its high efficiency, the density functional BP86?! in combination with the def2-
SV(P)!7 basis set was used to model the reaction pathways. Vibrational analysis was
performed to ensure that all chosen geometries were at local minima or at first order saddle
points, as appropriate. The transition states were verified using intrinsic reaction coordinate
calculations. To refine the energies, a single point calculation at the B97-D/def2-TZVPD!617
level of theory was performed for every stationary point, with inclusion of the solvation
model COSMO (g = 51,1 — formic acid). The total energies were calculated using the single
point energies from the solvent phase calculation and adding the Gibbs free energy correction
from vibrational part of the gas phase calculation'®. Gibbs free energy was estimated using the
temperature 293.15 K and the pressure 0.1 MPa. The calculations were performed using the
program package Turbomole 6.5.1°

Figure S18 shows the relative energies and structures of the intermediates and transition states
in the depropagation and propagation reaction. Due to the zig-zag orientation of the
monomers in a macrocycle, there are two different types of methylene bridges and thus four
different locations for the proton in cycHC[n] + H*. As we have shown in our previous
work!3, the protonation from inside of the macrocycle is energetically most favoured.'> The
geometry of the dimer 1bH", protonated at the position corresponding to the inner protonation
site, was chosen as starting geometry for computational depropagation and propagation
studies. After the protonation, the chain depropagation can advance through two different
reaction paths, differentiated on the reaction coordinate diagram in Figure S18 by continuous
and dotted lines, respectively. The dissociation of the C—N bond (T'S2a — continuous line) has
lower transition state energy (64 kJ/mol) compared to substitution reaction (80 kJ/mol) (TS2b
— dotted line). The product of dissociation is an iminium cation 3a, which can be attacked by a
formate anion, yielding the formyl-terminated 4a. The second possible reaction path involves
a nucleophilic attack on the methylene bridge by the formate (TS2b — dotted line). The energy
of transition state of this substitution reaction is higher and the reaction path produces the
formyl compound 4a directly. Considering that the substitution reaction is energetically more
demanding, one can suppose that the formation of formylated compounds proceeds through
the iminium ion 3a. All reactions can proceed also in the reverse direction, starting from the
right hand side of the energy diagram (Figure S18). In addition, compound 4a can be
converted to iminium 3a through protonation of the formyl group and subsequent
fragmentation where formic acid leaves.
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Figure S18. Propagation and depropagation reaction coordinate of the model structures.

Table S10. Calculated energies for the model system. Energies are in Hartrees (except for the
last column which has the relative energies in kJ/mol).

Name | Energy Gibbs Total energy | Energy
correction difference

1b -955.298024 | 0.340361 -954.957662 | 0

TS1 |- - - 96*

1bH* | -955.728298 | 0.352470 -955.375828 | 85

TS2a | -955.709673 | 0.349975 -955.359698 | 149

TS2b | -1145.006708 | 0.366083 -1144.640625 | 165

3a -497.104069 | 0.171000 -496.933069 | 66

4a -686.430878 | 0.191754 -686.239124 | 22

* - Energy obtained using the Eyring equation
Eyring equation

AG =-1n (ﬂ)RT
kgT
AG — Gibbs free energy
k — reaction rate constant (5 - 10”3 s)
h — Planck's constant
kg — Boltzmann constant
T — Temperature (293.15 K)
R — Gas Constant
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Abstract

Cyclohexylhemicucurbiturils belong in the cucurbituril family and are
suitable hosts for various molecules and ions. Cyclohexylhemicucurbiturils
are composed of (R,R,N,N’)-cyclohex-1,2-diylurea monomers which are
linked together by methylene bridges. Due to their “zig-zag” placement of
the monomeric units they have the lowest unoccupied molecular orbital
inside their cavity and thus prefer inclusion complexes with anionic guests.
To isolate new homologues of cyclohexylhemicucurbiturils, a thorough
study of complexation properties of cyclohexylhemicucurbiturils, cavities of
cyclohexylhemicucurbiturils and the reversible macrocyclization from one
homologue to another was conducted.

The studies of cyclohexylhemicucurbit[6]uril and its complexes showed that
the anions (Cl, Br, I' and HCOO") and the proton form inclusion
complexes with the macrocycle. Non-dissociated acids (HCI, HBr, HI,
HCOOH) preferred to be bound outside of the macrocycle. The order of
binding preference of the studied anions was: CI" > Br > HCOO™ > 1. In
addition to the binding energy, the Quantum Theory of Atoms in Molecules
showed interactions between anionic guests and cyclohexylhemicucurbit-
[6]uril (twelve interactions for CI°, Br and I" and fourteen interactions
HCOO"). The strength of all interactions between the host and the guest is
comparable to a couple of hydrogen bonds.

