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Upper-rim monofunctionalisation in the synthesis of triazole- and
disulfide-linked multicalix[4]- and -[6]arenes.

William H. Gardiner,@ Matthew Camilleri,[@?! Luis A. Martinez-Lozano,@ Sean P. Bew,*@ and G.

Richard Stephenson*@

Abstract: Covalently linked multiple calixarenes are valued in
supramolecular chemistry. We report an easy and versatile
synthetic route to covalently linked double and triple
calix[4]arene and calix[6]arenes by a novel DMF-controlled
selective alkylation of a convenient and readily available
upper-rim dimethylaminomethyl-substituted tetrahydroxy calix-

[4]arene and -[6]arenes. Synthetic routes to upper-rim
functionalised redox active disulfide-linked double-, tetra- and
peptidohybrid-calixarenes employing either redox chemistry
(CH2SH) or thiolates (CH,S") are also opened up from the
same key starting material.

Introduction

Monosubstituted calix[4]arenes are less plentiful than their 1,3-di-
and tetra-functionalized counterparts.® They are, however,
essential ‘stoppers’ needed to combine with disubstituted
derivatives to form linear multi-calixarenes. They also serve as
building blocks to form di-calixarenes. These possibilities are
exemplified in this paper with examples of double and triple
calixarenes. The products are easily accessible by two new and
highly efficient synthetic procedures. Relatively few mono-
substituted calix[4]arenes have been reported. This observation is
all the more surprising when their versatility and critical use as
components of electron-switches,? supramolecular calixpeptides,®
enzyme mimics,* catalysts,® molecular recognition,® ESR probes,’
organocatalysts,® and nucleoside motifs,® and in procedures for
asymmetric hydrogenation,’® and chiral lithiation,'* are taken into
consideration. The explanation is that it is easier to fully substitute
(i.e. tetrasubstitute) a calix[4]arene than it is to perform the
reaction exclusively at just one of the four identical rings of the
macrocycle. Although di- and tetra-substituted calix[4]arenes are
valuable, sought after commodities, it is clear that what is
currently lacking in the supramolecular / macrocyclic chemists
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‘toolbox’ is a high yielding, efficient, straightforward and versatile
synthetic route to monofunctionalised calix[4]arenes. Examples
bearing valued upper-rim functionality e.g. halide, amine,
aldehyde, thiol, alkyne or azide are noteably missing. There are
for example no general routes to mono-azide cone-12, nor mono-
thiol cone-13 (Table 1).

It is important to note that the widespread utility of
calix[4]arenes derives from their straightforward synthesis.
Furthermore, it is also possible when specific reaction conditions
are employed, to generate with high chemoselectively one of four
different, i.e. 1,2-alternate, 1,3-alternate, cone or partial cone,
conformations.*?

These issues have attracted the attention of a number of
research groups, but despite much effort, the existing procedures
to access upper-rim mono-substituted calix[4]arenes often lack
simplicity and generality, or are restricted by practical difficulties.
For example, the useful thermal para-Claisen rearrangement of
mono-allyloxycalix[4]arenes requires high temperatures (~210 °C)
and is limited to simple O-allyl ethers.** In specific cases,
however, there have been significant individual successes, for
example with the mono-nitration'* and mono-formylation® of
tetra-O-alkylated calix[4]arenes. The availability of
functionalisation methods based on ‘click’ CUAAC?® or simple Sn2
chemistry'” have also proved useful. In some cases, there have
been crucial advances, as exemplified by the research groups of
Hof!" and Sherburn (the latter example providing the ground-
breaking 2004 “superbowl” synthesis!®). None-the-less, despite
this progress, there still remains a need for simple, general
synthetic methods to access cone-locked upper-rim
monosubstituted calix[4]arenes, particularly those bearing
strategically important functional groups such as CH;N, (for
application in ‘click’ linking) and CH.SH [for dynamic-covalent
chemistry (DCvC) linking].

Both the reversible (DCvC) and irreversible (e.g. ‘click’)
strategies to link macrocycles are currently topical but successful
examples tend to be in the resorcinarene and pillararene series,
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not with simple calixarenes themselves. There are some noteble
exceptions. Fischer and Weber!® have reported a bis-
calix[4]arene with a triazole-based connection between bridge
positions on the two calix[4]arene rings. In general, examples of
heterocycle-linked multi-calix[4]arenes are rare, but pyridine,?°
and porphyrin?® have previously been used as linkers for this
purpose. In the case of disulfide-linked calix[4]arenes, as far the
authors are aware, there is only one example of a structure of this
type,?? and that, one formed accidentally from an unexpected
reaction. Noteably, the two reviews on DCvC linking?® focus on
resorcinarenes, not the true calixarenes that are the subject of
our work. Recently, the best progress with disulfide-linking has
been with pillar[5]arene structures. In these elegant examples,
two 2018 papers? wonderfully demonstrate the importance in
real-world applications of these disufide-linked products, and the
introduction to an earlier 2016 paper?® spells out the importance
of having easy synthetic access and also the strategic value of
the redox chemistry. Other DCvC examples are similarly distinct
from main-stream calixarene chemistry. A diselenide-linked
structure,?® for example, substitutes one of the methylene bridges
for Se-Se links, and another very recent example (2018) of DCvC
uses lower rim acylhydrazine substituents.

