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The selective activation of inert C-H bonds has emerged as a promising tool for avoiding the use of wasteful traditional
coupling reactions. Oxidative coupling of simple aromatics allows for a cost-effective synthesis of biaryls. However, utiliza-
tion of this technology is severely hampered by poor regioselectivity and by the limited stability of state-of-the-art homo-
geneous Pd catalysts. Here, we show that confinement of cationic Pd in the pores of a zeolite allows for the shape-selective
C-H activation of simple aromatics without a functional handle or electronic bias. For instance, out of six possible isomers,
4,4'-bitolyl is produced with high shape selectivity (80%) in oxidative toluene coupling on Pd-Beta. Not only is a robust,
heterogeneous catalytic system obtained, but this concept is also set to control the selectivity in transition-metal-catalysed
arene C-H activation through spatial confinement in zeolite pores.

ous organic chemicals. Currently, the industrial production

of biaryl compounds relies on traditional coupling reactions
(Suzuki, Ullmann and so on) which use pre-activated arenes (for
example, aryl halides and arylboronic acids)'. The high cost of these
intermediates and the associated reaction waste generated usually
direct the application of these coupling reactions towards making
high-end, speciality chemicals. Especially in the polymer industry
there has been a growing demand for biarylic monomers because of
their superior chemical and physical stability, and their favourable
health and safety profiles®*.

The direct functionalization of unreactive C-H bonds via
transition-metal-mediated C-H activation has emerged as a prom-
ising alternative to traditional multi-step approaches’. C-H/C-H
arene-arene couplings can in principle be used for the direct synthesis
of biaryls from simple arenes with, for example, Pd carboxylates as the
catalysts™. If O, is used as the oxidant, water is the only by-product'.
Unfortunately, the multitude of C-H bonds present in organic reac-
tants and the poor differentiation between them often result in poor
regioselectivity. Consequently, reactions with simple arenes (for exam-
ple toluene) lead to useless mixtures of many isomers'”. Selectivity for
the ortho position can be achieved if the existing substituent exerts a
directing effect, as is typical for ketone groups, carbamates, amides
and so on"*. Complex schemes must be adopted to achieve some meta
selectivity, for example by installing pendant groups on the ligand of
the catalytic complex'. Finally, para selectivity realized recently via
pre-functionalization with highly electrophilic radicals'>' and by
installing extreme steric bulk on the aromatic reactant, for example by
using pivaloyl-derivatized reactants". Clearly, these complex reactants
are quite far from the simple, monosubstituted aromatics that one
would desire to functionalize functionalizing in a regioselective way.

B iarylic bonds are an important structural motif in numer-

A so-far unexplored option is to implement the molecular
mechanisms of transition-metal-catalysed C-H activation in the
shape-selective confinement of a porous material like a zeolite.
Zeolites are microporous, crystalline aluminosilicates; they are
applied on a large scale in industrial reactions because of their excel-
lent activity and stability, along with their low cost. The molecu-
lar dimensions and shape of the pores may direct the selectivity
to particular products via the imposed steric constraints'®. This
shape selectivity has been extensively studied for acid-catalysed
reactions. However, zeolites have so far not been used to create a
shape-selective environment around molecular catalysts that acti-
vate C-H bonds of arenes to form more complex organics®.

Here we demonstrate that Pd(i1) catalysts, site-isolated in
the framework of zeolite Beta or some other 12-membered-ring
(12-MR) zeolites, uniquely allow oxidative coupling of toluene
and other monosubstituted aromatics to biaryls, with exceptional
selectivity for the p,p’-dimer.

