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ABSTRACT: Heterogeneous single-site catalysts can combine the precise active site design of organometallic complexes with
the efficient recovery of solid catalysts. Based on recent progress on homogeneous thioether ligands for Pd-catalyzed C-H
activation reactions, we here develop a scalable MOF-based heterogeneous single-site catalyst containing S,0-moieties that
increase the catalytic activity of Pd(II) for the oxidative alkenylation of arenes. The structure of the PA@MOF-808-L1 catalyst
was characterized in detail via solid-state nuclear magnetic resonance spectroscopy, N2 physisorption, and high angle annular
dark field scanning transmission electron microscopy, and the structure of the isolated palladium active sites could be iden-
tified by X-ray absorption spectroscopy. A turnover frequency (TOF) of 8.4 h-! was reached after 1 h reaction time, which was
three times higher than the TOF of standard Pd(OAc)z, ranking PA@MOF-808-L1 among the most active heterogeneous cat-
alysts ever reported for the non-directed oxidative alkenylation of arenes. Finally, we showed that the single-site catalyst
promotes the oxidative alkenylation of a broad range of electron-rich arenes, and the applicability of this heterogeneous sys-

tem was demonstrated by the gram-scale synthesis of industrially relevant products.

INTRODUCTION

Metal-catalyzed activation of C-H bonds has attracted
much attention over the past decade for its potential to effi-
ciently introduce complexity in organic molecules, without
the need for prefunctionalization.!7 One of the most inter-
esting C-H activation reactions is the oxidative alkenylation
of arenes (also called Fujiwara-Moritani or oxidative Heck
reaction), which yields vinylated aromatic motifs that are
abundantly present in pharmaceuticals, natural products,
agrochemicals, and other fine chemicals.?? A large number
of efficient oxidative alkenylation methods have been pub-
lished so far, of which many employ arenes with directing
groups that accelerate the rate-limiting C-H activation step
by facilitating the binding of the substrate with the cata-
lyst.10-12 While removing the directing groups can be diffi-
cult, much progress has been made recently in developing
new methods based on easily removable directing groups*3-
15 and transient directing groups!¢-18. Besides directing
groups, an attractive alternative strategy to enhance the ac-
tivity and selectivity of the metal catalyst is the use of ancil-
lary ligands.!® In particular, several examples have been re-
ported, in which the use of ligands based on amino acids,?%2!
pyridines,?2-2* pyridones,2526 phenanthrolines,?728 and 4,5-
diazafluoren-9-one?%3°% increased the reaction rates of undi-
rected C-H activation reactions and, in selected cases, even
resulted in increased regioselectivities. More recently, a
new class of ancillary ligands with a thioether moiety has

been developed by the groups of Carrow and Ferndndez-
Ibafiez.31-3¢ These ligands greatly accelerate the palladium-
catalyzed oxidative alkenylation of a broad range of simple
(hetero)arenes, often even in conjunction with high regiose-
lectivity. However, even in these state-of-the-art systems,
high palladium loadings (5-10 mol%) are generally needed
to achieve high yields, which impedes industrial implemen-
tation of this new synthetic strategy given the high costs as-
sociated with palladium and the strict regulations regarding
trace amounts of platinum-group metals in pharmaceutical
products.3” Nevertheless, only few heterogeneous catalysts
for the oxidative alkenylation of arenes have been reported
so far, and the described substrate scopes are generally lim-
ited to arenes bearing directing groups (Table S10).38-47

Heterogeneous single-site catalysis has emerged over the
past decades as an interesting tool to combine the con-
trolled activity of organometallic catalysts with the stability
and recyclability of solid catalysts, essentially bridging the
gap between homogeneous and heterogeneous cataly-
sis.#849 Metal-organic frameworks (MOFs), which are coor-
dination polymers made up of inorganic secondary building
units (SBUs; metal ions or clusters) and organic linkers, are
a group of porous, crystalline materials that can be trans-
formed into heterogeneous single-site catalysts.50-5% Com-
mon strategies to imbue MOFs with structurally identical
and spatially separated active sites include anchoring active
transition metals on the organic linkerss5-5° or grafting



them on open coordination sites of the SBUs®0-%5, Some
MOF-based systems have already been developed for C-H
activation reactions, but these generally consist of pore-
confined noble metal nanoparticles that catalyze only non-
oxidative C-H activation reactions.>#59 In fact, the first MOF-
based catalyst for the oxidative alkenylation of arenes was
only developed recently by the group of Farha, but this sys-
tem suffered from low TOFs (0.06 — 0.93 h-1) and converted
only arenes with directing groups.*’