A valuable entry point to synthetically versatile
monofunctionality in simple calix[4]arenes was provided many
years ago by Gutsche.?” Working with the conformationally
mobile lower-rim tetrahydroxy series, the conveniently-installed
upper-rim N,N-dimethylaminomethyl group in 3 was converted
into a selection of other examples. We were surprised to discover,
however, that the synthesis of corresponding examples with
cone-confining lower-rim tetrapropoxy groups had not been
reported. We describe here how this limitation can be overcome.
We also demonstrate the utility of the N,N-dimethylaminomethyl
substituent to access other cone-locked mono-substitition
patterns in the tetrapropoxy series, including -CH;N3; and -CH,SH
groups that enable the synthesis of multi-calixarenes. Finally,
based on this approach, we report covalently linked and dynamic
covalently linked multi-calixarenes, via the azide for CUAAC ‘click’
chemistry and the thiol group for redox chemistry, respectively.

Results and Discussion

Our first objective was the seemingly simple task of
introducing O-(n-propyl) groups on the lower rim of 3, to lock it
into the cone-locked conformation. It soon became apparent,
however, that there is an intrinsic difficulty with this reaction
(controlling the reactivity of competing nucleophilic sites, see
Figure 1, box) when performed in the conventional way with n-
propyl iodide as the electrophile. It seems the nucleophillic N,N-

R
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Figure 1. Upper- and lower-rim substitution sites in

conformationally labile (e.g. Q = OH) and cone-locked (e.g. 1 or 2, Q
= OPr) calix[4]arenes; box: the problem of competing nucleophilic
sites in the Gutsche N,N-dimethylaminomethylcalix[4]arene 3.
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dimethylamino group competes with the nucleophilic lower-rim
phenoxides (i.e. Q = O, generated by the use of a base). In our
initial experiments, the standard O-alkylation methods,?® that are
widely used with great success with other calix[4]arenes,
generated no viable quantities of cone-4. Instead, highly coloured
reaction mixtures comprising what appeared to be complex
oligomers were produced. This problem probably arises because
the undesired N-propylation reaction generates an N-quaternised
species. Such structures are prone to intramolecular elimination,
forming a reactive para-quinone methide (not shown).
Furthermore, in the presence of sodium hydride, an
intramolecular [2,3]-sigmatropic Sommelet-Hauser rearrangement
or Hoffman elimination reaction might occur. Interestingly, neither
of the latter reactions, as far as the authors are aware, have been
reported on calixarenes.

To overcome this problem, we have developed a novel
approach to avoid the unwanted nucleophilicity of the 3° amine on
the upper-rim, whilst at the same time increasing the
nucleophilicity of the phenoxide anions on the lower-rim. The key
to success proved to be the use of DMF as solvent, and the
choice of n-propyl mesylate as the electrophile in place of the
conventional n-propyl iodide. When the anion is generated from 3
with sodium hydride (Scheme 1), the ring of lower-rim oxygen
atoms can be expected to provide an excellent binding site for the
Na* counterion; an effect that has been exploited to hold
calix[4]arenes in the cone-conformation during O-alkylation.?®

MeoN NaH, then
/ _ n-propyl mesylate,
| | ref. 27a DMF, NaH
NN A — .
é)H | " 19 g scale 90 °C, pW, 80 min
OH O OH 69%
Q Me;,N
Mel, then
NaOMe, 4

MeOH, 65%

|
OPr OPrOPr OPr

ey

1 I
OPr  OPrOPr OPr

i) NaH, DMF MeO
rt, 10 min
N 6
ii) n-propyl iodide
rt, overnight, 79%

Scheme 1. Convenient  access to  the mono(N,N-
dimethylaminomethyl)calix[4]arene 4 and the mono(methoxymethyl)-
calix[4]arene 5.

Hevey and Ling have demonstrated®® that mesylates become
better leaving groups when bound to Na*. Thus, with the sodium
ion located at the lower-rim, and by choosing n-propyl mesylate
as our electrophile, we anticipated its interaction with Na* would
increase its electrophilicity exactly where it is needed, resulting in
enhanced O-propylation on the lower-rim phenoxides. No such
activation would be expected near the competing nitrogen atom
of the upper-rim substituent.

Monofunctionalised calix[4]arene synthesis

Gratifyingly, when this approach was tried in practice,
addition of n-propyl mesylate initially afforded cone-4 in an
unoptimised 52% isolated yield. To establish the importance of
DMF, the reaction was repeated using THF or DMSO as the
solvent. In both cases the yield of cone-4 was much lower.