Results

Pd catalysts at work in zeolite hosts. The most active homo-
geneous catalysts for the oxidative coupling of arenes generally
comprise a palladium salt, a strongly acidic additive, for example,
p-toluenesulfonic acid (TsOH) or trifluoroacetic acid (TFAH)
and acetic acid (AcOH)"*. When applying such homogeneous
catalysts to toluene (Fig. 1), an unbiased regioisomer distribution
is obtained, with all C-H bonds being activated by Pd to a simi-
lar extent (Supplementary Figs. 2 and 3; Supplementary Table 1).
Furthermore, side products were identified, resulting from oxygen-
ation, from benzylic coupling and, especially at higher conversions,
from consecutive coupling to trimers (4.8mol% trimer at 8.0%
toluene conversion). We first set out to replace the strongly acidic
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Fig. 1| Oxidative coupling of toluene with different additives. Reaction conditions: 15 umol Pd(OAc),, 2 ml toluene, 90 °C, 16 bar O,, 16 h. Homogeneous
reactions employed 0.3 mmol of the additive and Tml AcOH, while reaction with zeolites used 50 mg at Si/Al <50 and 100 mg at Si/Al>50. *AcOH (200

equiv. to Pd) was added.

additives with acid zeolites, initially without acetic acid, to simplify
the reaction mixture. At equal loadings of Pd(OAc),, bitolyl forma-
tion with the addition of acid zeolites not only surpassed that with
any other solid acid tested, but occasionally even the homogeneous
catalyst tested under the same conditions (Fig. 1). Large-pore zeo-
lites (that is with 12-MRs) were required to offer sufficient space for
toluene and other substituted arenes to react; medium-pore zeolites
such as H-ZSM-5 were only effective for the oxidative coupling of
benzene. To our delight, zeolites not only with three-dimensional
pores (H-Beta) but also with one-dimensional pores (H-MOR,
H-ZSM-12 and so on), which are more susceptible to diffusion
restrictions, could be used to boost the catalytic performance of
Pd in this reaction.

The most remarkable feature of this disclosure is the regiose-
lectivity in the biaryl product if zeolites are applied. Out of the six
possible bitolyl regiomers, zeolites containing only 12-MR channels
and no large cavities (H-MOR, H-ZSM-12, H-Beta) were highly
selective for para-substituted products. In H-Beta, the combined
selectivity for all products with at least one para substituent reaches
97% in H-Beta and with a selectivity of 77% for p,p’-bitolyl, com-
pared to only 59 and 16% respectively for a homogeneous catalyst
with TsOH. Zeolites with large cages (H-USY, H-MCM-22) showed
a high combined selectivity for products with at least one ortho sub-
stituent (72% for H-USY compared to 28% for TsOH). Furthermore,
side reactions, such as coupling at the benzylic position or oxygen-
ation reactions, were suppressed in 12-MR zeolites like H-Beta. On
MCM-22, known for its surface activity”’, some trimer formation
was observed, but such consecutive coupling at higher conversions

was inhibited in the microporous environment of the other tested
12-MR zeolites.

Towards high activity and selectivity. In view of the intriguing
shape selectivity for a double C-H activation at the para posi-
tion combined with the exceptional activity of Pd-loaded H-Beta,
we decided to investigate this system further (Supplementary
Figs. 4-11). Addition of small amounts of acetic acid (1-500 equiv.
to Pd) further boosted the performance to a turnover number
(TON) of 212 or a yield of 16.8% while maintaining an identical
product distribution (Supplementary Fig. 12). High zeolite Si/Al
ratios were required for obtaining higher TON values (Fig. 1). This
is likely unrelated to acid strength since similar results were obtained
with Ga- and B-substituted Beta. Rather, the beneficial effect of the
high Si/Al ratio seems related to the more hydrophobic properties
of such a zeolite (Fig. 1). A decline in regioselectivity during the
reaction was observed at a Si/Al ratio of 32 (Supplementary Fig. 6)
while the regioselectivity remained constant and even improved ini-
tially at the higher Si/Al ratio of 75 (Fig. 4b). This was attributed to
a poisoning effect of the formed water”’, which was subsequently
confirmed by spiking reactions with 100l of water (370 equiv. to
Pd): here the TON was decreased drastically from 93 to 2 for a Si/
Al of 32, but the TON decreased only slightly, from 133 to 96, for
the more hydrophobic zeolite Beta with a Si/Al of 75. The excellent
catalytic stability of H-Beta is further highlighted by a doubling of
the TON from 212 to 422 (bitolyl yield 34%) upon increasing the
reaction temperature from 90 to 110°C (Fig. 2). High TONs were
obtained at O, pressures of 16bar or more; however, the addition
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Fig. 2 | Variation of the reaction temperature in the oxidative coupling of toluene. Reaction conditions: 15 umol Pd(OAc),, 2 ml toluene, 16 bar O,, 16 h.
Following amounts were employed: TsOH (0.3 mmol) and Tml AcOH, H-USY (Si/Al=40, 50 mg), H-Beta (Si/Al=75, 100 mg), H-Beta + AcOH (200

