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ABSTRACT: Synthesis of a metal−organic framework (MOF)-sup-
ported olefin metathesis catalyst has been accomplished for the first time
following a new, convergent approach where an aldehyde-functionalized
derivative of Hoveyda’s recently reported ruthenium catecholate olefin
metathesis catalyst is condensed with an amine-functionalized IRMOF-
74-III. The resulting material, denoted MOF-Ru, has well-defined,
catalytically active ruthenium centers confined within channels having a
ca. 20 Å diameter. MOF-Ru is a recyclable, single-site catalyst for self-
cross-metathesis and ring-closing metathesis of terminal olefins.
Comparison of this heterogeneous catalyst with a homogeneous analogue
shows different responses to substrate size and shape suggestive of
confinement effects. The MOF-Ru catalyst also displays greater resistance to double-bond migration that can be attributed to
greater catalyst stability. For the preparation of well-defined, single-site heterogeneous catalysts where catalyst purity is essential,
the convergent approach employed here, where the catalytic center is prepared ex situ and covalently linked to an intact MOF,
offers an attractive alternative to in situ catalyst preparation as currently practiced in MOF chemistry.

■ INTRODUCTION

The remarkably rapid development of metal−organic frame-
work (MOF) catalysis in recent years can in no small part be
attributed to advances in synthetic methodology allowing for
the preparation of high-purity materials.1 Catalyst purity has
posed a serious challenge to the synthesis of single-site, metal-
centered metal−organic framework catalysts since MOF
catalysts, unlike their homogeneous analogues, cannot be
purified using standard techniques such as distillation,
recrystallization, chromatography, and sublimation.2 The
simplest approach to MOF catalysts, one-pot synthesis, has
achieved great success,1,3 but is restricted to those catalysts
capable of withstanding the relatively harsh conditions
associated with MOF synthesis. This limitation has been
successfully circumvented in many instances by first preparing a
MOF containing an appropriately reactive linker and then
assembling an active catalyst in situ at this reactive site by
postsynthetic modification.1,4 This serial approach, which has
traditionally found widespread application in oxide- and
polymer-supported systems,5 has dramatically expanded the
domain of MOF catalysis. But it also has limitations for the
preparation of well-defined, single-site MOF catalysts when
aggressive reagents are required and side reactions occur in the
course of catalyst preparation, since catalyst purification is not
an option.6

Here we describe a new alternative to the one-pot and in situ
postsynthetic approaches to MOF catalysts just described. A
convergent approach is adopted where a metal-containing

catalyst is prepared ex situ and then covalently attached to a
MOF linker postsynthetically under mild reaction conditions
where the catalyst is known to be stable and the MOF
framework remains intact. Preparation of heterogeneous
catalysts in this fashion by “tethering” has been investigated
for Ru-based olefin metathesis catalysts on oxide and polymer
supports,9,10 since catalyst stability11 and purity12 are known to
be critically important in the corresponding homogeneous
systems. Catalyst−support interactions are believed to be
important in oxide-supported ruthenium metathesis cata-
lysts,10b,13 but these interactions have been difficult to
understand in detail due to the structurally ill-defined nature
of the amorphous supports involved. In contrast, MOF
supports are crystalline and structurally well-defined, and they
offer the opportunity to tailor the environment of the catalytic
center such that phenomena such as confinement effects might
be engineered and tuned at will.

