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We report herein the synthesis of highly enantiopure inherently chiral N3,O-calix[2]arene[2]triazines from
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enantioselective macrocyclization enabled by chiral phosphoric acid-catalyzed

nucleophilic aromatic substitution reaction. In contrast to documented examples, the inherent chirality
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Inherent chirality was proposed by Bohmer“ in 1994 to
describe the handedness of calix[4]arene** derivatives devoid of
any symmetry elements except for a C; rotation axis. As a typical
example, introduction of four different substituents into either
upper or lower rims of a conventional cone-configured calix[4]
arene can lead to a pair of isomers which are non-superim-
posable mirror images of each other. The inherent chirality has
now been widely used® by macrocyclic and supramolecular
chemists as a specific term to differentiate curved chiral mac-
rocycles different from well-known central, axial, planar and
helical molecules.

Despite unique stereochemical structures, tantalizing prop-
erties and potential applications in chemistry, materials and life
science, inherently chiral compounds have remained largely
underexplored.®” Research progress has been very slow since the
concept of inherent chirality was introduced nearly thirty years
ago. One of the main obstacles impeding and delaying the
development of the field is the difficulty in accessing necessary
optically active inherently chiral materials. Indeed, most reported
methods to obtain enantiopure inherently chiral macrocycles, for
instance, rely on the tedious and inefficient resolution® of
racemic samples by means of analytical HPLC using expensive
columns coated with various chiral stationary phases and
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multistep asymmetric synthesis employing chiral auxiliary
groups.’ The only attempts to synthesize inherently chiral calix-
arenes through lipase-catalyzed enantioselective acetylation of
tris(O-2-hydroxyethylated)calixarenes' and to construct tetraa-
zacalix[4]arene from intramolecular C-N bond formation under
the catalysis of Pd(dba),/(R)-SEGPHOS" suffer from very low
chemical yield and enantioselectivity, respectively.

The breakthroughs in the catalytic enantioselective synthesis
of inherently chiral compounds have not been reported until
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Scheme 1 Previous and current studies on catalytic enantioselective
synthesis of inherently chiral calixarene derivatives.
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very recently’>™* (Scheme 1). In 2020, we'” showed that linear
precursors A undergo transition metal catalyzed enantiose-
lective macrocyclization reaction to afford ABCD-type chiral
tetraazacalix[4]Jaromatics B with an ee of >99%. It represents the
extraordinary example of excellent transfer and expression of
chirality from catalyst Pd/(R,S,)-JOSIPHOS to inherently chiral
macrocycles in the step of palladium-catalyzed C-N cross
coupling reaction. Catalytic enantioselective desymmetrization
reactions of calix[4]arene derivatives featuring C-Br/C-H bond
coupling were developed successfully last year.”>'* In the pres-
ence of PdBr, and chiral BINOL-derived phosphoramidite as
a catalyst, calix[4]arene substrates C are transformed into 9H-
fluorene-embedded inherently chiral calixarenes D via a trans-
annular C-H arylation in which an unusual enantioselective 1,5-
palladium migration step is probably involved.* Interestingly,
the palladium-catalyzed reaction of the same reactants C using
a chiral bifunctional phosphine-carboxylate ligand proceeds
through an alternative C-H arylation pathway to deliver fluo-
renone-bearing inherent chiral calix[4]arene products E."* The
catalyst-steering divergent reactions of readily available starting
materials provide attractive methods to generate structurally
diversified inherently chiral calixarenes.

Almost all inherently chiral calix[4](het)arenes reported to
date are composed of differently substituted m-(het)arylene
units or varied heteroaromatic rings.®'®**'* For instance,
enantiomers D and E contain fluorene and fluorenone
segments, respectively, in addition to m-phenylene rings."'* As
an exciting example, the nitrogen-bridged ABCD-type calix[4]
arenes B are assembled from benzene, pyridine, pyrimidine and
triazine rings with the same methylamino linkages."”> Heter-
acalix[n]aromatics, or heteroatom-bridged calix(n)(het)arenes,
are an important class of synthetic macrocyclic host
compounds in (supra)molecular chemistry.**™® They are easily
prepared and functionalized by a number of methods. Fine self-
tuning of the macrocyclic conformation and cavity owing to the
interplay between heteroatom linkages and their adjacent
(hetero)aromatic rings endows heteracalix[n]aromatics with
and versatile properties®®?® including selective

