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Palladium single-atom/cluster cocatalyst
supported on non-enzymatic browning
glucose breaks the activity-selectivity
trade-off in C(sp®)-H arylation
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Using Pd homogeneous catalysts for direct C-H arylation is an attractive approach for synthesizing
natural products and organic functional materials, but limitations in terms of cost and catalyst recovery
could be alleviated by alternative heterogeneous catalysts. Here we demonstrated that a type of Pd
single atoms/clusters cocatalyst localized on non-enzymatic browning glucose acted as a highly
active and stable heterogeneous catalyst for direct coupling of a variety of inert C-H bonds with aryl
iodides. Oriented to either C(sp®)-H or C(sp?)-H bond activation, designing targeted heterogeneous Pd
catalyst was achieved by tailoring the structure of support in our catalyst. Multi-technique
characterizations confirmed that the strong metal-support interaction (SMSI) between Pd single
atoms/clusters with various coordination groups, especially imino (C = N), of support cans stabilize
high valent (d electron-deficient) active Pd sites on support surface in reaction process and break the
activity-stability trade-off in chelation-assisted C(sp®)-H arylation reaction via Pd"/Pd" catalytic cycle.

Compared via with traditional cross-coupling reactions, the direct coupling
of inert C-H bonds with aryl halides has emerged as the most attractive C-C
bond-forming method enroute to a wide range of natural products, syn-
thetic drugs, and organic functional materials (Fig. 1a)"”. To data, a range of
homogeneous transition-metal catalysts, particularly palladium catalysts,
have been developed for its use in various inert C(sp*)-H and C(sp®)-H
arylation reactions' ™. However, the obvious limitations of homogeneous
catalysts are the technical challenge and quite high cost of catalyst-product
separating before the precious metal recycled’. Several heterogeneous pal-
ladium nanoparticles (NPs) catalysts such as Pd/C (commercially
available)*"', Pd/ODDMA-MP", HCP-NHC-Pd"”, CB[6]-PANPs" and
Pd-NPs (biogenically synthesized)" have been used for C(sp?)-H arylation
using aryl halides or [Ph,1]" salts as coupling partner (Fig. 1b)"°. However,
these Pd NPs catalysts still have challenges for lower catalytic turnover
numbers (TONs), Pd aggregates/leaching, and limited reaction scope'’. Our
previous work achieved the supported Pd NPs catalyzed benzylic C(sp’)-H
bonds arylation, but stoichiometric Agl precipitate generated from the
reaction process led to the hard recovery of the catalyst'®. To the best of our
knowledge, there is no previous report on aliphatic C(sp®)-H arylation using
a heterogeneous catalyst. The poor reactivity of C(sp*)-H bonds is often

attributed to its higher bond energy (~110 kcal/mol) and the complexity of
precise controlling the site-selectivity'.

The chelation-assisted strategy was a general method in homogeneous
catalysis to overcome the difficulty of controlling selectivity' . But the
chelation-assisted C-H activation step needed adding three coordination
bonds on Pd active center and the coordination number added up to >5 after
oxidative addition of aryl iodide®. So low-coordinated Pd active sites or
convenient ligand exchange on Pd active sites were required to achieve
heterogeneous catalyzed chelation-assisted C-H arylation. However, both
low-coordination or convenient ligand exchange would lead to the loss of
stability of supported catalyst. And meanwhile, the oxidative addition of aryl
iodide would weaken the Pd-support coordination bonds. Therefore, how to
break the activity-stability trade-off is the key challenge for designing a high-
efficient heterogeneous Pd catalyst for chelation-assisted C-H arylation.
Moreover, different from Pd catalyzed C(sp’)-H arylation, the widely
approved mechanism of the direct coupling reaction of C(sp’)-H bonds with
aryl halides is Pd"/Pd" catalytic mechanism as proposed by Sanford® and
Yu' (Fig. 1b), therefore, how to stabilize high valent (d electron-deficient)
active Pd sites on the support surface in reaction process remains an
unsolved problem in the heterogeneous catalysis field.
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¢) This work: Non-enzymatic browning glucose supported Pd SAs/Cs synergistically catalyzed C-H arylation reactions
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Fig. 1 | Heterogeneous catalyzed C-H arylation and it’s applications. a C-H arylation for the synthesis of drug molecules; b Challenges of heterogeneous catalyzed C-H

arylation; ¢ Non-enzymatic browning glucose supported Pd single atoms/clusters cocatalyzed C-H arylation.

Recently, the atomically dispersed palladium catalysts have been
widely used in organic synthesis reactions, including hydrogenation and
reduction'’”, oxidation”**, C-C coupling”***, C-N coupling®, and
light-driven organic synthesis'. In spite of the vast potential for appli-
cations of single-atomic catalysis, single atoms (SAs) catalysts encounter
issues due to their straightforward structure and the absence of syner-
gistic active sites required to exceed the inherent performance limitation
in more intricate reactions, such as site-selective C(sp®)-H activation

reaction™. Integrating SAs with clusters (Cs) or NPs into a unified cat-
alyst is an effective way to address these drawbacks via synergistic
catalysis™ .

