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A Porous Metal-Organic Cage Constructed from Dirhodium
Paddle-Wheels: Synthesis, Structure and Catalysis

Lianfen Chen,” Tao Yang,” Hao Cui,’ Tao Cai,’ Li Zhang,*” Cheng-Yong Su**"

Self-assembly of dirhodium(ll) tetraacetate (Rh,(OAc)s) with a dicarboxylic acid 3,3'-(1,3-phenylenebis(ethyne-2,1-
diyl))dibenzoic acid (H,pbeddb) gives rise to a metal-organic cage (MOC) containing Rh-Rh bonds with the formula of
[Rhy(pbeddb)s(H,0),(DMAC),] (MOC-Rh-1). Single-crystal X-ray diffraction analysis reveals that MOC-Rh-1 shows a lantern-
type cage structure, in which a pair of Rh,(CO,), paddlewheels are linked by four diacid ligands. The dimensions of the
inner cavity of MOC-Rh-1 are 9.5x14.8 A (atom-to-atom distances across opposite metal and phenyl groups of pbeddbz').
In the solid phase, the cages are aligned by m-1t stacking to form one-dimensional channels (9.5 x 11.1 Az) through cage
windows. Therefore, the crystalline samples of MOC-Rh-1 are porous with the inner and outer cavities of the cages
accessible in the heterogeneous condition. MOC-Rh-1 has been fully characterized by EA, TGA, PXRD, IR, UV-vis and XPS
measurements. The catalytic tests disclose that activated MOC-Rh-1 is effective in the intramolecular C-H amination of
vinyl, dienyl and biaryl azides, leading to the formation of indoles, pyrroles and carbazoles, respectively, and the porous
catalyst can be recycled easily and used for at least nine runs without significant loss of activity. In the nine runs, the

conversions were in the range of 93-99%, whereas in the tenth run, the conversion was reduced to 78%.

1. INTRODUCTION

Metal-organic cages (MOCs) have attracted significant
research interests in the past two decades,1 due to their
applications in storage of reactive species,2 drug delivery,3
selective recognition or separation of species from a mix-
ture,™® catalysis,s'10 etc. Most of the reported MOCs were
constructed from single metal ions and neutral organic
bridging ligands. The assembly of molecular architectures with
metal clusters acting as nodes has not been widely explored.
As a metal cluster node, the dinuclear paddle-wheel unit has
emerged as a common four-connected building block in the
synthesis of MOCs.**# The introduction of metal-metal
bonded clusters into molecular assemblies has not only
expanded the field but also added electrochemical and
spectroscopic probes to the study of such clusters.'* Cotton
and Murillo have employed dimetal units, especially Moz“,
Rh,* and Ru,”", in the construction of polygons such as
molecular loops, triangles and squares, as well as polyhedra
such as tetrahedron and octahedron.le'leaghi and co-workers
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reported a variety of porous octahedra and cuboctahedra
constructed from Cu,(CO,), paddle-wheel building units.®
Zhou et al. developed a series of MOCs derived from dimetal
paddlewheel unis (Cu,, Mo,, and Ru, units) and dipotic
carboxylate ligands with bridging angles of 0, 60, 90 and
1200.20-22

Recently, porous materials based on MOCs have been
achieved and exhibited pre-designed pore properties.la For
example, the paddlewheel metal units used to form MOCs are
widely employed in the syntheses of metal-organic
frameworks (MOFs) with infinite channels. Through rational
ligand design, novel porous MOF materials based on MOCs can
be prepared.23 Additionally, the crystal stacking of discrete
MOCs in a proper packing mode, infinite channels through
cage windows can be formed.”®?'® When these MOCs are
used as solid materials, they can be considered porous
materials, and therefore exhibit pore properties such as gas
adsorption. More importantly, such heterogeneous MOC
catalysts can promote both of the in-cage and out-cage
reactions with high efficiency, considering that the active
metal sites located in both of inner and outer surfaces can be
accessed other than the polymer-supported catalysts with
catalytically active sites on the exteriors alone.

