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Section 1. General experimental details

'H and 3'P NMR spectra were recorded at 400 and 162 MHz respectively, using CDCl; or DMSO as a solvent. The
chemical shifts are reported in 6 (ppm) values relative to CHCl; (3 7.26 ppm for 'H NMR), multiplicities are
indicated by s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), h (hextet), m (multiplet) and br (broad).
Coupling constants, J, are reported in Hertz. All air and/or moisture sensitive reactions were carried out under

argon atmosphere.

Solvents (tetrahydrofuran, ether, dichloromethane) were chemically dried using a commercial solvent purification
system, DMA was purchased from Millipore-Sigma. Cellulose microcrystalline (MCC) was from Alfa Aesar and
dried at 100°C under vacumm for 24 h. Anhydrous LiCl was purchased from Alfa Aesar and then dried at 130°C
for 2 h under vacuum. Single Element ICP and ICP/MS Certified Palladium Reference Standards was purchased
from BDH® ARISTAR®. All other reagents and solvents were employed without further purification. The
products were purified using a CombiFlash system. TLC was developed on Merck silica gel 60 F254 aluminum
sheets. All NMR solvents were purchased from Cambridge Isotope Laboratories, Inc. Other chemicals including

metal catalysts were purchased from Aldrich, Alfa Aesar or Strem.

SAVANT SPEED VAC SVC 200H was used for Centrifugation. The centrifugal force, applied by the rotor
spinning at up to 1760 RPM, concentrates all the precipitate at the bottom of the vial. Thermo X-Series Collision-
Cell ICP-MS with New Wave 213nm Laser Ablation System and Microsampler was applied for the assay of Pd
residue in product. Thermogravimetric analysis (TGA) was measured in N, atmosphere with SDT Q600 V20.9
Build 20. Most of the products formed in these reactions have been reported in the literature (references are found

in the manuscript), hence we only used 'H NMR to confirm the identity of those known compound’s.



Section 2. Synthesis of MCC-OOCPhPPh,-Pd

i) drying (vac.) OTs
100 °C, 24 h o 0]
i) DMA, 0.15M, | HO— -
. LiCl (5 g) .
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Pd PA(OA), . (Ph),
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PhCN 0.1 M,
HO
60°C 18h OH n
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Scheme S1. Synthetic protocol of Cellulose-Pd NPs

Experiment procedure: The dried MCC (2.5 g, 15.5 mmol) was suspended in 100 mL of dry DMA and stirred
at 130°C for 2 hours. After the slurry had been allowed to cool to 100°C, 5 g of anhydrous LiCl were added. By
cooling to room temperature and stirring the cellulose dissolves completely. To the above solution, a mixture of
6.5 mL (46.5 mmol) triethylamine and SmL DMA was added under stirring. After cooling to about 8 °C and
stirring, a solution of 5.32 g (27.9 mmol) p-toluenesulfonyl chloride in § mL DMA was added dropwise within 30
min. The homogeneous reaction mixture was stirred for 24 hours at room temperature, and then slowly poured
into 700 mL of ice water. The precipitate was filtered off, washed carefully with about 2 L of distilled water and
250 mL of ethanol, suspended in 125 mL of acetone and reprecipitated into 400 mL of distilled water. After
filtration and washing with ethanol, the sample was dried at 50 °C under vacuum for 3 hours to afford MCC-OTs

2 (3.2 g, 65.1%) and it was assayed with IR. found:1353 (Vas SO,), 1373 (Vs SO,).

