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ABSTRACT

C-H activation offers an intriguing access into inherently chiral calix[4]arenes, but has been little explored in the literature. In this
article, we report our investigation into a published C-H activation method that uses carbamates to direct a palladium catalyzed
C-H activation and subsequent reaction with N-bromosuccinimide. However, we show that this reportis unfortunately flawed on
a number of points. An earlier reported study revealed the more likely S Ar mechanism of the bromination reaction, which did
not involve palladium catalysis. We nevertheless employed the S Ar bromination in an attempt to form inherently chiral
calix[4]arenes, using a chiral (+)-menthyl carbamate as a directing group. Unfortunately, although the reaction was high yielding,
the diastereomers formed were inseparable and we were unable to quantify their ratio. Subsequent removal of the chiral
(+)-menthyl carbamate, returned a small positive optical rotation, suggesting that at least a level of asymmetric induction was
achieved in the bromination to afford a non-racemic product.
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1. Introduction

Chirality is and will always be one of the most important
aspects of chemistry since all living forms are chiral. From its
initial introduction to chemistry students in the form of point
chirality (tetrahedral carbon atoms), students later learn that
chiral molecules can be formed in many other ways. Our
area of research has been focused on one of these aspects,
that of inherently chiral calix[4]arenes.”” Inherently chiral
calix[4]arenes can actually be formed by a number of different
ways, which makes them attractive targets to study (see Fig. 1 for
some simple examples). We have focused on meta-functionali-
zation as a preferred strategy, owing to its similarity to planar
chiral ferrocenes, which have a good history of acting as
asymmetric ligands.’ To date, we have developed some strate-
gies that stereoselectively synthesize meta-functionalized inher-
ently chiral calix[4]arenes using ortho-lithiation chemistry
directed by either chiral oxazolines*® or a sulfoxide.” Whilst these
methods are currently the only meaningfully stereoselective
methods available to form inherently chiral calix[4]arenes, they
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Figure 1 Strategies for creating inherently chiral calix[4]arenes.’

suffer from rather difficult chemistry that makes scale-up (e e
problematic. To this end, we have been looking at other methods
that might generate meta-functionalized inherently chiral HN~ "OMe Pd(OAc), HN~ "OMe
calix[4]arenes. One such method involving a putative C-H H NXS. PTSA X
activation pathway caught our attention in the literature. In this X ’ X
2016 paper by Moghaddam and coworkers, it was reported that | |
methyl carbamates were excellent directing groups for ortho-aryl R/ = DCE, 60°C R/ =
C-H activation (Scheme 1).! We wondered whether the same
Scheme 1

method could be used on a calix[4]arene to generate inherently
chiral versions if the carbamate itself was chiral. Herein we
would like to report our preliminary findings in this area, as
well as reveal our deep concerns regarding the paper by

C-H activation route reported by Moghaddam.®

2. Results and Discussion

Moghaddam and co-workers.

* To whom correspondence should be addressed.
E-mail: arnott@sun.ac.za

2.1. Model Study
Our investigation began with a model study, primarily to
ascertain whether the chemistry reported by Moghaddam and
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co-workers was itself correct (Scheme 1). We had some initial
concerns about the reported method, as the paper appeared to
have superficial errors that we found surprising. Some of these
errors might have been due to topographical oversight, but did
warrant further investigation. One concern was that the
reported method should have been theoretically possible using
just N-bromosuccinimide (NBS), without any need for the
palladium catalyst. In the paper, the authors reported that the
reaction failed using NBS in acetonitrile, but only worked when
palladium acetate was added. The authors then reported that
the reaction failed in dichloroethane (DCE) even with palladium
acetate, but worked again when para-toluenesulfonic acid
(PTSA) was added. The published table of results showed no
example of an experiment that then excluded the palladium
catalyst, but kept PTSA, i.e. a control experiment. However, the
text did report that a control experiment had been performed
and then referred to an incorrect entry on the table (hence a
possible typographical error). For this reason, we decided to
have a closer look at the reaction ourselves.

The model selected (carbamate 1) included a para-methoxy
group, which served both as a model for a single functionalised
aromatic ring on the calix[4]arene, and as a means for testing
the directing ability of the carbamate vs. the methoxy group.
Essentially, it was found that the role of the palladium in
this experiment was greatly exaggerated (see Table 1), with the
yield of brominated 2 only being marginally higher when
it was included. In both cases, the carbamate was the sole
director towards ortho-bromination. It therefore seems likely to
us that Moghaddam and co-workers had somewhat overstated
the importance of the palladium and its role in the reaction.

