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Methyl carbonate ionic liquids are shown to readily
mono-deprotonate p-tert-butylcalix-[4]-arenes initiating the
formation of an organic mono-anionic p-tert-butylcalix-[4]-arate
salt, methanol and carbon dioxide. These calix-[4]-arate salts have
been successfully used in alkylation reactions with dialkyl sulfates
and alkyl halides to form a mono-alkylated single product with
high yield. This method avoids the common use of alkali metal
bases such as caesium fluoride hence providing a safer and more
selective synthetic route.

p-tert-butylcalix-[4]-arene, TBC, is often described as a
molecular basket; the tetrameric cyclic structure affords a
cone shaped motif. Synthesised by Zinke and Ziegler in 1948
via a series of condensation steps involving p-tert-butylphenol
and formaldehyde; they were often referred as insoluble, high
melting solids. ! Since the synthesis of the basic calixarene
motif there has been a huge interest in the solubility and
functionalisation of these molecular baskets.? There are two
evident aspects to this functionalisation; the first being
enhancement of solubility via the attachment of a somewhat
polar species to either the lower or upper rim utilising a variety
of organic reactions including esterification, sulfonation and
Claisen rearrangements to nhame but a few.3 The second aspect
of functionalisation focuses on the utilisation of the calixarene
via the addition of a ligated species to assist in application to
separations, host-guest complexes in many aspects of
chemistry and biochemistry; including enhancement of rare
earth luminescence.*

The monoethers of p-tert-butylcalix-[4]-arene are regularly
used as starting materials for multi-functionalised calix-[4]-
arene host-molecules that requires functionalisation of a single
OH group. Current methods of mono-alkylation primarily
involve the use of a strong inorganic base such as Na[OMel],
K[OAc], NaH, Cs[COs] or CsF, which in each case carry their
own issues regarding safety, solubility and the extent of
deprotonation.®> The solubility of the starting material (TBC)
itself also determines the sluggishness of reactions where,
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Figure 1. Synthesis of [N ,,,,][TBC] using methyl carbonate ionic liquids

utilisation of weaker bases afford a greater mix of di-, tri- and
tetra-ethers hence requiring elaborate separation techniques.
Peculiarly, Na[OMe] in acetonitrile has been shown to be an
effective method of monoalkylation producing a yield of
approximately 75 % demonstrated by Shu et al. which
contravenes the idea that use of stronger bases should result
in a greater proportion of multiple alkylations.>® This further
alkylation is believed to be due to the disruption of the
stabilisation mechanism that would secure the distal proton
that is often responsible for the pK,, of the TBC starting
material. Conventionally, the initial deprotonation results in a
phenolic anion; this anion then stabilises the 3 other phenolic
protons via a circular bonding and stabilisation mechanism
that causes a pseudo covalent-hydrogen bond to form. The
alkylation that occurs post deprotonation disrupts this
stabilisation mechanism thus ‘resetting’ the pK)’s of the
phenolic groups to those similar to the TBC starting material
hence pKa; ca. pKs» allowing for even weak bases such as K,CO3
to result in polyalkylated products.

Recent methods have been entailed to improve the green
credentials of the mono-alkylations with a main shift towards
utilisation of microwave (MW) irradiation and sulfonate
alkylating reagents. Use of MW rapidly
decreased reaction times; however, the production of di-
substituted species is still prevalent.® Sulfonates have also
been utilised along with a silyl triether derivative with use of
pendant phenolic groups for mono-alkylation that, although
effective, require elaborate synthesis and poor atom
efficiency.”

irradiation has
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COMMUNICATION

In this work, we describe a simple method to obtain mono-
etherated calix-[4]-arenes in which basic methyl carbonate
ionic liquids are utilised to form mono-calix-[4]-arate salts.
Methyl carbonate ionic liquids have been a somewhat new
revelation within the ionic liquids field.® The non-halogenated
anion is very appealing in regards to the green impact and
toxicity of it as a solvent, however, the intrinsic instability of
the basic anion is often viewed as a hindrance. First
synthesised by Janson et al.,® by methylating trialkylamines
with dimethyl carbonate, ‘an environmentally benign
alkylating reagent’, affording a fully organic ionic liquid
(Equation 1).

(CH3)2CO3 + NR3 — [N(CH3)R3][CO3CHs] (1)

This methodology is not limited to ammonium cations and has
been commercialised by Proionic GmbH who have developed
the Carbonate Based lonic Liquid Synthesis (CBILS®, Proionic
GmbH) which can form methyl carbonate anion ILs with
multiple popular cations such as phosphonium and
imidazolium cations.® The methyl carbonate anion when in
contact with a Bronsted acids such as HX (X = Cl, Br, 1) will
accept the proton and decomposes to form the [cation][X] IL,
carbon dioxide and methanol.

The determination the pK, of TBC and other calixarenes has
been sought using a variety of methods including ammonium
salts of p-nitrophenolate, 2,4-dinitrophenolate, and picrate,
however a majority of these measurements have only been
possible in organic molecular solvents due to the very poor
solubility of calixarene compounds such as TBC in aqueous and
polar solvents.® The first pK, measurement of a simple calix-
[4]-arene was achieved by Bohmer, et al. by the addition of a
nitro functionality to the upper rim to improve solubility.20 It is
plausible that the pK,'s of hydroxyl groups in TBC determines
the manner in which mono-alkylation can be attained.