This article is protected by copyright. All rights reserved.
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Indeed, the O-propylation reaction failed to proceed at all when
attempted using sodium hydride in THF at ambient temperature.
Interestingly, switching to n-propyl iodide under these conditions
afforded a complex mixture of oligomers. Employing DMSO in
place of THF, again with sodium hydride, but at 100 °C and with
n-propyl mesylate afforded cone-4 in only a 15% yield.

To explore the possibility that a molecule of DMF might be
present as a guest in the cavity of 3, and based on an
observation by Harrowfield et al.’® we added tetraethyl-
ammonium chloride (TEAC) to the reaction mixture in an attempt
to displace the DMF from the calixarene. Stirring a solution of 3 in
DMF for 1 hour was followed by addition of TEAC (1 equivalent)
and stirring for a further 30 minutes before commencing our
normal sodium hydride / n-propyl mesylate O-alkylation
procedure. *H-NMR analysis indicated a complex mixture of N-
and O-alkylated products as well as oligomers. This important
result suggests that DMF does indeed play a pivotal role in

triflate failed to produce cone-4 at all. Optimisation of the uniquely
effective n-propyl mesylate / DMF / NaH combination quickly
established that with 5 equivalents of sodium hydride and 4.6
equivalents of n-propyl mesylate, cone-4 was produced in an
increased 69% isolated yield (c.f. 52% from our initial attempt).
The reaction is convenient, efficient, reliable and scaleable.
Indeed, starting with 10 g of 3 we obtained more than 8 g of cone-
4.

Next we compared the reactivity of methoxymethyl and N,N-
dimethylaminomethyl substituents on the upper-rim. The starting
material 3 was N-quaternised with methyl iodide. The product
was treated at room temperature with sodium methoxide in
methanol to provide the mono-substituted methoxymethyl
calix[4]arene 5 (Scheme 1). Using sodium hydride as base and n-
propyl iodide as electrophile, the lower-rim tetrahydroxy
calix[4]arene 5 was now successfully converted into the cone-
locked lower-rim tetrapropoxy derivative 6. This further supports

blocking the nucleophilic properties of the tertiary N,N-  our proposal that the difficulty with the O-alkylation of 3 is a
dimethylammonium group. consequence of the presence of its nucleophilic N,N-
Alternative sulfonate esters were also examined, but with n-  dimethylamine group.
propyl tosylate, cone-4 was isolated in a poor 34% yield. n-Propyl
Table 1. Examples of simple preparations of valuable mono-substituted calix[4]arenes from newly available N,N-
dimethylaminomethyl derivative 4. )
cl MeQ,j‘/o (subst)
or ﬂ\} or ﬂ } reaction
é)Pr X > conditions
7 10 OPr
7-18
Entry Starting material Product Reaction conditions Yield
No. (-subst) No. (-subst) (%)
1 cone-4 -NMe, cone-7 -CI2 EtOCOCI, CHCIj, rt 76
2 cone-4 -NMe; cone-8 -CHO®3 KMnO4, wet THF, reflux 20
and and and
cone-9 -COH* 278l
3 cone-4 -NMe, cone-10 -N*Me,O~ MCPBA, CHCls, rt 70
4 cone-6 -OMe cone-11 -|[b] Nal, MeCN, toluene, BF;OEt,, 0 °C | ~85P!
5 cone-10 -N*Me,O~ | cone-8 -CHO%* (Ac),0, DCM, 80 °C, pW 69
6 cone-7 -Cl cone-12 -N3 NaNs, DMF, 100 °C, uW 84
7 cone-11 | cone-12 -N3 NaNs, DMF, 100 °C, pW 10
8 cone-7 -Cl cone-13 -SH thiourea, THF, 90 °C, uW, then1 M | 82
KOH, THF, 90 °C, uW
9 cone-7 -Cl cone-14 -CN NaCN, DMF, 100 °C, uyW 81
10 cone-7 -Cl cone-15 -PO(OMe), P(OMe); (neat), 95 °C 39
11 cone-7 -Cl cone-16 -NCO?3® KCNO, DMF, 100 °C, uW 30
12 cone-7 -Cl cone-17 -SCN KCNS, DMF, 100 °C, pW 30
13 cone-7 -Cl cone-18 -NCS KCNS, DMF, 100 °C, pW 20
[a] after separation by chromatography on silica gel, dichloromethane / diethyl ether 4:1.
[b] this compound was unstable, but was identified by its conversion, albeit in low a yield (see [c]), into the fully
characterized azidomethyl compound 12.
[c] polymeric material was also formed; the chloromethyl compound 7 is the better starting material for the synthesis of the
azide 12.
3
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As expected, the N,N-dimethylamino substituted
calix[4]arene cone-4 is easily converted into other cone-locked
upper-rim monosubstituted calix[4]arenes (see Table 1). For
example, efficient access to the useful chloromethyl derivative
cone-7%2 was possible using ethyl chloroformate (Table 1,
entry 1). The corresponding iodomethyl derivative cone-11 was
obtained by reaction of 6 with Nal and BF3;.OEt, (Table 1, entry
4). This compound, however, was relatively unstable, turning
pink on storage (see Table 1, footnote b). Access to the upper-
rim monoformyl calix[4]arene cone-8 is also more convenient
from cone-4 than by previously reported methods.'?133
Conversion into the N-oxide cone-11 followed by reaction with
acetic anhydride (entries 3 and 5, respectively) proved more
efficient than direct oxidation with potassium permanganate,
which gave a mixture aldehyde cone-8 and the carboxylic acid
cone-9% (entry 2). With the upper-rim chloromethyl derivative
cone-7 in hand, attention turned to the synthesis of the azide
(cone-12, entry 6) and thiol (cone-13, entry 8) derivatives.
Surprisingly, in view of their simple structures and potential
value in the synthesis of bis-calixarenes, both these products
are reported for the first time in this paper. Similarly, the nitrile
cone-14 was generated from chloromethylcalix[4]arene cone-7
by a simple nucleophilic substitution (entry 9). In preliminary
experiments, a selection of other nucleophiles were tested
(entries 10-13), including the use of trimethylphosphite in an
Arbuzov reaction (entry 10) extending the series of new upper-

