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ABSTRACT: Owing to the often-similar physical and chemical properties of structural isomers of organic molecules, large efforts
have been made to develop efficient strategies to isolate specific isomers. However, facile separation of regioisomeric compounds
remains difficult. Here we demonstrate a universal organometallic capsule in which two silver centers are rigidly separated from
each other by two tetranuclear [Rh,] pyramidal frustums, which selectively encapsulate a specific isomer from mixtures. The pre-
sent heterometallic capsule is not only suitable as a host for the encapsulation of a series of aromatic compounds, the receptor also
shows widely differing specificity for the various isomers. Direct experimental evidence is provided for the selective encapsulation
of a series of para-disubstituted benzene derivatives, such as p-xylene, p-dichlorobenzene, p-dibromobenzene and p-diiodobenzene.
The size and shape matching, as well as the Ag-rn interactions, are the main forces governing the extent of molecular recognition.
The encapsulated guest p-xylene can be released by using the solid-liquid solvent washing strategy, and the other guest molecules

are easily liberated by using light stimulus.

INTRODUCTION

Separation of constitutional isomers — molecules that differ in
the spatial arrangement of their atoms with the same chemical
formula — is an active area of research, as often, each isomer
can be subsequently applied to different industrial applica-
tions. However, the separation of isomeric compounds re-
mains difficult due to their (usually) extremely similar chemi-
cal and physical properties." One promising way to separate
such mixtures is by using porous materials with different pore
sizes and shapes. Recently, porous coordination polymers and
metal-organic frameworks have been explored to separate
isomeric mixtures.”"'* In this context, approaches to the separa-
tion of Cg-alkylaromatic compounds, which exist as four pos-
sible isomeric forms (ortho-xylene (0X), meta-xylene (mX),
para-xylene (pX) and ethylbenzene) have been investigated
extensively.” ™’ Even now, high selectivity is usually difficult
to achieve because the dimension modulation and binding site
functionalization of the container used for selective accommo-
dation of different isomers is challenging due to the limitations
of controllable synthesis.

A range of discrete supramolecular capsules possessing
nanospace have been designed and constructed, with an em-
phasis on their abilities to encapsulate guest molecules and to
serve as molecular containers for chemical reactions.”™”* The
shape and size of such architectures can be precisely con-
trolled by judicious selection of organic ligands and geometri-
cally pre-fixed metal ions.*** In particular, assemblies con-
taining coordinatively labile sites at the metal center(s) have

great potential for metal-mediated multipoint recognition and
selective binding of target substrates.*”** Based on the success
of many supramolecular cages and capsules and their applica-
tions in host-guest chemistry, we wished to design a single
molecular capsule that not only can serve as a host for guest
encapsulation, but also can be used as a platform for the sepa-
ration of isomeric compounds. The Ag-r interaction is a typi-
cal example of binding between a metal and an aromatic sys-
tem, and has been utilized to facilitate the formation of metal
jon-aromatic complexes.”*® The formation of xylene-silver
complexes through the m-interaction of aromatic rings with
silver(I) has also been repor‘[ed.51 Recently, a dinuclear macro-
cycle possessing a nanocavity with two coordinatively labile
silver(I) centers was used for guest encapsulation taking ad-
vantage of Ag-m interactions.” Therefore, we envisioned that a
molecular capsule possessing a nanocavity with two silver(I)
centers could be used as a new class of molecular receptor
whereby the isomeric compounds can be separated through
multipoint recognition of the selected guest molecules. Hence,
silver ions were selected as the metal “hinges” to connect our
two tetranuclear [Rhy] pyramidal frustums. We report herein
an organometallic capsule with a high inclusive selectivity for
the encapsulation of para-disubstituted (dialkyl- or dihalo-)
benzene derivatives and separate them from their correspond-
ing regioisomeric mixtures. The assembly’s facile ability to
release the molecules using a solid-liquid solvent washing
strategy or efficient external stimulus — light — has also been
observed.