A 20-mL vial containing 8 mL DMF was charged with MCC-OTs 2 (0.634 g, 2 mmol), sodium bicarbonate (0.202
g, 2.4 mmol) and 2-(Diphenylphosphino)benzoic acid 3 (0.695 g, 2.2 mmol). The mixture was stirred at 70 °C
overnight. Precipitation occurred when it was poured into 30 mL ice water. Filtered and washed the remnant with

50 mL deionized water, 20 mL ethanol. The remnant was then dried at room temperature under vacuum for 2 hours

to afford compound MCC-OOCPhPPh, 4 (0.68 g, 75.6%).
S-3


http://136.165.61.183/open_enventory/edit.php?style=lj&order_by=lab_journal_entry&db_name=storage&user=zlu&dbs=-1&page=0&per_page=-1&sess_proof=591efe3a765b2&query=&table=molecule&db_id=-1&pk=1639

A 20-mL vial containing 10 mL benzonitrile was charged with MCC-OOCPhPPh, 4 (0.45 g, 1 mmol) and
palladium acetate (0.449 g, 2 mmol) under nitrogen atmosphere. The reaction mixture was stirred at 60 °C for 20
hours. After cooling to room temperature, the mixture was stirred for another 10 hours. The precipitate was filtered
off and washed carefully with toluene, and diethyl ether. The collected solid product was vacuum dried at room

temperature to give MCC-OOCPhPPh,-Pd 5 (0.373 g, 67.1%).

Section 3. Catalyst recycling with control experiment

a) Suzuki-Miyaura coupling with grafted catalyst 5 and ungrafted Pd

OH
Br B. 5 (3 mol%),
Y©/ R OH  K,COs (2 equiv.), O
Me — » Me
o]

EtOH (4 mL),
O 0.5 mmol 0.55 mmol

Ho0 (2 mL),
6 7h 80°C. 3 h 8h
100
80
9
=60
=
2
> 40
20
0
1st 2nd 3rd 4th 5th
(recycle)
5% Pd(QAc), + 10% Cellulose u 5% Catalyst 5

b) Heck reaction with ungrafted Pd

HoN \S,,O Pd(OAC); (3 mol %),

b = MCC (6 mol %) .
) + > no reaction
Br Et3N (1.1 equiv.),

KoCOj3 (1.5 equiv.), DMF (1 mL),
0.2 mmol 0.22 mmol 120°C, 15 h
12d 13b

Scheme S2. Catalyst recycling with control experiment.

The recycling test was studied using the Suzuki—Miyaura reaction and yield was calculated with GC-MS. After
completion of the reaction, the mixture was centrifuged, and the liquid phase was decanted. 1 mL water was added

to the remnant and the result mixture was centrifuged and decanted to remove the salt. This process was repeated
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twice to fully remove the salt. Ethanol (2 mL) was added and removed after centrifugation to get rid of the organic
remnants on the catalyst. The recovered catalyst was directly applied to the next reaction round with fresh portions
of reactants. As shown in Scheme S2a, no obvious catalytic activity loss was observed even with five successive
reactions (Green bar). A control experiment was also conducted with Pd(OAc), and Cellulose employing the same
recycling procedure, the reaction yield decreased sharply to 17% with the loss of Pd(OAc), (blue bar). The

extension of reaction time didn’t improve the reaction yield.

Control experiment with Heck reaction (Scheme S2b): An 8-mL vial fitted with a stirring bar was charged with 4-
Bromobenzenesulfonamide (0.2 mmol), styrene (0.22 mmol), triethylamine (0.22 mmol), K,CO; (0.3mmol). 3%
Pd(OAc), (1.5 mg), 6% MCC (2 mg). 1 mL dry DMF was added and the mixture was flushed with argon for 1min.
The reaction was stirred at 120 °C for 15 h and then monitored with GC-MS.

Section 4. STEM and XPS data from fresh catalyst and recycled catalyst

Transmission electron microscopy (TEM) was performed using a field emission gun FEI Tecnai F20 electron
microscope at an accelerating voltage of 200 kV. Scanning TEM (STEM) Z-contrast images were collected in the
nanoprobe mode, with a 1 nm electron probe and a Fischione High-Angle Annular Dark Filed Detector
(HAADFD). X-ray photoelectron spectroscopy (XPS) was used to study the valance states of palladium and to
measure their relative concentrations. This was done using a VG Scientific MultiLab 3000 ultra-high vacuum
surface analysis system, equipped with a CLAM4 hemispherical electron energy analyzer and a dual-anode
(Mg/Al) X-ray source. XPS spectra were acquired at the base pressure of ~10-9 Torr using a non-monochromatic
Al Ka (hv = 1486.6 ¢V) X-ray radiation at a take-off angle of 54.70. For the analysis, the binding energy of the
spectrum was first calibrated using an intrinsic Cls peak at 284.5 eV, which then was followed by the spectrum
deconvolution. Shirley model function was used for the background fitting and XPS peaks were fitted using
combinations of Gaussian functions.