rim monosubstituted calix[4]arenes 15-18, but in modest yields.

Monofunctionalised calix[6]arene synthesis

We wanted to further establish the versatility of our mono-
functionalisation protocol by expanding it to include larger
calixarenes (Scheme 2). A THF solution containing agueous
dimethylamine, formaldehyde and -calix[6]arene®® afforded
gram quantities of our new core starting material mono-N,N-
dimethylaminomethyl calix[6]arene (19).

25% aq. Me,NH,

P H,CO,
/ / THF, 1t, 6 hr

[

n-propyl mesylate, NaH,
DMF, 100 °C, 3.5 hr, N,

1. Etococl
CHClg, 3 hr, 52%

_
2. NaN;, DMF
100 °C mW, 3 hr,
84% yield

20 30 %yield for 2 steps

Scheme 2. Synthesis of monosubstituted calix[6]arenes

Based on our method described above for the calix[4]arene
series, O-propylation generated 20 in a 59% vyield. Subsequent
chloromethylation (EtOCOCI) was followed by azide
displacement (NaNs, 100 °C, uW, 3 hr) affording the previously
unknown azidomethylcalix[6]arene 21 in an 84% vyield.
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Heterocycle-linked multi-calixarene synthesis

The improved availability of the aldehyde cone-8 (Table 1,
entry 3 then entry 5) as a core starting material gave us easy
access to mono-alkyne cone-23.%” The formation of 22
(Scheme 3) was followed by a Corey-Fuchs reaction which
gave cone-23. With the azide cone-12 and the alkyne cone-23
in hand, it was simple to produce the heterocycle-linked double
calixarene 24.

PPhj, CBry, CH,Cl,,
0°C,30minthenrt, 1h

95%

n-BulLi, THF,

|
OPr  OPrOPr OPr

\
OPr  oprOPr Opr

azide 12
23 sodium 25
ascorbate
TBTA, CuSOQy,
THF, 90 °C,
uW, 2 hr

azide 12
sodium
ascorbate
TBTA, CuSOQy,
THF, 90 °C,
uW, 2 hr

‘ ; 26 75% yield
OPr OProprPro

Scheme 3. Synthesis of heterocycle-linked double calixarene 24
and triple calixarene 26.

Using a mild microwave-assisted CuAAC reaction
(Scheme 3) we were delighted that bis-1,4-(cone-
calix[4]arene)-1,2,3-triazole-linked  bis-calixarene 24 was
formed efficiently, as expected, using the ‘click’ strategy. The
diyne cone-25 Scheme 3, box) was synthesized in two-steps
from the corresponding and readily available 1,3-dialdehyde.%®
A double CuAAC reaction with 2 equivalents of the azide cone-
12 gave the triple calixarene cavitand 26 in a 75% yield.

The first example of a heterocycle-linked calix[6]arene-
based multi-calixarene, 27 (Scheme 4), was obtained by
combining cone-calix[4]arene alkyne cone-23 with the newly
available cone-calix[6]arene azide 21 using the same
microwave-assisted CuAAC procedure that we had employed
to form 24.
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OPr OPrOPr OPr

23 Na ascorbate, 21

| TBTA, CuSOy4 THF, 90°C,3hr |

‘ 86% vyield

Scheme 4. Synthesis of the new covalently linked double
calixarene 27 combining calix[4]- and calix[6]-arene rings.