With this rather unsurprising result, we took a much closer
look at the paper by Moghaddam and co-workers and noticed
more problems. In the introduction, they made the main claim
that: “To the best of our knowledge, this is the first report of

Table 1 Model study to examine the role of the palladium catalyst.
0) )

NJ\ NJJ\

OMe  Pd(OAc), OMe
H NBS, PTSA Br.
DCE, 60 °C
OMe OMe
1 2
Entry Pd(OAc), PTSA* Time Yield
1 5 mol% 50 mol % 2.5h 79 %
2 - 50 mol % 25h 69 %

? The acid is important in this reaction; without it the rate drops dramatically

application of N-arylcarbamates as DG in C-halogen bond
formation’. This statement cannot be proven false, since it is ‘to
the best of their knowledge’, but it is nevertheless wrong. A
quick search on Reaxsys reveals a different story: excluding
papers reported after their own 2016 publication, 43 documents
(including patents) report the use of NBS brominating an aryl
ring ortho to a carbamate; 12 documents using NCS (chlorina-
tion) and 24 documents using NIS (iodination). Many further
examples can also be found employing the respective molecular
halogen reagent (e.g. chlorine, bromine and iodine). A minor
selection of examples from the peer review literature are shown
in Fig. 2 (refer to Supplementary Information). It is dishearten-
ing that the reviewers never noticed this, since this fact alone
puts a completely different interpretation onto the results
presented.

Secondly, Moghaddam and co-workers cite a 2014 paper by
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HN)J\

0 h NBS Br 4 OMe o HN” ~OMe
N\n/OtBu H,SO, (cat) N\ﬂ/OtBu H N cl
OO MeCN, reflux,
©  THF -e0°C, ‘ ‘ © S
OBn 5h OBn . &
Bogeret al. 98% Synth CDaws 2000 82%
JACS 1989 ynthCommun
it iy
o o]
OtBu HN™ ~“OfBu
H cl /gko NBS /gko
o) NH NCS o NH
o — o) H —_— Br.
tBuO)J\ | DMF, 6(_) °C, tBuOJ\H | DMF, 60 °C,
N« 30 min N OMe OMe
COzMe COzMe
COMe Reddy et al. COMe Guyonnet et al.
OrgLett 2010 75% Orglett 2012 89%
A g
H
H HN™ ~OMe
N\n/OEt NCS, HCI \n/OEt le TfOH |
O  AcOH,50°C, OO o) -
SeeRy “ T
Novartis patent nd* Br
W02004/48314 2004 Jl/?qoégezt (:)34 s 01%
0

Figure 2 Selected reports'’"

using NXS reagents and N-arylcarbamates prior to Moghaddam and co-workers” paper. * =

not disclosed.
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Uhlig and Li'** making the following statement: ‘Although they
are structurally and electronically similar to O-aryl carbamates,
after being introduced by Li et al. as an effective and removable
DG, N-arylcarbamates have not been investigated as C-H
activation DG(sic).” This statement is false, since Uhlig and Li
very definitely reported on N-arylcarbamates being used as C-H
activation directing groups. In fact, it is the entire focus of
their paper, which is titled ‘Aniline Carbamates: A Versatile and
Removable Motif for Palladium-Catalyzed Directed C-H Activa-
tion”. In Uhlig and Li’s paper, they also had a good look at the
reaction mechanism and found that the aniline carbamate
strongly favoured the promotion of electrophilic aromatic
substitution, which aligns with the observations in the literature
that NXS is itself capable of halogenating ortho to an N-aryl-
carbamate via a non-C—H activation pathway.

Thirdly, closer inspection of Moghaddam and co-workers’
proposed mechanism also reveals a number of problems.
Firstly, an intermediate involving a deprotonated carbamate is
proposed, which is unlikely since the reaction is under acidic
conditions, and secondly, they make no account of the purpose
of the p-toluene sulfonic acid which they point out is crucial; see
ref.®: Scheme 5. A more realistic and plausible mechanism can be
found in the paper by Uhlig and Li, which they cited.' Overall, it
is our opinion that Moghaddam and co-workers submitted a
paper that failed to acknowledge the correct state of the art, and
in so doing failed to understand the more likely interpretation of
their results. The work by Uhlig and Li makes it clear that C-H
activation is almost certainly occurring, but in the case of
halogenation, this may not be the main mechanistic pathway.
The unfortunate thing is that this paper has been cited many
times, including four reviews where its conclusions have been
reported without question.””

2.2. Calix[4]arene Study

Whilst our starting point for the study proved to be some-
what spurious, the use of a chiral carbamate to potentially form
inherently chiral calix[4]arenes was deemed to be worth pursu-
ing. First an achiral model study was carried out, in order
to check the chemistry, by reacting the known mono-amino-
calix[4]arene 3*"* with methyl chloroformate and pyridine
(Scheme 2). The carbamate product 4 was confirmed via "'HNMR
spectroscopy (singlet at 3.69 ppm for the hydrogen atoms of
the methoxy group), infrared (1727 cm™ for the carbamate)® and
HRMS (calculated for C,H,,NO, [M+H]": 666.3790; found
666.3782). With this material in hand, we attempted the
bromination using both Moghaddam and co-workers” method,
against one that excluded the palladium catalyst. Once again,
the yields of the reaction were only marginally higher when the
palladium catalyst was included, suggesting that the dominant
mechanism was still the electrophilic bromination and not C-H
activation (see Table 2). What was also worth noting was that the
unfuctionalized aromatic rings were not brominated, even

HN,COZMe
MeOCOCI
/\/L ledlne o\ \l a
\/ S ANSA
o DCM RT % & LA
pr’p Pr Pr Prp¢- Pr Pr
87%
3 4
Scheme 2

Synthesis of mono-functionalised calix[4]arene carbamate model.

Table 2 Bromination results on mono-functionalized calix[4]arene.