STEM images from the fresh catalyst (ZLU-327) and the recycled catalyst (after 5 round of reaction) (ZLU-286)
are shown in Figure S1. In both samples, high concertation of Pd nanoparticles (appearing as bright spots) was
observed on the surface of carbon support particles (Figure S1 a,d). However, there is a clear difference in the Pd
nanoparticle size distribution between these two samples. For the fresh catalyst, a bi-modal size distribution is
evident with many nanoparticles having ~1 nm diameter and with remaining nanoparticles in the size range of
about 3-4 nm (Figure S1b). On the other hand, the recycled catalyst has almost all particles in the 3-4 nm (Figure
Sle). XPS analysis of these two catalysts shows the change of the Pd valance state. As indicated by the analysis
of the Pd3d line, both catalyst show Pd(I1) and Pd(0) states . The relative concertation between these valance states
changes a little bit from 0.44 for the fresh catalyst (Figure S1c) to 0.39 in the recycled catalyst, which helps explain
why the catalyst still reserve the catalytic efficiency (Figure S1f)
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Figure S1. STEM and XPS data from fresh catalyst (ZLU-327) and five-times recycled catalyst (ZLU-
286): (a), (d) Low-magnification STEM images; (b), (¢) Higher-magnification STEM images of regions
marked in panels a and d; (c), (f) Deconvoluted high-resolution Pd3d XPS spectra.

Section 5. TGA data of the catalyst.

Thermogravimetric analysis (TGA) was measured in N, atmosphere with SDT Q600 V20.9 Build 20 to evaluate
the stability of the catalyst at high temperature. As shown in Figure S2, the catalyst system showed high thermal
stability in nitrogen with decomposition at around 225 °C. This result demonstrated that this catalyst was

considerably stable for most of the existed cross coupling reactions.
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Figure S2. TGA Spectra for catalyst 5.

Section 6. General procedure for coupling reactions

6.1 Suzuki-Miyaura reaction

3% catalyst, 0.1M Ar
A'—X *  Ar—B(OH) Ar N
_ K,CO3, EtOH/H,0 = 2:1,
(X=Br,1) 80 oC, 3h
6 7 8

An 8-mL vial fitted with a stirring bar was charged with aryl halide (0.2 mmol), K,COj; (0.4 mmol), boronic acid
(0.22mmol), 3% catalyst MCC-OOCPhPPh,-Pd § (4 mg). 3 mL mixed solvent (Ethanol: DI water = 2:1) was
added and the mixture was flushed with argon for 1min. The reaction was heated to 80 °C and stirred at 500 r/min
for 2 hours. Monitored with GC-MS. The mixture was poured into 30 mL EtOAc which was washed with 10mL
water, brine and the organic layer was dried over Na,SO,. filtered and the filtrate was concentrated. The result

crude was purified with flash chromatography.

P
Ffo 0

'H NMR (400 MHz, CDCl3) 8 7.17 (s, 2H), 7.06 (d, J = 6.9 Hz, 1H), 6.96 (s, 2H), 6.86 (d, J = 7.2 Hz, 1H), 6.00 (s, 2H).

3C NMR (100 MHz, CDCIl;) & 148.22, 147.36, 144.17, 142.85, 137.54, 134.29, 134.21, 131.67, 122.11, 120.63, 109.44,
108.63, 108.26, 107.58, 101.28.
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9F NMR (376 MHz, CDCl;) 6 -50.04.