Despite the availability of many MOCs containing dimetal
units, only a limited number of them have been further
applied in (:atalysis.24 Whelan and coworker have utilized
molecular loops (Mo,),L, as catalysts for the polymerization of
norbornene.?* Zhou et al.>** and us** have prepared lantern-
type polyhedral (Cu,),L,, which were then applied in
cyclopropanation reactions. Dastidar et al. have reported a
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Scheme 1. MOC Synthesis.

truncated octahedron (Cu,)sLs and examined its catalytic
activity in the oxidation of benzyl alcohol to benzaldehyde.24d
Cotton and Murillo have developed molecular triangles
(Rh,)sL; and used them in asymmetric cyclopropanation.24

Meanwhile, dirhodium complexes are commonly used
catalyst due to their diverse catalytic reactivity, especially in
nitrene transfer reactions.”” The activation of C-H bonds by
dirhodium(ll) nitrenoids allows access to valuable carbocycles
and hetereocycles efficiently. Since azides are readily available
and the only byproduct is N,, the prospect of rhodium
nitrenoid generation from them is highly appealing. Driver
recently discovered that rhodium(ll) carboxylates can catalyze
the intramolecular formation of C-N bonds from vinyl, dienyl
and biaryl azides to provide indoles, pyrroles and carbazoles,
respectively.26

To the best of our knowledge, there were two reports of
MOCs based on dirhodium(ll) paddlewheel units, but none of
them have been tested in nitrene transfer reactions.”™¢ In this
work, a lantern-type MOC of [Rh,(pbeddb),(H,0),(DMAC),]
(MOC-Rh-1) (pbeddbz' = 3,3'-(1,3-phenylenebis(ethyne-2,1-
diyl))dibenzoate)) has been synthesized from the self-assembly
of Rh,(OAc), and the rigid diacid H,pbeddb (Scheme 1), which
was then employed in C-H amination reactions with azides.

2. EXPERIMENTAL SECTION

2.1 General

All the reagents in the present work were obtained from the
commercial source and used directly without further
purification. The ligand 3,3'-[1,3-phenylenebis(ethyne-2,1-
diyl)]dibenzoic acid (H,pbeddb) was synthesized according to
the literature.”™ Vinyl azides, dienyl azides and biaryl azides
are prepared following the reported precedures.27 The
elemental analyses were performed with Perkin-Elmer 240
elemental analyzer. HRESI-MS was performed by using a
Bruker Daltonics ESI-Q-TOF maXis4G. The data analyses of ESI-
TOF mass spectra were processed on Bruker Data Analysis sof-
tware and the simulations were performed on Bruker Isotope
Pattern software. Infrared spectra on KBr pellets were

2| J. Name., 2012, 00, 1-3

collected with a Nicolet/Nexus-670 FT-IR spectrometer.inthe
region of 4000-400 cm™. UV-vis spectrOWert3E6edd0o1924
Shimadzu/UV-3600 spectrophotometer. 'H NMR spectra were
recorded on Varian/Mercury-Plus 300MHz or on Bruker
AVANCE [l 400MHz. Chemical shifts were quoted in parts per
million (ppm) referenced to the appropriate solvent peak or O
ppm for TMS. PXRD patterns were recorded on SmartLab X-ray
powder diffractometer (Rigaku Co.) at 40 kV and 30 mA with a
Cu target tube. Thermogravimetric (TG) analyses were
performed under an N, atmosphere at a heating rate of 10 C
min™ by using a NETZSCH TG 209 system. X-ray photoelectron
spectroscopy (XPS) was performed on a ULVAC PHI Quantera
microprobe. Binding energies (BE) were calibrated by setting
the measured BE of C 1s to 284.65 eV. ICP spectroscopy was
conducted on a Spectro Ciros Vision ICP-OES spectrometer
that is equipped with vacuum optics covering the spectral
range from 175-777 nm, plasma power, 1300 w; coolant flow,
15.00 L/min; auxiliary flow, 0.80 L/min; nebulizer 0.70 L/min.
The sorption isotherms for N, (77 K) and CO, (195 K) gas were
measured with an Autosorb-iQ2-MP gas sorption analyzer
(Quantachrome, USA). The samples are vacuumed at 110 °C for
6 h before the sorption examination.

Cautions! Although we have not experienced any problem
in the handling of the azides (e.g. vinyl azides, dienyl azides
and biaryl azides), extreme care should be taken when
manipulating them due to their explosive nature.