Figure 4. Single crystal diffraction determined structure of [N ;,,1][TBC].
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Figure 2. UV/Vis spectrum of [N ;,,,][TBC] in MeCN (dashed) and with excess triflic
acid added.(solid).

The higher basicity of the methyl carbonate anion compared to
acetate is often noted; the addition of a Brgnsted acid of an
anion of choice (i.e. TBC), the methyl carbonate anion
decomposes into MeOH and CO; and the ionic salt with the
conjugate base as the anion is obtained.!! The tert-butyl motif
on the calix-[4]-arene has a significant effect on the
dissociation constant of the phenolic proton; with p-
methylcalix-[4]-arene and p-tert-butylcalix-[4]-arene having
pKas of 6.0 and 4.3 respectively. This large change in pK, is
believed to be due to subtle conformational effects due to the
differing sizes of the alkyl substituents.? This structural effect
and the decrease in pK, allow for the acid base chemistry of
the methyl carbonate anion to be utilised effectively as a new
synthetic method.

As aforementioned, the stability of the basic anion is often
viewed as a hindrance; however, in this work it is used
seamlessly to provide a mono-deprotonation of p-tert-
butylcalix-[4]-arene hence forming a calix-[4]-arate salt of an
organic cation, cleanly in near quantitative yield, which in turn
allows for a dramatically improved solubility and starting
material for a mono-alkylations. This has been successful for a
variety of cations including triethylmethylamine, [N 2221], and
tributylmethylamine [N 4441].

As shown in Figure 4. Single crystal diffraction determined
structure of [N 2 2 2 1][TBC] from the single crystal diffraction
determined structure of [N 2221][TBC] the single
deprotonation causes a distortion in the cone conformer. The
cation although hydrogen bonding dominantly occurs with the
lower rim it is cradled by the upper rim. In the [N2221][TBC]
structure, the majority of hydrogen bonding interactions occur
between the lower rim of the TBC and the C-1 positions of the
cation alkyl substituents. The [N2221] cation is small and
compact and was found to be cradled by the upper rim of the

Dialkylsulfate falkyl halide

Chioroform
72 hours, RT
[Nz JIROSO1/- [Ny ] 1X]

Figure 3. Reaction schematic for the alkylation of tert-butylcalix-4-arenes from organic
salts.
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TBC with suspected mt interactions. The [N32,1] cation lies at its
closest point 2.182 A from the lower rim and 2.812 A from the
aromatic carbons of the upper rim / calixarene cavity. In the
[Nzaa1] example (Supplementary) the cation cannot fit within
the cavity instead it clusters around the lower rim of the
deprotonated TBC in close proximity to another ion pair. Lying
approximately 2.676 A at its closes point to the lower rim the
interaction is comparable with the smaller [N;21] cation.
Mono-deprotonation occurs exclusively as the pK,1 of the TBC
in the cone conformer is significantly lower than the pK,2 of
the deprotonated form. The pK,2 of the deprotonated TBC is
estimated to be ca 11, which is not in the remit of the methyl
carbonate anion (estimated to undergo the simultaneous
protonation and decomposition in the presence of compounds
with a pK; below 9). This is further supported by the enhanced
cyclic hydrogen bonding of the deprotonated TBC motif.
Previous work by Woolfall and Cunningham utilised UV/Vis
spectroscopy as a methodology to determine the pK, and
mono deprotonation of TBC in acetonitrile.*? It was observed
that with the addition of strong organic bases such as
1,8-Diazabicyclo[5.4.0Jundec-7-ene, DBU to TBC in acetonitrile
there is a spectral change that corresponds to the first
deprotonation within the four phenolic groups. The change
itself consists of a shift in Ayax and a shoulder appearing at 315
nm, however, upon the addition of triflic acid the shift and
shoulder formed is reversed.

This study was repeated with the p-tert-butylcalix-[4]-arate
salts in acetonitrile and to these solutions varying amounts of
DBU were added and spectra observed. A standard solution of
the calix-[4]-arate salt was formed, the solution was diluted
using acetonitrile and differing concentrations of the strong
base DBU added. No changes in spectra were observed with

increasing [DBU] indicating that the TBC is already

(Me0),50,=99.10 %
Mel = 97.98 %
DMC = 0%

(Et0),S0,=98.10 %
Etl=95.98%

(Pr0),50,= 70.76 %
Prl = 75.90 %

(Bu0),50,=70.20 %
Bul = 75.20 %

Figure 5. Products obtained with yields for alkylations of [N;;4][TBC] with dialkyl
sulfates and alkyl halides.