RESULTS AND DISCUSSION
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Synthesis and characterization of a stable heteroaryl-
rhodium(IIT) metallacycle by transmetallation. A solution
of dirhodium dication 2 (Figure S1, Supporting Information),
generated in situ by chloride abstraction of [Cp ,Rhy(u-
CA)]Cl, 1 (H,CA = chloranilic acid) with AgOTf in metha-
nol/H,O (10/1),” reacts with excess 4-pyridinylboronic acid,
leading to exclusive formation of the tetranuclear metallacycle
3 (Scheme 1), formulated as [Cp 4Rhy(u-CA),(u-C,N-
pyrimidine),](OT{),, as confirmed by NMR, elemental analy-
sis, MALDI-TOF mass spectrometry and single-crystal X-ray
crystallography (vide infra). The selective transmetallation
from boron to rhodium and coordination-driven self-assembly
occurred simultaneously.” Dark-red crystals of complex 3
were isolated in 82% yield upon recrystallization by diffusion
of diethyl ether into the red filtrate containing the complex.
Multiple 'H NMR  resonances of the Cp  rings suggested
chemically inequivalent Cp Rh(III) centers (see below, Figure
2a). A MALDI-TOF mass spectrum with a signal at m/z =
1673, corresponding to [3—OTf]", confirmed the discrete as-
sembly of complexes 3 (Figure S2).

Scheme 1. Synthesis of heteroarylrhodium metallarectan-
gles 3

The single-crystal X-ray crystallographic analysis unam-
biguously established the structure of 3 to be a discrete
metallarectangle, constructed via the formation of Rh-C
bonds, indicating that the reaction involved transmetalation
of the pyrimidinyl group from boron to rhodium. As shown
in Figure 1, the X-ray structure revealed that two pyrimi-
dine units are connected to metal centers with a meta-C,N
bridging coordination mode, with one ‘“naked” nitrogen
atom remaining in each pyrimidine unit. It is noteworthy
that the carbon and nitrogen atoms which coordinate to the
metal centers are strongly disordered. While the two oppos-
ing pyrimidine rings are nearly face-to-face and parallel,
the two bridging 2,5-dichloro-3,6-dihydroxy-1,4-
benzoquinonato ligands are positioned closer to an edge-to-
edge orientation, yielding a quadrangular frustum of a pyr-
amid. The distance between the two proximal chlorine at-
oms on opposite ligands (d,) is about 3.638 A (Table 1).
The distances between the two distal chlorine atoms on
opposite ligands (d,) and the two “naked” nitrogen atoms
are nearly the same, being 8.376 A and 8.302 A, respective-

ly.

Figure 1. Crystallographically-derived structure of heteroarylrhodium
complex 3. POV-Ray depictions of the molecular structures of het-
eroarylrhodium complex 3 in the solid state. (C gray, N blue, O red,
Cl, lime, Rh pink. H atoms and triflate are omitted for clarity).

Formation of heterometallic capsule 4. It was expected
that the “naked” nitrogen atoms of the pyrimidine moieties at
the convex of 3 could further accommodate two metal ions to
give a heterometallic capsule 4 (Figure 2a). Heterometallic
capsule 4 was isolated in 95% yield by stirring complex 3 for
24 h in the presence of AgOTf in CD;0OD and subsequent re-
crystallization by diethyl ether vapor diffusion in the dark. The
'"H NMR signals of the pyrimidyl groups were gradually shift-
ed downfield, which indicated the coordination of the silver(I)
ions to the residual nitrogen atoms of the complex 3 (Figures
2b,c). In addition, the signals of Cp’ rings were also shifted
downfield slightly in the 'H NMR spectra. In the CSI-TOF-MS
spectrum of capsule 4, the peaks at m/z = 1930.29 and m/z =
1237.20, corresponding to [4—20Tf]*" and [4-30Tf]*" species,
respectively, were observed and their isotopic resolutions are
in good agreement with theoretical distributions (Figure S3).

CD;0D

b)

c)
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Figure 2. Formation and characterization of 4. (a) Cartoon illustration
of the metal-triggered structural switching from 3 to 4. "H NMR spec-
tra (400 MHz, room temperature, CD;0D) of complexes of (b) metal-
larectangle 3 and (c) capsule 4. Crystallographically-derived structure
of 4: (d) wire representation (Cp~ rings, counterions and solvents are
omitted for clarity) and (e) space-filling representation (counterions
and solvent molecules are omitted for clarity).

Complex 4 has been structurally characterized and displays
the expected tube-like [RhgAg,] structure. As shown in Fig-
ures 2d,e, two molecules of 3 were connected via coordination
of silver to the pyrimidine nitrogen atoms in a linear geometry.
Thus, a molecular capsule was formed through metal ions as
metal “hinges”. The N-Ag-N angle is 177.7°. The Ag~Ag
separation of 7.587 A, and the distance of 14.676 A between
the two most distant Rh(III) ions, results in a narrow tubular
capsule (Table 1).