2.2 Synthesis of [Rh,(pbeddb),(H,0),(DMAC),] (MOC-Rh-1)

H,pbeddb (18.3 mg, 0.05 mmol), Rh,(OAc), (8.8 mg, 0.02
mmol), Na,CO3 (6.0 mg 0.057 mmol) and dimethylacetamide
(DMAC, 4 mL) were placed in a glass vial, which was then
sealed and heated to 100 ‘C in an oven. After 24 h, green block
crystals were obtained (11.2 mg, 54% vyield based on
Rh,(OAc),). Anal. Calcd. for Cy34H;57N;05:Rh; (MOC-Rh-
1-6H,0-5DMAC): C, 56.78; H, 4.88, N, 3.74%; Found: C, 56.55;
H, 4.98; N, 3.85%. FTIR (KBr) v 3431 (s, br), 2919 (w), 1625 (m),
1606 (w), 1462 (w), 1425(w), 1387 (m), 1343 (w), 1082 (m. br),
784 (w) em™.

2.3 X-ray Crystallography

The X-ray diffraction data were collected with an Agilent
Technologies SuperNova X-RAY diffractometer system for
MOC-Rh-1 equipped with Cuy, radiation (A = 1.54178 A). The
crystal was kept at 150.00(10) K during data collection. Using
Olex228, the structure was solved with the ShelXS-97%°
structure solution program using Direct Methods and refined
with the XL*° refinement package using Least Squares
minimization. The positions of the hydrogen atoms were
generated geometrically. A summary of the crystal structure
refinement data and selected bond angles and distances are
listed in Table 1 and Table S1. Crystallographic data for the
structure have been deposited in the Cambridge
Crystallographic Data Center with CCDC reference number
1057865.

2.4 Typical Procedure for the Catalytic C-H Bond Amination
Reactions

Toluene (0.75 mL) was added to the mixture of (2)-methyl 2-
azido-3-phenylacrylate (2a, 30.4 mg, 0.15 mmol) and activated
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Table 1. Crystal data and structure refinement parameters

MOC-Rh-1-2H,0-3DMAC

Formula C121H110N7028Rh,
Fw 2521.80

T/K 150

Crystal system triclinic

Space group P-1

a/A 14.3649(9)
b/A 15.5751(10)
c/A 16.3871(12)
al° 72.966(7)

8/° 73.450(6)

v/° 68.665(6)
Volume/A® 3199.2(4)

z 1

Peaicg/cm’® 1.309

u/mm™ 4.685

F(000) 1289.0
Total/Unique 20800 / 10596
Rint 0.0417

1.036
0.0591, 0.1697
0.0905, 0.1986

Goodness-of-fit on F
R1, wR2 [I1>=20 (1)]
R1, wR2 [all data]

MOC-Rh-1 (6.0 mg, 0.003 mmol, 2 mol%), then the whole
suspension was heated to 60 C for 16h before cooled to room
temperature. The catalyst was removed through
centrifugation, and washed with ethyl acetate (5 mL x 2). The
combined supernatant was evaporated to dryness. The
conversion of the reaction was monitored by 'H NMR (400
MHz) spectroscopy. After that, the reaction mixture was
separated by flash chromatography (1:20 EtOAc: hexanes) to
obtain pure product methyl 1H-indole-2-carboxylate (3a) as
white solid (24.7 mg, 94%).

2.5 Procedure for Recycling Study

A mixture of 2a (101.5 mg, 0.50 mmol) and activated MOC-Rh-
1 (40.0 mg, 4 mol%) in toluene (2.5 mL) was heated at 85 C for
8 h. The catalyst was separated by centrifugation, washed with
ethyl acetate (5 mL x 3), dried under vacuum at 110 ‘Cfor6h
and reused in the consecutive run. The conversion of the
reaction was monitored by 'H NMR spectroscopy.

2.6 ICP Spectrometric Evaluation

A mixture of 2a (60.9 mg, 0.30 mmol) and activated MOC-Rh-1
(12.0 mg, 2 mol%; containing ca 2.460 mg of Rh) in toluene
(1.5 mL) was heated at 60 C for 16 h. After cooled to room
temperature, the reaction mixture was passed through a sand
core funnel (G5) with a pad of celite, and washed with ethyl
acetate (5 mL x 3). The combined solvent was treated with
nitric acid (2 mL) and hydrochloric acid (6 mL) after
concentrated to about 0.5 mL. The whole mixture was allowed
to stay at room temperature for 3 h and heated at 150 C to