Herein, we successfully prepared the non-enzymatic browning glucose
supported Pd catalyst by the Maillard reaction of glucose with silane cou-
pling agents following impregnation method (Fig. 1c). Compared with
silane coupling agents modified cellulose”, the non-enzymatic browning
glucose contains various structure motifs, especially imino (C = N) which
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Fig. 2 | Characterization of non-enzymatic browning glucose. a FTIR spectra of
glucose, APTE-BTMO-glucose, Pd/APTE-BTMO-glucose and Pd/APTE-glucose;
b FTIR spectra of cellulose, APTE-BTMO-cellulose and fresh Pd/APTE-BTMO-

cellulose; ¢ *C NMR of glucose, APTE-BTMO-glucose, Pd/APTE-BTMO-glucose
and Pd/APTE-glucose; d "C NMR of cellulose, APTE-BTMO-cellulose and Pd/
APTE-BTMO-cellulose.

can form strong coordination bond with Pd species resulting stable Pd SAs/
Cs coexisted catalyst. Two Pd SAs/Cs catalysts were prepared for direct
coupling of either C(sp’)-H or C(sp’)-H bonds with aryl iodides, respec-
tively. By means of the systematic comparative study on homogeneous Pd
catalyst, Pd NPs and Pd SAs/Cs, we verify that this type of Pd SAs/Cs
cocatalyst is the best active, stable and general heterogeneous catalyst for
direct coupling of a variety of inert C(sp’)-H or C(sp®)-H bonds with aryl
iodides.

Results and discussions

Intrinsic structural characterization of non-enzymatic browning
glucose

Non-enzymatic browning between reducing sugars and amino acids or
proteins, also known as Maillard reaction, has received much attention in
food science where it significantly contributes to taste, aroma, and color’*”.
The Maillard reaction is initialized by the condensation of reducing sugars
and amino compounds and a subsequent Amadori rearrangement and a
variety of parallel and consecutive reactions resulting high-molecular-
weight polymers®. The non-enzymatic browning sugars may contains a
variety of structure motifs such as carboxyl (COOH), double-bond carbon
(C=C), acrylamide, imino (C = N), pyridone or pyranone, and behave as
anionic material to form stable complexes with metal cations*' . However,
as far as we know, because of the colloidal character and uncertain structure

of non-enzymatic browning sugars, its application in catalytic chemistry
field remains very rare.

The non-enzymatic browning glucose support was prepared according
to Béckvall’ work by changing cellulose to glucose”. To unveil the structure
features of support, non-enzymatic browning glucoses and catalysts were
analyzed by Fourier Transform Infrared spectrometer (FT-IR) and solid
state NMR (Supplementary Methods). As shown as Fig. 2a, the FT-IR
spectra of APTE-BTMO-glucose, Pd/APTE-BTMO-glucose and Pd/
APTE-glucose showed the same broad band around 3300 cm™, corre-
sponding to the stretching vibration of the -OH and -NH, groups, whereas
glucose showed two peaks at 3409 and 3315cm™". The new peak at
1661 cm™" in FT-IR spectra of APTE-BTMO-glucose, Pd/APTE-BTMO-
glucose and Pd/APTE-glucose attributed to the stretching vibration of
C =N bond"*, indicating that the condensation reaction between glucose
with the -NH, groups happened, which is the first step of Maillard reaction.
The peak at 1573 cm™" in FT-IR spectra of APTE-BTMO-glucose, Pd/
APTE-BTMO-glucose, and Pd/APTE-glucose corresponding to the N-H
scissoring bending vibration®’. The two strong absorption peaks at 1132 and
1034 cm™ in FT-IR spectra of APTE-BTMO-glucose, Pd/APTE-BTMO-
glucose and Pd/APTE-glucose representing the symmetric and asymmetric
stretching vibrations of Si-O-Si and Si-O-C bridge**’. By contrast, only a
new obvious peak at 1697 cm™' and 1699 cm™' was observed in FT-IR
spectra of APTE-BTMO-cellulose and Pd/APTE-BTMO-cellulose,
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Fig. 3 | Structural characterizations of catalysts. a-c AC-HAADF-STEM images of Pd/APTE-glucose; d AC-HAADF-STEM image of fresh Pd/APTE-BTMO-glucose;
e AC-HAADF-STEM image of used Pd/APTE-BTMO-glucose; f The mapping of fresh Pd/APTE-BTMO-glucose.

respectively, corresponding to the stretching vibration of C=0O bond
(amide group) (Fig. 2b). The Si-O-Si and Si-O-C asymmetric stretching
vibrations signal was overlapped by C-O-C signal ( ~ 1058 cm™) in cellu-
lose chain.