HN/COZMG Pd(OAc), HN/COZMG
NBS
\ ﬁ d PTSA
\\{\/ AAA -
DCE, 60 °C
Pr'(l;r'O PVQPF
4 5
Entry Pd(OAc), PTSA Time Yield
1 5 mol% 50 mol % 2.5h 87 %
2 - 50 mol % 25h 77 %

though they are in principle activated by the para-propoxy
groups. This is again likely due to the greater directing effect
of the carbamate as evidenced in the model study (see earlier).
Successful synthesis of the ortho-brominated product 5 was pri-
marily concluded from the HRMS (calculated for C,,H,,BrNO,
[M+H]*: 744.2900; found 744.2872 with matching isotopic distri-
bution), and 'H NMR spectroscopy (whose aromatic region
revealed the loss of one proton).

Having established that the carbamate was a suitable func-
tional group for activating the calix[4]arene meta-position, we
turned our attention to using a chiral carbamate to see whether
diastereoselectivity could be achieved. For this we selected
(1S)-(+)-menthyl chloroformate (it was available in our labs),
and reacted it with mono-amine calix[4]arene 3 under the same
conditions as before. The new chiral carbamate 6 was obtained in
excellent yields between 90 and 98 % after work-up and column
chromatography. The mono-menthyl carbamate calix[4]arene 6
was characterized by NMR spectroscopy, HRMS (calculated for
C,HNO, [M+H]*: 790.5047; found 790.5040) and infrared
(1697 cm™ for carbamate).

With our chiral carbamate in hand, we attempted a selective
bromination reaction using the protocol without palladium,
which returned a good yield (>80 %) for the inseparable
brominated products 7a and 7b. We had been hoping to use
"H NMR spectroscopy to quantify the diastereoselectivity of
the reaction, but to our disappointment, there were really no
promising signals to work with. Different solvents (CDCl,,
DMSO-d, and C;H,) and different temperatures (up to the maxi-
mum allowed) all failed to help us determine the diastereo-
selectivity. The only signal that appeared marginally useful was
the methine signal on the chiral centre of the menthyl group. In
the starting material this appeared at d 4.60 ppm as a triplet of
doublets, whilstin the productitappeared as a multiplet centred
around 0 4.69 ppm (see Fig. 3). On close inspection, it could be
seen that this multiplet was an overlay of two triplets of doublets
in essentially a 1:1 ratio, suggesting a poor diastereoselectivity in
the reaction.

In order to see if we could improve on this diastereoselec-
tivity, we tried the reaction at lower temperatures. Since DCE is
relatively limited in this sense, we changed the solvent to
dichloromethane (DCM) and initiated a temperature study
(Table 3). Unfortunately, in all cases (down to —35 °C) we saw no
discernible improvement in the diastereoselectivity (as judged
by the aforementioned signals in the 'H NMR spectra). How-
ever, what was unexpected was just how well the reaction
occurred even at lower temperatures, albeit with slightly longer
reaction times.

Our inability to determine the ratio of diastereomers in this
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Figure 3 Comparison of the chiral C—-H methine in the brominated 7a
and 7b (a) and starting material 6 (b) menthyl carbamate calix[4]arenes
(spectra run in CDCL).

Table 3 Results for lower temperature study for bromination of menthyl-
carbamate calix[4]arene. Reagents and conditions:
calix[4]arene 6 (1 equiv), NBS (1.1 equiv), PTSA (0.5 equiv), DCM.

Entry Temp./°C Catalyst Time/h Yield/%
1 25 Pd(OAc), 4 90
2 25 - 4 86
3 0 Pd(OAc), 4 90
4 0 - 4 82
5 -35 Pd(OAc), 4 92
6 -35 - 4 82

reaction was frustrating. Even normal and reversed-phased
HPLC experiments, including the use of a chiral column, failed
to separate the two diastereomers. As a last resort, we decided to
remove the chiral menthyl group and examine the optical rota-
tion of the resultant mixture of enantiomers to see if any optical
activity was displayed. Although this would not be a means of
determining enantioselectivity, the optical rotation would at
least point to whether any chiral induction had taken place.
Removal of the menthyl group was readily achieved using
Coudert’s method of tetra-n-butylammonium fluoride (Bu,NF,
TBAF) in THF (Scheme 3).** The reaction, as expected,” was
sluggish and required heating under reflux for 36 h. Neverthe-
less, after work-up and purification, the aminocalix[4]arene
product was obtained in yields >80 %. The '"H NMR spectrum
showed the complete removal of the menthyl group, greatly
simplifying the spectrum. The loss of the carbamate was also
detected by IR spectroscopy and the HRMS returned the
expected molecular ion (and isotopic distribution pattern) for
the product. Optical rotation experiments were then run on
material generated from bromination at—35 °C (Table 3, entries 5
and 6), returning values of [«¢], = +6 ° and +3 ° for products
derived from entries 5 and 6, respectively. Whilst these values
cannot be used for any form of quantification, they do indicate a

{
0 N

q J o Omenthyl

pyridiné

_—

DCM, RT
90-98%

NBS, PTSA
DCE, 60 °C

0] (0]

| |
HN/'\Omenthyl HN)\OmenthyI
Br

>80%

TBAF

83%

0,
Pr’%r’o PrQPr

O. 0.
Pr’cP)r’o PrO Pr

8a 8b
Scheme 3
Synthesis of brominated menthyl carbamate calix[4]arene
diastereomers.

level of enantiomeric excess, which in turn, points to at least
some degree of diastereoselectivity induced by the chiral
menthyl carbamate.