Redox active multi-calixarene synthesis

Redox-switchable multi-calixarenes that undergo predictable
changes in response to an external stimuli are at the cutting
edge of new molecular systems.*® Based on the availability of
thiol cone-13, we envisaged the synthesis of a redox-
switchable cone-calix[4]arene-derived double calixarene 28
(Scheme 5) using a disulfide-centered DCvC linker.

1H\N[\I!R signature 1H\N!\I\IR signatire

100% yield

| I
OPr OProprPro

OPr OProQprPro
DL-dithiotheritol

13 100% yield
Scheme 5. Preparation of the redox-switchable DCvC-linked
double calixarene 28 from cone-13.

Mild oxidation (H.O2, Nal) of cone-13 afforded our first
example of a potentially reversible disulfide-linked double
calixarene. *H-NMR analysis of the disulfide 28 confirmed that
the -CH,SH doublet of cone-13 (J = 7 Hz, left-hand box,
Scheme 5) at 3.35 ppm had been replaced, after oxidation and
intermolecular S-S bond-formation, with a singlet at 3.43 ppm
(28, right-hand box, Scheme 5). This doublet & singlet
transition is an important spectroscopic marker. It should allow
us to readily observe the proposed reversible/dynamic nature
of the double calixarene formation. Indeed, !H-NMR
spectroscopy promptly confirmed our ability to reform mono-

u DOI: 10.1002/chem.201xXxXXXX
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calix[4]arene cone-13 via a quick and efficient reduction using
DL-dithiothreitol (DTT; Cleland’s reagent?®). Our successful
direct O-alkylation of 3 has in this way, and through a series of
now readily available compounds using simple reactions,
made available both permanently covalently linked e.g. 24 and
the reversible*! i.e. dynamically covalently linked*? e.g. 28 bis-
calix[4]arenes.

Cysteine is an important thiol-containing a-amino acid*
and is a component of the bioactive peptide glutathione
(biomarker of cell oxidative stress*)). Both readily undergo
redox chemistry. Thus cysteine and glutathione when oxidized
are transformed into homodimeric S-S linked cystine*® and
glutathione disulfide (GSSG)****¢ (not shown), respectively.
Confident in our ability to generate redox-active calix[4]arene-
based multi-calixarenes cf. 13 & 28 (Scheme 5), we were
intrigued by the possibility of employing disulfide / thiol
exchange chemistry on the upper-rim of calixarenes to
generate cysteine- and glutathione-calix[4]arene
peptidohybrids. Despite significant interest in peptido-
calixarene-based chemistry, biology and medicinal chemistry,*’
as far as the authors are able to determine, there are no
examples of their use in calixarene-based disulfide / thiol
DCvC.*® Exploiting our new, easy and quantitative access to
the disulfide-linked double calixarene 28 (Scheme 5), we
probed the synthesis of the non-symmetric S-S-linked
cysteine-calix[4]arene cone-32 and glutathione-calix[4]arene
(cone-35) peptidohybrids (Schemes 6 and 7).

HS 13 S [EtNH" 29

| T
OPr OPrOPr PO { l
rOFroPr OPr  OPrOPr OPF

NHBoc CDCly EtsN, rt, edy )Nii’; .
~ 2!
EtOzCJ\/SH 30 disulfide 28 EtO,C sy

BocHN NHBoc

$ 33
EtN u / X Et0,C S

NHBoc 32
EtOZC)\/ S:;1[Et3NH]+ (major) / @ + 28

/

(minor)
77% yield OPr OProprPro

Scheme 6. Application of disulfide exchange chemistry for the
efficient DCvC synthesis of S-S-linked peptidocalixarene 32.

Meijer et al.*® have exalted the practical importance and
convenience, of using triethylamine as a weak organic base to
generate small quantities of ‘activated’ cysteine thiolates i.e. 31
(Scheme 6). Thiolate 31 can engage in thiolate-disulfide
exchange reactions (not shown).**%° Probing the requirement
for base and employing CDCl; as a convenient reaction / NMR
solvent, a mixture of N-boc-(R)-cysteine ethyl ester (30) and
our S-S-linked bis-calixarene 28 was analyzed by H-NMR
after 48 hours. As expected, in the absence of base, no
observable reaction was identified. However, following the
addition of triethylamine (2 equivalents) to 30 in an attempt to
generate triethylammonium thiolate 31 and so promote the
thiolate-disulfide exchange (Scheme 6), we were surprised that
the reaction still did not proceed, even after 144 hours.

This article is protected by copyright. All rights reserved.
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was to undertake a ‘redox switch’ on 30 and 28. The thiol
cone-13 and the disulfide 33 were first stirred in the absence of
triethylamine for 48 hours. Similar to disulfide 28 and thiol 30,
and as expected, no reaction was observed (*H-NMR). When
triethylamine was added to form small quantities of the more
nucleophilic thiolate 29 (Scheme 6) derived from cone-13, the
disulfide / thiol exchange reaction was now observed, albeit
slowly. Indeed, after 10 hours, *H-NMR spectroscopy indicated
that approximately 8% of the desired peptidocalixarene 32
(Scheme 6) rising to a 60% yield after 144 hours at which point
the majority of starting materials had been consumed (< 5%
remaining) so the reaction was stopped.