Encapsulation of guest molecules with capsule 4. 'H
NMR spectroscopy gave a clear indication of the interaction of
p-xylene and capsule 4 (Figures 3a-c). When excess p-xylene
was added to a CD;0D solution of capsule 4, the signals of the
original capsule 4 were replaced by a new set of signals in the
aromatic region. In addition to the signals of free p-xylene at
7.03 and 2.27 ppm, the new signals at 6.48 ppm and —0.69
ppm can be assigned as those of included p-xylene, which are
highly upfield shifted due to the strong shielding effect of the
cavity. The large upfield shift of the methyl group (Ad =-2.96
ppm) is presumably due to the methyl groups being positioned
deep in the cavity, near the aromatic rings. Diffusion—ordered
NMR spectroscopy (DOSY) revealed the formation of a host-
guest assembly (Figure S4). This conjecture is supported by
the structure in the solid state (Figures 3d,e). In order to de-
termine the exchange rate of the guest, the experiments of
variable-temperature 'H NMR (Figure S5) and NMR exchange
spectroscopy (EXSY) on the titration sample containing 4
equivalents of p-xylene were performed.” The exchange rate
constant of the guest as k = 1.27 s™' for p-xylene C4 was esti-
mated by a 2D EXSY experiment at 298 K (Figure S6).

Single crystals of p-xyleneC4 suitable for X-ray structure
determination were grown by slow vapor diffusion of diethyl
ether into a methanol solution of the capsule 4 in the presence
of excess p-xylene. In the resulting structure, one disordered
p-xylene was found to reside in the cavity of capsule 4 via an
n’-type Ag-m interaction at each edge of the benzene ring (i.c.
the C,-C; and Cs-C¢ bonds). The two methyl groups are held
in the two aromatic cavities, in agreement with the unusually
upfield shifts observed in the 'H NMR spectra. Multipoint
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CH-n interactions between the methyl groups and the bridging
2,5-dichloro-3,6-dihydroxy-1,4-benzoquinonato and pyrimi-
dine rings appear to stabilize the complex, with CH-x distanc-
es of around 2.87 A. The average Ag-C distance is 3.14 A,
indicates relatively weak Ag-m interactions (Table 1). As a
result of the p-xylene encapsulation, the capsule structure is
compressed and the Ag-Ag distance is decreased to 6.641 A,
however, the CI-Cl distances of the central pocket are in-
creased to 4.595 A (d,) and 9.054 A (d3). Thus, the capsule
seems to be able to tune its size and shape to accept the guest
molecule. This conformational flexibility may provide the
possibility for the present capsule to allow the relatively dif-
ferent organic compound to enter its nanocavity.

a)
CD,0D

| !

| Ii|
(|

b) |
p-xyleneg, "

p-xylene,, | | | pxvlene,
\ \

C) | ‘ |

88 86 84 82 80 78 75 74 72 10 68 66 64 32 30 28 25 24 22 20 18 1606 08
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Figure 3. Formation and characterization of p-xyleneC 4. '"H NMR
spectra (400 MHz, 300 K) of 4 (C = 9.0 mM) in the presence of (a)
0.0 and (b) 4.0 equiv of p-xylene; and (c) p-xylene in CD;0D without
the complex. Two views (d, e) of the crystallographically-derived
structure of p-xyleneC4, cylindrical (for 4) and space-filling (for p-
xylene) representations (counterions and solvent molecules are omit-
ted for clarity).

Subsequently, we explored the ability of the capsule for the
encapsulation of a series of dihalogenated benzene derivatives.
For instance, when a mixture of capsule 4 and excess p-
dibromobenzene in methanol was stirred at room temperature
for 5 min, host-guest complex p-dibromobenzeneC4 was
formed. The encapsulated process was unambiguously verified
by NMR spectroscopy (Figure S7). Dramatic changes in the 'H
NMR spectra were observed upon addition of excess p-
dibromobenzene to a solution of capsule 4 in CD;OD. The
signal of the encapsulated guest is shifted upfield by 0.64 ppm
with respect to that of the free p-dibromobenzene due to the
shielding effect of the capsule. DOSY revealed the formation
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of a single host-guest assembly, as all the proton signals
showed the same diffusion coefficient (Figure S8). Variable-
temperature 'H NMR study on the titration sample containing
2 equivalents of p-dibromobenzene indicative that the guest
exchange becomes faster upon heating the above solution to
313 K (Figure S9). An 2D EXSY experiment of a 2:1 sample
of p-dibromobenzene and empty capsule 4 was employed to
determine the exchange rate of the guest as k=~ 0.79 s (Figure
S10). The CSI-TOF-MS spectrum of the product clearly sup-
ports the formation of host-guest system p-dibromobenzene C4,
and the experimental isotopic patterns are in agreement with
the calculated peak distributions (Figure S11).