This journal is © The Royal Society of Chemistry 20xx

deprotonated. It should also be noted that the shape of the
initial solutions is near identical to that reported for the TBC
with 1 equiv. DBU as shown in Figure 2. The addition of triflic
acid, however, showed a significant shift and loss of shoulder
indicative of the formation of a neutral TBC species further
confirming the deprotonation via the methyl carbonate anion.
This deprotonation is also critical in interrupting the ‘circular
hydrogen bonding’ within the phenolic protons which, is
known especially for its strength in tetramer calix's as
described by Tobiason and Shinkai et al.> The single
deprotonation via the formation of this organic salt allows for
a new opportunity for the single alkylation of TBC without the
use of any bases. The removal of this base intrinsically
prevents the formation of di-, tri- and tetra-alkylated species
hence bypassing elaborate separation processes. The use of
the organic salt also improves the solubility of the starting
material allowing for reactions to be completed in
concentrated solutions and under mild conditions. Further to
this, the initial issues regarding preferential solubility of the
ether products over the tert-butylcalix-[4]-arene stating
material i.e. a further preventative measure towards multiple
alkylations.

Mono-alkylations of [N,,21][TBC] have been successfully
carried out using both dialkyl sulfates and alkyl halides with
good vyield and minimal separation techniques. Using a
standard procedure of dissolving [N ;,21][TBC] in chloroform
and 1.1 mole equiv of an alkylating agent, the solution is
stirred at room temperature for 72 hours. Isolation simply
requires washing with water and concentration under vacuum
of the organic layer to afford an off white solid in every case.
Specifically, with small chain alkylating agents the by-product
salt is readily removed with water.

Achieving high yields within methylation and ethylation
reactions, the decrease in yield as chain length increases is
believed to be due to general lower reactivity. Current
synthetic methods requiring mono-propylation or butylation
require a top-down approach via the selective removal of
ether groups from TBC to achieve comparable yields of 35-
95 %, however, these often incorporate the use of tags and
protecting groups. In comparison, from a bottom-up approach
utilising a sodium salt via Na[OMe], the highest yields are 47-
75 %.5 13

In regards to the conformers achieved via this alkylation
technique, it is believed that different conformers may
dominate depending on the alkylating agent is used, however,
multiple variations are present in each product, which is
observed via subtle changes in the *H NMR(SI), asymmetry
within the TBC after alkylation is evident from 'H NMR
spectroscopy together with the utilisation of electron spray
mass spectroscopy to eliminate any ambiguity regarding the
presence of only mono-alkylated TBCs.

However, the presence of multiple conformers is expected as
due to the aforementioned disruption in the circular phenolic
hydrogen bonding due to mono-substitution. All conformers
can exist in the mono-alkylated products. From *H NMR as a
function of time we can see 100 % conversion is achieved in all
dialkyl sulphates and alkyl iodides. Studies with dimethyl
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carbonate, DMC, were carried out but found to be
unsuccessful. The exclusive mono-alkylation of the TBC is
controlled via the removal of base from the reaction mixture
due to the utilisation of the mono-deprotonated calixarate
salt. Within literature there are no reports of calixarene
alkylations without the use of a base to initiate the reaction
hence highlighting the significance of this new ‘base-free’
methodology.

In this work, we have demonstrated the facile synthesis of
organic mono-calix-[4]-arate salts in near quantitative yields
from methyl carbonate ionic liquids. These organic salts have
been successfully applied to selective alkylation reactions with
dialkyl sulfates and alkyl halides to form single mono-alkylated
products with high yield. This method avoids the use of
expensive alkali metal bases hence providing a safer and
selective synthetic route that in future may also be successfully
applied to further selective alkylations. The prevalence of the
p-tert-butylcalixa-[4]-rene motif and the development of a
simplistic and new starting point for functionalisation allows
for new perspectives. In summary, this new synthetic route
transforms a percieved weakness of methyl carbonate ionic liquids
into a useful property. *> Omitting the need for expensive inorganic
bases (i.e. ceasium carbonate) we have developed a controlled
method of mono-alkylation without the need for strong bases
which are often used in large excess.
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Notes and references

¥ Triethylmethylammonium p-tert-butylcalix-[4]-arate,
[N2221][TBC]: Equimolar amounts of triethylmethylammonium
methyl carbonate (2.5 g, 13.07 mmol) and p-tert-butylcalix-4-
arene (8.48 g, 13.07 mmol) were mixed together in acetonitrile
(75 mL) and sonicated for 45 minutes until effervescence had
ceased. The solution is concentrated under vacuum to form a
white crystalline solid. (9.76 g, 12.88 mmol, 98.0 %)

Alkylation of p-tert-butylcalix-4-arene: To a concentrated
solution of [cation][TBC] (0.262 mmol) in chloroform (2.5 mL),
dialkylsulfate/alkyl iodide (0.288 mmol) and stirred (72 hr, RT).
The reaction mixture is washed with water (2x2 mL) and organic
layer extracted. The residual chloroform is removed under
vacuum affording and off white solid.

NMR spectra were recorded on a Bruker 600 MHz or 400 MHz
spectrometer. UV/Vis spectra were measured using an Agilent
Cary 350 spectrometer. Electrospray time of flight mass
spectrometry (ESI-MS) was completed using a Waters LCT
Premier spectrometer.
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