This journal is © The Royal Society of Chemistry 20xx
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reduce the total volume to about 0.5 mL. Afterward,othe
reaction mixture was added with nitfe!d&i&3BCIMAYSHd
aqueous hydrogen dioxide (30 wt%, 1 mL), stayed at room
temperature for 3 h, and then concentrated to 0.5 mL. The
digestion procedure was repeated twice. The resulted
colourless solution was diluted volumetrically with an aqueous
solution of nitric acid (2%) to 10 mL, which was then evaluated
by inductively coupled plasma optical emission spectrometer
(ICP-OES) for Rh contents. The Rh contents were measured in
ppm based on calibration curves obtained with a series of
calibration standard solutions doped with different amount of
Rh. The measured Rh content was 2.037 ppm (0.02037 mg),
and the leached Rh% should be 0.8%, using the calculation
equation “100% x (0.02037 mg / 2.460 mg)”.

2.7 Hot Filtration Experiment

Two parallel C-H amination reactions of 2a (60.0 mg, 0.30
mmol) in the presence of 2 mol% of activated MOC-Rh-1 (12.0
mg) were heated in toluene (1.5 mL) at 60 C. After 6 h, a group
of reaction mixture was filtrated with filtration membrane
(0.45 um), and the filtrate was allowed to stand at 60 C for
another 10 h. The other group of reaction mixture stayed with
catalyst for further reaction without any treatment. The
conversions of the reactions were monitored by '"H NMR.

3. RESULTS AND DISCUSSION
3.1 Design of MOC Catalysts with Rh-Rh Bonds

Tetracarboxylate Rh dimers, while are stable to many
conditions, including strong acid, participate freely in ligand
exchange reactions. It was hypothesized that carboxylate
detachment from the dinuclear Rh core was responsible for
catalyst degradation. To prevent the ligands from dissociating
from the metal centers, bridged dirhodium complexes, which
were based on bridging diacid ligands, have been developed.31
The well-designed bridged dirhodium carboxylates have been
widely used in carbene and nitrene transfer reactions,
exhibiting superior performances in terms of turnover number
and reaction efficiency. We are interested in an alternative
strategy for improving the kinetic stability of dirhodium(ll)
complexes through connecting two and more dimetal untis
(Rh24+) with dicarboxylates to form higher order structures
such as polyhedra.17b Taking account of more interactions
existing in these polyhedra, we hypothesize that they were
less prone to ligand exchange than other simple
tetracarboxylate systems (e.g. Rh,(OAc),) derived from
monocarboxylic acids. The ligand 3,3'-[1,3-
phenylenebis(ethyne-2,1-diyl)]dibenzoic acid (H,pbeddb) was
chosen for our MOC catalyst design. As shown in Scheme 1,
the anion pbeddbz’ has a bridging angle of 0° and a long
bridging spacer spanning 11.3 A, and is useful for the
construction of large porous MOCs. Zhou et. al. and Lah et al.
have previously prepared MOCs, derived from dimetal
paddlewheel units (Mo, and Cu, units) and Hzpbeddb.l‘r’b’21b
The crystal structures of the Ilantern-type MOCs of
Mo,(pbeddb)s(S)y (S represents for solvents) and
Cus(pbeddb),(S), possess internal cavities of 9.7 x 15.4 and
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Figure 1. Ball and stick diagram of MOC-Rh-1. The insert
picture is the photograph of the single crystals. The bright
green polygon only serves to guide visualization, not to
represent the actual size of the cavity. Rh (Sea green), O (red),
C (gray). All hydrogen atoms and solvent molecules including
those coordinated to Rh-Rh units are omitted for clarity.

9.0 x 14.8 A? (atom-to-atom distances across opposite metal
and phenyl groups of pbeddbz'), respectively. The crystal
packing patterns of these MOCs are also interesting. Both of
Moy(pbeddb), and Cus(pbeddb), are crystallized in P-1, and
the inter-cage m-m stacking interactions lead to infinite
channels with the dimensions of 9.7 x 10.7 and 9.0 x 11.1 AZ,
respectively. The structure rationale of the above MOCs
assembled from pbeddbz' and dimetal units suggested that the
metal centers located in both of inner and outer surfaces were
accessible to the substrates, which might highly increase the
reaction efficiency. We herein desire to develop MOCs with
Rh-Rh bonds derived from H,pbeddb, which have not been
reported previously.