The solid state >C NMR spectra illustrated that the typical peaks of
glucose in the 119-63 ppm’' range (C1-C5) were disappeared in the spectra
of APTE-BTMO-glucose, Pd/APTE-BTMO-glucose, and Pd/APTE-glu-
cose (Fig. 2¢). Instead, two new peaks at 164 ppm (C=N) and 177 ppm
(C=0 of amide group) were observed in the spectra of APTE-BTMO-
glucose, PdA/APTE-BTMO-glucose and Pd/APTE-glucose. In addition, a
new peaks 130 ppm (benzene ring of BTMO) was observed in both the
spectra of APTE-BTMO-glucose, Pd/APTE-BTMO-glucose. Three new
peaks at around 10, 23, and 43 ppm were assigned to the a-CH,, $-CH,, and
y-CH, resonances of the aminopropyl groups of APTE and BTMO. The
peak at ~50 ppm may be attributed to C6 of glucose or C-O of APTE. On the
contrary, there is only a new peak at 179 ppm (C = O of amide group) in the
C NMR spectra of APTE-BTMO-cellulose and Pd/APTE-BTMO-cellu-
lose except the carbon resonances of the cellulose chain, APTE (amino-
propyl groups, 10-43 ppm) and BTMO (benzene ring, 127, 135
ppm) (Fig. 2d).

Given the FT-IR and NMR analysis, it could be concluded that the
Millard reaction of glucose with APTE or both APTE and BTMO was
completely proceed catalyzed by L-lysine. APTE-glucose and APTE-
BTMO-glucose are a new type of support containing a variety of coordi-
nation groups, especially a unique imino (C=N) group, compared with
usual silane coupling agents modified supports.

Morphology and intrinsic structural characterization of catalyst
To explore the correlation between structure and catalytic performance, Pd/
APTE-glucose and Pd/APTE-BTMO-glucose (fresh and used) were char-
acterized comprehensively (Supplementary Methods). In order to

investigate the distribution of Pd species at atomic scale, these catalysts were
analyzed by High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). The clear two-dimensional network struc-
ture was observed in the image of Pd/APTE-glucose (Fig. 3a). By contrast,
the morphology feature of Pd/APTE-BTMO-glucose was similar to Pd/
APTE-BTMO-cellulose (Supplementary Note 1, Fig. Sla). These results
illustrated that the morphology features of the non-enzymatic browning
glucose supported catalyst are affected by silane coupling agents. As shown
as Fig. 3b, Pd SAs (red circle) and Pd Cs (yellow circle) coexisted on the
support and some satellite Pd SAs closely distributed around Pd Cs in Pd/
APTE-glucose. The size distribution of Cs in Pd/APTE-glucose was in the
range of 0.5nm to 1.5nm, with average diameter of 0.99 nm (Fig. 3c).
Similarly, subnanometric Pd Cs and SAs coexisted in fresh Pd/APTE-
BTMO-glucose (Fig. 3d). Not only that, after 1" cycle, the Pd SAs/Cs
coexistence state unchanged and the size of Pd Cs (from 0.96 to 1.17 nm) did
not change obviously (Fig. 3e). It is notable that Si, N and O elements
distributed uniformly and densely in the catalyst affording various coordi-
nation sites (Fig. 3f). Compared with Pd/APTE-BTMO-glucose, the uni-
formly distributed Pd NPs were observed in the TEM image of fresh Pd/
APTE-BTMO-cellulose, but obvious Pd aggregation happened after the
catalytic reaction (Supplementary Note 1, Fig. Sle, S1f). It is the most
possible reason for the poor recyclability of Pd/APTE-BTMO-cellulose.

In order to get information on the valence state of Pd SAs/Cs, Pd/
APTE-glucose (fresh and used) and Pd/APTE-BTMO-glucose (fresh and
used) were tested by X-ray photoelectron spectroscopy (XPS) analysis. As
shown as Fig. 4a, three peaks attributed to amino groups (-NH,, 399.78 V),
hydrogen-bonded amines or quaternary ammonium nitrogen (-NH;*,
402.21 eV), and imino (C = N, 398.09 eV) were observed in the N 1 s spectra
of fresh Pd/APTE-glucose. Compared with the APTE-glucose support, the
peaks of amino groups shifted to higher binding energy (0.8-1.0 eV) in fresh
and used Pd/APTM-glucose. It is noted that the peaks of imino groups
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Fig. 4 | XPS analyses. a N 1 s XPS spectra of APTE-glucose, fresh and used Pd/
APTE-glucose; b N 1 s XPS spectra of fresh Pd/APTE-BTMO-glucose; ¢ N 1 s XPS
spectra of fresh Pd/APTE-BTMO-cellulose; d Pd 3 d XPS spectra of Pd/APTE-

glucose (fresh and used); e Pd 3 d XPS spectra of Pd/APTE-BTMO-glucose (fresh
and used); f Pd 3 d XPS spectra of Pd/APTE-BTMO-cellulose (fresh and used).