HRMS: (LDI) [M] cal. for C;4HgF,04: 278.0391; found: 278.0380

O 0 O
- *QD *‘%
)‘\‘\‘:? \ S/ O O

The NMR data obtained were in agreement with those reported in the literature. !

I CN

The NMR data obtained were in agreement with those reported in the literature.?

/o

The NMR data obtained were in agreement with those reported in the literature.?

I CHO

The NMR data obtained were in agreement with those reported in the literature.*

o
CF30>

The NMR data obtained were in agreement with those reported in the literature. 3
(0
P
U
8 1
MeO O OMe

)

-
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The NMR data obtained were in agreement with those reported in the literature.¢

6.2 Heck reaction

R 3% catalyst, 0.2M
— + X-Ar > R/\/Ar
(R=Ar,COtBU)  (X=Br, ) EtsN, K,CO3, DMF,
120°C, 15h
12 13 14

An 8-mL vial fitted with a stirring bar was charged with aryl halide (0.2 mmol), alkene (0.22 mmol), triethylamine
(0.22 mmol), K,CO; (0.3mmol), 3% catalyst MCC-OOCPhPPh,-Pd 5 (4 mg). 1 mL dry DMF was added and the
mixture was flushed with argon for 1min. The reaction was stirred at 120 °C for 15 h and then monitored with GC-
MS. The mixture was poured into 30 mL EtOAc which was washed with 10 mL 5% LiCl aqueous solution, brine
and the organic layer was dried over Na,SO,. Filtered and the filtrate was concentrated. The result crude was

purified with flash chromatography.

Ph

'H NMR (400 MHz, CDCl3) § 7.58 (d, J = 7.9 Hz, 2H), 7.51 (dd, J = 13.9, 8.0 Hz, 4H), 7.38 (t, J = 7.5 Hz, 2H), 7.29 (t, J =
7.3 Hz, 1H), 7.15 (q, J = 16.4 Hz, 2H), 6.65 (t, J = 56.5 Hz, 1H).

3C NMR (100 MHz, CDCls) 8 139.77, 136.82, 133.48, 133.26, 133.03, 130.42, 128.74, 128.06, 127.53, 126.67, 126.63,
125.99, 125.93, 125.87, 117.03, 114.65, 112.28.

F NMR (376 MHz, CDCl;) 6 -110.30, -110.45.

GCMS: (EI) [M] cal. for CysH;,F,: 230.1; found: 230.2.

'H NMR (400 MHz, d-DMSO) § 7.77 (q, J = 8.4 Hz, 4H), 7.62 (d, J = 7.4 Hz, 2H), 7.39 (dd, J = 15.4, 6.0 Hz, 3H), 7.35 —
7.25 (m, 4H).

3C NMR (100 MHz, ds-DMSO) & 143.11, 140.84, 136.96, 131.52, 129.22, 128.67, 127.39, 127.24, 127.12, 126.53.

HRMS: (LDI) [M] cal. for C;4H,3NO,S: 259.0667; found: 259.0657.
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'H NMR (400 MHz, CDCl3) § 7.49 (d, J= 7.6 Hz, 2H), 7.37 (t, J = 7.5 Hz, 2H), 7.29 (d, J= 7.4 Hz, 1H), 7.16 (d, J= 9.8 Hz,
2H), 7.02 (d, J = 6.7 Hz, 3H).

3C NMR (100 MHz, CDCl;) 6 144.32, 143.08, 136.74, 136.49, 134.17, 133.97, 131.63, 129.08, 128.74, 127.92, 127.26,
126.50, 122.60, 122.51, 109.68, 109.44, 108.48, 106.56.

YF NMR (376 MHz, CDCl;) & -49.96, -50.20.

GCMS: (EI) [M] cal. for C;5H;¢F,0,: 260.1; found: 260.2.

0]
O \
F

The NMR data obtained were in agreement with those reported.”

s

The NMR data obtained were in agreement with those reported.?

Ph—\\_<;>7SF5

The NMR data obtained were in agreement with those reported.’