3. Conclusion

In conclusion, we have shown that a report in the literature
claiming a C—H activation route, mediated by a catalytic palla-
dium in which a carbamate directs the formation of an aryl
halide bond, is somewhat overstated and incorrect on a number
of points claimed. Nevertheless, using a chiral calix[4]arene
carbamate, bromination successfully delivered a product that
suggested a modest level of inherent chirality that could not be
quantified. Further work can potentially look at other chiral
groups and also at extending the number of directing groups on
the upper-rim of the calix[4]arene to two or even four, in order to
access more interesting meta-functionalized calix[4]arenes.

Supplementary Material

Copies of NMR, IR and HRMS spectra for all new compounds
synthesized and also references for halogenation reactions prior
to 2016 are provided in the supplementary material appended
to the end of this article.

Experimental
All chemicals were purchased from Merck or Sigma-Aldrich.
Dichloromethane was dried from calcium hydride under nitro-
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gen. Other reagents that required purification were done so
according to standard procedures. The synthesis of methyl
(4-methoxyphenyl)carbamate 1 was performed using a litera-
ture procedure from p-anisidine,® and mono-aminocalix[4]
arene 3 was prepared as previously reported by us.”

For syntheses performed under inert conditions the glassware
was oven-dried and then placed under vacuum of <0.5 mm Hg
before being periodically flushed with argon until reaching
room temperature. All reactions were performed under positive
pressure of 2.8 kPa of 5.0 grade argon (Air Products). Low tem-
perature reactions were performed in a Dewar containing ice
and acetone (-15 °C), solid CO, and acetonitrile (—40 °C) or solid
CO, and acetone (-78 °C).

Column chromatography was performed using 230-400 nm
silica and thin layer chromatography (TLC) was performed
using Macherey-Nagel DC-Fertigfolien ALUGRAM Xtra SIL
G/UV254 TLC plates. Visualization of compounds on TLC plates
was performed by using a UV lamp or using a cerium ammo-
nium molybdate (CAM) solution followed by heating.

Both 'H and “C NMR spectra were obtained using Varian 300
MHz VNMRS, Varian 400 MHz Unity INOVA and Varian 600
MHz Unity INOVA NMR instruments. Chemical shifts were
recorded using the residual solvent peaks (chloroform-d or
DMSO-d,) and reported in ppm. Unless otherwise stated, NMR
spectra was obtained at room temperature. All mass spectrome-
try spectra were obtained by Central Analytical Facility (CAF) at
Stellenbosch University using a Waters API Q-TOF Ultima
mass spectrometer. IR spectra were obtained using a Thermo
Nicolet Nexus FTIR instrument using the ATR attachment.
Melting points were obtained using a Gallenkamp Melting Point
Apparatus.

Methyl (2-bromo-4-methoxyphenyl)carbamate (2)

An oven-dried Schlenk equipped with a magnetic stir bar and
flushed with argon was charged with 1 (100 mg, 0.552 mmol),
NBS (108.5 mg, 1.1 eq), PTSA (48 mg, 0.5 eq) and DCE (1.1 mL).
The contents were then heated to 60 °C and left to stir for 2.5 h.
After 2.5 h, the reaction contents were cooled to room tempera-
ture and then diluted with DCM (20 mL). The solution was then
poured into H,O (20 mL) after which the product was extracted
with DCM (10 mL X 3). The organic layers were subsequently
combined and washed with a 10 % HCI solution (20 mL),
followed by sat. NaHCO, (20 mL) solution and finally brine
(20 mL). The solution was then dried over MgSO, and the
solvent was removed viaz reduced pressure. Purification was
achieved via silica gel flash column chromatography (EtOAc:
PET 10:90) to obtain compound 2 as an orange solid in 69 % yield
(99 mg).

The characterisation data collected for this compound com-
pared well to literature data.®

'"H NMR (400 MHz, CHLOROFORM-d) 4 ppm 7.93 (br. s, 1H,
NH),7.07 (d, ¥, = 2.9 Hz, 1H, ArH), 6.90-6.82 (m, 2H, ArH), 3.78
(s, 3H, OCH,) 3.77 (s, 3H, OCH,).