recognition and self-assembly, fabrication of
sophisticated (supra)molecular architectures and functional
materials, and formation and stabilization of high-valent aryl-
copper species.”® In contrast to conventional calixarenes,
heteracalixaromatics enjoy a very rich diversity of molecular
structures which results from the various combinations of
heteroatoms and aromatic components. One of the most
unique and advantageous structural features is the generation
of inherent chirality by merely varying heteroatoms in the
linking positions of three-dimensional calix[4](het)arene skele-
tons consisting of the same aromatic moieties."** In other
words, calix[4](het)arenes lose their molecular symmetries
simply due to the variation of connection atoms in between
aromatic units. We report herein a distinct type of inherently
chiral Nj,0-calix[2]arene[2]triazine in which symmetrically
aligned aromatic rings are bridged by one oxygen and three
nitrogen atoms. We show that these unprecedented chiral
macrocycles G were synthesized with excellent enantiose-
lectivity from the chiral phosphoric acid-catalyzed

powerful
molecular

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

intramolecular nucleophilic aromatic substitution (SyAr) reac-
tion of reactants F (Scheme 1). Further development of the
molecular diversity of inherently chiral Nj,0-calix[2]arene[2]
triazines is demonstrated by post-macrocyclization functional-
ization reactions on the NH bridge without decrease of enan-
tiopurity. To the best of our knowledge, inherently chiral calix
[4](het)arenes obtained from the variation of bridging atoms are
extremely rare, and successful synthesis of highly enantiopure
isomers has not yet been achieved under asymmetric catal-
ysis."?> There is also no precedent that chiral phosphoric acid
acts as an organic catalyst to promote the intramolecular SyAr
reaction inducing significantly the inherent chirality of macro-
cyclic molecules.

We commenced our study with de novo synthesis of the
racemic form of inherently chiral N;,0-calix[2]arene[2]triazines
by means of a fragment coupling strategy’® (Scheme 2). In the
presence of diisopropylethylamine (DIPEA) or K,CO; as an acid
scavenger, 3-aminophenol and its derivatives 1a-e underwent
two directional nucleophilic aromatic substitution reactions
with 1,3-dichlorotriazine derivatives 2a-f at room temperature
or refluxing in tetrahydrofuran (THF) to afford compounds 3a-j
in 52-80% yields (Scheme S3+t). Further treatment of 3a-j with
1,3-phenylenediamine derivatives 4a-c at ambient temperature
under basic conditions in acetone or THF led to the formation
of intermediates 5a-1 in good to excellent yields (Scheme S5+
summarizes chemical yields of each individual compound 5a-
1). It should be addressed that the SyAr reaction of 3a—j with 4a-
¢ took place preferentially and selectively on the aryloxy-
substituted chlorotriazine ring rather than the arylamino-
substituted one because the former is more electron-deficient
than the latter (Scheme S5t). Macrocyclization of linear
precursors 5a-1 appeared not trivial. Following a conventional
protocol to promote the intramolecular SyAr reaction of 5a in
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Scheme 2 Synthesis of racemic Nz,O-calix[2]arene[2]triazines 6.
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refluxing acetonitrile using Cs,CO; as a base, desired macro-
cyclization product 6a was obtained in a yield not exceeding
15%. Employment of other inorganic and organic bases, and
different solvents did not improve the formation of 6a at all
(entries 1-8, Table S1t). Pleasingly, the intramolecular SyAr
reaction of 5a proceeded efficiently under acidic conditions. For
example, in the presence of 0.5 to 1 equivalent of HCI,
CH;CO,H, p-TsOH and CF;CO,H (TFA), compound 5a under-
went cyclization reaction to yield 6a as the sole heteracalixar-
omatic product in chemical yields increasing from 66% to 68%,
71% and 73% (entries 9-13, Table S17). The target product 6a
was obtained in 76% yield when 2 equivalents of TFA were
applied (entry 14, Table S17). The TFA-mediated intramolecular
SNAr reaction was very general, and all intermediates 5 tested
were converted into the corresponding macrocycles 6 in the
yields ranging from 69% to 92% (Scheme 2).