@) O

6.3 Sonagashira reaction

3% catalyst, 0.2M

R— + ArX R—=—Ar
(R = Ar, alkyl) (X=1,Br)  Et;N, DMF, 80°C, 15h
9 10 11

An 8-mL vial fitted with a stirring bar was charged with aryl halide (0.2mmol), triethylamine (0.4 mmol), alkyne
(0.22mmol), Cul (2.0 mg, 5 mol %) and 3% catalyst MCC-OOCPhPPh2-Pd 5 (4 mg). 1 mL dry DMF was added
and the mixture was flushed with argon for 1min. The reaction was then heated to 80 °C and stirred at 500 r/min
for 15 hours. Monitored with GC-MS. The mixture was poured into 30 mL EtOAc which was washed with 10 mL
5% LiCl aqueous solution, brine and the organic layer was dried over Na,SO,. filtered and the filtrate was

concentrated. The result crude was purified with flash chromatography.
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Ph%@—NHTs

'H NMR (400 MHz, CDCL3) § 7.70 (d, J = 8.2 Hz, 2H), 7.53 — 7.47 (m, 2H), 7.33 (d, J = 2.6 Hz, 3H), 7.28 — 7.16 (m, 5H),
7.08 (d, J = 11.6 Hz, 2H), 2.37 (s, 3H).

3C NMR (100 MHz, CDCls) & 144.09, 136.72, 135.83, 131.62, 129.76, 129.33, 128.49, 128.43, 128.36, 127.24, 124.42,
123.97,122.83, 121.03, 90.09, 88.44, 21.54.

HRMS: (LDI) [M] cal. for C,;H;7NO,S: 347.0980; found: 347.0972.
ro{ =)
COOMe

'H NMR (400 MHz, CDCly) 8 8.22 (s, 1H), 8.02 (d, J = 7.8 Hz, 1H), 7.70 (d, J = 7.7 Hz, 1H), 7.61 (t, J = 5.5 Hz, 4H), 7.44
(t,J=7.8 Hz, 1H), 3.93 (s, 3H).

3C NMR (100 MHz, CDCl3) 8 166.24, 135.72, 132.87, 131.85, 130.55, 129.71, 128.58, 126.66, 125.32, 125.28, 123.01,
90.56, 88.74, 52.30.

YF NMR (376 MHz CDCl;) 3 -62.88.

HRMS: (ESI+) [M+Na] cal. for C;;H;;F30,Na: 327.0603; found: 327.0612.

S
Ph%@ Ph%QfNOZ PhA<: >—CN 4< >~: Ph

The NMR data obtained were in agreement with those reported in the literature. '

COOMe
0
Ph—=— Ph%©—< Ph—<: >—CHo

The NMR data obtained were in agreement with those reported in the literature. !!



The NMR data obtained were in agreement with those reported in the literature.'?

Ph%©700F3

The NMR data obtained were in agreement with those reported in the literature.'*

The NMR data obtained were in agreement with those reported in the literature.'

6.4 C—H activation

A solution of amide (0.5 mmol), aldehyde (1.5 mmol), catalyst (10 mol%) and TBHP (40% in H20, 2.5 mmol) in
1,4-dioxane (2.5 mL) was heated at reflux under air for 1 hour. After the reaction was completed, the reaction
mixture was allowed to cool down to room temperature and EtOAc (20 mL) was added. The resulting mixture was
washed with saturated aqueous Na,S,0; (20 mL). The organic layer was dried over anhydrous Na,SO,, filtered
and the solvent was removed under reduced pressure to provide the crude product. The purification was performed
by flash column chromatography on silica gel to give hydroxyl isoindolone. The NMR data obtained were in

agreement with those reported.'¢

(0] 0 O
10% catalyst,
©)LN’O\ @H 5 equiv TBHP @gi,\,_o
H + \
Dioxane, 100 °C, 1h R OH
15 16 17a: R=Ph, 92%
17b: R=4-BrPh, 84%
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Section 7. Spectral Analyses of a Catalyst and Coupling Products
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