significantly shifted to higher binding energy (2.33-2.39 eV), indicating the
strong coordination of imine groups with Pd species. Likewise, the peak at
=398 eV (C=N) was observed in the N 1s spectra of fresh Pd/APTE-
BTMO-glucose (Fig. 4b). By contrast, there were only two peaks attributed
to amino groups and hydrogen-bonded amines or quaternary ammonium
nitrogen in the N 1 s spectra of Pd/APTE-BTMO-cellulose (Fig. 4c)*. These
results were consistent with the observation from FT-IR and NMR spectra.
It can be concluded that the stronger coordination ability of imino (C = N)
than amino (-NH,) in our catalyst is a key role of stabilizing Pd species. As
shown in Fig. 4d, the Pd 3ds, peak was mainly located at 337.18 eV (Pd")
along with a small shoulder at 335.66 eV (metallic state Pd) in fresh Pd/
APTE-glucose, suggesting that almost all the Pd SAs and Pd atoms in Cs
were coordinated with the N/O atoms. The new XPS signals at higher
binding energy (3ds,, peak at 338.59 eV) attributed to Pd" apart from Pd"
and Pd’ appeared in the XPS Pd 3 d spectrum of used Pd/APTE-glucose™”.
These results proved that a part of Pd" was oxidized after the heterogeneous
catalyzed C(sp”)-H arylation reaction and high valent (d electron-deficient)
Pd" species can exist stably on the support surface. It is worth noting that the
peak of Pd° disappeared, but the peak of Pd" and Pd" coexisted in the XPS
Pd 3 d spectrum of used 1% and 5" Pd/APTM-BTMO-glucose after the
heterogeneous catalyzed C(sp”)-H arylation reaction (Fig. 4e). Therefore, a
small amount of Pd’ in fresh Pd/APTM-BTMO-glucose may not be the
active species and the Pd"/Pd" catalytic cycle could be concluded for the
heterogeneous catalyzed C(sp?)-H arylation reaction. As same as Biackvall’s
work”, the XPS Pd 3 d spectrum of Pd/APTE-BTMO-cellulose showed the
presence of two intense doublets at 335.73 and 340.86 eV related to Pd’ and
peaks at 337.85 and 342.87 eV related to Pd" corresponding to Pd 3ds,, and
Pd 3d;,, respectively (Fig. 4f). But after used, the ratio of Pd’ obviously
increased, and no obvious peak of Pd" was observed. Therefore, it can be
concluded that the SMSI between Pd SAs/Cs with imino group in our
catalysts may play a key role in generating stable high valent (d electron-
deficient) Pd" species™.

The valence states of Pd were further studied by the X-ray absorption
near-edge structure (XANES) analysis. As shown in Fig. 5a, the absorption
edge positions at the Pd K-edge display a right shift in the order of Pd foil

(blue line), fresh Pd/APTE-glucose (red line), PO (green line), fresh Pd/
APTE-BTMO-glucose (orange line), and used Pd/APTE-BTMO-glucose
(cyanline). The absorption edge energy of fresh Pd/APTE-glucose is close to
that of PAO, indicating that the average oxidation state of Pd SAs/Cs is about
+2. By contrast, the average oxidation state of Pd SAs/Cs in fresh Pd/APTE-
BTMO-glucose is between +2 and & (8 >+2) and the used Pd/APTE-
BTMO-glucose is higher positive-charged than fresh Pd/APTE-BTMO-
glucose™. These results further proved the existence of stable high valent (d
electron-deficient) Pd" species in our catalysts.

The Pd K-edge extended X-ray absorption fine structure spectra
(EXAFS, Fig. 5b and Supplementary Note 3) proved the coexistence of Pd-
N/O and Pd-Pd coordination in Pd/APTE-glucose, fresh Pd/APTE-
BTMO-glucose, and used Pd/APTE-BTMO-glucose (red, orange and cyan
lines) with reference to Pd foil (blue line) and bulk PdO sample (green line)
(k-range used for Fourier transform is 2.5-12.35). The EXAFS of three
samples showed predominant peaks at 1.54, 1.52, and 1.49 A in R space,
similar to the reference peak of PdO (1.53 A), which cans be ascribed to Pd-
O or Pd-N bond™”". Additionally, a small peak indexed to the first shell Pd-
Pd scattering at 2.39, 2.41, and 2.42 A, similar to the reference peak of Pd foil
(2.48 A), could be observed in three samples, indicating the existence of
subnanometric Pd Cs. It is noted that there is no Pd-O-Pd coordination
(~2.96 A) peak compared to PdO reference in the EXAFS spectra of three
samples, suggesting the Pd-N bonds may be the main coordination bonds of
Pd Csand Pd SAs**". The EXAFS fitting further cleared the coordination of
Pd in three samples (Supplementary Note 4, Table S3). The coordination
number (CN) of the Pd atom was calculated to be =4 in three samples, and
the mean Pd-N bond length was approximately 2.03 A (R factor of 0.008,
0.011, and 0.009), implying that each Pd atom was coordinated to four
nitrogen atoms in average. The fitting results of Pd/APTE-glucose and fresh
Pd/APTE-BTMO-glucose showed that the average CN of Pd-Pd is less than
one. The relatively low Pd-Pd coordination number further illustrated the
formation of subnanometric Pd Cs. Moreover, the wavelet transformed
(WT) EXAFS oscillations of samples were obtained, providing more
detailed information about the R-space and k-space resolutions of the
scattering atoms (Fig. 5c-g). By comparing the WT contour plots of Pd foil
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(Fig. 5d) and PdO (Fig. 5e), the WT contour plots of three samples showed a
main peak at wave vector k of ~6.4 A", which is attributed to Pd-N, and a
secondary peak at wave vector k of ~10.3 A, which is attributed to Pd-Pd
scattering™.

