Size-control by anion templating in mechanochemical synthesis of
hemicucurbiturils in the solid state

-----

Aav*?

a) Department of Chemistry and Biotechnology, Tallinn University of Technology, Akadeemia
tee 15, 12618 Tallinn, Estonia. E-mail: riina.aav@taltech.ee

b) Department of Chemistry, McGill University, 801 Sherbrooke St. W. H3A 0B8, Canada. E-
mail: tomislav.friscic@mcgill.ca

Abstract

Self-organization is one of the most intriguing phenomena of chemical matter. While the self-
assembly of macrocycles and cages in dilute solution has been extensively studied, it remains
poorly understood in solvent-free environments. Here, we provide the first example of using
anionic templates to achieve selective assembly of differently-sized macrocycles in a solvent-free
system. Using the acid-catalyzed synthesis of cyclohexanohemicucurbiturils as a model system,
we demonstrate size-controlled quantitative synthesis of 6- or 8-membered macrocycles, taking
place via spontaneous anion-directed re-organization of mechanochemically-obtained oligomers
in the solid state.

Main text

Mechanochemistry has recently emerged as a versatile, environmentally-friendly alternative to
conventional chemical reactivity in solution.® Besides offering a cleaner, safer way to conduct
chemical transformations, mechanochemistry is also a route to discover new reactions and access
materials or molecules that have been difficult or even considered impossible to obtain. Despite
recent advances in understanding the kinetics and thermodynamics* of mechanochemical
reactions, the factors directing the formation of complex molecular structures® under
mechanochemical conditions remain largely unexplored. Whereas solid-state mechanochemical
synthesis of self-assembled coordination and covalent cages has been reported,® so far there has
been no investigation on how such transformations might be facilitated or directed by molecular
templates.’

Single-bridged cucurbiturils, hemicucurbiturils,®® including bambusurils and biotinurils,
are macrocyclic hosts formed by anion-templated synthesis,'° with use in anion!*!2 and chirality'*
15 recognition, selective anion transport,'® catalysis'’ and photoinduced electron transfer.*® The
synthesis of cyclohexanohemicucurbiturils (cycHC[n])**!* is based on reversible formation of
methylene linkages between ethylene urea monomers and formaldehyde under highly acidic
conditions, and has emerged as a robust thermodynamically-driven anion-templated reaction in
solution. Consequently, we recognized the formation of hemicucurbiturils as an excellent model
system to investigate molecular structure templating in mechanochemistry.
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Figure 1. a) Reaction scheme for the templated solid-state synthesis of cycHC[n] macrocycles,
coupling liquid assisted grinding (LAG) and aging; *H NMR spectra of b) starting material (1), c)
and e) the reaction mixtures after LAG by steps A (Table 1 line 6) and C (Table 2 line 4)
respectively, d) cycHC[6] obtained by route A + B (Table 1 line 4), f) cycHC[8] obtained by route
C + D (Table 2 line 2). Symbols denote the NMR signals used for the identification of the monomer
(*), linear oligomers ('), cycHCI6] (o), cycHC[8] (#).

Here we show that mechanical activation and anion templating enable efficient, selective assembly
of either 6- or 8-membered cyclohexanohemicucurbituril macrocycles in the solid state (Figure 1).
This work represents the first solvent-free route to hemicucurbituril targets and also provides the
first clear demonstration of molecular templating in a mechanochemically activated covalent solid-
state reaction. It also reveals a surprising process, in which the oligomer structures formed initially
by grinding spontaneously re-assemble into well-defined macrocyclic structures.

We first explored the mechanosynthesis of hemicucurbiturils by liquid-assisted grinding
(LAG),Y i. e. milling of equimolar amounts of paraformaldehyde (CH20), and (R,R)-hexahydro-
2-benzimidazolinone (1) monomer in the presence of a small amount of concentrated (37%)
aqueous HCI (liquid-to-solids ratio®® = 0.25 ul mg™?). It was expected that the presence of CI-
ions would encourage the formation of the six-membered macrocycle cycHCJ[6], as established in
solution chemistry.!® Ball milling for either 60 or 180 minutes yielded a free-flowing white
powder, which was washed with five 2 mL aliquots of water to remove HCI and quench the



reaction. The washed solid was fully soluble in CHCI3 or CH,Cl,, and *H NMR analysis in CDCls
revealed complete disappearance of reactants, along with the appearance of new NMR signals
consistent with hemicucurbituril oligomers and a small amount (ca. 5%) of cycHC[6] (Table 1,
line 6, Figure 1c, also Table S1). Identical spectra were obtained if the reaction mixture was
immediately dissolved in CDCl3, without washing with water, confirming that all the water-soluble
monomer 1 was consumed during milling and that the product composition is consistent before
and after quenching.