■ RESULTS AND DISCUSSION
The strategy adopted here was to prepare the aldehyde-
functionalized ruthenium catalyst 1 and the amine-function-
alized MOF 6 independently (see Scheme 1) and then form the
MOF-supported catalyst MOF-Ru by imine condensation
under conditions where the ruthenium catalyst and the MOF
are stable (see Scheme 1). Hoveyda’s catecholate complex14 2
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was selected for study since its catecholate ligand could be
functionalized, and once attached to a MOF, the catalytically
active metal center would be confined between a bulky N-
heterocyclic carbene ligand and the MOF surface. Amine-
functionalized IRMOF-74-III15 was selected due to its simple,
one-dimensional, hexagonal channels defined by magnesium−
oxygen chains and terphenylene linkers. Its ca. 20 Å pore
diameter is wide enough to accommodate Hoveyda’s complex
but narrow enough to provide a confined environment for the
catalyst (see Figure 1). The hope was that confinement,
although it would undoubtedly lead to slow substrate diffusion
and hence low reaction rates, might lead to size or shape
selectivity. However, the choice of a small pore diameter raised
the possibility that binding of the catalyst to the MOF during
MOF-Ru synthesis might block access of further catalyst
molecules to the interior of the MOF. Active site isolation was
achieved by preparing the mixed-linker MOF IRMOF-74-III-
10%CH2NH2 (6), where only 10% of the linkers were amine
functionalized.16 The air-sensitive ruthenium complex 1 was
prepared from the Hoveyda−Grubbs Catalyst 2nd Gener-
ation17 3 following the procedure reported for the preparation
of complex 214 but substituting 3,4-dihydroxybenzaldehyde for
benzene-1,2-diol (see Scheme 1). Two isomers were obtained
in a 2.7:1 ratio presumably corresponding to the two
orientations possible for the catecholate ligand in 1. According
to a single-crystal X-ray diffraction study,18 the ruthenium
coordination geometry in 1 was very similar to that observed
for 2 (Table S1.2). The MOF support 6 was prepared following
the procedure reported for IRMOF-74-III-CH2NH2

15 but
replacing 90% of the tert-butyloxycarbonyl-protected amino-
methyl linker 4 with its methyl analogue 5. Hoveyda has
demonstrated the instability of his ruthenium catecholate
catalyst toward protic reagents,18 and in order to minimize the

presence of methanol and water in the MOF, the N,N-
dimethylformamide (DMF) and methanol washing procedures
were followed by tetrahydrofuran (THF) washings. There was
some concern that the MOF-bound ruthenium catalyst might
block access of unreacted ruthenium catalyst 1 to interior
regions of the MOF channels (see Figure 1), and preparation of
MOF-Ru was therefore carried out in two steps. First, activated
6 was suspended in a C6H6 solution of 1 in a 1:0.1 mole ratio,
and the suspension was stored in an argon atmosphere for 1
day in order to allow diffusion of 1 into 6. Activated molecular
sieve desiccant was then added to the reaction mixture to
promote the dehydration required for imine condensation; the
color of the reaction solution changed from deep reddish-
orange to light yellow as the reaction progressed. Other
postsynthetic imine condensations have been performed in

Scheme 1

Figure 1. Structural diagram illustrating the relative sizes of the Ru
complex 1 and the IRMOF-74-III channel in MOF-Ru after imine
condensation with MOF 6. The diagram was generated from the
crystallographic structure determinations of 1 (see text) and IRMOF-
74-III.9 Coordinated THF molecules and the imine linkage were then
introduced, and energy was minimized using the Materials Studio
Forcite molecular mechanics module. It represents only one of the
many stable conformations and is intended only to show the relative
sizes of 1 and the IRMOF-74-III channel. Oxygen atoms are colored
red, magnesium colored blue, carbon colored gray, hydrogen colored
white, and ruthenium colored violet.
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MOFs without the use of a dehydration agent,4h,19 but one was
required here most likely because amine groups in 6 could bind
(reversibly) to the 16-electron metal center in 1. This
interpretation was supported by an HR-ESI-MS study of 1 in
acetonitrile, which showed that an 18-electron acetonitrile
adduct was formed (see Figure S3). Reaction of 1 with 6 was
allowed to proceed for 3 days following addition of desiccant,
and the reaction product isolated was formulated as
Mg2L0.9L′0.06L″0.04(THF)1.5(H2O)0.5 (L = unfunctionalized
linker, L′ = amine-functionalized linker, L″ = linker bound to
the ruthenium catalyst). This formulation, derived from NMR
and ICP-OES data presented in the Supporting Information,
reflects a catalyst loading of about 40%, a value falling within
the expected range.16 Attempts to obtain spectroscopic support
for the MOF-catalyst imine linkage were unsuccessful,
presumably because of low catalyst loading, since only 4% of
the linkers in the MOF were associated with catalytic centers.
The color change observed upon reaction of the amine with the
aldehyde and the failure to observe catalyst leaching (see
below) leave little doubt that the desired linkage was in fact
formed.
Initial efforts to prepare MOF-Ru yielded materials with only

about 50% of the porosity exhibited by the IRMOF-74-III-10%
CH2NH2 starting material, 6. This loss of porosity could be
attributed to stirring of the reaction mixture with a magnetic
stir bar, since (1) the porosity of 6 was maintained in the
absence of stirring during the course of the MOF-Ru
preparation and (2) stirring 6 in benzene for 4 days in the
absence of 1 caused the same (∼50%) reduction in porosity
(see Figure S12).
MOF-Ru proved to be a viable olefin metathesis catalyst.