Herein, we report a MOF-based heterogeneous single-site
catalyst containing S,0-moieties that increase the catalytic
activity of Pd(II) for the non-directed oxidative alkenylation
of arenes.

RESULTS AND DISCUSSION
Synthesis of the Functionalized MOF Support

Recently, a new class of bidentate S,0-ligands was discov-
ered, bearing a carboxylic acid group at the « position of the
thioether moiety, which greatly accelerates the non-di-
rected oxidative alkenylation of a broad range of (het-
ero)arenes.?3-3¢ [nspired by this, two new thioether carbox-
ylic acid ligands, tetrahydrothiophene-2,5-dicarboxylic acid
(L1) and 2-phenylthiomalonic acid (L2), were targeted.
These ligands are designed in such a way that the carboxylic
acid groups are positioned symmetrically relative to the thi-
oether group, ensuring that an active S,0-moiety is pre-
served when the ligands are attached to a heterogeneous
support via one of the carboxylic acid groups (Figure 1).
However, L2 was found to be prone to decarboxylation dur-
ing hydrolysis of the corresponding diester (see section 3.
of the Supporting Information), so the main focus was on
L1. MOF-808 ([Zrs(u3-0)4(u3-OH)4(btc)2(CH3COO0)6]; btc3- =
1,3,5-benzenetricarboxylate) was chosen as a support to at-
tach L1 for several reasons: (1) the modulator ligands (for-
mate, acetate, etc.) on the Zrs-clusters can readily be ex-
changed by other ligands with carboxylic acid groups via
solvent-assisted ligand exchange (SALE);®¢-%8 (2) the large
adamantane cages with an internal pore diameter of 18.4 A
can accommodate the ligands without limiting the diffusion
of reactants and products;®®7° (3) the high oxidation state of
Zr"V ensures a strong bond between the Zre-cluster and the
carboxylate group of the ligand, yielding chemically and
thermally stable functionalized materials;”%72 (4) MOF-808
can be produced cheaply on a large scale via a facile “green”
synthesis route.”?> Methanol was chosen as the solvent for
the SALE since it increases the mobility of the modulators
on the Zrs-clusters.”* Subsequently, the MOFs were thor-
oughly washed with ethanol to remove all physisorbed lig-
ands and dried overnight at 120 °C (see section 4. of the
Supporting Information). The number of ligands per Zrs-
cluster was determined via 'H nuclear magnetic resonance
(NMR) after digesting the material in HF (Table S1). Follow-
ing the optimal synthesis procedure, 2.2 L1 ligands were on
average attached to each Zrs-cluster, with a small fraction of
acetate modulators remaining. The structural formula of
MOF-808-L1 could be described as [Zrs(us-0)4(us-
OH)4(btc)2(0H)29(H20)29(CH3C00)09(L1)22].
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Figure 1. Structural representation of MOF-808 with its pores
highlighted by yellow spheres (a), the thioether ligands L1 and
L2 (b), MOF-808-L1 (c) and MOF-808-L2 (d). The Zr, O, C, H,
and S atoms are represented in the structure models by tur-
quoise, red, gray, white, and yellow sticks, respectively.