5-Methyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene (4)
To an oven-dried 2-neck round-bottomed flask, compound 3
(375 mg, 0.62 mmol) dissolved in DCM (20 mL) and pyridine
(74.0 L, 0.92 mmol, 1.5 eq) was added. After cooling the mixture
to 0 °C, methyl chloroformate (71.5 uL, 0.92 mmol, 1.5 eq) was
added. The reaction was then allowed to warm to room temper-
ature and after 30 min the reaction had run to completion. H,O
(20 mL) was added to the reaction mixture and the product was
subsequently extracted with DCM (10 mL X 3). The organic lay-
ers were combined and first washed with a dilute HCI solution

(0.2 M, 25 mL), brine (25 mL) and dried over MgSO, before
removing excess solvent under vacuo. The crude product was
purified via silica gel flash column chromatography (EtOAc:PET
5:95) to afford compound 4 as a colourless glass (370 mg, 90 %).
R, = 0.66 (10:90 EtOACc:PET); Mp = 124-128 °C; IR (ATR, cm™):
3374 (N-H), 2960 and 2873 (C-H), 1727 (C=0), 1529 (arene), 1454
(C=C), 1211 and 1191 (C-O-C), 1005 and 966 (C-N), 757 (C-H);
"H NMR (300 MHz, CHLOROFORM-d) 6 ppm 6.86-6.36 (br m,
11H, ArH), 6.13 (br s, 1H, NHR), 4.47 (d, 2H, *],,, = 13.4 Hz,
ArCH,,, Ar), 442 (d, 2H, *J,, = 13.4 Hz, ArCH,, Ar), 3.92-3.76
(m, 8H, OCH,CH,), 3.70(s, 3H, OCH,), 3.16 (d, 2H, *J,;;; = 13.4 Hz,
ArCH,,, Ar), 3.13 (d, 2H, %, = 13.4 Hz, ArCH,, Ar), 2.00-1.84
(m, 8H, CH,CH,CH,), 1.08-0.94 (m, 12H, CH,CH,CH,); *C{1H}
(75 MHz, CHLOROFORM-d) 6 ppm 157.0 (ArC), 156.5
(NHCOO), 153.0 (ArC), 135.6 (ArC) 135.5 (ArC), 135.3 (ArC), 135.0
(ArC), 131.5 (ArC), 128.5 (ArC), 128.4 (ArC), 128.1 (ArC), 122.1
(ArC), 121.6 (ArC), 119.4 (ArC), 76.80 (OCH,CH,), 76.76
(OCH,CH,), 52.2 (OCH,), 31.2 (ArCH,Ar), 31.1 (ArCH,Ar), 23.43
(OCH,CH,CH,), 23.37 (OCH,CH,CH,), 23.3 (OCH,CH,CH.), 10.6
(OCH,CH,CH,), 10.4 (OCH,CH,CH,); HRMS-Positive: m/z
[M+H]* caled. for C,,H,,NO,: 666.3795; found 666.3782.

(%)-6-Bromo-5-methyl carbamate-25,26,27,28-tetrapropoxy-
calix[4]arene (5)

A Schlenk equipped with a magnetic stir bar and flushed with
argon was charged with compound 4 (97 mg, 0.15 mmol), NBS
(28 mg, 0.16 mmol, 1.1 eq), PTSA (14 mg, 0.071 mmol, 0.5 eq)
and Pd(OAc), (1.6 mg, 0.007 mmol, 0.05 eq) in DCE (2 mL). The
contents were heated to 60 °C and left to stir for two and a half
hours. After the allotted time, the reaction was cooled to room
temperature and diluted with DCM (5 mL) before being poured
into H,0 (10 mL). The product was extracted with DCM (5 mL x
3) and the combined organic layers were subsequently washed
with 10 % HCI (10 mL), sat. NaHCO, (10 mL) and finally brine
(10 mL). The solution was then dried over MgSO, and the
solvent was removed viaz reduced pressure. Purification was
achieved via silica gel flash column chromatography (2:98
EtOAC:PET) to yield compound 5 as an amorphous glass (90 mg,
82 %). R, = 0.70 (DCM); Mp = 174-184 °C; IR (ATR, cm™): 2957
and 2873 (C-H), 2365 (N-H), 1705 (C=0), 1455 (C=C), 1192 and
1087 (C-O-C), 1005 and 965 (C-N), 762 (C-H); 'HNMR (300 MHz,
CHLOROFORM-d) 6 ppm 7.86 (brs, 1H, NH), 7.13 (br, 1H, ArH),
7.09 (d, 2H, ], = 7.4 Hz, ArH), 6.90 (t, 1H, *],,, = 7.4 Hz, ArH)
6.40-6.09 (m, 6H, ArH), 4.49-4.36 (m, 4H, ArCH,, Ar), 4.11-3.81
(m, 4H, OCH,CH, and 1H, ArCH,,, Ar), 3.83 (s, 3H, OCH,),
3.74-3.63 (m, 4H, OCH,CH,), 3.27-3.06 (m, 3H, ArCH,,, Ar),
2.08-1.79 (m, 8H, CH,CH,CH,), 1.10 (t, °J,,;, = 7.4 Hz, 6H,
CH,CH,CH,), 0.91 (t, *J,,,, = 7.4 Hz, 3H, CH,CH,CH,), 0.90 (t, ],,;,
= 7.4 Hz, 3H, CH,CH,CH,); ®C{1H} (75 MHz, CHLORO-
FORM-d) 6 ppm 158.0 (ArC), 155.3 (NHCOO), 154.6 (ArC),154.3
(ArC), 137.6 (ArC), 137.1 (ArC), 137.0 (ArC), 136.7 (ArC), 135.5
(ArC), 133.5 (ArC), 132.4 (ArC), 132.1 (ArC), 130.2 (ArC), 129.0
(ArC), 128.9 (ArC), 127.9 (ArC), 127.8 (ArC), 127.5 (ArC), 126.6
(ArC), 122.3 (ArC), 122.3 (ArC), 121.9 (ArC), 121.0 (ArC), 77.1
(OCH,CH,), 77.0 (OCH,CH,), 76.6 (OCH,CH,), 52.6 (OCH,), 31.2
(ArCH,Ar), 31.1 (ArCH,Ar), 31.0 (ArCH,Ar), 30.2 (ArCH,Ar), 23.65
(OCH,CH,CH,), 23.59 (OCH,CH,CH,), 23.1 (OCH,CH,CH,), 23.0
(OCH,CH,CH,), 10.94 (OCH,CH,CH,), 10.91 (OCH,CH,CH.,),
9.97 (OCH,CH,CH,), 9.96 (OCH,CH,CH,); HRMS-Positive: m/z
[M+NH,]" calcd. for C,,H,,BrN,O,: 761.3165; found 761.3157.