Recycling experiments in C6D6 using 100:1 substrate to
ruthenium mole ratios and 1 day reaction times showed that
styrene was converted into stilbene with only minimal
reductions in yield as the catalyst was recycled. Successive
yields of 71%, 69%, and 68% were observed, where the
observed decrease in yields was most likely due to incomplete
catalyst recovery since leaching of MOF-Ru yielded no soluble

catalyst. Details of these experiments are provided in the
Experimental Section. Powder X-ray diffraction experiments
showed no loss of MOF crystallinity after catalytic self-
metathesis of 1-octene (Figure S11).
A series of self-cross-metathesis and ring-closing metathesis

experiments were then performed to profile the catalytic
activity of MOF-Ru in comparison with the commercially
available Hoveyda−Grubbs Catalyst 2nd Generation17 homo-
geneous catalyst, 3. It was hoped that these comparative studies
could utilize the precursor catalyst 1 rather than 3, but this
proved to be impractical since attempts to effect metathesis of
1-octene showed that 1 is a very poor metathesis catalyst,
yielding over 10 major side products arising from double-bond
migration (see Figure S25b). Benzene was selected as solvent
since it minimized the double-bond migration observed in the
homogeneous system.20 First, conditions were established
where similar reaction yields were observed for heterogeneous
and homogeneous catalysis using 1-octene as a substrate. This
was achieved using a 200:1 substrate to ruthenium ratio and a
72 h reaction time for the MOF-Ru heterogeneous catalyst and
a 20:1 substrate to catalyst ratio and a 12 h reaction time for the
homogeneous catalyst 3, where both reactions proceeded in
about 70% yield. The same experiments were then repeated
using the terminal olefins styrene and allylcyclohexane and the
α−ω dienes 1,7-octadiene, 1,6-heptadiene, and 1,8-nondiene as
substrates. The results of these experiments are shown in Table
1.
Note that for entries 1, 3, and 6 in Table 1 significant

amounts of products were observed arising from olefin
isomerization in the homogeneous case but not in the
heterogeneous case. This reflects the greater stability expected
for a supported catalyst, a result also observed in previous
studies of supported ruthenium metathesis catalysts9 and
supported catalysts in general.5a,21 Note also that the turnover
numbers observed for the heterogeneous system are higher
than those observed for the homogeneous system, reflecting the
higher catalyst to substrate ratio reaction (200:1 vs 20:1) and

Table 1. Metathesis of Olefins with MOF-Ru and 3

a0.5 mol % Ru catalyst in C6D6 (0.146 M substrate) at room temperature for 72 h. b5 mol % Ru catalyst in C6D6 (0.4 M substrate) at room
temperature for 12 h. cMeasured by 1H NMR spectroscopy. dSmall amounts of C9H18, C12H24, C13H26, and C15H30 were formed (see Figure S19b).
eSmall amounts of CyCHCH2 and CyCH2CHCHCy were formed (see Figure S21b). fTotal yield of all the olefin products (see Figure S24b).
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the longer reaction time (72 h vs 12 h) used in the
heterogeneous case.
Results presented in Table 1 also provide evidence for

confinement effects in the heterogeneous MOF-Ru catalyst.
Comparison of entries 1−3 in Table 1, for example, shows that
yields of homogeneous metathesis reactions increased slightly,
but yields of the heterogeneous reactions dropped markedly as
the steric bulk of the substrates was increased. Comparison of
entries 4 and 6 shows unusually low 1,8-nonadiene conversion
for the heterogeneous case relative to the homogeneous case.
These trends could reflect slower diffusion of bulky substances
from solution into the MOF pores,22 slower diffusion through
the MOF pores,22 commensurate adsorption effects near the
active site,23 and/or slower metathesis in the confined
environment of the catalytically active metal site. Distinguishing
between these possibilities and exploiting their potential for
shape-selective catalysis will require examination of substrates
having a greater range of steric bulk and structural complexity.

