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a b s t r a c t

In this contribution, we describe the preparation and recognition characteristics of a novel tetrapodal

benzene cage (1). The cage can express a wide recognition range without losing selectivity for the object

of appropriate size and functional groups. The key to obtaining the desired structural isomer of 1 is the

synthesis and isolation of the o-bis(bromomethyl)benzene precursor (5). Three distinct guests, F− (ex-

tremely small size), d-lactate (appropriate size) and l-Asp (branched shape), were selected as examples

to demonstrate the recognition characteristics of 1. By NMR titration studies, they all expressed good

binding affinity (K > 105 L/mol) in competitive medium (10% DMSO/THF), indicating that 1 has a wide

recognition scope. The highest binding constant was observed for d-lactate, revealing that 1 has good

selectivity for d-lactate versus F− and l-Asp. Moreover, the NMR titration study of F− in DMSO indicates

1 can achieve different binding modes (1:1 and 2:1 guest-host) for small-sized guests, which allows for

the further development of binary binding properties and thereafter applications in the field of catalysis.

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

Medica, Chinese Academy of Medical Sciences.

Cage molecules play an important role in host-guest chem-

istry due to their unique structural features, remarkable molecu-

lar recognition characteristics and rich applications [1–5]. In or-

der to obtain novel molecular recognition patterns and proper-

ties, tremendous efforts have been devoted to create new synthetic

cages [6–30]. For instance, various oligopyrrolic cages for small

molecular recognition [6–9], hexapodal cages for anion recognition

[10–12], temple shaped cages for carbohydrate recognition [13–

15], porous cages for gas sorption [16,17], tetrahedral cages for

white phosphorus [18] and other guest molecular recognition [19].

Thanks to the confined structure and settled binding sites, one

main merit of cage molecules is that they typically exhibit good

selectivity towards guest molecules of appropriate size and func-

tional groups. However, this could also limit the recognition scope

of the cage to few types of molecules and narrow the object li-

brary when developing applications other than selectivity, such as

molecular transport and catalysis [20,21]. Customizing novel cages

for individual objects each time is obviously challenging and time-

consuming. On the other hand, host molecules with multiple and

well-designed binding sites are possible to compensate for the loss

of binding affinity caused by object shrinkage or functional group
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changes, while still maintaining selectivity for objects with ap-

propriate size and functional groups [22,23]. Here we present a

new cage molecule (Fig. 1a) with dense and well-deployed hydro-

gen bond donor sites that can provide strong synergistic hydro-

gen bonding to bind multiple types of hydrogen bond acceptors. In

this contribution, we show three distinct guests as examples (Fig.

1b), where F− represents the case of extremely small size, d-lactate

represents the case of appropriate size, and l-Asp represents the

case of branched shape. Through 1H NMR titration studies, the

cage expressed good binding affinity to all the tested guests in a

competitive solvent system (10%DMSO/THF), while exhibiting good

selectivity for d-lactate versus F− and l-Asp.

The target cage comprised of two cap sections (symmetri-

cal tetramethylbenzene) and four tether sections (isophthalamide)

(Fig. 1a). Eight amide protons and four inner rim benzene pro-

tons provide dense hydrogen bond donor sites, allowing the cage

to form strong synergistic hydrogen bonding with various hydro-

gen bond acceptors. The tethers are deployed in an ortho plus meta

manner. The ortho region ensures high binding affinity to small hy-

drogen bond acceptors, such as F− and carboxyl group, while the

meta region is suitable for larger hydrogen bond acceptors and al-

lows free access of small or linear guest molecules. Moreover, the

combination of ortho and meta regions could also enrich binding

patterns of the cage. The side chains of the cage are modifiable,

thus it would enable investigations for different purposes in differ-

ent media, such as binding to bio-targets in aqueous media.

https://doi.org/10.1016/j.cclet.2023.109362
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Fig. 1. (a) Molecule design. (b) The guests used in this study, i.e., fluoride, d-lactate

and l-Asp. They were prepared as tetrabutylammonium (TBA) salts.