equiv. AcOH to Pd).

of Fe(OT); also allows the zeolite Beta system to reach significant
TONSs under only 1bar of O, (see Supplementary Table 2).

Nature of the active site. The catalytic species Pd-Beta, formed
upon loading the H-Beta zeolite with Pd(OAc),, was characterized
in detail (Fig. 3). X-ray absorption near edge structure (XANES)
spectra are consistent with Pd(11) being surrounded by four neigh-
bouring oxygen atoms in a square planar coordination; Pd prevails
in the +2 state, while the contribution of Pd(0) nanoparticles is only
minor (Supplementary Figs. 14 and 15, Supplementary Table 3).
When the loading is performed in toluene, the spectral changes sug-
gest that one of these oxygen atoms may be replaced by a nearby
toluene molecule (Supplementary Fig. 16). Extended X-ray absorp-
tion fine structure (EXAFS) spectra were successfully modelled
with mononuclear Pd(11) with four oxygen neighbours; although
there could be a small contribution from Pd(0) nanoparticles, the
presence of di- or trinuclear Pd, as in the precursor Pd(OAc),,
can be excluded. Again, upon loading in toluene, the best fit is
obtained with three oxygen atoms from the zeolite and an acetate,
together with a nearby toluene (Fig. 3a; Supplementary Fig. 17;
Supplementary Tables 4-6). Solid-state *C magic-angle spinning
NMR of the acid zeolite Beta loaded with *C-enriched Pd(OAc),
proved that one acetate out of the two reacts to form acetic acid,
moving freely in the pores, while the second acetate remains immo-
bilized at a Pd centre (Supplementary Fig. 21). The mutual proxim-
ity of acetate ligands was probed using 2D *C-"C spin-diffusion
experiments and 1D “C double-quantum-filtered experiments
(Fig. 3; Supplementary Figs. 22 and 23), which proved that the
individual acetates are spatially isolated from other acetate ligands.
This combined information points to a molecular Pd(11) species
that receives one charge compensation from the framework and
one from a pendant acetate ligand. However, it does not rule out
the possibility that a fraction of Pd is compensated by two anionic
zeolite charges.

Such catalytic species can be formed in zeolite Beta, either in
situ in toluene or prior to the reaction (Supplementary Fig. 13).
The zeolite amount was varied at a fixed amount of Pd; the reac-
tion rate increased linearly until an Al/Pd ratio of 1 was reached.
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This supports the single charge compensation of each Pd centre by
the zeolite (Fig. 4a). The crucial presence of the acetate ligand was
shown by the absence of any reaction if a Pd(11)-zeolite was prepared
via classical ion-exchange with Pd(NH;),** and subsequent calci-
nation (Supplementary Fig. 24), where the catalytic activity could
only be restored by the addition of acetic acid. Palladium is strongly
bound to the framework, as was shown by a successful filtration
test which demonstrated a fully heterogeneous Pd-zeolite catalyst
(Fig. 4b; Supplementary Figs. 25 and 26; Supplementary Table 7).