3.2 Synthesis and Crystal Structure

The reaction of  H,pbeddb  with Rh,(OAc); in
dimethylacetamide (DMAC) in the presence of Na,CO; gave
rise to green block crystals of [Rhs(pbeddb),(H,0),(DMAC),]
-2H,0-3DMAC (MOC-Rh-1-2H,0-3DMAC) (Figure 1). Single-
crystal X-ray diffraction analysis revealed that it crystallizes in
the triclinic centro symmetric space group P-1. MOC-Rh-1 is
composed of discrete lantern-type cages, and each cage
contains four dicarboxylic ligands and two Rh,(COO), paddle-

Journal Name

wheel moieties. Each paddle-wheel moietyy.jssfucther
coordinated with two molecules in the axisPlp85ii6Ws, Either df
H,O for the inner Rh(ll) atom or DMAC for the exterior Rh(ll)
atom. As a result, the axial coordinated solvents might be
removed, leaving both the inner and the outer Rh(ll) metal
sites for catalysis. The Rh-Rh distance in each dirhodium
moieties is 2.39 A, which is in accordance with the reported
values for the Rh—Rh bond length in Rh-carboxylate complexes,
and this bond length is generally in the range of 2.34-2.41 AM
The dimensions of the cage excluding coordinated solvents are
approximately 1.4 nm in height (Rh”"Rh) and 2.0 nm in
diameter (Ph"'Ph between two opposite ligands). The window
of the cage formed by two pbeddbz' ligands is about 9.6 A high,
11.1 A wide for the larger ones and 10.0 A for the smaller ones
(Figure S1). The dimensions of the inner cavity of the MOC are
9.5 x 14.8 A? (atom-to-atom distances across opposite metal
and phenyl groups of pbeddbz‘).

Three different types of inter-cage m-w stacking interactions
between the phenyl groups of the ligands have been observed
(Figure S2 and Table S2). The interactions lead to honeycomb
shape solvent-filled channels (9.5 x 11.1 AZ) with an overall
49.4% solvent-accessible volume calculated using the
PLATON?? (Figure 2). One interesting feature of these channels
is that they pass through the windows of the discrete cages. As
a result, both of inner-cage and outer-cage metal sites of the
dirhodium metal units in its desolvated form can be accessible
to the incoming guests.

Control experiments revealed that the alkali Na,CO; was
essential for the syntheses of crystals suitable for single-crystal
X-ray diffraction. Excess (larger than 1.5 eq. relative to the
ligand H,pbeddb) caused precipitation, however. We also
found that the solvents play an important role. When a mixed
solvent of dimethylformamide (DMF) and H,O (v/v=4/1) was
used instead of DMAC, purple crystals were obtained. Single
crystal structure analysis disclosed that the structure was
almost the same with MOC-Rh-1 except for the solvents
coordinated to the outer Rh(ll) atoms. Unfortunately, we can
not determine the axial solvents based on its single X-ray
crystal data. We speculate that they were nitrogen-containing

Figure 2. Solid-packing of MOC-Rh-1 in the crystal lattice. Left: 1D channels formed through cage windows; Middle and right: the

accessible voids viewed from different directions. Solvent molecules are omitted for clarity. Rh (sea green), O (red), C (gray).
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molecules, which might come from the decomposition of DMF.
On the basis of the study of Johnson et al. and Jessop et al. on
the coordination effects of solvents, dirhodium(ll) complexes
with oxygen-containing solvents (e.g. H,O, THF) in the axial
position were usually in green, whereas those with nitrogen-
containing solvents (e.g. DMF, MeCN, NEt;) were often in
purple.33

3.3 Physical Characterizations

To investigate the phase purity of bulk sample, MOC-Rh-1 was
subjected to powder X-ray diffraction (PXRD) test. In air, the
crystals are apt to effloresce probably due to the escape of
lattice solvents. When measured in a sealed capillary tube with
the solvent, the PXRD patterns show comparable diffraction
profile with the simulated one based on the single crystal
(Figure S3), while some peaks are slightly shifted probably
owing to the exchange of solvent molecules.
Thermogravimetric analysis (TGA) of the as-synthesized
MOC-Rh-1 sample showed a total weight loss of 28.6% in the
range of 30-210 GC, corresponding to the escape of lattice and
coordinated solvent molecules (expected 28.7%, Figure 3).
Above 350 GC, an abrupt weight loss appears, indicative of the
decomposition of the cages. To examine whether the solvents
could be removed prior to further applications such as gas
adsorption and catalysis, the as-synthesized sample of MOC-
Rh-1 has been activated by heating at 110 °C under vacuum for

6 h. As shown in the TG curve of activated MOC-Rh-1, only 6.3%

of weight loss occurred below 350 GC, suggesting that most of
the solvents have been removed.