It is challenging to synthesize the target cage (1, whose caps are

arranged in parallel), because it is easy to generate the structural

isomer (caps are arranged in a cross pattern) that is extremely dif-

ficult to separate. The synthesis of 1 began with the preparation

of the cap (5) and tether (3) precursors (Fig. 2a), where the pro-

duction of 5 is the key to access the correct structural isomer of

1. Compound 3 could be conveniently prepared from the commer-

cial compound 2 through substitution and saponification reactions

with a good yield of 42%.

In contrast, the synthesis of 5 was not easy. After trying sev-

eral synthesis routes, directly treating the commercial compound

4 with NaN(Boc)2 at 60 °C gave the desired structural isomer (5)

with relatively high content (∼30% by 1H NMR integration). The

key to isolating 5 from the other two structural isomers was to

perform fast column chromatography elution at an extremely shal-

low gradient, giving a yield of 16%. To verify the structure of 5

(ortho-type), 1H–1H NOESY NMR was performed. The spectrum

(Fig. 2b) only shows the correlation of H1 ↔ HBoc, but not the cor-

relations of H1 ↔ H2 and H2 ↔ HBoc, which excludes the para-

type isomer (the meta-type isomer can be ruled out simply by 1H

Fig. 2. (a) Synthesis of precursors. (b) The 1H–1H NOESY (400MHz) spectrum of 5

(10mmol/L) in CDCl3 at 298K, showing the correlation between H1 and HBoc.

NMR). In addition, treating 5 with S3 (Scheme S1 in Supporting

information) afforded a cyclic compound S2 (validated by 1H NMR

and HRMS, Figs. S3 and S4 in Supporting information), which fur-

ther confirms 5 is the desired structure.

With the key precursor 5, the cage can be prepared through

multi-step reactions (Scheme 1). Compound 5 was first converted

to azide with KN3, then to amine with PPh3 and subsequently cou-

pled with 3 by HBTU to afford the key intermediate 6 with a good

overall yield of 59%. Afterwards, compound 6 was divided into

two parts. One partwas treated with TFA to remove Boc groups

to give the amine form of 6 (6-NH2), the other part was con-

verted from methyl ester to more active tetrafluorophenyl ester

(6-F). Compounds 6-NH2 and 6-F were then mixed together under

high dilution condition (1mmol/L) to afford the cyclic intermediate

Scheme 1. Synthetic approach towards the target cage 1.
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Fig. 3. (a) 1H NMR spectra of 1 (1mmol/L) and 1+ F− (1.5, 5 and 30 equiv., respec-

tively) in 10% DMSO–d6/THF-d8. (b) A section of the structure of F−⊂1 complex.

(c) Molecular model (by DFT B3LYP-D3, 6–31+G(d,p)) of F−⊂1 complex. Redundant

side chains are omitted for clarity. (d) 1H NMR spectra of 1 (1mmol/L) and 1+ F−

(1.3, 2.8, 3.7, and 10 equiv., respectively) in DMSO–d6. Blue circle= free 1, red trian-

gle=1:1 F−⊂1 complex, and red solid triangle=2:1 F−⊂1 complex.

7 with a high overall yield of 77%. Compound 7 was converted

again to tetrafluorophenyl ester, followed by the removal of Boc

groups, and then treated with Cs2CO3 under high dilution condi-

tion (0.25mmol/L) to give the target cage 1 with an overall yield of

11%. This synthetic approach requires three times of column chro-

matography and allows 1 to be produced in one week.