Producing useful biarylic monomers. The methodology could eas-
ily be expanded to the oxidative coupling of other simple arenes of
interest in polymer chemistry. Oxidative coupling of anisole could
lead to an alternative synthetic strategy for 4,4'-dihydroxybiphenyl,
which is not only a starting material for heat-resistant materials but
also a replacement for the disputed bisphenol A-derived polycar-
bonates**. A high activity (TON of 197) and a selectivity of 77% for
p»p’-bianisyl were obtained in the oxidative homocoupling of anisole
with H-Beta (Fig. 5a). While the homogeneous reaction with TsOH
formed up to 56% of bisanisyl F (bis(anisyl)methane), which was
due to the consecutive hydrolysis of anisole, oxidation of the formed
methanol to formaldehyde and condensation reaction with anisole,
only 4% of bisanisyl F was formed with H-Beta. Lastly, p,p’-bianisyl
selectively precipitated from the reaction mixture upon cooling, not
only simplifying the work-up but also yielding high-purity crystals
(Supplementary Figs. 30 and 31). The regioselective coupling also
applies to disubstituted arenes like 0-xylene, from which the desired
3,3,4,4'-tetramethylbiphenyl was obtained in 90% overall selectiv-
ity (Fig. 5b). This tetramethyl-substituted compound is a direct pre-
cursor of 3,3',4,4'-biphenyldicarboxylic acid, from which high value
polyimide can be produced.

Density functional theory calculations. To support the experimen-
tal observations and to obtain in-depth mechanistic information, a
full catalytic cycle was proposed and calculated by means of a com-
bination of first-principles static and molecular dynamics-based
dispersion-corrected density functional theory (DFT) calculations.
The first-principles molecular dynamics (MD) calculations were
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Fig. 3 | Spectroscopic characterization of Pd-loaded zeolite Beta. a, Experimental (red) and fitted (dashed grey) EXAFS spectra for Pd-Beta, pre-loaded
in toluene. For the fit, the theoretically proposed intermediate V was used (Fig. 6b). The different background colours highlight the region with the major
contribution from the atoms of the corresponding colour. b,¢, 2D C-"C spin-diffusion magic-angle spinning NMR spectra of the *C-enriched Pd(OAc),
(b) and Pd-Beta (c). The absence of cross-peaks in the latter spectrum proves that the acetate ligands are spatially isolated.

employed to explore the flexible behaviour of the active catalytic site
when docked to the zeolite in various stages of catalysis at realistic
temperatures and toluene loadings, whereas the static DFT calcu-
lations afforded adsorption free energies and allowed for the con-
struction of regiodivergent reaction profiles to explore the origin of
shape selectivity in the reaction. The proposed catalytic cycle for the
homocoupling reaction of toluene in H-Beta is reported in Fig. 6a,
whereas the associated free energy profile is shown in Fig. 6b.

The catalytic reaction begins with the adsorption of Pd(OAc),
into the zeolite framework, where, relative to the empty H-Beta and
the isolated Pd(OAc),, the adsorption free energy is favourable and
amounts to —75kJ mol™* (species IT) at 363 K (Fig. 6b). Subsequently,
the actual docking can take place as described experimentally to
release AcOH and afford Pd(OAc) species IIT (—80kJ mol™"). This is
mildly exergonic with respect to the preceding intermediate II, with
a decrease in free energy of 5kJ mol~'. This proposed mechanism of
docking to form III is fully supported by *C NMR measurements
(vide supra, Fig. 3). The docked Pd species III then acts as the initial