Overall, the above results consistently demonstrated the coexistence of
atomically dispersed Pd;-Nj structure and Pd Cs (mainly Pd-N coordina-
tion) in Pd/APTE-glucose and Pd/APTE-BTMO-glucose. The SMSI of Pd
SAs/Cs with various coordination groups, especially imino (C = N) group,
in non-enzymatic browning glucose achieved to stabilize the high valent
(d electron-deficient) Pd sites.

Activity test

The reaction of N-(2-(methylthio)phenyl)propionamide (1a) and 3-methyl
iodobenzene (2a) was chosen as a model C(sp®)-H arylation reaction for
screening heterogeneous Pd catalysts (see Fig. 6a). Using K,COj as base, t-
amyl-OH:H,O (16:1) as solvent and Pd/APTE-BTMO-glucose as hetero-
geneous catalyst, the desired C(sp®)-H arylation products (mono- 3aa, di-
3aa’) were obtained in excellent yields after 24 h reaction at 115 °C, and the
catalyst showed similar catalytic performance and selectivity as Pd(OAc),
for mono- and di- arylation products. By comparison, the typical Pd NPs
catalysts, such as commercial 5 wt.% Pd/C and Pd/APTE-BTMO-cellulose,
showed inferior catalytic performance and poor selectivity for limiting
homocoupling of 2a. Interestingly, Pd/APTE-glucose showed notably dif-
ferent selectivity from homogeneous catalyst for mono- and di- arylation
products. This result proved the achievement of tuning reaction selectivity
by changing the structure of support in our catalyst as same as ligand-
controlled selectivity in homogeneous catalysis. Interestingly, Pd/APTE-
BTMO-glucose showed higher catalytic performance than Pd/APTE-glu-
cose in the C(sp”)-H arylation reaction of pentafluorobenzene (4a) and
iodobenzene (2b) (Fig. 6b). Not only that, Pd/APTE-BTMO-glucose
showed strong substrate universality in the direct coupling of C(sp’)-H
bonds of polyfluorobenzenes with aryl iodides (Supplementary Note 5,
Fig. S4). It is probably because that the benzene ring of BTMO in Pd/APTE-
BTMO-glucose facilitated the adsorption of substrates possessing similar
structure™.

Hot filtration study using Pd/APTE-glucose was performed to check
whether the leached Pd species in reaction process is the actually catalyst.
When the reaction was run 4 h after catalyst removal, the conversion rate of
la almost unchanged, which excludes the possibility of the C(sp’)-H

arylation reaction through a homogeneous pathway (Supplementary
Note 5, Table S5). In comparison, when the reaction was run 4 h after Pd/
APTE-BTMO-cellulose catalyst removal, the conversion rate of la
increased by 9% (Supplementary Note 5, Table S5). To further compare the
stability of our catalysts with Pd NPs catalysts, we conducted the catalyst
recycling experiments. The recycling experiment results revealed that the
catalytic activity of Pd/APTE-glucose was maintained from the first to the
fifth run in the C(sp’)-H arylation reaction (Fig. 6¢). In contrast, Pd/C and
Pd/APTE-BTMO-cellulose showed particularly poor recyclability. The
possible reason is that the oxidative addition of iodobenzene to Pd sites
weakens the Pd-Pd bonds and Pd-support coordination bonds, resulting in
Pd leaching (Supplementary Note 2, Table S2) and Pd’ aggregate (Supple-
mentary Note 1, Fig. S1f). In the analysis of ICP-OES, Pd loading of 3.27,
2.09 and 1.96 wt.% ( £ 10% error) were detected in fresh Pd/APTE-glucose
and after the first and fifth cycles (Supplementary Note 2, Table S1). There
was almost no Pd loss was detected, except the first cycle. These results
suggested that the antioxidation ability may be attributed to SMSI between
Pd species with support in Pd/APTE-glucose. The best stability and
recyclability of Pd/APTE-BTMO-glucose in C(sp’)-H arylation reaction
further confirmed the conclusion (Fig. 6d and Supplementary Note 2,
Table S2 and Note5, S6). Next, the conversion and selectivity of C(sp®)-H
arylation reaction using Pd/APTE-glucose, Pd/APTE-BTMO-glucose and
Pd(OAc), as catalysts changed with time were tested. As shown as Fig. 6e,
the di-arylation product (3aa’) was generated synchronously with the mono-
arylation product (3aa) and the amount of di-arylation product increased
steadily over time in the Pd/APTE-glucose catalyzed reaction. This result
provided evidence for the synergistic effect of Pd SAs with Cs (or SAs with
SAs), which is distinguished from homogeneous catalytic system. Based on
many reported successful synergistic composite catalysts combining SAs
with Cs™7, the synergistic effect of Pd SAs and Cs may be the most likely
reason for the best catalytic performance of Pd/APTE-glucose.