Analysis of the reaction mixtures by HPLC-MS indicated the formation of linear and
macrocyclic oligomeric products ranging from 2 to 15 subunits of 1 (see Sl). Importantly, milling
of the cyclic octamer cycHC[8] in the presence of HCI (3 = 0.3 pl mg?) afforded a similar
composition of oligomeric products (Table S2), confirming the reversibility of methylene linkages
under mechanochemical conditions. Furthermore, this observation indicates that cycHC[6] is not
a favored product under the LAG conditions described. The conversion to cycHC[6] remained
poor also in the presence of templating chloride or bromide salts, regardless of the choice of
catalytic acid (e.g. HCI, HBr, H.SO4, HCOOH) (Table S2 and S3).

Although LAG did not lead directly to the efficient assembly of cycHC[6], we were
surprised to find that simply storing?* the milled unquenched reaction mixture in a sealed vial at
45 °C over 6 days led to quantitative formation (98%) of cycHC[6] (Table 1, line 1) in a solid-to-
solid process (Figure 2a,b). After aging, the reaction mixture was a white powder that was washed
with water to remove the acid, giving cycHCJ[6] in quantitative yield. The solid-to-solid reaction
was accelerated by increasing the temperature to 60 °C, affording high conversion (68%) after one
day and full conversion (95%) to cycHC|6] after two days (Table 1, lines 2, 3). The quantitative
conversion to cycHC[6] was reproducibly obtained by aging of products from either 30 or 60
minutes LAG (Table 1 lines 4 and 5, also Table S4). In contrast, milling for only 5 minutes
produced waxy, transparent solids (Figure S4) which, upon aging, gave low and inconsistent
conversions to cycHCI6] (Table S4, lines 14-15). The mechanochemical step was also explored
by manual kneading with aqueous HCI, which revealed that the waxy material results from
solidification of an initially formed liquid phase. As the water solubility of oligomeric
hemicucurbiturils decreases with the degree of polymerization, we surmise that the waxy material
may consist of shorter oligomers. Both the presence of moisture?> and HCI are important for
efficient re-assembly of mechanochemically made oligomers into cycHC[6]. For example, no
significant conversion to cycHC[6] was obtained after kneading for 5 minutes followed by aging,
due to the extensive evaporation of the acid from the mortar prior to the aging step (see Sl).
Similarly, no cycHC[6] was formed if the aging vessel was not sealed (Table S4 line 5). Selective
formation of cycHC[6] was also not observed if 10% aqueous HCI was used in LAG (7 = 0.25 ul
mg 1), presumably due to a lower stoichiometric ratio (0.75) of chloride to cycHC[6] target
compared to using concentrated acid (ratio~3) (Table S4 lines 11-13). Moreover, no cycHCI6]
was obtained when the oligomers were washed with water to remove HCI before aging (Figure
S1). Overall, these observations are consistent with solid-state formation of cycHC[6] being
dependent on the presence of chloride ions.

Table 1. The effect of LAG? and aging conditions on the synthesis of cycHC[6] from 1 (100 mg,
0.7 mmol) and (CH20)n (21 mg, 0.7 mmol) in presence of 37% HCI, (7 = 0. 25 uL mg ') (Figure
1a, route A + B).



Entry  Milling duration Aging temperature (°C)  Aging duration ~ Conversion

(minutes) (days) (%)P
1 30 45 6 98
2 30 60 1 68
3 30 60 2 95
4 30 60 3 95
5 60 60 3 97
6 60 - - 5

a) Milling was carried out in 10 mL ZrO> jars, with a single 10 mm ball bearing, at 30 Hz; b)
conversion to cycHC[6] (%) determined from *H NMR spectra after quenching (see SI).

