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Presented here is a one-pot strategy starting from rationally designed macrocyclic precursors for the di-
verse construction of sophisticated ultracycles. The type and amount of the base were found to signifi-
cantly influence the macrocyclization outcome. The use of 4.0 equiv. CsF resulted in ultracycles of both
types A and B while the presence of CsF larger than 6.0 equiv. produced only type B ultracycles. Existence
of anion template increased the total yields and affected the distribution of the ultracycles. The ultracy-
cles can accommodate large organic dicarboxylates anions via multiple anion-7 and hydrogen bonds,
and show selectivity to the size-matched heptanedioate (C72-). Based on all possible species and rele-
vant equilibrium constants as well as material and charge balances, a numerical iterative algorithm was
developed and applied to fit the association constants of B2H with dicarboxylates from glutarate (C5%-)
to octanedioate (C82-), which gave association constants up to 10° L/mol.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Macrocycles are common in nature and contribute one of the
major driving forces to facilitate rapid progress of supramolecular
chemistry and beyond [1-4]. In literature there are a few very large
macrocycles that usually consist of >50 ring atoms and show size
of nanoscale, which were termed as ultracycles [5]. Growing inter-
ests have been paid to ultracycles as they represent the border area
between molecular and nanoscale dimensions, and play important
roles in natural process (such as macrolides or cyclic lipids), host-
guest chemistry and molecular machines (such as crown ethers,
cyclophanes and calixarenes) [5,6]. While most of the synthesized
ultracycles were constructed using simple repeating units [7-15],
very large macrocycles consisting of smaller macrocycles as the
building units are largely underexplored [16-25]. Such peculiar
macrocycle-containing ultracycles are expected to facilitate high
association efficiency and selectivity towards guests arising from
the cooperativity of the convergent macrocyclic elements [6,26-
28].
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Despite the structural sophistication and potential function,
the macrocycle-containing ultracycles are scarcely accessible in
isolated form [5,29]. The most successful strategy is template-
directed synthesis of porphyrin-containing ultracycles which af-
forded very large macrocycles such as a 50-porphyrin ring with
diameter of 21 nm [30]. In many cases the synthetic method re-
lied on connection of macrocyclic elements (or macrocyclic pre-
cursor) with reactive linkages, which usually generated a mix-
ture of ultracyclic products with different sizes, and hence lower
chemical yields for individual ultracycles [17]. The shape persis-
tency of the macrocyclic precursor would affect the size distribu-
tion of the products. For example, reaction of a shape-persistent
of dichloro-oxacalix[2]arene[2]triazine with resorcinol or diamine
linkers mainly produced bis-macrocycles (2 + 2) (Scheme 1) [31],
while release of the conformation constrain engendered the for-
mation of larger macrocycles (3+ 3 or 4+ 4) [28]. We envi-
sioned the diversity of the ultracycles could be enriched through
reversible cleavage and formation of aryl C-O bonds: the di-
rect assembly of macrocyclic precursor and linker would result in
macrocycle A whereas aryl C-O bond cleavage followed by intra-
or inter-molecular C-O bond formation afforded the rearranged
macrocycle B (Scheme 1). Herein macrocyclic precursor bearing
functional groups were designed combining the shape-persistent
aromatic trimeric moiety to provide convergent reaction sites
and glycol linkers to introduce local flexibility. Such rigid-flexible
macrocyclic precursor enables the diversity-oriented synthesis of
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Scheme 1. Construction of ultracycles using macrocyclic precursor.

functional ultracycles. Anion recognition properties of the isolated
ultracycles are also documented.