■ EXPERIMENTAL SECTION
General Procedures. All procedures were performed in an argon

atmosphere using drybox or Schlenk techniques with the exception of
thermogravimetric analysis (TGA) measurements. All glassware was
oven-dried before use. Molecular sieves were activated at 200 °C for
24 h and then cooled to room temperature under vacuum. MOF
digestion was achieved by suspending 10 mg of sample in 0.5 mL of
DMSO-d6 containing 10 μL of DCl in D2O (35 wt %), sonicating for
about 1 min, and then allowing the suspension to stand at room
temperature until a solution was obtained.
Sodium tert-butoxide, 3,4-dihydroxybenzaldehyde, Hoveyda−

Grubbs Catalyst 2nd Generation, 35 wt % DCl in D2O (99 atom %
D), and 3 Å molecular sieves were all purchased from Sigma-Aldrich
and used as received. All of the olefin substrates were purchased from
Sigma-Aldrich and dried with activated molecular sieves. Anhydrous
THF, anhydrous CH2Cl2, anhydrous pentane, anhydrous acetonitrile,
anhydrous toluene, and anhydrous diethyl ether were purchased from
Sigma-Aldrich. Anhydrous DMF and methanol were obtained from
EMD Millipore Chemicals. DMSO-d6, CDCl3, CD2Cl2, and C6D6 were
purchased from Cambridge Isotope Laboratories and dried over
activated molecular sieves.
Proton NMR spectra were acquired on a Bruker Avance II

spectrometer at 500 MHz. Chemical shifts were referenced to the
deuterated solvents’ residual proton resonances at 7.26 ppm for
CDCl3, 7.16 ppm for C6D6, and 2.50 ppm for DMSO-d6. The
following abbreviations are used below when describing reonances: s
for singlet, d for doublet, sept for septet, and br for broad. High-
resolution electrospray ionization mass spectra (HR-ESI-MS) were
acquired on a Finnigan LTQ FT (Thermo Electron Corporation)
instrument operating in positive ion mode by direct injection of the
sample solution using syringe pump with a flow rate of 5 μL min−1.
Powder X-ray diffraction (PXRD) patterns were measured using a
Rigaku Miniflex 600 diffractometer (Bragg−Brentano geometry, Cu
Kα radiation λ = 1.540 56 Å). Thermogravimetric analysis was
performed on a TA Instruments Q500 analyzer. Nitrogen sorption
isotherms were measured on a Quantachrome Autosorb-1 volumetric
gas adsorption analyzer. Inductively coupled plasma-optical emission
spectrometry (ICP-OES) was performed using an ICP Optima 7000
DV instrument. Gas chromatography−mass spectrometry (GC-MS)
results were obtained using a Shimadzu GCMS-QP2010 SE
instrument equipped with an SHRXI-5MS capillary column (30 m,
0.25 mm i.d., 0.25 μm film thickness). The carrier gas was helium
(flow rate = 1 mL/min), and the detector voltage was 0.25 kV. Diluted
samples (1.0 μL) were injected manually in split mode with the split
ratio of 20.
Disodium Salt of 3,4-Dihydroxybenzaldehyde (7). This

procedure is a slight modification of the procedure described in ref
14 for the preparation of the disodium salt of 1,2-dihydroxybenzene. A

Schlenk flask was charged with 3,4-dihydroxybenzaldehyde (598 mg,
4.33 mmol), sodium tert-butoxide (1.00 mg, 10.4 mmol), and
methanol (10 mL). This mixture was heated to 50 °C for 1 h with
stirring. It was then cooled to room temperature, the solvent was
removed under vacuum, and the residue was washed with 25 mL of
THF. After drying for 12 h under vacuum, 731 mg (4.01 mmol) of
product was obtained in 93% yield based on the 3,4-dihydrox-
ybenzaldehyde starting material.