The structures of products were determined by mass spec-
trometry, NMR and X-ray crystallography. As revealed unam-
biguously by single crystal X-ray diffraction, the resulting N3,0-
calix[2]arene[2]triazines such as 6a, 6d and 6j adopt the 1,3-
alternate conformation in the solid state (Fig. 1). Two face-to-
face paralleled benzene rings are at perpendicular positions
relative to the plane defined by four bridging heteroatoms while
two distal triazine rings are inclined to the plane yielding a V-
shaped cavity which is occupied by the benzyl group attached to
the phenol ring. Both nitrogen and oxygen atoms in linking
positions form conjugations with their adjacent triazine rings.
We were also delighted to find that all racemic samples of
compounds 6a-1 were resolved into enantiomers by means of
HPLC using columns coated with chiral stationary phases
(ESIf). It suggested that enantiomers of 1,3-alternate
conformers of inherently chiral N3,0-calix[2]arene[2]triazines 6
are stable and do not racemize, rendering them attractive
targets of asymmetric synthesis.

Given the facile formation of macrocycles 6 under acidic
conditions, we set to investigate the asymmetric reaction of 5a
as a model reaction using chiral phosphoric acids*?** and N-
triflyl phosphoramide®* Cat-1 to Cat-18 as organic catalysts
(Fig. 2). After first round screening both for activity and enan-
tioselectivity (Table S2t), Cat-16, which is derived from (S)-6,6"-
(9-anthryl)-2,2',3,3'-tetrahydro-1,1"-spirobi[indene]-7,7'-diol,
stood as a promising catalyst (entry 16, Table S21). Further
extensive examination of reaction conditions showed that the
Cat-16 catalyzed reaction at 0 °C for 24 h in CCl, gave product
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Fig. 1 X-ray crystal and molecular structures of (+)-6a (A), (£)-6d (B)
and (4)-6j (C) with top (top) and side (bottom) views.
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Fig. 2 Chiral phosphoric acid catalysts selected to catalyze the
macrocyclization of 5a.

Sic-6a in 23% yield with 86% ee (entry 11, Table S31). Chemical
yields increased when the reaction was extended from 36 to 72 h
(entries 12 and 13, Table S27}). Decreased enantioselectivity was
observed with the increase of reaction temperatures (entries 15-
17, Table S37). Other solvents including xylenes, toluene,
benzene, acetone and acetonitrile led to either low conversion
or diminished enantioselectivity (entries 1-10, Table S3%). It
should also be pointed out that a catalyst loading of 30 mol% is
necessary as chemical yield dropped with the decrease of cata-
lyst loading to 20 mol% (entry 18, Table S31). Change of
concentration of the substrate did not affect the enantiose-
lectivity though the conversion was slightly affected (entries 19
and 20, Table S3t). To improve enantioselectivity, additives
such as molecular sieves (3-5 A), Ag,CO;, AgOAc and K,CO,
were tested in order to remove HCI released from the SyAr
reaction in question, on the basis that HCl can promote non-
enantioselective macrocyclization of 5a (vide supra). In all cases,
additives appeared beneficial to increase conversion while
attaining the same level of enantioselectivity (entries 21-30,
Table S37). For example, addition of K,COj3 (0.6 equiv.) to the
Cat-16 (30 mol%) catalyzed reaction system led to the formation
of product S;.-6a (87% ee) in a yield of 38% (entry 29, Table S37).
Employment of equimolar K,CO; led to a diminished yield
(entry 30, Table S3t). Finally, and gratifyingly, excellent enan-
tioselective catalysis was achieved at 0 °C in a mixture of CCl,
and cyclohexane when K,CO; (0.6 equiv.) was used as an addi-
tive, affording highly enantiopure Si.-6a in 36% yield and 93%
ee (entry 40, Table S31). Switch of the solvent system back to 1,2-
dichloroethane resulted in a drastic decrease of the ee value of
the product to 41% (entry 42, Table S37).

