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Inherently chiral calix[4]arenes with C4;-symmetry are extremely
rare and difficult to synthesise, severely hampering any effort to
expand on their potential as chiral supramolecular catalysts and
building blocks. Herein we report a reaction of a tetracarbamate
calix[4]arene with NBS which results in a high yield of an inherently
chiral calix[4]arenes with C;-symmetry. Furthermore, employing a
chiral N-Boc proline moiety allows for separation of the diastereomers
formed, thus obtaining the pure enantiomers after hydrolysis. The
enantiomers could be assigned based on the CD spectra and DFT
calculated values.

Calix[4]arenes have for many years drawn the attention of
researchers owing to their defined three dimensional shape
and ease of synthesis. An intriguing aspect of calixarenes is their
modification to generate so-called inherently chiral structures,
whose chirality is not associated with the more common point
chirality of tetrahedral carbon atoms."” There are four main
strategies that give rise to inherently chiral calix[4]arenes (see
Fig. 1a), although combinations of these themes can also be
employed.

For us, the meta-functionalization strategy has resonated as
it has flavors of planar chiral ferrocenes, which have been used
extensively in asymmetric catalytic processes. The synthetic
pathways to meta-functionalized calixarenes has recently been
reviewed,” with the majority of these methods functionalizing
only one or two of the aryl rings, resulting in chiral C;- or
C,-symmetrical calix[4]arenes. The construction of chiral
C,-symmetrical calixarenes, i.e. where all four aryl rings have
been meta-functionalized, has only ever been achieved through
the so-called fragment condensation route, first described in the
early 1990s.* The major problem with this method is that very
low yields are obtained, typically less than 30% for the cyclisation
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step, notwithstanding the low yields for steps needed to synthe-
size the fragments themselves.

Functionalizing a calix[4]arene in the meta-position has been
achieved in distinct ways such as intramolecular ring closing,®® the
pbromodienone route'® or directly using mercury(Il) trifluoro-
acetate."™"> More commonly though this is achieved through the
use of directing groups (DG) placed in the para-position (i.e.
upper rim) of the calix[4]arene. In the literature, the DGs used
include ethers,”® amides,"*** oxazolines'® and sulfoxides,'”"*®
but in the majority of these cases only one DG was attached to
the calix[4]arene. The number of potential compounds and side-
products grows with each additional DG, becoming a rather
daunting task (see Fig. 1b). The calix[4]arene is nevertheless
unlikely to be functionalized at all eight positions at once, since
steric and electronic factors would make this difficult. However,
if tetra-meta-functionalization could be synthetically achieved
(i.e. avoiding any mono, di and tri-functionalized side-products),
then only four possible isomers are possible, with two of these
being inherently chiral (Fig. 2). Of interest, is that there do not
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Fig. 1 Strategies for creating inherently chiral calix[4]arene: (a) the four
main ways of generating inherent chirality (A and B may be any chemically
distinct group).? (b) the regioselectivity challenge in functionalising
multiple meta-positions (DG = any directing group).
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Fig. 2 The four possible isomers via tetra-meta-functionalisation. DG =
directing group; X = any electrophilic group, e.g., Br.

appear to be any reported attempts that try to tetra-meta-
functionalize with four directing groups. At most only two
directing groups (situated distally) have been used, which gave
mixtures of products in all cases.”*"* Our own research theme
on inherently chiral calixarenes has had us looking for ways
to generate these types of compounds. Our diastereoselective
ortho-lithiation approaches are still the only successful direct
method for stereoselectively forming meta-functionalized inher-
ently chiral calix[4]arenes, but suffer from difficult synthetic
protocols that do not scale up very well."*'” We have therefore
avoided any attempt to tetra-lithiate a calix[4]arene, presuming
it to be a battle with a low chance of success.

We have recently investigated a spuriously reported palla-
dium catalysed C-H activation route employing a carbamate
group and N-bromosuccinimide (NBS), but could show that this
paper was actually overstated and incorrect on a number of
levels.” Nevertheless, we wondered whether using a readily avail-
able tetra-carbamate as a directing group might allow for a facile
synthesis of a C,-symmetrical inherently chiral calix{4Jarene.