Next, we explored whether a similar LAG and aging strategy could be used to synthesize a larger
8-membered macrocycle, cycHC[8]. As the synthesis of cycHC[8] in solution is conducted in the
presence of trifluoroacetic acid, we first explored the solvent-free assembly of cycHC[8] by LAG
of 1 and (CH20), in the presence of concentrated CFsCO2H (7 = 0.08 or 0.25 pl mg %,
corresponding to template CFsCO™ to target macrocycle ratios of 1.5 and 4.4, respectively),
followed by aging (Table S5, lines 11-15). Analysis of the freshly milled reaction mixtures by H
NMR again revealed the formation of hemicucurbituril oligomers. However, aging gave only poor
conversion to cycHC[8], indicating that CF3CO> is not a sufficiently strong template to stabilize
cycHC[8]. As CFsCO; is bound only weakly with cycHC[8] (Ka < 10 M%), we next explored the
use of a more strongly bound perchlorate (Ka = 470 + 20 M1).22 Replacing CFsCO;H with HCIO,4
led to complete, selective conversion to cycHC[8]. Specifically, 30-minute milling of equimolar
amounts of 1 and (CH20), with 70% aqueous HCIO4 (1 = 0.20 ul mg?, corresponding to a ratio
of HCIO;4 to target cycHCJ8] of 3), followed by 1 day aging at 45 or 60 °C provided 98-99%
conversion to cycHCI[8] (Table 2, lines 1 and 2). At room temperature, aging gave 62% conversion
to cycHCJ8] after 3 days (Table 2, line 3). Surprisingly, we observed that significant conversion
to cycHCJ8] is achieved solely by LAG, indicating that stabilization of cycHCJ[8] via perchlorate
under mechanochemical conditions is significantly stronger than the stabilization of cycHC[6] by
chloride (Table 2, lines 4 and 5, Figure 1e; Table 1 line 6, Figure 1c). Overall, the formation of
cycHC[8] from oligomers in the presence of concentrated HCIO4 was found to proceed faster and
at lower temperature compared to the formation of cycHC[6] in the presence of concentrated HCI.
As the ratio of acid to the target macrocycle in each case is ca. 3, this might be related to the higher
acidity of aqueous HCIO4 (pKa —15.7 £+ 2.0) compared to HCI (pKa —5.9 £ 0.4), enabling faster
interconversion of hemicucurbituril oligomers.423

Table 2. The effect of LAG? and aging conditions on the synthesis of cycHC[8] from 1 (100 mg,
0.7 mmol) and (CH20)» (21 mg, 0.7 mmol) in the presence of 70% HCIO4, (= 0.2 pL mg ™).
Entry Milling duration Aging temperature Aging duration Conversion
(min) (°C) (days) (%)°

1 30 45 1 99




2 30 60 1 98
3 30 20 3 62
4 30 - - 20-30
5 180 - - 63

a) Milling was carried out in 10 mL ZrO> jars, with a single 10 mm ball bearing, at 30 Hz; b)
conversion to cycHC[8] (%) determined from the 'H NMR spectra of the quenched reaction
products (See SI).

The reaction mixtures before and after the solid-to-solid aging step were powders (Figures 2a,b),
and were characterized by powder X-ray diffraction (PXRD, see Sl), Fourier-transform infrared
attenuated total reflectance (FTIR-ATR, see Sl) spectroscopy and scanning electron microscopy
(SEM, Figure 2c,d). The PXRD patterns for the reaction mixtures immediately after milling are
featureless but develop well-resolved Bragg reflections by aging, indicating the formation of a
crystalline

a')' |

Figure 2 a) Photos of the reaction mixtures transferred into a vial after 30-minute ball milling and
b) after subsequent aging at 60 °C. ¢) SEM micrographs of the reaction mixtures after 30-minute
ball milling and d) after aging at 45 °C for a week. Top row: cycHCI[6] synthesis, bottom row:
cycHCJ[8] synthesis.