By diethyl ether vapor diffusion into a mixture of 4 and 1.0
equiv of p-dibromobenzene in methanol in the dark, red single
crystals were obtained in 99% yield based on capsule 4. Crys-
tallographic analysis of p-dibromobenzeneC4 confirmed that
the guest molecule p-dibromobenzene occupies the cavity of
the capsule 4 (Figure 4 and Table 1). The crystal structure also
revealed the encapsulated p-dibromobenzene guest adopts an
tilted configuration, allowing for the formation of 7°-type Ag-
7 interactions (Ag-C 3.40-3.45 A) to stabilize the final struc-
ture. The resulting Ag-n arrangement with the phenylene ring
is quite similar to that of the abovementioned p-xylene inclu-
sion complex. In addition, weak noncovalent anion-m interac-
tions were also observed between the bromide groups and the

capsule pocket.
ﬁ;{_‘,
7/\ _—~—

s

-
2y

P

Figure 4. Two views of the crystallographically-derived structure of
p-dibromobenzene 4. Cylindrical (for 4) and space-filling (for p-
dibromobenzene) representations (counterions and solvent molecules
are omitted for clarity).

Similar to p-dibromobenzene, the slightly smaller and larger
dihalogenated benzene derivatives p-dichlorobenzene and p-
diiodobenzene, respectively, were found to occupy the cavity
of capsule 4. In each of these cases, the 'H NMR spectra re-
vealed that the aromatic C-H signal of the encapsulated guest
had shifted from the signal of the free molecule, indicating the
inclusion of the guest in the cavity (Figures S12, S14). DOSY
NMR experiments afforded a similar hydrodynamic radii for
both inclusion complexes when compared with that of the p-
xyleneC4 or p-dibromobenzeneC4, demonstrating that the
size of the molecular entities is nearly identical (Figures S13
and S15). 2D EXSY experiments of a 1:1 sample of p-
dichlorobenzene or p-diiodobenzene and empty capsule 4 was
used to determine the exchange rate of the guests as k= 3.06 s

for p-dichlorobenzeneC4 and k =~ 1.65 s' for p-
diiodobenzene 4, respectively (Figures S16, S17).

In the abovementioned examples, we found that the capsule
can easily make adjustments along all the directions with
available free space to fit the target molecules. The observa-
tion suggested the capability of the capsule to change its cavity
to form the required structure. We then explored the encapsu-
lation of [2.2]paracyclophane (pCp) with capsule 4 following
a similar procedure as for p-dibromobenzene. Upon addition
of pCp to a solution of capsule 4 in CD;0D at room tempera-
ture, the signals of the host molecule were obviously shifted
due to host-guest interactions (Figures 5a-c). Due to the strong
shielding effect of the cavity, the signals corresponding to the
included pCp were significantly upfield shifted (Ad = —0.81
and —2.83 for a;, and by, respectively). This assignment was
strongly supported by its single-crystal X-ray analysis. As
shown in Figures 5d,e, crystallographic analysis of pCpC4
confirmed that one pCp molecule guest was included in the
cavity of the capsule. The Ag-Ag distance was enlarged to
9.231 A in order to accommodate pCp (Table 1). The crystal
structure also revealed the formation of the stacked Ag-n-n-Ag
configuration. 2D DOSY NMR spectroscopic results indicated
that the same inclusion complex is formed in solution and the
solid state (Figure S18). Based on 2D EXSY experiment at
298 K, the exchange rate constant of the guest was found to be
k=~0.68s" (Figure S19).

a) €D,0D .
< T™S
pCp

AN L\ A J —n IR

b)

W an || by L b,
My;_/‘\ —/\UL
c)

b
| o L

Figure 5. Formation and characterization of pCpC4. '"H NMR spectra
(400 MHz, 300 K) of 4 (C = 4.0 mM) in the presence of (a) 0.0 and
(b) 3.0 equiv of pCp; and (c) only pCp in CD;0D without the com-
plex. Two views (d, e) of the crystallographically-derived structure of
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pCp A, cylindrical (for 4) and space-filling (for pCp) representations
(counterions and solvent molecules are omitted for clarity).