Our strategy involved using tetra-methylcarbamate calix[4]arene
2a as the starting material for bromination at the calix[4]arene
meta-positions. Whilst 2a has been synthesized before using
triphosgene,* we synthesized it following a different route from
the known tetra-amino calix[4Jarene 1*° and methyl chloroformate
in an excellent yield (Scheme 1, R = Me). A preliminary selectivity
experiment using tetra-methylcarbamate 2a, five equivalents of
NBS and two equivalents of p-toluene sulfonic acid (PTSA),
returned a very interesting result by TLC, showing only two
compounds in a roughly 2:1 ratio (Scheme 2). Isolation of these
compounds was achieved by silica gel chromatography (41% &
15% yields); their isotopic distribution patterns in high-resolution
mass spectra were identical and corresponded to the tetra-
brominated targets. The room temperature "H NMR spectrum
of the more dominant product was difficult to interpret due to
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1 2a R=0Me (98%)

2b R=0¢Bu (99%)

2c R=Me (87%)
Scheme 1 Synthesis of the tetra-acylated calix[4]arenes 2. Reagents and
conditions: for R = OMe: methyl chloroformate (8 equiv.), pyridine
(8 equiv.), DCM, —10 °C - rt, 1 h; for R = Ot-Bu: Boc,O (8 equiv.), EtsN
(8 equiv.), THF, 0 °C - reflux, 2 h; for R = Me: Ac;O (8 equiv.), EtzN
(8 equiv.), THF, rt — reflux, 2 h.

3a (41%)

4a (15%)

Scheme 2 Preliminary bromination of tetra-methyl carbamate calix[4]arene
2a. Reagents and conditions: (a) NBS (5 equiv.), PTSA (2 equiv.), DCM,
-35°C, 5h.

extremely broad signals but running the spectrum at 100 °C in
DMSO-ds neatly resolved these, gratifyingly confirming an iso-
mer that would be consistent with C,, (achiral) or C, (chiral)
symmetry (see Fig. 3). One important feature of this "H NMR
spectrum is the two signals at ¢ 3.98 and 3.80 ppm corres-
ponding to the (now) diastereotopic methylene signals on the
lower rim propoxy groups (-OCH,CH,CHj;), supporting the
evidence of an inherently chiral isomer 3a.

The assignment of the minor product was more challenging.
Its '"H NMR spectrum was consistent with an isomer with C, or
Cs symmetry, having two singlets each for the aromatic C-H,
amide N-H and carbamate methyl protons (see Fig. 3). This
eliminated the C; isomer as a possibility, since a considerably
more complex spectrum would be expected. Eliminating C,,
and Cs was however not easy; The C,, isomer should have only
one aromatic signal, but if the boat conformation was dominant,
then one would expect to see two aromatic signals. To confirm
this, the sample was heated to 100 °C, but still, two aromatic
signals persisted. Although this suggested that this isomer could
be the achiral Cg symmetric calix[4]arene (D in Fig. 2), the
calix[4]arene ‘bridge’ methylene signals appeared as a neat set
of four doublets (a double AX system), which was inconsistent
with the C isomer (see, purple arrows). Fortunately, 2D NMR
spectroscopy resolved this issue, with the gHMBCAD spectrum

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 'H NMR spectra for compounds 3a (major product, 400 MHz, DMSO-de, 100 °C) and 4a (minor product, 300 MHz, CDCls, 25 °C).

revealing a clear connection between the one AX system and both
Car—H carbon atoms and the other AX system and both C,~Br
carbon atoms (see ESIt page S13 for full assignments), confirm-
ing the C,-symmetric compound 4a.

The synthesis of a C,-symmetric inherently chiral calixarene
in one step was an important result and prompted us to
investigate this reaction further. We reasoned that changing
the methyl carbamate to a tert-butyl carbamate (Boc group),
would introduce a greater steric effect that might improve the
selectivity of this reaction. Tetra-Boc calix[4]arene 2b was there-
fore synthesised under optimum conditions, returning a quan-
titative yield of the desired tetracarbamate (Scheme 1, R = ¢-Bu).
Running the bromination reaction under the same conditions
gave a slightly improved yield of the major C, isomer 3b, which
nevertheless encouraged us to undertake a small optimisation
study (see ESIt for full details of optimisation). In the optimisa-
tion study we found that the acid (PTSA) could be reduced to 0.2
equivalents, the optimum temperature was —42 °C and the
bromine source needed to be NBS. The solvent was screened,
but methylene chloride remained the preferred choice, although
butanone gave similar results and could thus be considered an
alternative, more environmentally friendly option. An experi-
ment using chiral camphorsulfonic acid, unfortunately returned
racemic product. Using the optimised conditions (see Scheme 3
and ESI}), a one gram scale reaction returned an 83% yield of
the inherently chiral C,-symmetric calix[4]arene 3b. The method
was reapplied to the tetramethylcarbamate calix[4]arene 2a
where the yield obtained was 3a:4a = 51%:24%.