MeO,C,

0o O
>/\,/< N\—NH
BocNH S \—COyMe

N

H 13, EtsN, H
MeO,C S S
< 2 \‘/\)L”/\/ >\ EE—. 35(major) é + 28
2

NHBoc CDClj, (minor)
34 rt, 5 days, N
60% yield L | A

OPr OPropr PrO/
Scheme 7. Application of DCvC for the efficient dynamic
synthesis of S-S-linked peptidocalixarene 35.

We turned our attention next to the installation of a
tripeptide on the upper-rim of mono-functionalized cone-
calix[4]arene 13 (Scheme 7). This would demonstrate the
generality of our peptidocalixarene-based disulfide exchange
DCvC. Using the protected GSSG derivative 34 and 2
equivalents of triethylamine, reaction progress was again
monitored using 'H-NMR. The reaction was stopped after 120

®xChemPubSoc A European Journal
"\9* DOI: 10.1002/chem.201XXXXXX Full P
et u aper

An alternative route to 32 was devised. Our new approach hours, and the desired tripeptide (GSSG)-S-S-linked-

calix[4]arene peptidohybrid 35 was isolated. Similar to the
synthesis of peptidocalix[4]arene 32, only a small percentage
of biscalixarene 28 was observed. Although in both examples
we chose not to isolate 28, it could, if desired, be recycled after
reduction to 13.

Finally, with generally-applicable procedures now in
place for the easy synthesis of covalent (i.e. heterocycle-
linked) and dynamic covalent (i.e. disulfide-linked) multii-
calixarenes, we turned to the synthesis of larger
tetracalixarenes that contained both types of linkages. We
started (Scheme 8) by varying the stoichiometry of our
successful microwave-assisted double CuAAC reaction
conditions (i.e. copper sulfate / TBTA / sodium ascorbate,
90 °C) to access the unsymmetrically-substituted calix[4]arene
36, by reacting 12 and 25 together in a ca. 1:1 ratio. Executing
a second CuAAC using the same catalysts, but with a slightly
longer reaction time, allowed (4-azidobenzyl)-S-tritylsulfane 37
to be incorporated onto the precursor for 38. Subsequent S-
deprotection (trityl-group) using a combination of trifluoroacetic
acid and triethylsilane generated the first example of a cone-
locked 1,3-difunctionalised calix[4]arene appended, on the
upper-rim, with both a thiol group and a heterocycle-linked
mono-functionalised calix[4]arene (i.e. 38).

We next established the potential of 38 to undergo the
redox chemistry that we had demonstrated earlier with 13
(Scheme 5) by oxidation with hydrogen peroxide to form the S-
S-dimer 39. The dynamic nature of 38 & 39 was then
confirmed by its subsequent reduction with DL-dithiotheritol to
reform the thiol containing calix[4]arene 38.

CusO,
TBTA
90 °C

[

l I N bat
‘ ] PrO a ascorbate
OPr OPr OPr PrO OPr OProPr THF

25 12 3 hrs

miul
WO oo, 37
SC(Ph)s

36 30% yield

1. Na ascorbate, CuSO,4, TBTA, THF
THF, 6 hrs, 90 °C, puW

2. TFA, TES, DCM, 1 hr

40% vyield OPr ?pr OPrpro
\

Redox \

! ]
/ OPr OPT \prPro

OPr OProprPro

38

| I
OPr OPrQprPro

39

65% yield 79% yield

Scheme 8. Synthesis of thiol derived multi-calixarene 38 and the easily reversibe DCvC oxidative synthesis of S-S-linked tetra-
calixarene homodimer 39
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Conclusions

We report the first straightforward multi-gram synthesis of a new
‘mono-armed’ cone-calix[4]arene (cone-4). We have established
that this simple 3° amine product opens the way to synthesise a
raft of alternative, and hitherto unknown, but important mono-
functionalised cone-calix[4]arenes (Table 1, entries 1, 3, 5, 6, 8, 9,
69-84% yield). Interestingly, the critical formation of 4 is far from
trivial, but eventually provided an efficient and scalable O-
alkylation reaction of 3. This specifically required the combined
use of DMF and n-propyl mesylate. These specialized reaction
conditions were then successfully employed in the calix[6]arene
series. Demonstrating the generality of our procedure and
synthetic utility of our methodology, we report here the application
of our mono-functionalised calixarenes for the synthesis of an S-
S-linked redox-active double and tetra-calixarenes. We also
report new examples of double and triple heterocycle-linked (via
CuAAC chemistry) multi-calixarenes. Similarly, the first
application of dynamic covalent chemistry using thiolate / disulfide
exchange to access was successful affording, in preference to
calixarene dimerisation, new peptidocalixarene hybrids. The
potential for these new synthesis ‘tools’, as well as the products
they generate i.e. redox active and DCvC augmented calixarenes,
will significantly strengthen the supramolecular, macrocyclic,
material and biological chemists’ ‘toolbox’ allowing new, unusual,
interesting architectures to be constructed and novel properties
investigated.