The infrared spectrum of MOC-Rh-1 is similar to that of
reported dirhodium(ll) tetracarboxylates.33a The asymmetric
stretching vibrations (v,(COO)) and symmetric stretching
vibrations (v,(COQ)) of the coordinate carboxylate groups are
observed at 1625 and 1462 cm™, respectively. The splitting A
value of 163 between these two bands (ACOO= v, (COO) - v,
(CO0)) might indicate the carboxylate groups in bridging
bidentade coordination mode,34 which is in consistent with the
single-crystal X-ray diffraction analyses.

The solid UV-vis spectrum of the as-synthesized MOC-Rh-1
sample was shown in Figure 4, which displayed two principal
bands at 453 and 587 nm. These two bands are characteristic
of the dirhodium paddle-wheel structure, which is absent in
the absorption spectrum of the organic ligand. The assignment

Activated MOC-Rh-1
—— As-synthesized MOC-Rh-1

Weight/%

“0 T T T T T T T T d

Figure 3. The TG curves of as-synthesized and activated MOC-
Rh-1.
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Figure 4. Solid UV-vis spectra of as-synthesized and activated
sample of MOC-Rh-1.

of the higher energy band (453 nm) is uncertain, although it
has been attributed to a 7*(Rh-0)->0*(Rh-0O) transition.*® The
lower energy band is assigned to the HOMO-LUMO
(r*(Rhy)->0*(Rh,)) transition, which is strongly affected by the
axial solvents.*® The Amax for the lower energy peak shifts to
longer wavelengths by only 8 nm (Table S3) after the as-
synthesized sample was activated under vacuum at 110 'C for
6 h. On the basis of the data, we speculated that most of the
coordinated solvents remained on the metal sites under our
activation process. Nevertheless, activated MOC-Rh-1 could be
used for catalysis, considering that the coming substrates
could replace these coordinated solvents due to larger affinity
between the former and the Rh(ll) metal sites.

To evaluate the porosity and storage capability of MOC-Rh-1,
the adsorption isotherms of N, at 77 K as well as CO, at 195 K
have been studied (Figure 5). Before the measurements, the
bulk samples of MOC-Rh-1 were activated through heating at
110 °C under vacuum for 6 h. The N, sorption isotherm of
activated MOC-Rh-1 at 77K does not show any appreciable
amount of adsorption. However, at 195 K and 1 atm, the
uptake of CO, is 33.9 cng'l, corresponding to about 3 CO,
molecules adsorbed per MOC-Rh-1 molecule. Based on the
CO, adsorption isotherm a 195 K, the BET surface area of
MOC-Rh-1 is calculated to be about 95 ng‘l. The selective gas
adsorption for CO, over N, have been observed in other
lantern-type MOCs such as activated Cu,(pbeddb),(S), and
Cus(nddb),(S), (Honddb = 3,3’-(naphthalene-2,7-diyl)dibenzoic
acid).lsb,23b

35 w
an" -
30 " L]
-
-
= ]
X 3 M = €O, 195K, adsorption
0 - = .
2 5] - €O, 195 K, desorption
E o 4 N_, 77 K, adsorption
8 15 " & N, 77 K, desorption
. 2
= . A
10 - i
i P
s4 1 NPT =
R o =
e = = = R
ol k2
T T T 7 T T
00 02 0.4 08 08 1.0
PIP_

Figure 5. Gas adsorption/desorption isotherms of N, (77K) and
CO, (195K) of activated MOC-Rh-1. Solid symbols, adsorption;
open symbols, desorption.
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3.4 Catalytic Performances

C-H amination in the homogeneous phase has been greatly
enhanced due to improved methods of the synthesis of
rhodium nitrene intermediates.”> MOC-Rh-1 isn’t dissolved in
common organic solvents, such as toluene, DMSO, DMF, H,0,
acetone and acetonitrile, which indicates that it might act as a
heterogeneous catalyst. It is noted that MOC-Rh-1 possesses
large inner and outer cavities, whose sizes are 9.5 x 14.8 A?
and 9.5 x 11.1 A? respectively, suggesting that the catalytic
reactions might occur both on the internal and external
surfaces of the crystal catalysts.