Further investigation of the spatial organization of MOF-
808-L1 was undertaken via solid-state NMR experiments to
establish the position of L1 in the framework and whether
L1ishomogeneously distributed over the MOF-808 crystals
rather than being segregated into domains. First, a two-di-
mensional 'H-13C cross-polarization heteronuclear correla-
tion (CP-HETCOR) NMR spectrum was recorded to correctly
assign the signals of the 'H and 3C magic angle spinning
(MAS) NMR spectra (Figure 2a and Figure S3). Notably, two
signals can be observed for the COO nuclei of L1 (192 ppm
and 178 ppm), implying that one COO group is attached to
the Zre-cluster, and the other one is dangling in the pore. Af-
ter identification of all relevant resonances, 'H-'H double-
quantum/single-quantum (DQ-SQ) MAS NMR experiments
were performed to probe short-distance relations. For un-
modified MOF-808, strong off-diagonal cross-peaks can be
observed between the aromatic protons of btc3- (8.9 ppm)
and the protons of the acetate modulators (1.6 ppm) (Figure
2b; green line), and between the aromatic protons of btc3-
(8.9 ppm) and the H20-groups of the defect sites (2.2 ppm)
and the us3-OH groups (0.8 ppm) (Figure 2b; blue lines),
which implies that these species are in close proximity of
the btc3- linkers. This is evident since all of them are located
at the Zre-cluster. Interestingly, a similar cross-peak can be
noted for MOF-808-L1 between the aromatic protons of
btc3- (8.9 ppm) and the aliphatic protons of L1 (3.8 ppm and
2.4 ppm) (Figure 2c; orange lines), indicating that L1 is also
located on the Zre-clusters. In addition, H spin-diffusion ex-
periments of MOF-808 and MOF-808-L1 were performed,
which probe the rate of polarization transfer between
chemically distinct protons (protons of btc3- linkers, L1 lig-
ands, acetate modulators) to evaluate long-distance corre-
lations between these species. When two species are inti-
mately mixed, the average rate of
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Figure 2. (a) Two-dimensional tH-13C CP-HETCOR MAS NMR
spectrum of MOF-808-L1. 1H-1H DQ-SQ MAS NMR spectrum of
MOF-808 (b) and MOF-808-L1 (c). The off-diagonal cross-
peaks between the protons of btc3- and the protons of the ace-
tate (AA) modulators, the protons of btc3- and the protons of
the u3-OH and H20 groups, and the protons of btc3- and the pro-
tons of L1 are highlighted by green, blue and orange lines, re-
spectively. (d) 1H spin-diffusion spectrum of MOF-808-L1. The
off-diagonal cross-peaks between the protons of btc3- and the
protons of the acetate modulators, and the protons of btc3- and
the protons of L1 are highlighted by green and orange arrows,
respectively. (e) 1H spin-diffusion curves of MOF-808-L1 based
on the off-diagonal cross-peaks between the protons of btc3-
and the protons of the acetate modulators (green), and the pro-
tons of btc3- and the protons of L1 (orange) as a function of the
mixing time.

polarization transfer will be faster than when they are seg-
regated into domains. The off-diagonal cross-peaks be-
tween the aromatic protons of btc3- (8.9 ppm) and the ali-
phatic protons of L1 (3.8 ppm and 2.4 ppm) reveal that
there is polarization transfer between these protons and
that both species are in proximity to each other (Figure 2d).
Moreover, the spin-diffusion curves, which are constructed
by measuring the volumes of the cross-peaks between the
aromatic protons of btc3- and the aliphatic protons of L1
(Figure 2e; orange line) or acetate (Figure 2e; green line) as
a function of the mixing time, indicate that the distribution
of L1 in the MOF-808 crystals is similar to or even more ho-
mogeneous than the distribution of the acetate modulators

since the initial part of the spin-diffusion curve is steeper,
and a plateau is quickly reached.”

More information on how L1 isincorporated into the frame-
work of MOF-808 was also provided by N2 sorption meas-
urements. As expected, a decrease in Brunauer-Emmett-
Teller (BET) surface area from 2380 m?/g for MOF-808 to
1460 m?/g for MOF-808-L1 could be observed. Further-
more, micropore size distributions show that the average
internal pore diameter of the large adamantane cage de-
creases from 18.4 A to 14.9 A after L1 incorporation, while
the size of the small tetrahedral cages remains unchanged
(Figure S6). This shows that L1 is indeed located in the large
adamantane cage, ensuring easy access to its S,0-moiety.
Moreover, the micropore size distribution of the large ada-
mantane cage is similarly narrow before and after ligand at-
tachment, which again indicates that L1 is homogeneously
distributed over all large cages.