Using Pd/APTE-glucose as catalyst, we next explored the scope of this
heterogeneous catalyzed aliphatic C(sp”)-H arylation of 1a with aryl iodides
(Fig. 7). We were pleased to see that various aryl iodides bearing diverse
functional groups such as -alkyl, -OMe, -CF;, -F, -CN, -COMe and
-COOMe reacted smoothly with 1a to afford desired aliphatic C(sp®)-H
arylation product in moderate to good yields (3aa-3aj). All of non-, para-
and meta- substituted aryl iodides afforded mono- and di- arylation pro-
ducts. Surprisingly, the presence of an ortho- substituent at the aromatic ring
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of aryl iodide did not affect the reaction activity except the selectivity, as only
mono- arylation product (3ad) was obtained in a satisfactory yield. More-
over, heteroaryl iodide was also tolerated in the heterogeneous catalyzed
aliphatic C(sp’)-H arylation reaction (3ak). When N-(2-(methylthio)phe-
nyl)-3- phenylpropanamide (1b) was used as substrate, the C(sp”)-H bond

of methylene was arylated, but the yields were lower than C(sp®)-H bond
arylation of methyl affected by steric hindrance (3ba-3ca). The site-selective
B- C(sp’)-H bond (methylene) arylation of N-(2-(methylthio)phenyl)
butyramide (1c) confirmed that the reaction proceeds through [5,5]-fused
palladacycle intermediate. Apart from N-(2-(methylthio)phenyl)-
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propanamides, N-(quinolin-8-yl)- propanamides also reacted smoothly
with aryl iodides to afford desired aliphatic C(sp’)-H arylation products
(3ec-3en). To demonstrate the potential industrial applications of our cat-
alyst, we performed scale-up reaction. The Pd/APTE-glucose catalyst
afforded 3aa and 3aa’ in 85% total yield in gram-scale reaction.

Universality of catalyst

Our catalyst also showed higher activities and stability in almost all kinds of
arylation reactions using aryl iodides as arylation reagent, confirming the
universality of non-enzymatic browning glucose supported Pd SAs/Cs
synergistic catalyst (Fig. 8). Based on the best catalytic activity of Pd/APTE-
BTMO-glucose in C(sp’)-H arylation reaction, the direct coupling of
iodobenzene with C(sp*)-H bond of benzo[d]thiazole, 1-methyl-1H-indole,
benzo[h]quinoline and quinoline-8-carbaldehyde were achieved using the
same reaction condition of C(sp®)-H arylation of pentafluorobenzene,
respectively (6-9). Compared with Pd/APTE-BTMO-glucose, Pd/APTE-

glucose showed inferior catalytic activity in C(sp®)-H arylation reactions
under same reaction conditions. However, Pd/APTE-glucose showed
superior catalytic activity than Pd/APTE-BTMO-glucose in transient-
directed C(sp’)-H arylation of o-methyl benzaldehyde (10). These results
further demonstrated that Pd/APTE-glucose is more applicable to C(sp®)-H
bond activation reactions and Pd/APTE-BTMO-glucose is more applicable
to C(sp’)-H bond activation reactions. Targeted to either C(sp’)-H or
C(sp®)-H bond activation, designing specific heterogeneous Pd catalyst was
achieved by tuning the structure of support in our catalyst. Not only that, our
catalyst showed excellent catalytic activity and recyclability in Suzuki, Heck
and C-N cross-coupling reaction (11-13).

Conclusion

In summary, non-enzymatic browning glucose was firstly used as support to
prepare Pd SAs/Cs cocatalyst, which exhibits promising catalytic activity and
stability for chelation-assisted site-selective C(sp’)-H arylation reaction.
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Multi-technique characterizations illustrated the coexistence of atomically
dispersed Pd;-Nj structure and Pd Cs (mainly Pd-N coordination) in Pd/
APTE-glucose and Pd/APTE-BTMO-glucose. The SMSI between Pd sites
with non-enzymatic browning glucose perfectly achieved to stabilize high
valent (d electron-deficient) active Pd sites on the support surface in the
reaction process and broke the activity-stability trade-off in chelation-assisted
C(sp*)-H arylation reaction via Pd"/Pd" catalytic cycle. Moreover, the tuning
reaction selectivity to distinguish from homogeneous Pd catalyst and
designing specific heterogenous Pd catalyst targeted at either C(sp’)-H or
C(sp®)-H bond activation was achieved by tailoring the structure of support in
our catalysts. This work not only paves the way to green C-H arylation with
non-enzymatic browning glucose supported Pd catalyst, but also provides
theoretical guidance for the design and development of more targeted het-
erogeneous catalyst for either C(sp®)-H or C(sp®)-H bond activation.

Methods

Catalyst preparation

Preparation of non-enzymatic browning glucose supported Pd
catalysts. In an oven dried flask, glucose (1.1 g), L-lysine (144 mg) were
dispersed in dry toluene (40 mL). Next, 3-aminopropyl triethoxysilane
(APTE, 4.3 mL) was added and the mixture was stirred at 82 °C for 48 h.
The crude APTE-glucose was removed and washed using Soxhlet
extractor with acetone (150 mL). After 16 h, the APTE-glucose was dried
under vacuum. APTE-glucose (1.0 g) was suspended in pH-adjusted (9)
aqueous solution using 0.1 mol/L NaOH (25 mL) and was allowed to stir
at room temperature for 10 min. PdCl, (67.6 mg) was added and the
resulting suspension was stirred for 24 h. And then the suspension was
centrifuged (3900 pm, 3 min), and the separate solid was washed with
water (3 times) and acetone (3 times). Finally, the solid dried under
vacuum for 24h and denoted as Pd/APTE-glucose. The Pd/APTE-
BTMO-glucose was prepared by a similar procedure except adding tri-
methoxyphenylsilane (BTMO, 3.5 mL).