The studies of cyclohexylhemicucurbituril homologues (with the number of
monomeric units of 6, 7, 8, 9 and 10) yielded images of the geometries,
cavities and molecular orbitals of the homologues. While the six-, eight-,
and ten-membered homologues barrel-shaped with equal dimensions of the
openings, the seven and nine membered homologues were somewhat barrel-
shaped with unequal dimensions of the openings. The six- and eight-
membered homologues were energetically favoured, while the ten-
membered homologue was energetically the least favoured.

The conversion mechanism from one homologue to another was studied
using a simplified model system. When the cyclohexylhemicucurbituril is
protonated, the methylene bridge breaks, this generates a linear
intermediate. Through a series of analogous reactions, a dynamic
combinatorial library is created from the intermediates which can be
combined to form other homologues. The desired guest size is achieved
through choice of the right template.
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Kokkuvote

Kéesolevas doktoritoés uuritakse molekule, mis on voimelised enda sisse
piiidma véiksemaid molekule (voi ioone), moodustades kiilaline-vodrustaja
komplekse ehk suluithendeid. Suluiihendite moodustumine ei ole juhuslik
ning sOltub kiilalise ning vOdGrustaja kujust ning nende vahelistest
interaktsioonidest. Neid omadusi &dra kasutades on voimalik disainida
vOOrustaja, mis moodustab suluiihendeid vaid meid huvitavate molekulidega
(v0i ioonidega). Voorustajad on kasutuses erinevates valdkondades — toidu-
toostuses, keemilise siinteesi laborites, ravimitdostuses, jne. VOoorustajate lai
kasutusala illustreerib nende tarvilikust meie igapdevaelus ning pdhjendab
vajadust inimkonna teadmisi selles valdkonnas laiendada.

Doktorit66 uurimisobjektiks on vdorustaja nimega tsiikloheksiitilhemi-
kukurbituriil (cycHC). Esimene cycHC siintees avaldati aastal 2013 Riina
Aava ning kaastootajate poolt. Siinteesitud molekul koosnes kuue
thikulisest tsiiklist, mis on omavahel ithendatud metiileensildade abil.
Hilisemalt on siinteesitud ka kaheksa iihikuline cycHC. Et molekule
omavahel eristada, mirgitakse molekuli nimes é&ra iihikute arv: tsiiklo-
heksiitilhemikukurbit[z]uriil (cycHC[#]), kus n = 6, 8. Lisaks on tuvastatud
ka 7-, 9- ja 10 ithikuga molekule.

Kéesoleva uurimustod eesmérk oli uurida cycHC[n]-ide elektronstrukuuri,
odnsuseid, suluithendeid ning moodustumise reaktsiooni, kasutades
arvutuskeemiat. Too tdhtsamad tulemused on:

e CycHCJ[6]-d moodustavasid suluiihendeid anioonidega (CI, Br', 1" ja
HCOO") vdi liidavad enda sisse prootoni (H");

o Komplekseerumata kujul olid kdige stabiilsemad cycHC-d, kus oli 6 voi
8 monomeeri. Kiimne monomeeriga cycHC oli kdige ebastabiilsem
(cycHCJ[6] > cycHC[8] > cycHC[7] = cycHC[9] > cycHC[10]);

e Lisades siinteesi keskkonda sobiva suurusega kiilalise, saab tekkiva
cycHC iihikute arvu reguleerida;

e Happelistes tingimustes on vdimalik 16hkuda cycHC[#n]-i metiileensillad
ning kasutades sobiva suurusega kiilalist on voimalik nditeks kuue
monomeeriga cycHC-st siinteesida kaheksa monomeeriga cycHC.

Lisaks kirjeldati kdigi tsiikloheksiililhemikukurbit[r]uriilide (n = 6, 7, 8, 9,
10) geomeetriat, elektron-struktuuri ja odnsuse kuju. Samuti kirjeldati
uuritud suluiihendite geomeetriat ja elektronstruktuuri ning uuriti kiilalise
ning vodrustaja vahelisi interaktsioone (interaktsioonide arv ning tugevus).
Tehtud t66 avardas teadmisi cycHC kohta ning vOimaldab vilja toctada
selektiivsemaid voorustajaid.
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