Under the optimized conditions, the scope of the chiral
phosphoric acid Cat-16-catalyzed synthesis of inherently chiral
O3,N-calix[4Jaromatics 6a-1 from the cyclization of 5a-1 was
surveyed. As illustrated in Scheme 3, reactants which bear an
alkoxy group such as methoxy (5a), ethoxy (5b) and isopropoxy
(5¢) on the triazine moiety were transformed into the corre-
sponding S;.-(+)-6a—c with an ee of 91.4-94.2%. A slight decrease
of the ee value was observed when a larger benzyloxy (5d) is
attached on triazine. The enantiopurity of product S;.-6d was
nevertheless improved readily to 98.4% ee by recrystallization.
Good enantioselectivity was attained when an electron-donating
(Sic-6f) or electron-withdrawing (S;.-6e) group is present on the
benzene ring of the aryloxy group at the lower rim. Functional
groups such as ester (5g) were tolerated. More remarkably,
irrespective of the nature of the substituent on the benzene ring

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Catalytic enantioselective synthesis of inherently chiral
N3,O-calix[2]arene[2]triazines 6a—| and the X-ray molecular structure
of Sic-6b. “Reaction was performed in a mixture of CCl, and cyclo-
hexane (v/v = 13/7). PReaction was carried out in pure CCly. “The ee
value was obtained after recrystallization. “Enantiomer of Cat-16 was
used as the chiral catalyst.

embedded in the linear macrocyclization of
substrates 5g-j proceeded with good to excellent enantiocon-
trol, furnishing products S;.-(+)-6g-j with high enantiopurity. It
should be noted that the marginal difference of enantiose-
lection was observed when alkoxy was replaced with methyl (51)
on the triazine ring. Noticeably, however, substitution of alkoxy
by an aryl group (5Kk) on the triazine subunit led to a consider-
able decrease of the enantioselectivity of asymmetric catalysis.
The distinct substituent effect between aryl, alkyl and alkoxy on

enantioselectivity implied the role of triazine played in catalysis

structure,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(vide infra). As expected, macrocyclization of 5a and 5b applying
the enantiomer of Cat-16 gave rise to Ri.-(—)-6a and R;.-(—)-6b
(Scheme 3).

The absolute configuration of inherently chiral products was
assigned based on the single crystal X-ray molecular structure of
Si-6b,”® which is the predominant enantiomer from the Cat-16
catalyzed reaction of 5b (Scheme 3, Fig. S4 and Table S7t), and
the comparison of circular dichroism spectra between chiral
products (Fig. S7-S181). Based on the outcomes of asymmetric
induction and substituent effects aforementioned, we proposed
a catalytic reaction process in which chiral phosphoric acid Cat-
16 forms a pair of hydrogen bonds with the secondary amino-s-
triazine moiety of 5 (Fig. 3, left). The catalytic mode was sup-
ported by theoretical calculations. According to DFT calculations
(Fig. S28t), two optimized pre-organized complexes between the
chiral catalyst Cat-16 and substrate 5a were obtained. The
complex (Fig. 3, right) leading to S;-(+)-6a has a lower binding
energy by 5 kcal mol™" in comparison to the complex leading to
the enantiomer (Fig. S287). Revealed by the computed structure
(Fig. 3, right), the spiro phosphoric acid forms a pocket in which
phosphoric acid binds secondary amino-s-triazine nicely through
a pair of hydrogen bonds. One of the anthracene substituents of
the catalyst forms evidently non-covalent -7 interactions with
the benzene while the other forms C-H- interaction with ¢-butyl
of the substrate. There is also a weak interaction between phos-
phoric acid and the terminal amino group (do = 3.885 A) that
brings SyAr reaction sites in close proximity to each other (d¢ =
2.801 A). It is therefore the favourable multiple non-covalent
bond interactions between the chiral catalyst and substrate that
lead to enantioselective macrocyclization through the intra-
molecular SyAr reaction (Fig. 3). To verify the computed mode of
asymmetric catalysis, substrate 5m was designed and synthesized
(ESIT). Without the N-H binding site, the Cat-16 catalysed reac-
tion of 5m under identical conditions gave the corresponding
product S;-8a merely in 7% yield and 42% ee (Scheme 4). It may
be worth noting that activation of amino-substituted hetero-
aromatic rings using a chiral phosphoric acid to facilitate the
SNAr reaction would open a new route to construct axial chiral
bi(hetero)aryls.

The secondary amino moiety in the bridging position and
the ester on the benzene ring would provide useful handles for
derivatization of the acquired products. To demonstrate the
synthetic value of the method, and also to develop the diversity
of inherently chiral N;,0-calix[2]arene[2]triazines, functionali-
zation reactions on the bridging amino group were conducted

Fig. 3 Proposed (left) and computed (right) catalytic mode for enan-
tioselective macrocyclization.
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Scheme 4 Controlreaction of 5m under identical catalytic conditions.