For synthesis of the ultracycles, we initially prepared the
macrocyclic precursor 2 starting from cyanuric chloride, 3,6,9-
trioxaundecane-1,11-diol and serine derivative substituted diphenol
compound 1 in two steps (Schemes S1 and S2 in Supporting infor-
mation). One-pot macrocyclization reaction between macrocycle 2
and monomer 1 was performed in presence of bases (Table 1). The
type and amount of the bases were found to significantly influence
the macrocyclization outcome. For example, the use of K;CO3; and
Cs,C0O3 produced macrocycles only in very low yields (entries 1
and 2). No isolated macrocycles could be obtained when 2 equiv.
CsF was applied (entry 3). Pleasantly, increasing the amount of CsF

Table 1
One-pot synthesis of ultracycles.?
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to 4 equiv. afforded 1+ 1 (A1) and 2+ 2 (A2) macrocycle A, and
2+ 2 (B2) macrocycle B in total yield of 19.2% (entry 4). When
the amount of CsF was increased to 6 equiv. only macrocycles B
were produced, and in addition to the main product of 2+ 2 (B2),
larger 3+ 3 (B3) and 4+ 4 (B4) ultracycles were also isolated in
4.0% and 1.1% yields, respectively (entry 5). The use of 8 equiv.
CsF could accelerate the reaction and give products of macrocycle
B with increased total chemical yield (entry 6). Further increase
of CsF to 12 equiv. was detrimental to the total chemical yields
of macrocycles B, probably due to the increase of byproducts in
presence of excessive base (entry 7). In comparison with the non-
substituted macrocyclic precursor which facilitated equal chances
for dynamic and thermodynamic products when 4 and 8 equiv. CsF
were applied respectively [31], the existence of serine derivative
substituents on the precursor and monomer seems to favor the
thermodynamic products (macrocycle B). As macrocycle A is the
“normal” product from starting reagents, the “abnormal” product
macrocycles B are possibly formed through a rearrangement path-
way from macrocycle A. Such assumption could be confirmed by
TH NMR monitoring of A2 in presence of 10 equiv. CsF, from which
formation of “abnormal” product B2, B3, B4 were clearly observed
with 47% yields after 1h (Fig. S6 in Supporting information). The
proposed rearrangement mechanism could involve the cleavage of
the dynamic covalent triazine-O-aryl bond in presence of nucle-
ophile and the sequential formation of new triazine-O-Ar bond
to furnish the thermodynamic macrocycles (Schemes S7 and S8 in
Supporting information) [28].
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Entry Base (equiv.) Template (equiv.) Time (h) Yields (%)
Al (1+1) A2 (2+2) B2 (2+2) B3 (3+ 3) B4 (4+ 4)
1 K,COs (8.0) - 24 0.3 - 2.5% - -
2 Cs,C0; (4.0) - 24 - 0.9 - - -
3 CsF (2.0) - 24 - - - - -
4 CsF (4.0) - 24 9.6 5.4 42 - -
5 CsF (6.0) - 24 - - 20.4 40 1.1
6 CsF (8.0) - 4.5 - - 29.6 2.7 1.0
7 CsF (12.0) - 3.5 - - 13.0 23 0.9
8 CsF (4.0) T™M1 (1.0) 24 5.8 15.8 95 trace -
9 CsF (4.0) TM2 (1.0) 24 6.2 136 75 trace -
10 CsF (4.0) TM3 (1.0) 24 8.8 136 132 trace -
11 CsF (4.0) TM4 (1.0) 24 6.5 15.0 123 trace -
12 CsF (4.0) TMS5 (1.0) 24 12.1 124 8.6 trace -
13 CsF (4.0) TM6 (1.0) 24 103 10.5 8.4 trace -
14 CsF (4.0) TM7 (1.0) 24 trace - 18.2 6.1 3.7

2 Reaction conditions: concentrations of reactants 1 and 2 are 0.1 mol/L respectively, acetonitrile as the solvent and under reflux.
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Scheme 2. Synthesis of serine-substituted ultracycles.