Preparation of Pd/APTE-BTMO-cellulose. The APTE-BTMO-
cellulose supported Pd NPs was prepared by a modified impregnation
method based on Bickvall’s work”. In an oven dried flask, cellulose
(1.0 g) and tartaric acid (148 mg) were dispersed in dry toluene (40 mL).
Next, 3-aminopropyl triethoxysilane (APTE, 4.3 mL) and trimethox-
yphenylsilane (BTMO, 3.5 mL) were added and the mixture was stirred at
82°C for 48 h. The crude APTE-BTMO-cellulose was removed and
washed using Soxhlet extractor with acetone (150 mL). After 16 h, the
APTE-BTMO-cellulose was dried under vacuum. APTE-BTMO-
cellulose (1.0 g) was suspended in pH-adjusted (9) aqueous solution
using 0.1 mol/L NaOH (25 mL) and was allowed to stir at room tem-
perature for 10 min. PdCl, (67.6 mg) was added and the resulting sus-
pension was stirred for 24 h. And then the suspension was centrifuged
(3900 pm, 3 min), and the separate solid was washed with water (3 times)
and acetone (3 times). Finally, the solid dried under vacuum for 24 h and
denoted as Pd/APTE-BTMO-cellulose.

Activity test

General procedure for C(sp®-H arylation. A mixture of N-(2-
(methylthio)phenyl)propionamide 1a (0.1 mmol), 3-methyl iodo-
benzene 2a (0.3 mmol), catalyst (25 mg), K,CO;5 (3.0 equiv.), and ¢-
Amyl-OH: H,O (16:1, 1 mL) was charged in a 25 mL oven dried reaction
tube. The reaction mixture was stirred for 24 h at 115 °C. After being
cooled to room temperature, the mixture was filtered, and the filtrate was
evaporated in vacuo. The residue was purified by flash column chro-
matography (silica gel, ethyl acetate/petroleum ether/1,2-dichloroethane
= 1:8:1 as an eluent) to afford the desired product.

General procedure for C(sp?)-H arylation. A mixture of penta-
fluorobenzene 4a (0.2 mmol), iodobenzene 2b (0.2 mmol), catalyst
(25 mg), KHCO; (2.0 equiv.), isobutyric acid (0.5 equiv.) and N, N-
dimethylformamide (DMF, 1 mL) was charged in a 25 mL oven dried

reaction tube. The reaction mixture was stirred for 24 h at 110 °C. After
being cooled to room temperature, the mixture was filtered, and the
filtrate was evaporated in vacuo. The residue was purified by flash column
chromatography (silica gel, ethyl acetate/petroleum ether = 1:30 as elu-
ent) to afford the desired product.

Synthetic procedure of 2-phenylbenzo[d]thiazole 6. A mixture of
iodobenzene (0.2 mmol), benzothiazole (0.2 mmol), catalyst (25 mg),
KHCO; (2.0 equiv.), isobutyric acid (0.5 equiv.) and N,
N-dimethylformamide (DMF, 1 mL) was charged in a 25 mL oven dried
reaction tube. The reaction mixture was stirred for 24 h at 110 °C under
nitrogen atmosphere. After being cooled to room temperature, the
mixture was filtered, and the filtrate was evaporated in vacuo. The residue
was purified by flash column chromatography (silica gel, ethyl acetate/
petroleum ether = 1: 3 as eluent) to afford the desired product.

Synthetic procedure of 1-methyl-2-phenyl-1H-indole 7. A mixture of
iodobenzene (0.24 mmol), 1-methylindole (0.2 mmol), catalyst (25 mg),
KHCO; (2.0 equiv.), isobutyric acid (0.5 equiv.), and N,
N-dimethylformamide (DMF, 1 mL) was charged in a 25 mL oven dried
reaction tube. The reaction mixture was stirred for 24 h at 110 °C. After
being cooled to room temperature, the mixture was filtered, and the
filtrate was evaporated in vacuo. The residue was purified by flash column
chromatography (silica gel, ethyl acetate/petroleum ether = 1: 3 as eluent)
to afford the desired product.

Synthetic procedure of 10-phenylbenzo[h]quinoline 8. A mixture of
iodobenzene (0.2 mmol), benzo[h]quinoline (0.2 mmol), catalyst
(25 mg), KHCO; (2.0 equiv.), isobutyric acid (0.5 equiv.), and N,
N-dimethylformamide (DMF, 1 mL) was charged in a 25 mL oven dried
reaction tube. The reaction mixture was stirred for 24 h at 110 °C. After
being cooled to room temperature, the mixture was filtered, and the
filtrate was evaporated in vacuo. The residue was purified by flash column
chromatography (silica gel, ethyl acetate/petroleum ether = 1: 3 as eluent)
to afford the desired product.