Synthesis of Ruthenium Complex 1. This procedure is a slight
modification of the procedure described in ref 14 for the preparation
of ruthenium complex 2. A solution of Hoveyda−Grubbs Catalyst 2nd
Generation (100 mg, 0.16 mmol) in THF (2 mL) was added to a vial
containing compound 7 (44 mg, 0.24 mmol). After the reaction
solution had been stirred for 6 h at room temperature, the solvent was
removed under vacuum, and the residue was purified as described in
ref 14 for complex 2. Ruthenium complex 1 was obtained as a dark
reddish-orange, microcrystalline solid (61 mg, 0.088 mmol, 55% yield
based on Ru). HR-ESI-MS of CD3CN adduct in CH3CN solution (see
Section S2): calcd for [M + H]+, [C40H43D3N3O4Ru]

+, m/z =
737.2715; found m/z = 737.2728. Two isomers were obtained in a
2.7:1 ratio according to NMR spectral integrations (see Section S3).
Major isomer, 1H NMR (500 MHz, CD2Cl2, 22° C): δ 16.02 (s, Ru
CH, 1H), 9.48 (s, −CHO, 1H), 7.32 (ddd, 3Jav = 7.9 Hz, 4J = 1.3 Hz,
benzylidene ligand aromatic CH, 1H), 7.06 (br s, mesityl aromatic
CH, 2H), 7.00 (d, 3J = 8.3 Hz, benzylidene ligand aromatic CH, 1H),
6.91 (dd, 3J = 7.7 Hz, 4J = 1.6 Hz, catecholate ligand aromatic CH,
1H), ∼6.9 (br s, mesityl aromatic CH, 1H), 6.88 (dd, 3Jav = 7.5 Hz,
benzylidene ligand aromatic CH, 1H), 6.82 (d, 4J = 1.9 Hz, catecholate
ligand aromatic CH, 1H), 6.736 (dd, 3J = 8 Hz, 4J = 2 Hz, benzylidene
ligand aromatic CH, 1H), 6.56 (d, 4J = 8 Hz, catecholate ligand
aromatic CH, 1H), 6.52 (br s, mesityl aromatic CH, 1H), 4.86 (sept, 3J
= 6.6 Hz, OCHMe2, 1H), 4.02 (s, NCH2CH2N, 4H), 2.48 (s, mesityl
CH3, 6H), ∼2.3 (br s, mesityl CH3, 3H), 2.25 (s, mesityl CH3, 6H),
∼1.8 (br s, mesityl CH3, 3H), 1.47 (d, 3J = 6.6 Hz, isopropyl CH3,
3H), 1.24 (d, 3J = 6.3 Hz, isopropyl CH3, 3H). Minor isomer, 1H
NMR (500 MHz, CD2Cl2, 22° C): δ 16.32 (s, RuCH, 1H), 9.56 (s,
−CHO, 1H), 7.32 (ddd, 3Jav = 7.9 Hz, 4J = 1.3 Hz, benzylidene ligand
aromatic CH, 1H), 7.06 (br s, mesityl aromatic CH, 2H), 7.00 (d, 3J =
8.3 Hz, benzylidene ligand aromatic CH, 1H), 6.98 (d, 4J = 2.1 Hz,
catecholate ligand aromatic CH, 1H), ∼6.9 (br s, mesityl aromatic CH,
1H), 6.89 (dd, 3Jav = 7.5 Hz, benzylidene ligand aromatic CH, 1H),
6.79 (dd, 3J = 8.1 Hz, 4J = 2 Hz, catecholate ligand aromatic CH, 1H),
6.74 (dd, 3J = 8 Hz, 4J = 2 Hz, benzylidene ligand aromatic CH, 1H),
6.52 (br s, mesityl aromatic CH, 1H), 6.42 (d, 3J = 8 Hz, catecholate
ligand aromatic CH, 1H), 4.81 (sept, 3J = 6.4 Hz, OCHMe2, 1H), 4.02
(s, NCH2CH2N, 4H), 2.49 (s, mesityl CH3, 6H), ∼2.3 (br s, mesityl
CH3, 3H), 2.27 (s, mesityl CH3, 6H), ∼1.8 (br s, mesityl CH3, 3H),
1.43 (d, 3J = 6.6 Hz, isopropyl CH3, 3H), 1.22 (d, 3J = 6.1 Hz,
isopropyl CH3, 3H). Note that high concentrations of 1 lead to 1H
NMR line broadenings of the type observed for the analogous
maleonitriledithiolate complex reported in ref 14. This most likely
arises from intermolecular coordination of the catecholate ligand
aldehyde oxygen atoms to ruthenium centers.