Before molecular recognition studies, the key protons of 1

(H1–5, Fig. 3b and Fig. S5 in Supporting information) was firstly as-

signed with 1D and 2D NMR spectra of 1. When the cage structure

is formed, the amide methylene (–NHCH2-, H5) protons exhibit two

typical ABX signals at 4.78 and 4.48ppm (doublet-doublet, Fig. S5)

due to structural constraints (the two methylene protons have dif-

ferent orientations, one towards the ortho side while the other to-

wards the meta side). By observing the key correlations of H2 ↔
H4, H1 ↔ H5A and H1 ↔ H5B (Fig. S7 in Supporting information),

H1–5 can be assigned. Furthermore, the 1H–1H NOESY spectrum

shows both H1↔ H2 and H1 ↔ H4 correlations (Fig. S9 in Sup-

porting information), indicating that the amide protons are in the

dynamic equilibrium between two conformations, i.e., H1 on the

inner or outer rim of the cage. However, when 1 binds to guests,

the conformation of H1 on the inner rim prevails (Figs. S16, S28

and S35 in Supporting information).

Cages that exhibit high affinity to larger-sized molecules nor-

mally show low or no binding affinity for much smaller-sized

guests. In order to test whether 1 can compensate for this draw-

back, recognition studies were conducted on one of the smallest

guests, F−. The recognition of fluoride anion [31,32] was investi-

gated by adding F− (0.1-1.67 equiv.) to 1 in 10% DMSO/THF (Fig. 3a

and Fig. S11 in Supporting information). The protons of 1 gradu-

ally disappeared with the concomitant appearance of some broad

signals. The newly emerging signals should belong to F−⊂1 com-

plexes, while the broadness of the spectrum is probably due to the

coexistence of different binding forms and they undergo relatively

slow exchange with each other. The CPK molecular model (Fig.

3c and Fig. S10 in Supporting information) of the 1:1 F−⊂1 com-

plex clearly shows a large vacancy of the cavity of 1. Continuingly

adding F− to 5 equiv. made the previously broad spectrum sharp.

Further adding F− to 30 equiv. did not evoke significant spectral

changes (Fig. 3a and Fig. S12 in Supporting information). This is

consistent with the above assumption, and the sharp spectrum is

due to the saturation of the binding sites of 1 by F−, resulting in

the formation of a defined F−⊂1 complex. By comparing the chem-

ical shifts of the protons of the defined F−⊂1 complex with those

of the free 1, the amide (H1) and inner rim benzene (H2) protons

of 1 undergo substantial downfield shifts (H1 from 8.88ppm to

9.41ppm and H2 from 7.86ppm to 8.62ppm), revealing that these

protons directly involve in the interaction with F− through hydro-

gen bonding. Other protons of 1 also experience small to moderate

shifts, implying 1 undergoes slight structural adjustments to ac-

commodate F−.
The mass spectra of 1+2F− (2 equiv., Fig. S18 in Supporting in-

formation) and 1+20F− (20 equiv., Fig. S19 in Supporting informa-

tion) only show 1:1 and 1:2 [1-F−] signals, respectively, indicating
the 1:1 [1-F−] species are the prevalent ones in the NMR spectra

before 2 equiv. F− while the 1:2 [1-F−] species dominate in the

NMR spectra after 5 equiv. F−. NMR titration study of F− was also

conducted in DMSO–d6, considering that the high polar medium

may eliminate weakly bound host-guest complexes and lead to

clear NMR spectra. Indeed, NMR spectra of 1+ F− in DMSO–d6
are relatively sharp (Fig. 3d and Fig. S17 in Supporting informa-

tion). Thereby, spectral evolution from free 1 (blue circle) to 1:1

(red triangle) and further to 1:2 (red solid triangle) [1-F−] binding
were observed. Due to the coexistence of different species, the ex-

act binding constant (K) of [1-F−] binding cannot be determined.

Nevertheless, by the competition study between F− and l-Asp (Fig.

S40 in Supporting information, the recognition of l-Asp will be dis-

cussed later), an approximate value of K(F−) in 10% DMSO/THF can

be obtained as ∼106 L/mol, which is in sharp contrast with the K

(4.4×102 L/mol) of [S1-F−] (S1 is a control cage with only meta-

deployed tethers, Fig. S44 in Supporting information). This proves

that the ortho design of cage 1 does work well for compensating

for the loss of binding affinity caused by object shrinkage.