Comparison of crystallographic data for capsule 4, p-
xylene 4, p-dibromobenzene4 and pCpC4 shows that the
Ag-Ag interdistance is ca. 7.6 A when the guest molecule is
absent, whereas the inclusion of p-dibromobenzene compress-
es this distance about 5.9% and inclusion of p-xylene further
shrinks it by about 6.5% (total: 12.4% compares to free cap-
sule). The inclusion of the pCp molecule enlarges this distance
about 21.7% longer than the empty complex. The change of
cavity size in the process of accommodating guest molecules
indicates that the flexibility of capsule 4, owing to the silver
hinges in the bridge positions, allows the capsule to fine-tune
the size of the cavity to maximize its interaction with the guest
species.

Table 1. Structure Data

Ag-Ag (R) di (A) dr (A) ds (A)

Complex 3 - 3.638 8.376 -

Capsule 4 7.587 3.557 8.643 4.439
p-xyleneC4 6.641 3.543 9.054 4.595
p-dibromo- 7.136 3.509 8.922 3.715
benzene C4 5.151
pCpA4 9.231 3.380 8.812 4.481

d,: the distance between the two proximal chlorine atoms on opposite
ligands, d»: the distance between the two distal chlorine atoms on opposite
ligands, ds: the distance between the two proximal chlorine atoms pointing
inwards towards the cavity. See Figures 1, 2.

Selective encapsulation of isomers by capsule 4. Remark-
ably, the capsule 4 was found to selectively bind p-xylene over
its isomers, such as m-xylene, o-xylene and ethylbenzene
(Figures S20-22). As indicated by NMR spectroscopy, addi-
tion of an excess of either m-xylene, o-xylene or ethylbenzene
to a solution of capsule 4 in CD;OD showed no change rela-
tive to the signals of the free capsule and aromatic molecule.
On the other hand, when an equimolar mixture containing p-
xylene, m-xylene, o-xylene and ethylbenzene was added to the
solution of capsule 4, the formation of the host-guest system
p-xylene 4 is exclusively observed (Figure S23). We hypoth-
esize that the tight fit of the molecule and the existence of Ag-
7 interactions are essential to the encapsulation. To further
verify the size/shape selectivity of the capsule, we then ex-
plored the separation of isomeric dihalogenated benzene de-
rivatives with capsule 4 following a similar procedure as that
used for the xylenes. The selective binding with p-
dibromobenzene with respect to other isomers (m-
dibromobenzene or o-dibromobenzene) was also investigated
via NMR spectroscopy (Figures S24,S25), using a mixture of
capsule 4 with one molar equivalent of p-dibromobenzene and
four molar equivalents each of m-dibromobenzene and o-
dibromobenzene in a CD;OD solution. The 'H NMR spectra
showed exclusive encapsulation of p-dibromobenzene with
disappearance of the signal for free p-dibromobenzene, ac-
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companied by a new signal observed at high field (Figure
S26), while the signals belonging to the other free isomers
were unchanged. Similar to p-xylene, the selective encapsula-
tion of p-dichlorobenzene or p-diiodobenzene from their cor-
responding isomers was also realized (Figures S27, S28). To
estimate the contribution of capsule structure on the stability
of the inclusion complex, control experiments were then per-
formed. When an excess amount of guest was added to a
methanol solution of the silver-free complex 3, its 'H NMR
spectrum did not show any change, suggesting very weak in-
teractions between the guest and complex 3 (Figure S29). On
the other hand, no significant changes were observed when
AgOTf was combined with the guest molecules, such as pCp
(Figure S30).

Release of guest molecules from capsule 4. The release of
the captured guest molecules from the capsule was also inves-
tigated. We were delighted to find that all encapsulated p-
xylene can be extracted by washing with excess diethyl ether
from the obtained solid sample p-xylene C4. The regeneration
of empty capsule 4’ was confirmed by the single-crystal struc-
tural analysis (Table S1). The remaining solid can be used for
further encapsulation of p-xylene from mixture following the
above-mentioned procedure. However, a similar protocol
aimed at liberating encapsulated dihalogenated benzene deriv-
atives or pCp was unsuccessful. We therefore decided to seek
other methods for guest liberation from the host-guest adducts.
The first method was removal of metal ions using halide salts
such as NaCl to disassemble the capsule. Upon addition of two
equivalents of NaCl to a solution of p-diiodobenzeneC4 in
CD;0OD at room temperature for 10 minutes, the signal corre-
sponding to the encapsulated guest disappeared, indicating
release of p-diiodobenzene from the capsule. The disassembly
of capsule 4 and a structural rearrangement to metallacyle 3
were found to occur, as indicated by 'H NMR spectra. The
solvent was removed after filtration and p-diiodobenzene was
extracted with diethyl ether and isolated in 98% yield based on
p-diiodobenzeneC4. After the addition of NaCl to p-
diiodobenzene 4 in CD;0D, p-diiodobenzene C4 was regen-
erated in nearly quantitative yield from the suspended mixture
of 3 and p-diiodobenzene by addition of AgOTf at room tem-
perature (Figure 6). The captured p-diiodobenzene guest can
also be released as the host dissembles upon external stimula-
tion with sunlight, as indicated by NMR experiment (Figure
S31). Exposure of the solution of p-diiodobenzene C4 to sun-
light at room temperature for 3 h resulted in the signal of p-
diiodobenzene encapsulated in 4 disappeared, completely,
indicating the release of guest from the capsule. Complex 3
was isolated in 91% recovery based on diiodobenzene C4.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