Incorporation of Pd(ll) into MOF-808-L1

The obtained MOF-808-L1 material was generally loaded
with an equimolar amount of Pd(0Ac): relative to L1 in di-
chloromethane (DCM) (see section 9. of the Supporting In-
formation). After 24 h, the solution became colorless, and a
bright orange powder was obtained (Figure S7), indicating
that all Pd(II) species migrated to the functionalized MOF
support. After removing DCM under vacuum, the active cat-
alyst (Pd@MOF-808-L1) was obtained and stored under
argon atmosphere until further use.

Since only Pd(II) species, in contrast to Pd(0), can cata-
lyze the oxidative alkenylation reaction, the oxidation state
of Pd in the preloaded material is of paramount importance
for its catalytic activity. High angle annular dark field scan-
ning transmission electron microscopy (HAADF-STEM) im-
ages of the preloaded material in combination with energy
dispersive X-ray spectroscopy (EDX) confirmed that the
Pd(II) centers were homogeneously dispersed over the
MOF material and no evidence of Pd(0) nanoparticles could
be found in the preloaded catalyst (Figure S12), which is in
line with its bright orange color. The absence of Pd(0) in the
preloaded material was further evidenced by analysis of the
X-ray absorption near edge structure (XANES) of the Pd-
loaded material, which showed that the Pd centers occur
solely as Pd(II) species (Figure S9). Moreover, the absence
of features originating from Pd-Pd interactions in the Fou-
rier transformed extended X-ray absorption fine structure
(FT-EXAFS) spectrum of the preloaded material excludes
the presence of Pd(0) nanoparticles and confirms that the
Pd(II) centers are distributed over the MOF material as iso-
lated active sites (Figure 3a).

In-depth analysis of the FT-EXAFS spectra of the Pd(II)-
loaded materials also provided information on how the sup-
ported Pd(II) centers interact with the L1 ligands. A distinct
feature originating from Pd-S interactions appears after
preloading, confirming that the Pd(II) species are indeed lo-
cated in the vicinity of the S,0-moieties of the thioether lig-
ands. Furthermore, the local environment of the isolated ac-
tive sites could be identified based on the FT-EXAFS data
(Figure 3b). A good fit was obtained between the measured
spectrum of PA@MOF-808-L1 and the simulated spectrum
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Figure 3. (a) The magnitude of the phase-uncorrected Fourier
transformed experimental k3-weighted Pd K-edge EXAFS spec-
tra of Pd(OAc): (black, solid line), Pd(0) nanopowder (black,
dashed line), and preloaded PA@MOF-808-L1 (blue line), in R-
space. Pd-0, Pd-S and Pd-Pd contributions are highlighted by
ared, yellow and gray background, respectively. (b) Structural
representation of the fitted model of the isolated Pd(II) active
site of PA@MOF-808-L1. The Zr, O, C, H, S and Pd atoms are
represented in the structure model by turquoise, red, gray,
white, yellow and dark blue spheres, respectively. The first and
second shells are indicated by red and yellow dashed circles,
respectively.

of the first two shells of the proposed structure with fitted
interatomic Pd-0 and Pd-S distances of 1.95 + 0.01 A and
2.28 + 0.02 A, respectively (Figure S11).

Pd(ll)-catalyzed oxidative alkenylation of arenes

The performance of the PA@MOF-808-L1 material as a
single-site heterogeneous catalyst for the Pd(II)-catalyzed
oxidative alkenylation of arenes was tested by employing
2,6-dimethylanisole and n-butyl acrylate as model sub-
strates, tert-butyl peroxybenzoate (TBPB) as oxidant, and
performing the reaction under optimized reaction condi-
tions (see sections 10. and 11. of the Supporting Infor-
mation). A significantly higher yield (62%) was obtained
when 5 mol% PA@MOF-808-L1 was used as catalyst com-
pared to standard Pd(OAc)z and Pd(II)-loaded unmodified
MOF-808 (22% and 25%, respectively) (Table 1, entries 1-
3), confirming our hypothesis that the MOF-supported S,0-
moieties increase the catalytic activity of Pd(II). Compared
to the reaction with preloaded PA@MOF-808-L1, a similar
high yield was obtained when 5 mol% Pd(OAc)z and 5 mol%
MOF-808-L1 were added separately (Table 1, entries 3 and