5-Menthyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene (6)
In an oven-dried 2-neck round-bottomed flask, compound 5
(500 mg, 0.823 mmol) was dissolved in DCM (40 mL) and cooled
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to 0 °C. Pyridine (79.5 uL, 0.987 mmol, 1.2 eq) and menthyl
chloroformate (209 uL, 0.987 mmol, 1.2 eq) were subsequently
added and the mixture was warmed to room temperature. After
15 min, the contents of the flask were poured into H,O (40 mL)
and extracted with DCM (20 mL X 3). The organic layers were
then combined and first washed once with dilute HCl solution
(25 mL, 0.2 M) followed by brine (25 mL) and finally dried over
MgSO,. The solvent was removed under reduced pressure and
the crude product was purified via silica gel flash column
chromatography (3:97 EtOAc:PET) to afford compound 6 as a
colourless glass (650 mg, 98 %). R, = 0.47 (10:90 EtOAc:PET)
Mp = 68-72°C, [a],*¢ = +23.0° (c 0.017, DCM), IR (ATR, cm™):
2957, 2923 and 2872 (C-H), 1697 (C=0), 1454 (C=C), 1210
(C-O-C), 1006 and 966 (C-N), 757 (C-H); 'H NMR (600 MHz,
CHLOROFORM-d) 6 ppm 6.84-6.39 (m, 11H, ArH), 6.06 (br. s,
1H,NHR), 4.60 (td, *],,;, = 10.8,4.1 Hz, 1H, OCHhexyl) 4.46 (d, 7] ,;,
= 13.4 Hz, 2H, ArCH,,, Ar), 443 (d, *],, = 13.4 Hz, 2H,
ArCH,,, Ar), 3.86 (t, ’J,;; = 7.6 Hz, 4H, OCH,CH,), 3.82 (t, °J;;, =
7.3Hz,2H, OCH,CH,), 3.78 (t,°],,;; = 7.3 Hz, 2H, OCH,CH,), 3.16
(d, *J = 13.4 Hz, 2H, ArCH,,, Ar), 3.12 (d, 7], = 13.6 Hz, 2H,
ArCH,, Ar), 2.10-2.04 (m, 1H, CHCH,), 1.97-1.85 (m, 8H,
CH,CH,CH,), 1.72-1.66 (m, 2H, hexylH), 1.54-1.45 (m, 1H,
hexylH), 1.38-1.29 (m, 1H, hexylH), 1.12-0.83 (m, 3H, hexylH),
1.03-0.95 (m, 12H, OCH,CH,CH,), 0.91 (2xd, *J,;;; = 6.7 Hz, 6H,
CH(CH,),),0.79(d,*],;;= 7.0Hz, 3H, CHCH,). ®*C{1H} (150 MHz,
CHLOROFORM-d) 6 ppm 156.8 (ArC), 156.5 (NHCOO), 152.5
(ArC), 135.4 (ArC), 135.2 (ArC), 134.9 (ArC), 131.8 (ArC), 128.31
(ArC), 128.27 (ArC), 127.9 (ArC), 122.92 (ArC), 122.91 (ArC), 121.5
(ArC), 1185 (ArC) 76.66 (OCH,CH,), 76.64 (OCH,CH,), 76.62
(OCH,CH,), 74.5 (OCHhexyl), 47.4 (hexylC), 41.4 (hexylC),
34.3 (hexylC), 31.4 (ArCH,Ar), 31.1 (ArCH,Ar), 31.0
(ArCH,Ar), 26.2 (CH(CH,),), 23.5 (hexylC), 23.3 (OCH,CH,CH.),
23.21 (OCH,CH,CH,), 23.19 (OCH,CH,CH,), 22.1 (CH(CH,),),
20.9 (CH(CH,),), 16.4 (hexylCH,), 10.43 (OCH,CH,CH,), 10.41
(OCH,CH,CH,), 10.2 (OCH,CH,CH,). HRMS-Positive: m/z
[M+NH,]* caled. for C,H, N,O,: 807.5312; found 807.5313.