Journal of the American Chemical Society

Cp*

p-diiodobenzene,, N ‘

| | | B

L h jiy

p-diiodobenzene, ‘ ‘
/|

p-diiodobenzene, "

90 85 80 75 7.0 6.5 40 35 30 25 20 15 1.0

Figure 6. Partial NMR in-situ detection of the uptake and release of
p-diiodobenzene in the host capsule (400 MHz, 300 K, CD;OD). (a)
complex 4 (C = 4.5 mM) in the presence of 2.2 equiv of p-
diiodobenzene, (b) addition of 2.2 equiv of NaCl to the solution a, and
(c) addition of 2.2 equiv of AgOTf to the solution b.

CONCLUDING REMARKS

In general, we have shown that the present heterometallic
capsule 4 is not only suitable as a host for the encapsulation of
a series of aromatic compounds, the receptor also shows wide-
ly differing specificity for the various isomers. Based on the
presented experimental data we proposed that the size and
shape matching, as well as the metal-n interactions, are the
main forces governing the extent of molecular recognition.
These results showcase an attractive methodology to selective-
ly extract one isomer from mixtures, providing a platform to
design tuned capsules for selective recognition of specific
target molecules. The selected guest can then be released by
using a simple solid-liquid solvent washing strategy or an ex-
ternal light stimulus. It is worthy to note that the p-xylene is
always produced together with m-xylene, o-xylene and
ethylbenzene in industry and the selective separation of p-
xylene from the mixture is still a challenge. Our present catch-
and-release procedure provides a potential method to resolve
this problem. We wish these findings may spark supramolecu-
lar host-guest research in the separation of regioisomeric com-
pounds, and it might be useful in separation of very high value
isomeric molecules, such as isotopically-labeled or radioactive
derivatives.

EXPERIMENTAL SECTION

General Procedures. All experiments were conducted under
nitrogen using standard Schlenk techniques. Unless otherwise
stated, all commercial reagents and solvents were used as ob-
tained without additional purification. NMR spectra (‘'H, *C{'H},
and 'H,'H-COSY, 2D DOSY) were recorded on Bruker
AVANCE I 400 or Bruker AVANCE III 400 spectrometers. 2D

EXSY was measured on Bruker AVANCE 500 spectrometers.
Chemical shifts () are expressed in ppm downfield from tetrame-
thylsilane using the residual protonated solvent as an internal
standard. Coupling constants are expressed in Hertz. Mass spectra
were obtained with MicroTof (Bruker Daltonics, Bremen), or
API-TOF-MS 10000 (HEXIN, Beijing) spectrometers. Syntheses
and characterization for complex 2 are given in Supporting Infor-
mation. The efficient full *C{'H} NMR spectrum for these com-
plexes cannot be obtained due to its limited solubility even after
24 h.

Preparation of 3. AgOTf (28 mg, 0.11 mmol) was added to a
solution of [Cp*,Rhy(u-CA)]Cl, (38 mg, 0.05 mmol) in
CH;0H/H,O (10 mL, 10:1) at room temperature. The reaction
mixture immediately turned grass-green, and colourless solid
AgCl precipitated from the solution over the course of 10 min.
The obtained suspension was filtered. 5-Pyrimidine boronic acid
(24 mg, 0.2 mmol) was added to the filtrate. The mixture was
stirred at room temperature for 24 h. The reaction mixture was
concentrated to a volume of 3 mL under reduced pressure, filtered
through Celite and recrystallized under slow diethyl ether
diffusion into the filtrate. A red crystalline solid was obtained (37
mg, 82%). 'H NMR (400 MHz, CD;OD, ppm): 'H NMR (400
MHz, CD;0D, ppm): § = 1.68-1.73 (60H, Cp*), 8.15 (2H, Ar-H),
8.47 (br, 4H, Ar-H). Anal. Calcd for CyHgsCl4FsN4O14R14S,: C
40.85, H 3.65, N 3.07, found: C 40.59, H 3.53, N 3.12. MS
(MALDI-TOF, CH;0H): m/z = 1673 (calcd for [M-OTf]" 1673).