Table 1. Performance of the Catalyst for the Oxidative
Alkenylation of 2,6-Dimethylanisole with n-Butyl Acry-
late.2

5 mol%

MeO. A PA@MOF80s-L1  MeO a8 /—COzBu
-
| v A ~comu - ﬁ/—/_

Fy 1eq. TEFB b
iy i 1 mL DCE, 100°C, 2h i
10 eq. 1eq.
Yield 3a Regioselectivity

Entry Catalyst (%)° (a:b)
1 Pd(OAc), 22 1:1.5
2 Pd@MOF-808 25 1:1.2
3 Pd@MOF-808-L1 63 1:1.8
4 Pd{OAc), + MOF-808-L1 62 1:1.8
5 Pd@MOF-808-L1¢ 72 119
6 Pd@NU-1000-L1 58 1:1.6
7 Pd(OAc), + L1 12 1:1.4

aReaction conditions: 1a (2.5 mmol), 2a (0.25 mmol), TBPB
(0.25 mmol), PA@MOF-808-L1 (5 mol%) and DCE (1 mL) at
100 °C for 2 h. bYield was determined by GC-FID with hexade-
cane as internal standard. <10 mol% Pd@MOF-808-L1.

4), implying that the S,0-moieties have a strong affinity for
Pd(1I) to readily form the active single-site catalyst in situ.
Moreover, the catalytic results were more consistent when
MOF-808-L1 was loaded in situ with Pd(OAc): (Table S2).
This suggests that a more robust S,0-supported Pd(II) cata-
lystis generated by loading MOF-808-L1 in situ with Pd(II).
By increasing the amount of catalyst to 10 mol%, the yield
further increased to 72% (Table 1, entry 5). The generality
of our approach was demonstrated by incorporating ligand
L1 into the framework of NU-1000 ([Zrs(us-0)4(us-
OH)4(OH)4(H20)4 (tbapy):]; tbapy* = 1,3,6,8-tetrakis(p-
benzoate)pyrene), which is another stable Zr-MOF with
large pores that can be modified with carboxylate ligands
(see section 4.2. of the Supporting Information).6¢ The ob-
tained yield with PA@NU-1000-L1 as catalyst (58%) was
just slightly lower than with PA@MOF-808-L1 (63%) and
still significantly higher than when no thioether ligands
were present (22%) (Table 1, entries 1 and 6). The small
drop in yield could suggest slightly inferior accessibility or
distribution of L1 on NU-1000 compared to MOF-808, alt-
hough more extensive characterization of PA@NU-1000-
L1 is needed to confirm this. A pale yellow precipitate was
formed after several minutes when L1 was added as a ho-
mogeneous ligand to Pd(OAc)z, and the alkenylated product
was only formed in 12% yield, indicating that the resulting
catalyst complex was not very soluble in 1,2-dichloroethane
(DCE) (Table 1, entry 7). Nevertheless, the intrinsic prop-
erty of the S,0-moiety of L1 to increase the catalytic activity
of Pd(II) was proven by performing the reaction in acetic
acid (Table S7).

Having established that the use of our single-site hetero-
geneous catalyst resulted in higher yields compared to
standard Pd(OAc)z, the yield was monitored over time to ex-
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Figure 4. Kinetic profile of the oxidative alkenylation of 2,6-di-
methylanisole with n-butyl acrylate catalyzed by Pd(OAc)2
(black), PA@MOF-808 (green) and PA@MOF-808-L1 (blue).
The yield is the sum of both isomers.

amine the origin of this increase in yield (Figure 4). The ki-
netic profiles clearly show that already from the onset of the
reaction, higher yields are obtained with PdA@MOF-808-L1
than with homogeneous Pd(OAc)2, implying that the MOF-
808-L1 material increases the catalytic activity of the Pd(II)
centers. Moreover, the rate of the reaction with PA@MOF-
808-L1 is also considerably higher than the rate of the re-
action with PA@MOF-808, confirming that the increase in
activity originates from the tailor-made S,0-moieties. After
1 h, a TOF of 8.4 h-! was achieved, ranking PdA@MOF-808-
L1 among the most active heterogeneous catalysts ever re-
ported for the non-directed oxidative alkenylation of
arenes.