Synthesis of IRMOF-74-III-10%CH2NH2 (6). This material was
prepared following the same procedure used to prepare IRMOF-74-
III-CH2NH2 as described in ref 15a except that (a) 90% of linker 4 was
replaced with linker 5 and (b) the DMF and methanol washing
procedures were followed by washing with THF using the same
protocol. The relative amounts of 4 and 5 actually incorporated into
the MOF were determined from the 1H NMR spectrum of the
digested intermediate IRMOF-74-III-10%CH2NHBoc (see Figure S8),
where the ratio of the intensity of the Boc methyl resonance in 4 to the
intensity of the methyl resonance in 5 was 0.33, in good agreement
with the 0.31 value calculated for a 1:9 molar ratio of 4 to 5. The
nitrogen sorption isotherm of the reaction product is shown in Figure
S12.

Synthesis of MOF-Ru. A deep reddish-orange solution of complex
1 (30 mg, 0.040 mmol) in C6D6 (4 mL) was added to a suspension of
6 (200 mg, 0.38 mmol) in C6D6 (4 mL). After 1 day, 15 pellets of
activated molecular sieves were added to the reaction mixture, which
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was swirled by hand three times a day for 3 days, causing a color
change to light yellow. The solid material was isolated by filtration,
washed with 5 mL of toluene, and then immersed in 10 mL of toluene.
This toluene was removed by syringe and replaced with fresh toluene
three times a day for 3 days. The solid product was then isolated by
filtration, washed with 5 mL of toluene, and then dried under dynamic
vacuum for 16 h to give 150 mg of a pale yellow solid. This material
was characterized using TGA (Figure S10), PXRD (Figure S11), and
nitrogen sorption porosimetry (Figure S12). It was formulated as
Mg2L0.9L′0.06L″0.04(THF)1.5(H2O)0.5 using the L/(L′ + L″) molar ratio
determined for IRMOF-74-III-10%CH2NHBoc (see above and the
following data). Ratio of the integrated intensity of CHO resonance to
the integrated intensity of linker L CH3 resonance in the 1H NMR
spectrum of digested sample (see Figure S9): calcd 0.015; found 0.013.
Ratio of the integrated intensity of THF CH2 resonance to the
integrated intensity of the linker L CH3 resonance in the 1H spectrum
of digested sample (see Figure S9): calcd 2.2; found 2.3. Three
independently prepared samples were examined, and although PXRD,
porosity, and NMR measurements were reproducible, TGA, CHN,
and ICP-OES analyses were not reproducible within experimental
error, presumably because activated MOF-Ru is a strong sorbent and
absorbs varying amounts of volatiles from its drybox and atmospheric
environment prior to CHN and TGA/ICP analyses, respectively.
However, ICP-OES analysis reproducibly showed a Ru/Mg mole ratio
of 0.20 ± 0.01 (calcd 0.20).

Heterogeneous Catalytic Olefin Metathesis. A 4 mL vial was
charged with MOF-Ru (5.0 mg, 9.2 μmol, 0.37 μmol of Ru), and 73
μmol of substrate was added in 0.5 mL of C6D6, corresponding to
200:1 substrate to ruthenium molar ratio. After 3 days, a ∼50 μL
aliquot was removed by pipet and diluted with CDCl3 (0.5 mL) for
NMR and GC-MS studies.
Homogeneous Catalytic Olefin Metathesis. A 4 mL vial was

charged with olefin (0.20 mmol), and Hoveyda−Grubbs Catalyst 2nd
Generation (6.2 mg, 0.010 mmol) was added to C6D6 (0.5 mL) at
room temperature, corresponding to a 20:1 substrate to ruthenium
molar ratio. After 12 h, a ∼50 μL aliquot was removed by pipet and
diluted with CDCl3 (0.5 mL) for NMR and GC-MS studies. The same
protocol and scale were used for the reaction of catalyst 1 with 1-
octene.
MOF-Ru Catalyst Recycling. A 4 mL vial was charged with MOF-