species in the catalytic cycle and, based on our calculations, we pro-
pose that the reaction proceeds through four elementary reaction
steps (Fig. 6). After the first toluene molecule has been adsorbed on
the zeolite with a favourable free energy gain of 37kJ mol™', C-H
activation takes place through a concerted metallation-deproton-
ation mechanism (CMD, Step 1 in Fig. 6), a pathway that has been
well-studied in the literature™. First, the toluene must enter into the
coordination sphere of Pd, substituting one of the zeolite oxygens
to afford the n?-(tolyl)Pd species V (—122kJmol™). The presence
of V as a key reaction intermediate is in good agreement with the
X-ray absorption spectroscopy (XAS) measurements of the catalyst
pre-loaded with toluene (Fig. 3). Then, CMD can take place, where
the calculated activation energies indicate that the reaction involv-
ing the para carbon is the most accessible, since the barrier amounts
to 91kJ mol~! versus 101 kJmol~! and 103 k] mol~" for activation at
the meta and ortho positions respectively (Supplementary Fig. 40).
This suggests that the large overall 97% para selectivity observed
experimentally is mainly governed by the kinetics of this initial
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bReaction temperature, 110 °C.

CMD step. It might be noticed that the para product has a higher
energy than the others; this is caused by the methyl group directly
pointing toward the zeolite walls and creating some short contacts
(Supplementary Fig. 41). Further support for para activation was
gained through an MD simulation of the reactant state, in which a
predominant interaction between Pd and the toluene para carbon
was observed (Supplementary Figs. 42-44).

After the first CMD step, we propose further C-C coupling to
occur through a migratory insertion reaction (MI, Step 2 in Fig. 6,
and Supplementary Figs. 45-49)*>*. The calculated reaction barri-
ers for this process are relatively low (68 k] mol ™" for m,p’-selectivity,
69kJ mol™" for p,p’-selectivity and 89kJ mol™" for o,p’-selectivity).
To test the validity of the proposed MI mechanism further, we com-
puted an alternative second CMD mechanism. The resulting barri-
ers for such processes were much higher (with AG*=187 k] mol™! for
p-p’-selectivity, Supplementary Fig. 51 and Supplementary Tables 14
and 15), thus giving further support to the MI mechanism.

Moreover, experimental kinetic studies revealed a first-order rate
dependence in Pd (Supplementary Fig. 36), thus further supporting
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the proposed MI mechanism as the favoured means of C-C coupling
over a bimetallic transmetallation process. While the MI barrier dif-
ference between m,p’ and p,p’ is small (with AAG*=1kJmol™* for
the regiodivergent analogues of TS(VII-VIII)), the o,p’ activation
energy is much higher, which arises from the increased steric clash-
ing between the methyl group and the zeolite pore (Supplementary
Fig. 49). The calculations thus suggest that the predominant overall
para selectivity is primarily dictated by the first CMD step, while
more subtle effects are at play in the rest of the catalytic cycle to
afford the overall 77% yield for p,p’-bitolyl (Supplementary Fig. 47).

Subsequently, from VIII, the transfer of a hydrogen atom from
the C-C coupled bitolyl moiety to Pd needs to take place. However,
the lack of an available base does not allow for a direct reductive
deprotonation, while the anti-configuration of Pd and the hydro-
gen prevent a P-hydride elimination’*”. We thus propose that in
Step 3 a hydrogen-transfer process from the resulting C-C coupled
cyclohexadienyl adduct VIII to the Pd centre can take place, facili-
tated by AcOH itself. However, accurate characterization of the
corresponding transition states proved challenging, and so explicit
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contributions to the free energy are reported in Supplementary Tables 10-15

representations of the intermediates and transition states are related to the mechanism leading to the p,p’-bitolyl product. Enthalpic and entropic
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transition-state energies are not reported in Fig. 6b (Supplementary
Fig. 50). The eventually obtained Pd hydride IX (—145kJmol™)
was found to be a stable energy minimum in the free energy
reaction cycle. Finally, from IX, active site regeneration (Step 4) is
proposed to take place via O, insertion. Characterization of this
process was carried out using a 5T cluster model to efficiently com-
pute the spin-forbidden nature of the mechanism, as previously
identified by Stahl and collaborators**. These calculations revealed
thathydrogen atom abstraction (HAA) is favoured to form the result-
ing Pd-OOH species and ultimately release H,0O, (Supplementary
Figs. 52 and 53)