Catalyst stability

The stability of the single-site MOF catalysts was evalu-
ated by comparing the X-ray diffraction patterns before and
after the reaction (Figures S1 and S2). No significant de-
crease in crystallinity could be observed, highlighting the
high intrinsic thermal, mechanical, and chemical stability of
the MOF-808 support. More information on the nature of
the active Pd(II) centers of the spent catalyst was obtained
via XANES (Figure S9) and EXAFS (Figure S10) analysis. Af-
ter 1 h reaction time, the intensity of the Pd-0 interactions
remains the same as in the preloaded material, but the con-
tribution of the Pd-S interactions decreases slightly, which
might suggest that several Pd species are present. Further-
more, no contribution from Pd-Pd interactions can be ob-
served after 1 h, indicating that deactivated Pd(0) nanopar-
ticles are not yet formed. Only after 2 h of reaction time, the
catalyst starts to deactivate, and a Pd-Pd signal appears,
which is in agreement with the kinetic profile. The for-
mation of Pd(0) nanoparticles was further evidenced by
HAADF-STEM images of the spent catalyst. Although absent
in the sample after 1 h reaction time, Pd(0) nanoparticles
could be observed in the sample after 2 h (Figure 5 and Fig-
ures S12-14). Interestingly, the sulfur-containing L1 ligands
were still homogeneously dispersed over the crystals, indi-
cating that L1 remained firmly attached to the Zrs-cluster

Figure 5. HAADF-STEM images of PA@MOF-808-L1 after 1 h
(A-D) and 2 h (E-H) reaction time in combination with EDX. Pd
mapping is displayed in blue, Zr in red, and S in cyan. Pd(0) na-
noparticles are indicated by red arrows.

under reaction conditions. In fact, liquid 'H NMR analysis of
the spent catalysts after digestion revealed that only 4% of
the L1 ligands were leached (Table S9), and 3C MAS NMR
measurements indicated that the thioether moieties did not
get oxidized during the reaction (Figure S4). Furthermore,
palladium leaching was determined by inductively coupled
plasma optical emission spectrometry (ICP-OES) (Table
S8). The palladium content in the reaction solution could be
minimized to 11 ppm, which corresponds to only 1.4%
leaching, implying that the expensive palladium can effi-
ciently be recovered after the reaction. The heterogeneity of
the catalytic system was further evidenced by a hot filtra-
tion test (Figure S8). Nevertheless, the activity of the cata-
lyst could not be retained upon recycling, which indicates
that inactive Pd species were formed that could not readily
be reactivated by TBPB. A control experiment with Pd(0)
powder (particle size: 350 - 800 nm) furnished the product
in only trace amounts (Table S7), indicating that catalyst de-
activation can indeed be the result of Pd(0) nanoparticle
formation. Moreover, similar recyclability issues have also
been observed for other heterogeneous catalysts for this re-
action.*’

Substrate scope and scalability

Besides the model substrates 2,6-dimethylanisole and n-bu-
tyl acrylate, several other arenes and alkenes were tested to
investigate the scope of the catalytic system (Table 2).
Arenes bearing electron-donating groups could be con-
verted into the respective alkenylated products 3a-e in
good to excellent yields. In particular, 2,6-dimethylphenol
could efficiently be alkenylated with merely 1 mol% cata-
lyst, and a turnover number (TON) of 49 was reached. How-
ever, it should be noted that hydroxyl and methoxy substit-
uents can function, albeit weakly, as directing groups for C-
H cleavage at the ortho positions.!27¢ Besides electron-rich
arenes, the oxidative C-H alkenylation of aromatics with al-
kyl substituents was also studied. The reaction with o-xy-
lene furnished product 3f in 34% yield and even lower
yields were achieved using toluene, p- and m-xylene (3g:
22%, 3h: 25% and 3i: 31%, respectively), indicating that es-
pecially electron-rich arenes are efficiently converted by
our developed single-site heterogeneous catalyst. Conse-
quently, we also tested several electron-rich heteroarenes



Table 2. Substrate Scope?