Synthetic procedure of phenyl(quinolin-8-yl)methanone 9. A mixture
of iodobenzene (0.3 mmol), quinoline-8-carboxaldehyde (0.2 mmol),
catalyst (25 mg), KHCO; (2.0 equiv.), isobutyric acid (0.5 equiv.), and N,
N-dimethylformamide (DMF, 1 mL) was charged in a 25 mL oven dried
reaction tube. The reaction mixture was stirred for 24 h at 110 °C. After
being cooled to room temperature, the mixture was filtered, and the
filtrate was evaporated in vacuo. The residue was purified by flash column
chromatography (silica gel, ethyl acetate/petroleum ether = 1: 3 as eluent)
to afford the desired product.

Synthetic procedure of 2-(4-methoxybenzyl)benzaldehyde 10. A
mixture of 4-iodoanisole (0.1 mmol), 2-methylbenzaldehyde
(0.12 mmol), catalyst (25 mg), acethydrazide (40 mol%), silver acetate
(2.0 equiv.), and acetic acid (AcOH, 1 mL) was charged in a 25 mL oven
dried reaction tube. The reaction mixture was stirred for 24 h at 110 °C.
After being cooled to room temperature, the mixture was filtered, and the
filtrate was evaporated in vacuo. The residue was purified by flash column
chromatography (silica gel, ethyl acetate/petroleum ether = 1: 30 as elu-
ent) to afford the desired product.

Synthetic procedure of 4-(tert-butyl)-1,1’-biphenyl 11. A mixture of
iodobenzene (0.2 mmol), 4-tert-butylphenylboronic acid (0.24 mmol),
catalyst (25 mg), K,COj3 (2.0 equiv.), and solvent (toluene: water = 3:1,
1 mL) was charged in a 25 mL oven dried reaction tube. The reaction
mixture was stirred for 6 h at 110 °C. After being cooled to room tem-
perature, the mixture was filtered, and the filtrate was evaporated in
vacuo. The residue was purified by flash column chromatography (silica
gel, ethyl acetate/petroleum ether = 1: 30 as eluent) to afford the desired
product.
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Synthetic procedure of methyl cinnamate 12. A mixture of iodo-
benzene (0.2 mmol), methyl acrylate (0.24 mmol), catalyst (25 mg),
triethylamine (1.2 equiv.), and N-methylpyrrolidone (NMP, 1 mL) was
charged in a 25 mL oven dried reaction tube. The reaction mixture was
stirred for 8 h at 100 °C. After being cooled to room temperature, the
mixture was filtered, and the filtrate was evaporated in vacuo. The residue
was purified by flash column chromatography (silica gel, ethyl acetate/
petroleum ether = 1: 30 as eluent) to afford the desired product.

Synthetic procedure of 4-bromo-N,N-diphenylaniline 13. A mixture
of 1-bromo-4-iodobenzene (0.36 mmol), diphenylamine (0.43 mmol),
catalyst (25 mg), Xantphos (1 mol%), NaO'Bu (1.5 eq.), and dioxane
(I mL) was charged in a 25 mL oven dried reaction tube. The reaction
mixture was stirred for 12 h at 100 °C under nitrogen atmosphere. After
being cooled to room temperature, the mixture was filtered, and the
filtrate was evaporated in vacuo. The residue was purified by flash column
chromatography (silica gel, ethyl acetate/petroleum ether = 1: 50 as
eluent) to afford the desired product.

Hot filtration test

Hot filtration test of C(sp®-H arylation. N-(2-(methylthio)phenyl)pro-
pionamide 1a (0.1 mmol), 3-methyl iodobenzene 2a (0.3 mmol), catalyst
(25 mg), K,CO; (3.0 equiv.), and t-Amyl-OH: H,O (16:1, 1 mL) were added
into two reaction tube, respectively. One reaction was ceased after 4 h and the
1a was isolated for calculating TON. Another reaction was applied by filtering
the reaction mixture through a pre-heated Celite pad after the reaction for 4 h.
Then the filtered reaction solution continued to react for 4 h under normal
conditions and the 1a was isolated for calculating TON.

Hot filtration test of C(sp?)-H arylation. Pentafluorobenzene 4a
(0.2 mmol), iodobenzene 2b (0.2 mmol), catalyst (25 mg), KHCO; (2.0
equiv.), isobutyric acid (0.5 equiv.) and N, N-dimethylformamide (DMF,
1 mL) were added into two reaction tube, respectively. One reaction was
ceased after 4 h and the 4a was isolated for calculating TON. Another
reaction was applied by filtering the reaction mixture through a pre-
heated Celite pad after the reaction for 4 h. Then the filtered reaction
solution continued to react for 4 h under normal conditions and the 4a
was isolated for calculating TON.

Catalyst recycle experiment

After each reaction cycle, the reactants, solvent, and products were removed
by centrifugation; the separated catalyst was washed thoroughly with
deionized water (twice) and then washed with acetone (once) followed by
centrifugal separation and drying at 60 °C overnight. The recovered catalyst
was used for the next cycle.

Data availability

The data that support the findings of this study are available within the paper
and its Supplementary Information files. Raw data are available from the
corresponding author on reasonable request. Materials and methods,
experimental procedures, characterization data, 'H, >*C NMR spectra, and
mass spectrometry data are available in the Supplementary Information.
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