Conclusions

We report the development of a strategy for controlling the regi-
oselectivity in the C-H functionalization of aromatics without a
functional handle. The elusive para selectivity is obtained through
a non-traditional shape selectivity in which exchanged cationic pal-
ladium in zeolites is utilized, rather than the acidic sites of zeolites.
The technology grants access to a novel range of monomers for
advanced polymers; the methodology also provides a paradigm for
introducing shape selectivity in the transition-metal-catalysed C-H
activation of arenes.

Methods

Reaction procedure. Generally, toluene (2.00 ml, 18.88 mmol, Acros), acetic acid
(172 ul, 0.3 mmol, Acros) and n-decane (50.0 pl, internal standard) were added

to Pd(OAc), (3.37mg, 0.015 mmol, Acros) and H-Beta (100.0 mg, Si/Al=75,
Siid-Chemie) in a 3 ml glass liner. Homogeneous reactions were performed with
0.3 mmol of the additive and 1ml of acetic acid, while reactions with zeolites
employed 50 mg of the solid without acetic acid. Zeolites with a Si/Al ratio above
50 employed 100 mg of the solid. The liner was sealed in a homemade, stainless
steel autoclave (Supplementary Fig. 1), and purged five times with pure O, and
subsequently pressurized with pure O, to 16 bar. The reactor was placed in a
pre-heated four-well aluminium block. The internal temperature dependence was
calibrated beforehand, and the set temperature of the heating block was adjusted to
obtain 90 °C internally.

After 16h, the reactor was cooled and the zeolite was separated from the
reaction mixture via centrifugation. The reaction mixture was analysed by
GC-FID. When anisole was used as the aromatic reagent, the 4,4'-bianisyl product
precipitated from the reaction medium upon cooling. Therefore, this mixture
was extracted with CHCL, (20 ml) before GC-FID analysis to fully solubilize
all products. In accordance with literature reports, the TON is defined as
TON =2 X mol biaryl/ mol Pd.

Each reactor had an intentional weak spot at the capillaries on top of the
reactor which functioned as a burst disc. Note: a thorough safety assessment must
be made before applying such hazardous conditions and these reactions should
only be performed using proper equipment that ensures safe handling at all times.

Reaction analysis. Reaction mixtures were analysed quantitatively using a
Shimadzu GC-2014 equipped with a CP-SIL 5 CB column (Agilent, 100%
PDMS, 60 m, 0.25 um film thickness, 0.32 mm i.d.). Samples of 1 ul were injected
automatically using an AOC-20s autosampler and AOC-20i auto-injector aided
by the GCsolution software bundle (version 2.44.00). Products were identified
using an Agilent 6890 gas chromatograph equipped with an HP-1 MS column and
coupled to a 5973 MSD mass spectrometer or by comparison with commercially
obtained or synthesized reference samples. 'H NMR spectra of liquid samples
were recorded using a Bruker Avance III HD 400 console at 400 MHz, equipped
with a 5mm PABBO BB/"F-'H/D probe and the data were analysed using the
MestReNova 12.0.2 software package.

Pre-loading. Zeolites can be pre-loaded with Pd(OAc), prior to the reaction by
contacting the solid with an appropriate amount of Pd(OAc), in a suitable solvent
(for example CHCI,, toluene). After stirring for 24h, the zeolite was separated by
centrifugation, and washed twice with the loading solvent (10 ml per g zeolite).
The solid was then dried in vacuo (30 °C, 30 mbar, overnight) and used as such.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The findings of this study are available in the main text or the supplementary
materials. Atomic coordinates of optimized computational models and initial
and final configurations of molecular dynamics trajectories are supplied in

a Supplementary Data file. All data are available from the authors upon
reasonable request.
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