(Scheme 5). Thus, assisted by NaH, enantioenriched
compounds Sj--6a (90.0-92.0% ee) and S;-6g (96.8% ee)
underwent N-alkylation with methyl iodide (7a), allylic bromide
(7b), propargyl bromide (7¢) and 4-bromobenzyl bromide (7d)
efficiently at 0 °C in DMF. The corresponding N-functionalized
products Si.-8a-h (90.4-96.7% ee)** were isolated almost quan-
titatively. N-Arylation product S;-10 (89.9% ee) was also
prepared straightforwardly from the reaction between Sj.-6a
(90.0% ee) and 9,9'-(6-chloro-1,3,5-triazine-2,4-diyl)bis(9H-
carbazole) 9 in refluxing acetone when Cs,CO; was present. The
conceivable versatile reactivities of unsaturated carbon-carbon
bonds, C,ni~Br bonds introduced and of the ester group
installed on the benzene ring would now render compounds S;.-
8a-h a unique and invaluable platform for further fabrication of
a wide variety of unprecedented chiral chemical entities.

The inherent chirality of heteracalix[4](het)arenes was found
very stable and no racemization took place after heating S.-
(+)-6a at 150 °C for 48 h in o-dichlorobenzene (Scheme S8%). The
stability of inherent chirality was attributable to the presence of
2-(benzyloxy)-5-(tert-butyl)-1,3-phenylene  in  which  bulky
substituents on both upper and lower rims inhibit the inversion
of the macrocyclic ring. It is especially worth addressing that all
resulting Nj,0-calix[2]arene[2]triazines are distinct inherently
chiral calix[4](het)arene species. In contrast to well-documented
inherently chiral calix[4](het)arenes which are composed of
different (hetero)aromatic subrings and the same bridging
units, the inherent chirality of all N3,0-calix[2]arene[2]triazines
in question stems from non-superimposable mirror imaged
macrocyclic scaffolds generated by the introduction of different
heteroatom linkages. Compound S;.-(+)-8a*° represents, for
instance, an extraordinary example as one oxygen atom differ-
ence in the bridging position causes desymmetrization of the

fou & By
) N
R?_ x
Me, _ Me ~ I Me,_ . Me
NN Sc(+)6a R”N” R N N N
N={ ©OBn )N 7ad 00, 9 OB N
/N (90.0-92% ee) \
Meo={ N N OMe <—— —— > Meo={, N N )-ome
N—4 \ Sc(*)68  cs,c04 =
\ = NaH = (968%ee)  acetone b /
O AN r? DMF, 0°C reflux AN \/NY»R
- 93-95% yield 70% yield | .ﬂ &
R 90.4-96.7% ee 89.9% ee 7
See(+)-8a-h 910, R = Shrcarbazol oyl | S0 R
Product ~ 8al”  8blel  8cldl 8dol 8eldl 8fcl 8glc 8hid
R H H H H COMe COMe COMe  COMe
R? H vinyl ethynyl  4-Br-CiH, H vinyl ethynyl  4-Br-CeH,
yield (%) 95 84 90 86 20 87 94 83
ee(%) 920 920 914 90.4 96.1 96.7 94.9 96.2

(9] S-6a (92.0% ee) was used. [’ S,-6a (90.0% ee) was used. [ S -(+)-6g (96.8% ee) was used.

Scheme 5 Synthetic applications.

3614 | Chem. Sci, 2024, 15, 3610-3615

View Article Online

Edge Article

molecular structure. The outcomes demonstrated an alternative
approach to the design and synthesis of inherently chiral
heteracalix[4](het)arenes simply by taking advantage of variable
heteroatom linkages.

Conclusions

In conclusion, we have shown the synthesis of highly enantio-
pure inherently chiral Nj;,0-calix[2]arene[2]triazines from
enantioselective macrocyclization of linear precursors by means
of chiral phosphoric acid-catalyzed intramolecular nucleophilic
aromatic substitution reaction. We have also demonstrated
efficient functionalization of the resulting macrocycles based
on the reactions of bridging the secondary amino moiety. The
synthetic method developed and the inherent chirality induced
by heteroatom-dictated desymmetrization would open a new
opportunity to design and construct a wide variety of diverse
chiral macrocycles of unique structural features and potential
applications. Study on the functionalization and molecular
recognition of inherently chiral heteracalixaromatics®® is being
actively pursued in this laboratory and the results will be re-
ported in due course.
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