For the synthesis of cycHC[6], the PXRD pattern after aging matched to that of cycHCI[6]
synthesized from aqueous solution. Analysis of SEM images (Figure 2c) also reveals that aging at
45 °C leads to an increase in particle size, consistent with an Ostwald ripening process, from up to
25 pm in the freshly milled solids to no more than 150 pm in the final product. Attempts to follow
the solid-state formation of cycHC[6] and cycHCI8] in situ by PXRD were not successful due to



difficulty in maintaining a controlled environment of acid, temperature and humidity. Instead, we
conducted preliminary real-time monitoring?* of solid-state formation of the macrocycles by *C
cross-polarization magic angle spinning (CP-MAS) solid-state NMR (SSNMR) spectroscopy. For
this purpose, solid powders obtained by 30-minute milling of equimolar amounts of 1 and (CH20),
with either aqueous HCI or HCIO4 were packed into SSNMR zirconia rotors, and spectra acquired
at fixed time intervals: every 30 minutes in case of cycHCJ[6] and every 3.75 minutes for the faster
synthesis of cycHCI8] (See SlI). The CP-MAS parameters used (notably, 4 ms contact time)
enabled the selective detection of the signals of the more rigid macrocyclic product, without
overlap from the amorphous oligomers, which were apparently highly dynamic in the moist acidic
conditions present in the reaction mixture.? As a result, no signal was observed at the outset of
CP-MAS monitoring, but as the aging proceeded 3C signals of cycHC[6] or cycHC[8] grew in
intensity and demonstrated macrocycle formation (Figure 3a). Kinetic profiles for the formation
of both macrocycles appear to follow a first-order kinetic rate law. (Figure 3b, also see Sl).
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Figure 3. Formation of cycHC[6] by aging monitored in situ by CP-MAS *C SSNMR: a) Stacked
consecutive spectra (time interval 30 min), indicating the **C signals of cycHC[6] (1-7) used for
curve fitting. b) Kinetic profile for HCI-directed formation of cycHC[6] in the SSNMR rotor, with
each datapoint corresponding to the sum of integrated areas of signals 1-7.

First-order kinetics was previously observed in solution synthesis of cycHC[n],'* which suggests
that factors underlying the solid-state assembly of hemicucurbituril macrocycles resemble those
controlling their solution-based synthesis. In the SSNMR rotor, the conversion to cycHC[6]
reached a plateau in ~11 hours, with a rate constant k = 7.85 + 0.14 -10°s%. After quenching with
water and dissolution in CDCls, 'H NMR analysis revealed 71% conversion to cycHCI6].
Formation of cycHC[8] was much faster, reaching a plateau after ~1 hour. After quenching with
water and dissolution in CDCls, *H NMR analysis revealed 80% conversion to cycHC[8]. The rate
of formation of cycHC[8] is k = 1.47 + 0.38 -102 s, an order of magnitude higher than for



cycHC[6]. Incomplete conversion of oligomers to cycHC[n] in the NMR rotor, which contrast
quantitative conversions observed in sealed vials, could be due to inhomogeneous distribution of
the solids and liquid additive in the rotor during high-speed spinning (3000 s?).%8

In summary, we have shown that solid-state assembly of six- and eight-membered
hemicucurbituril macrocycles can be achieved selectively and quantitatively using either HCI or
HCIO4, respectively, as additives, providing the first clear example of templating in solid-state
assembly of macrocycles. While mechanochemical milling of starting materials leads to the
formation of solid mixtures of oligomers, upon aging in the presence of a suitable template these
powders spontaneously and quantitatively convert to the particular macrocyclic product dictated
by the choice of acid additive. In solution, the macrocyclization reaction equilibrium is known to
be governed by the formation of an anion inclusion complex,'* which appears to be suppressed
under mechanochemical conditions, but becomes prevalent during aging. These results, we
believe, provide an impressive demonstration of the dynamic behavior and self-assembly in
organic solids, and could potentially be adapted for a cleaner, more efficient, selective synthesis
of other macrocycles, reducing the need for solvent and acid additives at least a 100-fold.

Experimental section

Details of experimental procedures are given in the Supporting Information (SI), along with
relevant solution *H and *C NMR spectra in CDCls, solid-state CP-MAS 3C NMR spectra and
fitting curves for the in situ aging reactions, PXRD patterns, FTIR-ATR spectra, SEM images, as
well as HPLC chromatograms and MS data.
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