The evaluation of the heterogeneous catalytic capabilities of
activated MOC-Rh-1 was carried out using C-H amination of
vinyl azides. The homogeneous protocol has been successfully
elaborated by Driver et al. and has transformed vinyl azides
(e.g. (2)-methyl 2-azido-3-arylacrylate) into indoles in high
yields, using rhodium(ll) perfluorobutyrate (Rh,(0O,CCsF),) as
the catalyst.zsa As can be seen in Table 2, the reaction of (2)-
methyl 2-azido-3-phenylacrylate (2a) as well as (2)-methyl 2-
azido-3-(4-methoxyphenyl)acrylate (2b) in the presence of 2
mol% of activated MOC-Rh-1 was accomplished with larger
than 99% conversion after 16 h at 60 DC, leading to the
formation of the indoles 3a and 3b in 94% and 91% vyield,
respectively (entries 1 and 2). By contrast, the yields for (2)-
methyl 2-azido-3-(p-tolyl)acrylate (2c) and (Z)-methyl 2-azido-
3-(1,1’-biphenyl)acrylate (2d) were reduced to 64% and 44%,
respectively, under the same reaction conditions at 60 C
(entries 3 and 4). Increasing the reaction temperature to 85 C
could significantly improve the yields with up to 90% for 3c
and 62% for 3d in 3 h and 24 h, respectively. Halogen
substituted azides 2e-g showed much poorer performances,
and the corresponding indoles 3e-g were obtained in less than
60% vyields when the catalytic reactions were heated at 60 "C
for 16 h (entries 5-7). Similarly, 3e-g can be prepared in much
higher yields at a higher temperature, and the isolated yields
were 92%, 86% and 78%, respectively, at 85 ‘Cin 5 h. In
addition to indoles, aromatic N-heterocycles such as 3h can be
accessed from 1-substituted naphthalene vinyl azide (entry 8).
Driver et al. have also showed that pyrroles and carbazoles
could be produced from the similar intramolecular C-H
amination of dienyl azides and biaryl azides, respectively.w”d
On the basis of their homogeneous protocols, we further
tested the catalytic capability of activated MOC-Rh-1 in the
syntheses of pyrroles and carbazoles. Methyl 5-phenyl-1H-
pyrrole-2-carboxylate (4) and 9H-carbazole (5) can be obtained
in high yields under optimized reaction conditions in the
presence of activated MOC-Rh-1 (entries 9 and 10). We have
also tested the catalytic activity of the Cu,(pbeddb),, Rh,(OAc),
and RhCl; in the C-H intramolecular amination of 2a (Table S4).
No reaction occurs in the presence of Cu,(pbeddb), or RhCl;.
The conversion in the presence of Rh,(OAc), is 11%. Our MOC
catalyst, MOC-Rh-1, shows obvious advantages over them.

In Rh,(0,CC;5F;),-catalyzed intramolecular C-H amination of
azides, it is proposed that the reaction proceeds through the
rhodium nitrenoid intermediate, the electronic donation by
the 4-substituted group (e.g. 4-OMe) accelerates the

6 | J. Name., 2012, 00, 1-3

Table 2. Substrate Scope of Catalytic C-H AminatianS, Aricie oniine
R-Nj 2 DOI: 10.1039/C5TA05592J

activated MOC-Rh-1

N
R N R™H R N
3 5
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4
entry product entry product
N—coMe 5 f: N co,Me
1 N ~ N
3 H © 3 H
94% 91%

N

2
S R

| N coMe | »COQMQ
3 2N = |
3c 1 | P 3q H

64% (90%") 44% (62%°)

=
mCOZMe /@&ycozr\ne

N N

5 F 3e H 6 “ at H

54% (92%"°) 32% (86%")

mcozl\/\s
N =
7 B 3g M 8 \ /Wcowe

N
28% (78%"°) 3n M
88%
“7“-!\\)7—00 e f :>
e 4 N/
9 C N 10 @V\w‘
Z u 5
98%° 92%"