As the resulting macrocycles contain anion binding sites (hy-
drogen bond donors and electron-deficient aromatics) and cation
binding sites (glycol chain), they might show ability to bind large-
size anions or alkali cations. Hence, we chose several organic an-
ion salts to investigate the template effect on macrocyclization re-
actions (entries 8-14). In presence of 4.0 equiv. CsF, the addition
of mesylate, disulfonates, and trisulfonate as sodium salts could
slightly increase the total yields of macrocycles. Different cations
such as sodium or potassium hardly influence the reactions (en-
tries 8 and 9). In the case of benzene-1,3,5-trimethanesulfonate,
the use of ammonium was detrimental for macrocycle A, but fa-
vored the formation of macrocycles B (entry 14). These results sug-
gested that the template effects mainly come from anions. The
macrocyclic compounds were deprotected using Pd/C and H, as
reduction reagents to afford serine-substituted macrocycles A1H-
A2H and B2H-B4H (Scheme 2). The synthesized macrocycles were
fully characterized by spectrometric and elemental analysis (Sup-
porting information).

We took B2H which contains two macrocyclic units as a rep-
resentative example to investigate the anion recognition towards a
series of dicarboxylates including oxalate (€22~), malonate (C32-),
succinate (C42-), glutarate (C52-), adipate (C62~), heptanedioate
(€7%-) and octanedioate (C82~) (as tetrabutylammonium salts) by
means of 'H NMR titration in DMSO-dg. For comparison, the an-
ion binding property of macrocycle B2 and a control compound
(CC) were also investigated. As shown in Fig. 1, upon addition of
dicarboxylate (C72-), protons (NH, Hf) on the serine moiety and
aromatic HP of B2H showed continuous upfield shifts, which could
be ascribed to deprotonation or proton exchange between serine
carboxyl groups and the dicarboxylate guest. In stark contrast, the
chemical shifts of aromatic proton H* on the lower-rim of the
macrocyclic unit firstly moved to upfield then sharply turned to
downfield, giving a minimum turning point (Fig. 1). The whole
binding process reached saturation upon addition of ca. 4.0 equiv.
of dicarboxylates. As downfield movement of the lower-rim pro-
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Fig. 1. (a) Structures of B2H and control compound CC. (b) Structure of dicarboxy-
lates. (c) "H NMR spectra of B2H upon titration with €72~ (c¢(B2H)=1mmol/L,
298K, 400MHz, DMSO-dg). (d) Chemical shift changes of NH, HP, H?2, Hf
upon titration. (e) A plot of chemical shift of H® versus titration equivalents
c(dicarboxylates)/c(B2H).

ton is indicative of anion-7r binding [32], the complicated chemi-
cal shift changes of H? therefore indicated mixed and competitive
binding modes between B2H and dicarboxylates, i.e. the coexis-
tence of proton exchange and anion-s binding. Specifically, host
B2H has the serine carboxyl groups to interact with dicarboxylates
through proton exchanges, meanwhile dicarboxylate could also en-
ter the macrocyclic cavity with each anionic head interacting with
the electron-deficient V-shaped sub-cavity through anion-7r inter-
actions (for schematic illustration of the proposed binding equilib-
ria, see Scheme 3).

To further verify the hypothesis of different binding modes
deduced from differentiated trends in chemical shift of H?, sev-
eral control titration experiments were conducted. When B2, the
macrocycle with absence of serine carboxyl groups was applied as
host and C62- as a representative guest, only a slight downfield-
shift of NH proton was observed (0.35 ppm, K, ~ 32.60L/mol), in-
dicating a simple weak hydrogen bonding between B2 and dicar-
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Scheme 3. The process of equilibria between B2H and C7%-.