R 5 mol% Pd(OAc), R
=|= i 5 mol% MOF808-L1 P R
H o+ Haong —m—m—m——— ;
N/ R N
1eq. TBPB 4
1 2 1 mL DCE, 100°C, 4h 3
10 eq. 1 eq.
a
CO.Bu  MeO. \ COyBu hed. %, b y—C0Bu
\f/ 3 e 4 N
= ” & MeO™ #
3a, 63%, 55%" 3b, 69% 3c, 82%
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aStandard reaction conditions: 1 (2.5 mmol), 2 (0.25 mmol),
TBPB (0.25 mmol), Pd(0Ac)2 (5 mol%), MOF-808-L1 (5 mol%)
and DCE (1 mL) at 100 °C for 4 h. Products were analyzed by 1H
NMR and/or GC-MS. Yield was determined by GC-FID with hex-
adecane as internal standard. b2.5 mol% Pd(0Ac)2, 2.5 mol%
MOF-808-L1 and 3 h. <1 mol% Pd(0OAc)z, 1 mol% MOF-808-L1
and 24 h. donly one regioisomer was formed. ¢1 (0.5 mmol), 70
°C.f1 (0.5 mmol), 2.5 mol% Pd(0OAc)z, 2.5 mol% MOF-808-L1,
70 °C and 6 h.&1 (0.5 mmol), 1 mol% Pd(OAc)z, 1 mol% MOF-
808-L1, 70 °C and 6 h. b1 (0.25 mmol), 2 (0.375 mmol), 10
mol% Pd(OAc)z, 10 mol% MOF-808-L1, 40 °C and 17 h.i1
(0.375 mmol), 10 mol% Pd(OAc)z2, 10 mol% MOF-808-L1, 80
°C and 17 h.isum of all regio- and cis/trans-isomers.

as substrate. The alkenylation product of 2-methylfuran 3j
could be obtained in 90% yield. Even with only 2.5 mol%
catalyst, product 3j was formed in 85% yield. When 2,5-di-
methylfuran, 2-methylthiophene, and 1-methylindole were
employed as substrates, products 3K, 31, and 3m were

formed in 52%,

53% and 54% yield, respectively. Recent

work by the group of Fernandez-Ibafiez showed that palla-
dium ligated by thioether ligands with an S,0-moiety could
efficiently catalyze the C-H alkenylation of aniline deriva-
tives with high para-selectivity.?¢ In agreement with these
results, reactions with N,N-dimethylaniline and N-ben-
zylaniline furnished the alkenylation products in high yields
(3n: 66% and 30: 56%, respectively) and with complete

Table 3. Gram-Scale Synthesis of Industrially Relevant
Coupling Products via the Oxidative Alkenylation of
Arenes?

R 5 mol% Pd(OAc), R
=|= H 5 mol% MOF808-L1 =|= / R
/ H + MaFg \
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3t, 51% (53%)
(a:h = 2.3:1)
a 0
P “bJ b ”“'\./J\ r/"‘“‘“\”/“\v’ ~g \[/\ e B
MeO” \"‘“J Mo S ~
Amiloxate Octinoxate
MeO
-, \
MeO-- 1/ \"\ /;“"'*-u///\
;. // __‘ Og( |
Meo” \/ “OMe

a0
Rescinnamine

aReaction conditions: 1 (75 mmol), 2 (7.5 mmol), TBPB (7.5
mmol), Pd(0Ac): (5 mol%), MOF-808-L1 (5 mol%) and butyl
acetate (30 mL) at 105 °C for 4 h. Products were analyzed by 1H
NMR and GC-FID/GC-MS. Yield was determined by GC-FID with
hexadecane as internal standard and the isolated yield is dis-
played between brackets.

para-selectivity. Finally, when ethyl acrylate and ethyl cin-
namate were utilized as alkenes, the respective products 3p
(65%), 3q (72%) were obtained in high yields. Overall, a
broad range of electron-rich arenes could be converted by
this new single-site catalyst in decent to good yields, but it
should be noted that for many cases, higher yields and es-
pecially better regioselectivities could be attained using
specialized homogeneous systems.2426,31,33,36