4-Bromo-5-menthyl carbamate-25,26,27,28-tetrapropoxycalix
[4]arene (7a and 7b)

An oven-dried 5 mL Schlenk equipped with a magnetic stir bar
was charged with NBS (14.9 mg, 0.084 mmol, 1.1 eq), PTSA-H,O
(7.2 mg, 0.038 mmol, 0.5 eq), Pd(OAc), (0.9 mg, 0.004 mmol,
0.05 eq) and DCM (1 mL). The reaction vessel was subjected to
five freeze pump thaw cycles before being flushed with argon
and cooled to -35 °C. Once cooled, compound 10 (60 mg,
0.078 mmol) was added at once and the reaction was left to stir at
-35°C for a further 4 h. After the time had elapsed, the reaction
contents were diluted with DCM (10 mL) and washed with a
10 % HCI solution (15 mL). The aqueous phase was extracted
with DCM (10 mL x 3) before combining the organic phase and
washing it once with sat. NaHCO, (20 mL) and finally brine
(20 mL). The solution was finally dried over MgSO, and concen-
trated under wvacuo. The crude product was then purified via
silica gel flash column chromatography (1:99 EtOAc:PET) to
produce compounds 7a and 7b as an inseparable mixture of
diastereomers (61 mg, 91 %). R, = 0.27 (4:96 EtOAc:PET); Mp =
74-84°C; IR (ATR, cm™): 3411 (N-H), 2957, 2931 and 2872 (C-H),
1732 (C=0), 1509 (arene), 1455 (C=C), 1209 and 1187 (C-O-C),
1005 and 966 (C-N), 756 (C-H); '"H NMR (300 MHz, CHLORO-
FORM-d) 6 ppm 7.95-7.84 (m, 1H, ArH — meta to Br), 7.20-7.02
(m, 2H, ArH), 6.91 + 6.89 (2 x t,°],,,, = 7.3 Hz, 1H, ArH), 6.36-6.06
(m, 6H, ArH), 4.77-4.61 (m, 1H, menthyl-OCH), 4.48—4.36 (m, 4H,
ArCH,, Ar), 4.10-3.79 (m, 4H, OCH,CH, + 1H, ArCH, Ar),

2(ax.) (eq.)
372-3.61 (m, 4H, OCH,CH,), 324-3.09 (m, 3H, ArCH,, Ar),

eq.)

2.23-2.03 (m, 1H, menthylH), 2.01-1.80 (m, 8H, OCH,CH,CH.),
1.72 (app d, ., = 11.6 Hz, 2H, menthyl-H), 1.51-1.38 (m, 1H,
menthyl-H), 1.51-0.74 (m, 27H, menthyl-H’s, menthyl-CH,’s,
OCH,CH,CH,); *C{1H} (75 MHz, CHLOROFORM-d)* 6 ppm
158.1 + 157.1 + 155.3 (ArC-OPr), 154.4 (ArC-OPr Br ring), 153.6
(C=0),139.2 + 139.0 + 137.5 + 137.2 + 136.7 + 136.4 + 133.5 +
132.7 + 132.5 + 132.4 + 132.2 (ArC), 131.3 (ArCH), 130.7 + 130.6
(ArC-Br), 129.0 + 127.9 + 127.7 + 127.5 + 127.3 + 126.7 + 126.5 +
122.3 + 121.9 (ArCH), 120.8 (ArCH - meta to Br), 114.4 + 113.9
(ArC), 77.0 + 76.6 (OCH,CH,CH,), 75.5 + 75.4 (menthyl-OCH),
47.3 (menthyl-CH), 41.4 (menthyl-CH,), 34.4 (menthyl-CH,),
31.6 + 31.0 + 30.3 (ArCH,Ar), 26.4 (menthyl-CH), 23.6 + 23.0
(menthyl-CH, + OCH,CH,CH,), 22.2 + 21.0 + 16.7 (menthyl-
CH,’s), 10.9 + 9.9 (-OCH,CH,CH,); HRMS-Positive: m/z
[M+NH,]" caled. for C;;H, BrN,O,: 885.4417; found 885.4427.

4-Bromo-5-amino-25,26,27,28-tetrapropoxycalix[4]arene (8)