boxylate and excluding anion-7 binding (Fig. S15 in Supporting
information). Such titration results highlight the dominant contri-
bution of serine moieties in B2H-dicarboxylate interactions. Be-
sides, we designed a control compound CC which only contains
“lower-rim” H? and a serine carboxyl group. Upon titration with
dicarboxylate (C42-), only continuous upfield shifts of H? were
observed, which indicates a single deprotonation or proton ex-
change process (Fig. S16 in Supporting information). It is reason-
able that the H? alone could not show association ability with di-
carboxylate because it is a very weak hydrogen bond donor. Only
when H? locates within the electron-deficient V-shaped cavity and
when anion-7 binding occurs it is forced to participate in the an-
ion association through non-conventional hydrogen bond. On the
other hand, we chose Cl~ (Fig. S17, as tetrabutylammonium salt)
to titrate host B2H. As Cl~ is a weaker base in comparison with
carboxylates, proton exchange is less possible in this case. Indeed,
the titration spectra showed continuous downfield shift of H?, cor-
responding to exclusive anion-7r binding between B2H and Cl—.
Subsequently, we studied the binding properties of B2H to-
wards dicarboxylates €22--C82~ (as tetrabutylammonium salt)
with different chain lengths (Fig. 1e). '"H NMR titrations demon-
strated that for all dicarboxylates the host exhibited consistent
chemical shift changes (Figs. S7-S14 in Supporting information),
indicating the similar proton exchange/anion-m binding modes
(Scheme 3). However, the upfield-to-downfield turning points, and
the titration isotherms of H® were significantly dependent on the
chain length of the dicarboxylates. For example, pimelate (C72-)
caused a sharp turning point around 1.0 equiv. and the most sig-

nificant downfield shifts after that, and was the fastest to reach
the titration saturation among the dicarboxylate guests. Lengthen-
ing (C82~) or shortening (C62~-C22-) the alkyl chains of the di-
carboxylates affected marginally the protonation process (before
turning point), while resulting in less downfield chemical shift
changes (anion-m binding) than €72~ before saturation. The chem-
ical shift changes could reflect the binding strength, which gave
an order of C72~ > (8-~ > (6%~ > (52~ > (22~ > (32 >
C42-. The significant dependence of anion-7 binding on length
of dicarboxylates suggested that the size match between host
and guest is important. The strongly bound dicarboxylate €72~
probably represents the best-fit size corresponding to the sepa-
ration of the two macrocyclic cavities and hence can make use
of their cooperativity. Such assumption is also exemplified by the
binding behaviors of C8%~, C62~ and C52-, which indicated that
when the size of dianion derivates from C72~, weaker binding
strength would be resulted. Strangely, for the short dicarboxy-
lates €22--C42-, instead of following the general size trend ex-
hibited by other anions, a reverse order of €22~ > (32~ > (42~
was observed. Besides, their upfield-to-downfield turning points
are largely laggard, the minima of the chemical shift changes oc-
curred until addition of ca. 2.0 equiv. anions. These unusual behav-
jors for C22--C42~ may suggest that the host B2H is capable of
simultaneously binding two smaller anions to form 1:2 anion-i
complexation. Notably, succinate (C42~) shows the weakest bind-
ing, probably due to its medium-length chain being neither long
enough for 1:1 nor capable of squeezing a dimer for 1:2 anion-m
complexation.
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Fig. 2. (a) General scheme for the acquisition of association constants through nonlinear fitting method. (b) Equilibrium concentration distribution of B2H-related species
upon titration with C62-. (c) Fitting results of the titration curves of dicarboxylate titrants €52~ to C82-. (d) Fitting estimated association constants of dicarboxylates €52~ to

€82~ with differently proton-exchanged B2H species (in logarithmic scale).

Based on the qualitative analyses above, it has been expected
that further quantitative study could give us more information
about binding stoichiometries and related association constants.
Hopefully, by deep mining into the data of 'H NMR titrations, a
non-linear fitting method has been harnessed to obtain these de-
sired results. Since the host B2H could be regarded as a weak
quaternary acid, the competitive balance of deprotonation or pro-
ton exchange and anion binding would continuously occur upon
addition of basic anion titrants (for pK,; of the anions see Table
S4 and Fig. S19 in Supporting information). Considering all pos-
sible species in the solution and their relevant equilibrium con-
stants (including their individual acidity constant K;'s and the
mutual association constant K's between host and guest), com-
bined with the expressions of material balance and charge bal-
ance, it is theoretically feasible to solve the equilibrium concen-
tration distribution of each species during the titration process
by means of a numerical iterative algorithm based on geomet-
ric programming method (Supporting information). Taking into ac-
count of the 'H NMR chemical shifts of different species, the
functional relationship between the chemical shift curve of pro-
ton H?* and the unknown binding constants could be implicitly ex-
pressed. Finally, with the help of multi-variable nonlinear regres-
sion, a set of estimates of the unknown binding constants could be
obtained.