According to the molecular model (Fig. 4e and Fig. S20 in Sup-

porting information), d-lactate should fit well to the cavity and

most binding sites of 1. Thus, it was expected that 1 would ex-

hibit high affinity to d-lactate. d-Lactate is considered harmful to

human metabolism and can lead to decalcification and acidosis

[33–35]. Therefore, developing artificial molecules capable of rec-

ognizing d-lactate is important [36,37]. By adding d-lactate (0.12-

2.08 equiv.) to 1 in 10% DMSO/THF (Fig. 4a and Fig. S21 in Sup-

porting information), the 1H NMR spectra first became broad with

the concomitant appearance of some new signals and dramatic

chemical shifts. When the amount of d-lactate approached 1 equiv.,

the spectra turned sharp, and the subsequent addition of d-lactate

did not cause further noticeable changes. These observations in-

dicate 1 undergoes substantial structural adjustments to adopt d-

lactate, and they bind together through a high affinity 1:1 receptor-

substrate mode. The 1:1 binding stoichiometry was also validated

by Job’s plot and mass spectrum (Figs. S30 and S31 in Support-

ing information). By fitting the chemical shifts of a sharp signal

(H3), the binding constant of d-lactate⊂1 was determined [38,39]

as K(d-lactate) = (1.4±0.5)×107 L/mol (Fig. 4b). However, due to

the limitations of the NMR titration technique, it is more appropri-

ate to consider K(d-lactate) >> 105. Furthermore, the competition

study between d-lactate and l-Asp (Fig. S38 in Supporting infor-

mation, the recognition of l-Asp will be discussed later) gave K(d-

lactate) ∼107 L/mol (1.3×107 L/mol), which is in good agreement
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Fig. 4. (a) From bottom to top: 1 in 10% DMSO–d6/THF-d8 (0.8mmol/L) titrated with d-lactate in 10% DMSO–d6/THF-d8 (10mmol/L, with 0.8mmol/L 1) from 0.12 to 2.08

equiv. (b) Binding analysis curve of the NMR titration study. The chemical shift of H3 was used for the analysis. (c) The 1H–1H NOESY (400MHz) spectrum of 1+d-lactate

(2mmol/L+1.6mmol/L) in 10% DMSO–d6/THF-d8 at 298K and (d) a section of the structure of 1+d-lactate, showing the spatial correlations between protons of 1 and

d-lactate. (e) Molecular model (by DFT B3LYP-D3, 6–31+G(d,p)) of d-lactate⊂1 complex. Redundant side chains are omitted for clarity.

with the above value. The high binding affinity can be attributed

to the appropriate size of d-lactate and the effective utilization of

most binding sites of 1 by the carboxyl and hydroxyl groups of d-

lactate.

In order to assign the additional signals caused by the forma-

tion of d-lactate⊂1 complex as well as to understand the binding

mode of 1 and d-lactate, 2D NMR studies (Figs. S23–S28 in Sup-

porting information) were conducted. For instance, H5A1 and H5B1

are from the same amide methylene due to the existence of COSY

correlation H5A1 ↔ H5B1 (Fig. S24); H4a and H4b are the outer rim

benzene protons due to the observation of the COSY correlation

H4a ↔ H4b (Fig. S25); H1a and H1b are amide protons conjunct

with H5A/B1 and H5A/B2, respectively, due to the NOE correlations

H1a ↔ H5A/B1 and H1b ↔ H5A/B2 (Fig. S27). Thanks to the obser-

vation of the key correlations (Figs. 4c and d) between the methyl

group (HMe) of d-lactate and amide (H1a), inner rim benzene (H2)

and cap benzene (H3) protons of 1, it further proves d-lactate is in-

side 1 (Fig. 4e and Fig. S20). Therefore, the origin of these new sig-

nals is probably because that the encapsulation of d-lactate makes

1 asymmetric. Unfortunately, the signal of H1b is too broad to ob-

serve the correlation H1b ↔ HMe. Similarly, the other protons of

d-lactate are too weak to show NOE correlations with 1. Neverthe-

less, more recognition evidences can be found from NMR studies.