In an oven-dried 2-neck round-bottomed flask equipped with
a reflux condenser and magnetic stir bar was charged with
calixarene 7a and 7b (110 mg, 0.127 mmol), a 1 M solution of
TBAF in THE (1.27 mL, 10 eq) and THF (10 mL). The contents
were heated to reflux and left to stir for 36 h. After the time had
elapsed, the solution was concentrated and then diluted with
EtOAc (15 mL) before being washed with H,O (10 mL X 6) and
finally brine (10 mL). The liquid was dried over MgSO, and
concentrated via reduced pressure. The crude product was then
purified firstly via silica gel flash column chromatography
(EtOAC:PET 1:9) and then heated at 80 °C under reduced pres-
sure for 8 h to afford compound 8 as a yellow solid (72 mg, 83 %).
R; = 0.33 (5:95 EtOACc:PET); Mp = 130-136 °C; IR (ATR, cm™):
1264 (C-N), 731 (C-H), 703 (C-H); '"H NMR (600 MHz, CHLORO-
FORM-d) dppm 7.09 (d, °J,;; = 74 Hz, 2H, ArH), 691 (t,°],;,; = 7.4
Hz, 1H, ArH), 6.60 (s, 1H, ArH), 6.30-6.12 (m, 6H, ArH), 4.45 (d,
Iy = 13.3 Hz, 1H, ArCH,, Ar), 444 (d, *J,, = 13.3 Hz, 1H,
ArCH,, Ar), 4.37 (d, *J,, = 13.6 Hz, 2H, ArCH,,,, Ar), 4.06-3.79
(m, 4H, OCH,CH,, 2H, NH,), 3.83 (d, *,; = 13.6 Hz, 1H,
ArCH,,, Ar),3.75-3.62 (m, 4H, OCH,CH,), 3.16 (d, ], = 13.4 Hz,
1H, ArCH,,, Ar), 3.15 (d, J,;,, = 13.4 Hz, 1H, ArCH,,, /Ar), 3.03 (d,
*y = 13.3 Hz, 1H, ArCH,,, Ar), 2.04-1.82 (m, 8H, CH,CH,CH,),
1.10 (t, °*J,,; = 7.4 Hz, 6H, CH,CH,CH,), 0.90 (t, *J,,,, = 7.4 Hz, 3H,
CH,CH,CH,), 0.89 (t, ’J,,; = 7.4 Hz, 3H, CH,CH,CH,); "C{1H}
(150 MHz, CHLOROFORM-d) 6 ppm 158.1 (ArC), 155.3 (ArC),
150.9 (ArC), 139.0 (ArC), 137.6 (ArC), 137.3 (ArC), 137.1 (ArC),
136.6 (ArC), 133.5 (ArC), 133.3 (ArC), 132.6 (ArC), 129.0 (ArC),
128.9 (ArC), 127.7 (ArC), 127.6 (ArC), 127.3 (ArC), 126.8 (ArC),
122.2 (ArC), 121.8 (ArC), 115.7 (ArC), 110.4 (ArC), 77.06
(OCH,CH,), 76.96 (OCH,CH,), 76.95 (OCH,CH,), 76.55
(OCH,CH,), 31.18 (ArCH,Ar), 31.11 (ArCH,Ar), 30.89 (ArCH,Ar),
29.93 (ArCH,Ar), 23.66 (OCH,CH,CH.,), 23.62 (OCH,CH,CH.,),
23.10 (OCH,CH,CH,), 22.97 (OCH,CH,CH,), 10.95
(OCH,CH,CH,), 10.94 (OCH,CH,CH,), 10.01 (OCH,CH,CH.,),
9.99 (OCH,CH,CH,). HRMS-Positive: m/z [M+H]* calcd. for
C,,H,BrNO,: 686.2845; found 686.2849.
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5-Methyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene (4)
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Figure 1. IR spectrum (ATR) for 5-methyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene 4.
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Figure 2. 1H NMR spectrum (300MHz, CDCls) for 5-methyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene 4.
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Figure 3. 13C NMR spectrum (75MHz, CDCls) for 5-methyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene 4.
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Figure 4. HRMS spectrum (ESI+) for 5-methyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene 4.

4-Bromo-5-methyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene (5)
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Figure 5. IR spectrum (ATR) for (+)-6-bromo-5-methyl carbamate-25,26,27,28-tetrapropoxycalix[4]Jarene 5
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Figure 6. 1H NMR spectrum (300MHz, CDCls) for (+)-6-bromo-5-methyl carbamate-25,26,27,28-tetrapropoxycalix[4]Jarene 5
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Figure 7. 13C NMR spectrum (75MHz, CDCls) for (+)-6-bromo-5-methyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene 5
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Figure 8. HRMS spectrum (ESI+) for (+)-6-bromo-5-methyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene 5

5-Menthyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene (6)
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Figure 9. IR spectrum (ATR) for 5-menthyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene 6
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Figure 10. 'H NMR spectrum (600 MHz, CDCl3) for 5-menthyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene 6
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Figure 11. 13C NMR spectrum (150 MHz, CDCl3) for 5-menthyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene 6
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Figure 12. HRMS spectrum (ESI+) for 5-menthyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene 6



4-Bromo-5-menthyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene (7a and 7b)
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Figure 13. IR spectrum (ATR) for 4-bromo-5-menthyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene 7a and 7b
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Figure 14. *H NMR spectrum (300 MHz, CDCls) for 4-bromo-5-menthyl carbamate-25,26,27,28-tetrapropoxycalix[4]Jarene 7a and 7b
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Figure 15. 13C NMR spectrum (75 MHz, CDCls) for 4-bromo-5-menthyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene 7a and 7b
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Figure 16. HRMS spectrum (ESI+) for 4-bromo-5-menthyl carbamate-25,26,27,28-tetrapropoxycalix[4]arene 7a and 7b
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Figure 17. IR spectrum (ATR) for 4-bromo-5-amino-25,26,27,28-tetrapropoxycalix[4]arene 8a and 8b
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Figure 18. 'H NMR spectrum (600 MHz, CDCls) for 4-bromo-5-amino-25,26,27,28-tetrapropoxycalix[4]arene 8a and 8b
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Figure 19. 13C NMR spectrum (600 MHz, CDCl3) for 4-bromo-5-amino-25,26,27,28-tetrapropoxycalix[4]arene 8a and 8b
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Figure 20. HRMS spectrum (ESI+) for 4-bromo-5-amino-25,26,27,28-tetrapropoxycalix[4]arene 8a and 8b
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