In the specific calculation, we considered the different chem-
ical shift curves of dicarboxylates (Fig. 2c) and OH~ (Fig. S18 in
Supporting information) as titrants because their diverse basic-
ity could alter the best-fit range of the association constants of
the anion with different stages of proton exchange of the host. In
addition, the titration redistributed those proton-exchanged host
species to emerge at their respective equivalents, the same way as
the influence of association constants on the chemical shift curve
(Fig. 2b). Therefore, the association constants of differently proton-
exchanged host species could be independently and confidently fit-
ted. For C72-, the association constants of the anion to the original
host and its first two proton-exchanged species were Ky=(9.4+
3.4)x 103, K =(7.2 + 1.4) x 103 and K, =(3.4+ 1.5) x 103 L/mol, re-
spectively. It could be concluded that these bindings all showed
relatively high affinity, but also followed an order of €72~ > (82~
> €62~ > €52~ (K) and gradually decreased along with the proton
exchange of the host (Fig. 2d and Fig. S20 in Supporting informa-
tion).

Fig. 3. DFT optimized structures of (a) B2H-C62~ and (b) B2H-[2C3H]?~ complexes.
The blue dotted lines represent hydrogen bonds.

To visualize the proposed anion-m binding between the host
and guest, we carried out geometry optimizations using M06-2X
at the 6-311++G(d, p) level, taking 1:1 B2H-C62~ and 1:2 B2H-
[2C3H]?~ complexes as typical examples. Fig. 3 showed the op-
timized conformations of these two complexes, where the single
C62- anion and hydrogen bonded [2C3H]?~ dimer are respectively
encapsulated within the B2H cavity. The two sub-cavities interact
synergistically with the included dicarboxylates. In both cases the
short distances between triazine and the oxygen of carboxylate in
the range of 2.8-3.1A indicate multiple anion-7 interactions be-
tween host and guests. Besides, the glycol arms of the macrocycle
might also assist the anion binding through van der Waals inter-
action with the alkyl chains of the dianions. Driven by the mul-
tiple noncovalent bonds, the host produces helical-like conforma-
tion after complexation (Fig. 3 and Fig. S21 in Supporting informa-
tion). Optimization on B2H-C82~ and B2H-C72~ complexes gave
similar results, with only the sub-cavity distances induced by the
length of the guest dianion being different (Table S5 in Support-
ing information). The above results indicated that the macrocycle
B2H, which bears serine moieties on the larger rim of each sub-
macrocycle, showed enhanced anion binding ability and enabled
competitive and different binding modes. Particularly, after depro-
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tonation of the serine with dicarboxylates, the host in fact turns
from charge-neutral to anionic nature which in principle is detri-
mental to further anion binding. However, our results clearly indi-
cated the coexistence of anion-7 complexation. It is difficult cur-
rently to thoroughly elucidate the whole process, we speculated
that the counter cation (TBA*) might serve as a cationic bridge to
facilitate the encapsulation of the dianion within the macrocyclic
cavity (Fig. S13 in Supporting information).

In conclusion, we have demonstrated a straightforward one-pot
strategy for the diversity-oriented construction of sophisticated ul-
tracycles from rationally designed macrocyclic subunit precursors.
The type and amount of the base were found to significantly in-
fluence the macrocyclization outcome. Existence of template anion
could increase the total chemical yields and affect the distribution
of the resulting macrocycles. The anion binding ability of B2H to-
wards a series of dicarboxylates was investigated by means of 'H
NMR titrations, which afforded interesting proton exchange/anion-
7 binding modes. Based on all possible species in the solution
and their relevant equilibrium constants, and in combination of the
material and charge balances, a numerical iterative algorithm was
developed and applied to calculate the association constants of the
anions (C5%~ to C82~) to the host B2H. It was shown that the bind-
ing affinity was relatively high with the association constants being
up to 103 L/mol.
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