Since both MOF-808 and L1 are synthesized from cheap
starting reagents, their synthesis is easily upscaled to a
multi-gram scale, and an inexpensive oxidant, TBPB, is used
for the oxidative alkenylation reaction (instead of e.g. ex-
pensive Ag-salts), the performance of the catalyst was also
evaluated in a gram-scale reaction (see section 10.3. of the
Supporting Information). To the best of our knowledge, a
heterogeneous system for the oxidative alkenylation of
arenes without directing groups has not yet been tested on
such a scale. Moreover, industrially relevant substrates
were selected to demonstrate the significance of the devel-
oped catalyst system for the fine chemical and pharmaceu-
tical industry (Table 3). Products 3r and 3s, which resemble
the molecular structure of the widely used sunscreen agents
Amiloxate and Octinoxate, could be obtained in good yields.



Furthermore, product 3t, which can be converted into the
antihypertensive drug Rescinnamine in just one additional
step, was also formed in a reasonable yield. However, the
regioselectivity for the desired isomer was, in all cases,
moderate to low, highlighting one of the key issues of C-H
activation reactions compared to traditional cross-coupling
reactions. Nevertheless, given the facile recovery of the pre-
cious palladium, the limited noble metal leaching, the scala-
bility of the reactions, and the inexpensive nature of the
coupling reagents, oxidant and catalyst system, one can ex-
pect that the industrial relevance of such heterogeneous
catalyst systems for the fine chemical and pharmaceutical
industry will only increase in the future.

CONCLUSIONS

In this work, we have developed heterogeneous single-
site MOF catalysts for the oxidative alkenylation of arenes
based on the excellent results that were recently obtained
using homogeneous thioether ligands for palladium-cata-
lyzed C-H activation reactions. MOF-808 was selected as
catalyst support, given its flexibility to reliably incorporate
carboxylate ligands in a well-defined way. Following the op-
timal synthesis procedure, 2.2 L1 ligands were on average
attached to each Zrs-cluster, and a combination of several
solid-state NMR experiments and N2 physisorption meas-
urements revealed that the L1 ligands were homogeneously
distributed over the large adamantane cages of MOF-808.
Moreover, it was shown that the MOF-supported S,0-moie-
ties increase the catalytic activity of Pd(II). A TOF of 8.4 h-!
was reached after 1 h reaction time, which was a threefold
higher than the TOF of standard Pd(OAc)2. Although the
rates are still below those of the most active homogeneous
systems, this ranks PA@MOF-808-L1 among the most ac-
tive heterogeneous catalysts ever reported for the non-di-
rected oxidative alkenylation of arenes. The structure of the
isolated palladium active sites could be identified via EXAFS
analysis, and the stability of the catalyst was monitored via
XANES, EXAFS, and HAADF-STEM. Finally, we showed that
the catalyst promotes the oxidative alkenylation of a broad
range of electron-rich arenes, and the applicability of this
new heterogeneous system was demonstrated by the gram-
scale synthesis of industrially relevant products. Neverthe-
less, significant progress on the activity, stability, and recy-
clability of this new MOF-based catalyst is needed to reach
industrially relevant TONs and TOFs. Overall, this work
highlights that inexpensive single-site MOF catalysts can
combine the precise active site design of state-of-the-art or-
ganometallic complexes with the facile recovery of solid cat-
alysts and limited noble metal leaching. These results can
provide insights into the design and characterization of new
single-site heterogeneous catalysts, and significant pro-
gress in this field is expected in the coming decade.
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clear correlation; MAS, magic angle spinning; DQ-SQ, double-
quantum/single-quantum; BET, Brunauer-Emmett-Teller;
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edge structure; FT-EXAFS, Fourier transformed extended X-ray
absorption fine structure; TBPB, tert-butyl peroxybenzoate;
tbapy*-, 1,3,6,8-tetrakis(p-benzoate)pyrene; DCE, 1,2-dichlo-
roethane; ICP-OES, inductively coupled plasma optical emis-
sion spectrometry; TON, turnover number.
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