Experimental Section

Large scale synthesis of 5-(dimethylamino)methyl-
25,26,27,28-tetrapropoxycalix[4]arene cone-4:?” To a stirred
solution of 5-(dimethylamino)methyl-25,26,27,28-tetrahydroxy-
calix[4]arene 3 (10 g, 20.76 mmol) in N,N-dimethylformamide
(400 mL) under nitrogen was added sodium hydride (4.15 g, 60%
in mineral oil,104 mmol). The resulting suspension was stirred for
30 min at rt and then n-propyl methanesulfonate (13.06 g, 94
mmol) was added. The solution was heated and stirred at 100 °C
for 3.5 h, allowed to cool to rt, and then poured into distilled water
(300 mL). The aqueous layer was separated and extracted with
diethyl ether (3 x 150 mL) and the combined organic phases were
washed with brine (3 x 100 mL), dried over magnesium sulfate,
filtered and concentrated under reduced pressure to afford a
yellow oil. The oil was dissolved in dichloromethane (50 mL) and
filtered through silica gel (eluting with dichloromethane first, to
remove the excess of sulfonate, and then dichloromethane /
methanol, 9:1 V/V) to afford, after removal of the solvent under
reduced pressure the title compound as a pale yellow foam (8.17
g, 60%).

Synthesis of 5-(dimethylamino)methyl-37,38,39,40,41,42-
hexapropoxycalix[6]arene 20, step 1. To a solution of
calix[6]arene®® (2.23 g, 3.5 mmol) in tetrahydrofuran (50 mL) was
added dimethylamine (1.2 mL, 5.53 mmol, 25 % ag. solution) and
formaldehyde (0.4 mL, 5.25 mmol, 37 % aq. solution). The
mixture was stirred at room temperature for 6 h, after which time
the fine white precipitate was collected by suction filtration to
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afford the aminomethyl derivative 19 as a white solid (1.23 g, 1.77
mmol, 50 %). Its extremely low solubility in a wide range of
organic solvents required its characterisation as the propyl ether
20, as described in step 2. Step 2: A 20 mL capacity microwave
vial was charged with the calixarene obtained from step 1 (0.500
g, 0.721 mmol), Anhydrous N,N-dimethylformamide (15 mL) was
added under nitrogen, and then sodium hydride (0.221 g, 5.77
mmol, 60% in mineral oil) was added. The resulting suspension
was stirred for 30 min at rt before the addition of n-propyl
methanesulfonate (747 uL, 6.13 mmol) from a syringe. The vial
was sealed with a PTFE-lined crimp cap and the mixture heated
in the microwave synthesiser at 90 °C for 1.5 h. On cooling to rt,
the aqueous layer was extracted with diethyl ether (3 x 30 ml),
and the combined organic phase was washed with aqueous 1%
potassium carbonate (2 x 30 mL), dried over magnesium sulfate,
filtered and the solvent was removed under reduced pressure to
leave a pale yellow oil. The oil was dissolved in dichloromethane
(5 mL) and filtered through silica gel (eluting with
dichloromethane first to remove the excess of electrophile and
then dichloromethane / methanol, 9:1 V/V) to yield the desired
titte compound as a pale yellow oil (0.400 g, 0.423 mmol, 59 %).
R 0.42 (15% methanol in dichloromethane); H NMR (CgDs, 500
MHz) & 7.24 (brs, 9H), 7.10 (brs, 2H), 6.89-6.85 (m, 5H), 4.07 (s,
12H), 3.39 (brs, 8H), 3.29 (s, 2H), 3.23 (brs, 4H), 2.10 (brs, 6H),
1.49 (brs, 6H), 1.32 (brs, 6H), 0.82 (t, J 6.1 Hz, 6H), 0.78-0.70 (m,
12H) ppm. ¥C NMR (CDCls, 126 MHz) & 156.0, 155.8, 155.6,
155.3, 135.2, 135.0, 134.7, 123.9, 123.8, 74.84, 74.76, 44.8, 31.2,
31.01, 30.97, 23.95, 23.94, 23.86, 23.84, 10.88, 10.83, 10.77
ppm. FT-IR (neat) 3361, 2963, 2935, 2875, 2281, 1750, 1588,
1454, 1385, 1250, 1215, 1194, 1084, 1063, 1042, 1006, 963, 889
cm™. MS (MALDI) m/z 988.02 [M+CO,]*; HRMS [M + HJ*
Calculated for: Cs3HgoN1Os; 946.5980 Found: 946.5978.