For example, by increasing the amount of d-lactate after 1 equiv.,

the 1H NMR spectra show downfield shifts of the HMe of d-lactate

(Fig. S22 in Supporting information), indicating that HMe is in the

shielded area of the benzene rings of 1 and the downfield shifts

of HMe is due to the signal averaging of the free and encapsulated

d-lactate.

Encouraged by the success of d-lactate, we continued to carry

out the recognition study of l-Asp [40,41], a branched molecule.

Despite the steric hindrance of l-Asp, it was expected that 1 could

still well bind l-Asp through fully utilizing the binding sites of 1

by the two carboxyl groups of l-Asp. Indeed, the NMR titration

study (Fig. 5a and Fig. S33 in Supporting information) of l-Asp and

1 shows similar change as that of d-lactate and 1, i.e., the spec-

tra also undergo significant changes and show additional peaks.

These observations can also be explained by the encapsulation of

l-Asp, which leads to the structural asymmetry of 1. Through Job’s

plot and mass spectrum (Figs. S36 and S37 in Supporting informa-

tion), the binding stoichiometry was determined to be 1:1. Thus, by

fitting the chemical shifts of H4a with the 1:1 receptor-substrate

binding model [38,39], the binding constant of l-Asp⊂1 was de-

termined as K(l-Asp) ∼105 L/mol [(3.0±1.1)×105 L/mol] (Fig. 5b).

This high binding constant indicates 1 can efficiently recognize l-

Asp in the competitive solvent medium (10% DMSO/THF). At last,

the computational result implies l-Asp could be encapsulated by 1

in an expected binding mode (Fig. 5c and Fig. S32 in Supporting

information).

In conclusion, we have developed a new cage with dense hy-

drogen bond donor sites. The key to successfully synthesizing the

desired structural isomer of the cage is to obtain the correct struc-

tural isomer (ortho type) of the cap precursor 5. By molecular

recognition studies of F− (extremely small size), d-lactate (appro-

priate size) and l-Asp (branched shape) in competitive solvent me-

dia (10% DMSO/THF), the cage exhibits a wide recognition scope

without losing molecular selectivity (K(d-lactate) > K(F−) > K(l-

Asp)). Remarkably, the much higher (four orders of magnitude)

binding constant of [1-F−] versus [S1-F−] proves the importance of

the ortho design in binding small-sized objects. Moreover, it was

found in our lab that many other molecules can be recognized by

1, for instance 1,4-dinitrobenzene, isooctyl phosphate and aspirin

(Figs. S41-S43 in Supporting information), further supporting the

wide recognition scope feature of our cage. By varying the size of

guest molecules, we also observed that the cage can express rich

binding behavior. For instance, both 1:1 and 1:2 host-guest bind-

ing patterns can be observed with small-sized anions, while high

selectivity is shown with appropriate-sized ones. In line with these
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Fig. 5. (a) From bottom to top: 1 in 10% DMSO–d6/THF-d8 (1mmol/L) titrated with l-Asp in 10% DMSO–d6/THF-d8 (10mmol/L, with 1mmol/L 1) from 0.13 equiv. to 1.54

equiv. (b) Binding analysis curve of the NMR titration study. The chemical shift of H4a was used for the analysis. (c) Molecular model (by DFT B3LYP-D3, 6–31+G(d,p)) of

l-Asp⊂1 complex. Redundant side chains are omitted for clarity.

properties, our lab is currently conducting binary and selective an-

ion recognition studies. In addition, the binary binding property

also allows for the envisioning of future applications of the cage

and its analogues in catalysis.
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