Preparation of 4. AgOTf (5.2 mg, 0.02 mmol) was added to a
solution of 3 (18 mg, 0.01 mmol) in CH3;0H (10 mL) at room
temperature. The mixture was stirred at room temperature for 24
h. Crystals of 4 were obtained by diffusion diethyl ether into this
solution. The obtained crystals were collected and dried under
vacuum (22 mg, 95%). 'H NMR (400 MHz, CD;OD, ppm): & =
1.71-1.75 (120H, Cp¥*), 8.25 (4H, Ar-H), 8.69-8.75 (br, 8H, Ar-
H). Anal. Caled for Cjy6Hi30Ag,ClgFsNgO34RhgSs: C 36.38, H
3.20, N 2.69, found: C 36.62, H 3.09, N 2.65. MS (CSI-TOF,
CH;0H): m/z = 1237.20 (calcd for [M-30Tf]*" 1237.21), 1930.29
(caled for [M-20Tf]** 1930.29).

General method for the study of host-guest chemistry. Host-
guest interactions in solution were studied by NMR spectroscopy.
The experiments between capsule 4 and the different guest mole-
cules were performed using CD;0D as solvent. Excess guest was
used in each case. The corresponding guest molecule (excess) was
added to a CD;0D (0.5 mL) solution of capsule 4 (4.5 pmol) in a
brown glass NMR tube. The mixture was stirred at room tempera-
ture for 1 min. The process was monitored by NMR spectroscopy.
Whereas no binding with capsule 4 was observed when o-xylene,
m-xylene, o-dichlorobenzene, m-dichlorobenzene, o-
dibromobenzene, m-dibromobenzene, o-diiodobenzene, m-
diiodobenzene, 1,2-diphenylethyne or naphthalene was used, the
addition of p-xylene, p-dichlorobenzene, p-dibromobenzene, p-
diiodobenzene or pCp led to shifts in the 'H NMR spectrum of 4.
No binding with was observed capsule 4 for dichloromethane,
chloroform, dichloroethane, 1,2-dimethoxyethane or hexane mol-
ecules.

Preparation of guestC4. p-xyleneC4: p-Xylene (2.25 pL, 9
pmol) was added to a methanol solution of capsule 4 (9.5 mg, 2.3
pmol), the mixture was stirred at room temperature for 5 min. The
mixture was filtered, and the crystals were obtained by diethyl
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ether diffusion into the solution in the dark for few of days. The
inclusion complex was isolated as red solids (9.5 mg, 98%). 'H
NMR (400 MHz, CD;0D, ppm): & = —0.69 (p-xylene), 1.73-1.78
(120H, Cp*), 6.48 (s, p-xylene), 8.48-8.72 (br, 12H, Ar-H).

p-dichlorobenzene C4: p-Dichlorobenzene (0.8 mg, 5.5 pmol)
was added to a methanol solution of capsule 4 (9.5 mg, 2.3 umol),
the mixture was stirred at room temperature for 5 min. The mix-
ture was filtered. Diethyl ether was added to the solution, and the
product was isolated by filtration and dried under vacuum (9.7
mg, 98%). 'H NMR (400 MHz, CD,0D, ppm): & = 1.74-1.78
(120H, Cp*), 6.69 (4H, inside p-dichlorobenzene H), 8.46-8.73
(12H, PymH).

p-dibromobenzeneC4: p-Dibromobenzene (1.0 mg, 4.6 pmol)
was added to a methanol solution of capsule 4 (9.5 mg, 2.3 umol),
the mixture was stirred at room temperature for 5 min. The mix-
ture was filtered. Diethyl ether was added to the solution, and the
product was isolated by filtration and dried under vacuum. (10.1
mg, 99%). 'H NMR (400 MHz, CD,0D, ppm): & = 1.74-1.78
(120H, Cp*), 6.80 (s, 4H, p-dibromobenzene), 8.47-8.73 (12H,
Ar-H). Anal. Caled for Ci3H;3,Ag,Br,ClgFsNgO34RhgS4: C
36.07, H 3.12, N 2.55, found: C 36.06, H 3.00, N 2.50. MS (CSI-
TOF, CH;OH): m/z = 949.63 (caled for [M-4OTf]*" 949.64),
1315.85 (caled for [M-30Tf]** 1315.83).