Ru (40 mg, 73 μmol, 2.9 μmol Ru), and a solution of styrene (30 mg,
0.29 mmol, 100 equiv per Ru) in C6D6 (2 mL) was added. After 1 day,
a ∼50 μL aliquot was removed by pipet and diluted with CDCl3 (0.5
mL) for NMR analysis. The remaining MOF-Ru was then isolated by
filtration, washed with C6D6 (2 mL), and dried in vacuum. The
procedure just described was then repeated two more times using the
recycled MOF-Ru isolated from the reaction mixture in the previous
cycle. According to 1H NMR analysis, styrene was successively
converted to stilbene in 71%, 69%, and 68% yield (see Figure S26).
MOF-Ru Catalyst Leaching Experiments. (1) A 4 mL vial was

charged with MOF-Ru (2.5 mg, 4.6 μmol, 0.19 μmol of Ru) and 0.5
mL of CDCl3. After 1 day, the solid was filtered off and the colorless
filtrate was charged with 50 mg of 1-octene. After 1 day, a ∼10 μL
aliquot was removed by pipet and diluted with CDCl3 (0.5 mL). No
product was observed by 1H NMR spectroscopy (see Figure S8.27).
(2) A 4 mL vial was charged with MOF-Ru (40 mg, 73 μmol, 2.9 μmol
of Ru), and a solution of styrene (30 mg, 0.29 mmol, 100 equiv per
Ru) in C6D6 (2 mL) was added. After 1 day, a ∼50 μL aliquot was

removed by pipet and diluted with CDCl3 (0.5 mL) for NMR analysis
(70% yield). The remaining solution was then separated from the
catalyst by filtration. After 1 day, an aliquot of the solution was
removed by pipet and diluted with CDCl3 (0.5 mL) for NMR analysis
(70% yield). According to 1H NMR analysis, no further increase of
yield was observed (see Figure S28).
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Xamena, F. X; Luz, I.; Cirujano, F. G. In Metal Organic Frameworks as
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Rev. 2010, 110, 4606−4655. (n) Farrusseng, D.; Aguado, S.; Pinel, C.
Angew. Chem., Int. Ed. 2009, 48, 7502−7513. (o) Hong, D.-Y.; Hwang,

Organometallics Article

DOI: 10.1021/acs.organomet.6b00365
Organometallics XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.6b00365/suppl_file/om6b00365_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.6b00365/suppl_file/om6b00365_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.6b00365/suppl_file/om6b00365_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.6b00365/suppl_file/om6b00365_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.6b00365/suppl_file/om6b00365_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.6b00365/suppl_file/om6b00365_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.6b00365/suppl_file/om6b00365_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.6b00365/suppl_file/om6b00365_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.organomet.6b00365
http://pubs.acs.org/doi/abs/10.1021/acs.organomet.6b00365
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.6b00365/suppl_file/om6b00365_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.6b00365/suppl_file/om6b00365_si_002.cif
mailto:jianyuanchem@gmail.com
mailto:wklemper@uiuc.edu
http://dx.doi.org/10.1021/acs.organomet.6b00365
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C. J. Am. Chem. Soc. 2013, 135, 3193−3199.
(14) Khan, R. K. M; Torker, S.; Hoveyda, A. H. J. Am. Chem. Soc.
2013, 135, 10258−10261.
(15) (a) Fracaroli, A. M.; Furukawa, H.; Suzuki, M.; Dodd, M.;
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pp 85−152. (d) Żukowska, K.; Grela, K. In Olefin Metathesis: Theory
and Practice; Grela, K., Ed.; Wiley: New York, 2014; pp 39−83.
(21) Yermakov, Yu. I.; Kuznetsov, B. N.; Zakharov, V. A. Catalysis by
Supported Complexes; Elsevier: Amsterdam, 1981.
(22) (a) Tzoulaki, D.; Heinki, L.; Lim, H.; Li, J.; Olson, D.; Caro, J.;
Krishna, R.; Chmelik, C.; Kar̈ger, J. Angew. Chem., Int. Ed. 2009, 48,
3525−3528. (b) Hibbe, F.; Chmelik, C.; Heinke, L.; Pramanik, S.; Li,
J.; Ruthven, D. M.; Tzoulaki, D.; Kar̈ger, J. J. Am. Chem. Soc. 2011,
133, 2804−2807.
(23) Wu, H.; Gong, Q.; Olson, D. H.; Li, J. Chem. Rev. 2012, 112,
836−868.

Organometallics Article

DOI: 10.1021/acs.organomet.6b00365
Organometallics XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acs.organomet.6b00365