Whilst this was an improvement on our starting point, the
result still suggested that the Boc-group was more important
for both yield and ratio of products. Three procedures for the
removal of the Boc-groups were then examined (see ESIT), with
HCl giving yields of 80-85% for tetra-bromo-tetra-amino
calix[4]arene 5.

We attempted several crystallisation experiments to gain
concrete evidence for the structural assignment of the C,-
isomer. Fortuitously, 3b gave crystals suitable for diffraction.
The solved structure (see Fig. 4 and ESIT) proved that the chiral
C,-symmetric isomer 3b was the major product in these reactions.
Whilst the crystal structure is in the so-called boat conformation,

This journal is © The Royal Society of Chemistry 2021

3b (83%)

5 (80%)

Scheme 3 Optimised synthesis of an inherently chiral calixarene. Reagents
and conditions: (a) NBS (5 equiv.), PTSA (0.2 equiv.), CH,Cl,, —42 °C, 6 h;
(b) conc. HCL (10%), THF, reflux, 3 h.

Fig. 4 Crystal data for 3b: Side view; hydrogen atoms and solvent
molecules omitted for clarity (see ESI for more clarity).

the high symmetry of the NMR spectra is due to the dynamic
equilibrium at 100 °C.

To establish the necessity for a carbamate directing group,
the tetra acetamide calixarene analogue 2c¢ was synthesized
(Scheme 1, R = Me) using a different procedure than that
reported® giving an 87% yield (vs. 43% previously reported).
For the ortho bromination reactions, solubility issues restricted the
use of methylene chloride, but several reactions were carried out
using both butanone and DMF with the optimised conditions.

Chem. Commun., 2021, 57, 11045-11048 | 11047
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Scheme 4 Separation of calixarene enantiomers. Reagents and condi-
tions: (a) N-Boc-proline (6 equiv.), DCC (6 equiv.), DMAP (0.5 equiv.),

CH)Cly, rt, 13 h; (b) Ba(OH),-8H,0 (xs), tBUOH, reflux, 48 h.
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Fig. 5 ECD spectra of (+)-5 (purple line) and (-)-5 (green line) showing the
opposite cotton-effect and the computed spectrum of (M)-5 (black dashed
line) corresponding to (+)-5 obtained from the diastereomer 6a (top spot).

Unfortunately, all reactions resulted in the formation of several
brominated products, that were difficult to isolate or characterise.

Finally, we attempted to separate the enantiomers using
classical diastereomeric techniques. In this case we found that
coupling the racemic calix[4Jarene 5 to N-Boc-(L)-proline under
standard conditions (DCC, DMAP) gave a mixture of diastereomers
(top spot = 6a & bottom spot = 6b) in good yield, which could be
adequately separated via preparative thin layer chromatography
(Scheme 4).

Removal of the chiral Boc-protected amino acid groups with
barium hydroxide in tert-butanol under reflux'® returned the
two separate enantiomers of 5 (Scheme 4) whose ECD spectra
were obtained in acetonitrile confirming their enantiomeric
nature (Fig. 5). Furthermore, an ECD spectrum for (M)-5 was
calculated using DFT (PBEO/TZVP see ESIf for full details)**>*
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and corresponded to the enantiomer obtained from hydrolysis
of diastereomer 6a (top spot), confirming its assignment.

In conclusion, we have demonstrated a scalable method for
synthesising racemic C,-symmetrical inherently chiral calix[4]arenes
and a preliminary method on obtaining the pure enantiomeric
forms. Future work will involve further developing the method to
separate the enantiomers, investigating the potential for diastereo-
selectivity in the reaction and further functionalisation of the
inherently chiral backbone to create chiral ligand-like materials
suitable for asymmetric catalysis.
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