Synthesis of 4-[5-(25,26,27,28-tetrapropoxycalix[4]arenyl)]-
1H-1,2,3-triazol-1-yllmethyl-25,26,27,28-tetrapropoxycalix[4]-

arene 24: A 5 mL capacity microwave vial was charged with a
solution of the azide cone-12 (30 mg, 0.05 mmol), the alkyne
cone-23 (38 mg, 0.06 mmol), copper(ll) sulfate pentahydrate (4
mg, 0.19 mmol), sodium ascorbate (19 mg, 0.1 mmol) and
tris(benzyltriazolylmethyl)amine (10 mg, 0.02 mmol) in
tetrahydrofuran (1 mL). The vial was sealed with a PTFE-lined
crimp cap and heated at 90 °C in the microwave synthesiser for 2
h. TLC analysis (dichloromethane) indicated the starting material
had been consumed. The solvent was removed under reduced
pressure and the residue was purified by column chromatography
on silica gel (diethyl ether / petrol, 7:1 V/V) to afford the tit;e
compound as a clear oil (52 mg, 0.04 mmol, 85 %). R; 0.34 (30%
diethyl ether in petrol); *H NMR (CDClz, 500 MHz) 8 7.15 (d, J 5.0
Hz, 3H), 6.84 (dd, J 7.4, 1.4 Hz, 4H), 6.81-6.78 (m, 4H), 6.71 (t, J
7.4 Hz, 2H), 6.67 (d, J = 7.5 Hz, 2H), 6.51 (dd, J = 6.4, 2.8 Hz,
2H), 6.47-6.42 (m, 6H), 6.37 (t, J 7.5 Hz, 1H), 6.28 (s, 2H), 5.03
(s, 2H), 4.50-4.42 (m, 8H), 3.97-3.86 (m, 8H), 3.82-3.72 (m, 8H),
3.24-3.08 (m, 8H), 1.98-1.86 (m, 16H), 1.06-1.00 (m, 12H), 0.98-
0.91 (m, 12H) ppm. **C NMR (CDCl3, 126 MHz) & 157.4, 157.3,
157.1, 156.6, 156.3, 136.4, 136.2, 135.8, 135.7, 135.4, 134.7,
134.6, 134.4, 128.8, 128.6, 128.4, 128.2, 128.1, 128.0, 127.9,
127.8, 126.0, 124.4, 122.2, 122.1, 121.9, 121.6, 118.8, 77.0, 76.8,
76.7, 54.0, 31.2, 31.1, 23.5, 23.5, 23.3, 23.2, 10.7, 10.6, 10.4,
10.3, 10.2 ppm. FT-IR (neat) 2960, 2932, 2874, 1586, 1456, 1384,
1246, 1214, 1194, 1006, 966 cm™t. MS (MALDI) m/z 1287.32
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[M+Na]*; HRMS [M + H]* Calculated for: Cg3HggN3Og; 1263.7348
Found: 1263.7348.

Synthesis of 5,5-(bis-25,26,27,28-tetra-propoxycalix[4]-
arenyl)methyl disulfide 28: To a solution of cone-13 (15 mg,
0.023 mmol) in ethyl acetate (0.5 mL) was added sodium iodide
(2 mg, 7 umol) then hydrogen peroxide (3 pL, 0.023 mmol) using
a syringe. The mixture was stirred at rt for 1 h. The mixture was
diluted with ethyl acetate (8 mL), and then washed with a sat. aq.
sodium thiosulfate (5 mL) and water (5 mL). The combined
organic phases were dried over magnesium sulfate, filtered and
concentrated under reduced pressure to afford the title compound
as a clear oil (15 mg, 0.023 mmol, 100%). *H NMR (500 MHz,
CDCl): 8 6.71-6.47 (m, 22H), 4.44 (d, J = 13.3 Hz, 4H), 4.43 (d, J
=13.3 Hz, 4H), 3.88-3.77 (m, 16H), 3.43 (s, 4H), 3.14 (d, J = 13.4
Hz, 4H), 3.12 (d, J = 13.4 Hz, 4H), 1.96-1.85 (m, 16H), 1.01-0.92
(m, 24H) ppm. ¥C NMR (126 MHz, CDCls): & 156.9, 156.6, 135.5,
135.1, 134.9, 130.4, 129.3, 128.3, 128.2, 122.1, 121.9, 76.8, 76.8,
43.8, 31.1, 29.9, 23.41, 23.36, 10.5, 10.4 ppm. FT-IR (neat): 2961,
2923, 2875, 1732, 1586, 1462, 1455, 1263, 1210, 1195, 1086,
1007, 966, 758, 739 cm™. MS (MALDI): m/z 1298.66 [M + Nal*;
HRMS: [M + NH4]* Calculated for: CgHi10o2NOsS, 1292.7041;
Found: 1292.7005.
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