®Reaction conditions: 2 mol% of the catalyst, 60 C, 16 h,
toluene. The yields are isolated yields. °85 °C, 3 h. °85 °C, 24
h. “85 °C, 5 h. 0.5 mol% of the catalyst load, 85 'C, 2 h. '3
mol% of the catalyst load, DME, 85 C, 16 h.

formation of rhodium nitrenoid and the C-N bond formation
occurs through a 4m-electron-5-atom electrocyclization.zs' In
this mechanism, 3-methoxy group in (2)-methyl 2-azido-3-(3-
methoxyphenyl)acrylate (2i) acts as an inductive electron-
withdrawing group and slows down the formation of rhodium
nitrenoid. We have examined the reaction of 3-methoxy
substituted azide 2i in the presence of 2 mol% MOC-Rh-1 and
heating at 60 'C for 16 h. The reaction was very messy, and a
1:1 mixture of 5- and 7-regioisomers was obtained in less than
30% vyield. The data indicate that the MOC-Rh-1 catalyzed C-N
bond formation reaction occurs through a similar 4r-electron-
5-atom electrocyclization as the Driver’s protocol.

To verify the reactions were heterogeneous but not
catalyzed by dissociated Rh species that were leached into the
reaction solutions, we carried out a hot filtration experiment
(Figure 6). At the 26% conversion of intramolecular the C-H
amination reaction of 2a in the presence of activated MOC-Rh-
1 for 6 h, the reaction mixture was filtrated with filtration
membrane (0.45 um), and the filtrate was allowed to stand for
another 10 h. The conversion of the supernatant rose to 36%

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Filtration experiment for activated MOC-Rh-1.
Conversions are given as a function of time. The full square (m)
represents the reaction with MOC-Rh-1 as a catalyst. The full
cycle (®) represents the reaction after removal of catalyst
MOC-Rh-1 at (26%) conversion.

with 10% increase. In contrast, control experiments show that
a parallel reaction with the catalyst reached around 100%
conversion after the same reaction time. Based on the
filtration experiment, we believe that the reaction is basically
heterogeneous, and we ascribe the additional 10% conversion
to the leached Rh during the reaction. Inductively coupled
plasma optical emission spectrometer analysis of the reaction
filtrate indicated that the amount of the rhodium leaching into
the reaction mixture was 0.8% of the total Rh content in MOC-
Rh-1.

One remarkable feature of this C-H amination catalysis is
that the MOC catalyst can be easily isolated by centrifugation
and can be reused at least nine times without significant loss
of activity (Figure 7, Table S4). In the nine runs, the
conversions of 2a were in the range of 93-99%, whereas in the
tenth run, the conversion was reduced to 78%. To verify the
valence states of the Rh in the recycled catalyst, X-ray
photoelectron spectroscopy (XPS) has been carried out. As
shown in Figure S4, the XPS spectrum displayed two intense

S COMe  vated MOC-RMA
o mcozm
2a ° toluene, 85°C, 8h N
H 3a
100
90
& 80
=
?Ea 70
= 60
% 50
5w
=
= 30
)
U 20
10
0
1 2 3 4 o 6 7 8 9 10

Figure 7. Recycling experiments.
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peaks at 313.9 and 309.2 eV assigned to Rh 3d;/, and.Rh3ds/2
indicative of the +2 valence nature of RR!' KcE&rAiing AS5EhRe
literatures, the 3ds/, binding energy of oxidized Rh*" is in the
range of 308.4 and 309.3 ev.”’

4. CONCLUSION

A reproducible synthesis of a lantern-type metal-organic cage
(MOC-Rh-1) consisting of two dirhodium units joined by four
ditopic dicarboxylic ligands has been established. The well-
designed MOC catalyst possesses more active Rh(ll) sites than
the general polymer-supported heterogeneous Rh(ll)
complexes with the active metal sites on the external surfaces
alone. Depending on the crystal structures, the MOC possesses
large windows (9.6 x 11.1 AZ), and provide a platform to carry
out reactions in its cavities. Additionally, the large channels
(9.5x11.1 AZ) formed by the crystal stacking of discrete MOCs
make it possible that the catalytic reactions occur within the
channels. Catalytic tests show that it can efficiently promote
the intramolecular C-H amination of azides, and the catalyst
can be recycled easily and used for at least nine runs without
significant loss of activity. These catalytic results are quite
encouraging and we are currently pursuing the design and
synthesis of more MOC catalysts with Rh-Rh bonds.
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