p-diiodobenzene C4: p-Diiodobenzene solid (1.3 mg, 3.6 pmol)
was added to a methanol solution of capsule 4 (9.5 mg, 2.3 umol),
the mixture was stirred at room temperature for 5 min. The mix-
ture was filtered. Diethyl ether was added to the solution, and the
product was isolated by filtration and dried under vacuum (10.0
mg, 97%). 'H NMR (400 MHz, CD,0D, ppm): & = 1.74-1.78
(120H, Cp*), 6.89 (s, 4H, p-diiodobenzene), 8.49-8.74 (12H, Ar-
H).

pCpT4: Compound pCp (1.2 mg, 6.0 pmol) was added to a
methanol solution of capsule 4 (9.5 mg, 2.3 umol), the mixture
was stirred at room temperature for 5 min. The mixture was fil-
tered. Diethyl ether was added to the solution, and the product
was isolated by filtration and dried under vacuum (8.0 mg, 92%).
"H NMR (400 MHz, CD;0D, ppm): § = 0.24 (8H, pCp, meth-
ylene-H), 1.69-1.73 (120H, Cp*), 5.71-5.63 (8H, pCp, Ar-H),
8.10 (4H, Ar-H), 8.51-8.66 (8H, Ar-H). Anal. Calcd for
C14oH143Ag,ClgF1sNgO34RhgS6: C 39.05, H 3.42, N 2.57, found: C
38.89,H3.76, N 2.42.

Removal of silver ions and release guest from p-
diiodobenzeneC4. Method 1: To a stirred solution of p-
diiodobenzene C4 (2.3 pmol, in order to facilitate the comparison
the encapsulated and free guest, excess p-diiodobenzene was used)
in methanol (2 mL), NaCl or NH,Cl (9.2 umol) was added. The
suspension was stirred for 10 min and then filtered. Red crystal-
line product was obtained by slow diffusion diethyl ether into the
filtrate, the solid was collected, washed with diethyl ether and
dried under vacuum. 'H NMR experiment of the products re-
vealed the formation of the metallarectangle 3 (98%, based on p-
diiodobenzene C4). Method 2: Exposure of the solution of p-
diiodobenzene C4 (2.3 pmol) in methanol under sunlight at room
temperature for 3 h produced a powdery suspension of solids. The
solvent was removed under vaccum, and then the solid was
washed by chloroform and diethyl ether, the solid was dissolved
in methanol and then filtered. Red crystalline product was ob-
tained by slow diffusion diethyl ether into the obtained filtrate, the
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solid was collected, washed with diethyl ether and dried under
vacuum. 'H NMR experiment of the isolated solids revealed the
formation of the metallarectangle 3 (91%, based on p-
diiodobenzene C4). Similar method was used for release of p-
dibromobenzene or p-dichlorobenzene.

X-ray Crystallography Details. Crystallographic data for
complexes 3, 4 and 4’ were collected at 173 K using a CCD-
Bruker APEX DUO system (Mog,, A = 0.71073 A). Crystallo-
graphic data for complexes for p-xylene C4, p-dibromobenzene 4,
pCp <4 were collected at 150 K using a Bruker D8 VENTURE
micro-focus X-ray sources system (Cugg, A = 1.54178 A). Index-
ing was performed using APEX 2 (Difference Vectors method).
Data integration and reduction were performed using SaintPlus
6.01. Absorption correction was performed by the multi-scan
method implemented in SADABS. The structures were solved and
refined using SHELXTL-97 (for complexes 3, 4 and 4') or
SHELXTL-2014 (complexes p-xyleneC4, p-dibromobenzene C4
and pCpC4) contained in the SHELXTL program.®® In complexes
4, p-xyleneC4, p-dibromobenzene 4 and pCp 4, there are dis-
ordered anions and solvent molecules which could not be re-
strained properly. Therefore, the SQUEEZE algorithm was used.
Additional details can be found in Supporting Information.

ASSOCIATED CONTENT

Supporting Information. Synthesis and characterization details
of complex 2, NMR experimental spectra, MS spectra, structure
refinement details and tables of crystal data for all complexes, X-
ray crystallographic files for 2, 3, 4, p-xylene™4, p-
dibromobenzeneC4 and pCp T4 in CIF format. This material is
available free of charge via the Internet at http://pubs.acs.org.
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