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1 Experimental section
Synthesis of ligand H,L

Ethyl 4-hydroxybenzoate (5.7 g, 35 mmol), Pentaerythrityl Tetrabromide (2.5 g,
6.5mmol) and K,CO; (25 g, 0.18 mol) were poured into a round-bottom flask with 100
mL DMEF, and refluxed at 120 °C for three days. The crudes were purified by silica
column with the eluent ethyl acetate/petroleum ether (1:5). After the purification, the
products were dissolved in 20 ml THF, then 10 ml MeOH and 8ml NaOH (4 M) were
added. The yellowish solids were obtained by refluxing overnight under magnetic
stirring at 50 °C.! Dilute hydrochloric acid was added dropwise until the solids
dissolved, washed with deionized water for 3 times, then dried in vacuum to obtain the
pure organic ligand namely H L (4,4'-((2,2-bis((4-carboxyphenoxy) methyl) propane-
1,3-diyl) bis(oxy)) dibenzoic acid). The pure product of ligand H4LL was obtained as off-
white solid in a yield of 76% based on Pentaerythrityl Tetrabromide.

Synthesis of ligand TPOM

4-hydroxypyridine (3.4 g, 36 mmol), Pentaerythrityl Tetrabromide (2.5 g, 6.5 mmol),
K,CO; (25 g, 0.18 mol) were poured into a round-bottom flask with 100 mL. DMF, and
refluxed under magnetic agitation condition for 3 days at 120 °C. After cooling down to
room temperature, the mixture was poured into ice water (3000 ml), producing white
precipitates.> The crudes were dried in vacuum after extraction and filtration, and
purified using silica column with MeOH/CH,Cl, (1:5) as the eluent. The pure organic
ligand TPOM (tetrakis (4-pyridyloxy-methylene) methane) dipyridine was obtained as
off-white solid in a yield of 82% based on Pentaerythrityl Tetrabromide.

Synthesis of the compound H-1 (CgHs6Cuy0,5,12(0),4|DMF]) and H-2
(CysH24CuyCIINLOy).

For H-1, A mixture of Cu(NO3),-3H,0 (150 mg, 0.62 mmol), H4,L. (50 mg, 0.08 mmol),
H,O/DMF = 3/7 (H,O = 3.0 ml, DMF = 7.0 ml) was vigorously stirred for 30 min at
room temperature. After stirring, the final pH value was adjusted to 6 with 1M HCI aq,
then sealed in a glass autoclave reactor (15 mL), kept under 110 °C for 36 h. After
cooling to room temperature at the rate of 10 °C/h, blue transparent block-shaped crystal
samples of H-1 were obtained, washed with ethanol for three times, and dried at room
temperature. Transparent crystal samples of H-1 were collected in 72% yields based on
Cu. Anal. Calced for C4Hs6CuyOss,12(0),4[DMF]: C 45.41, H 3.21%; found: C 43.52,
H 3.95%.

For H-2, A mixture of Cu(NO;),-3H,0 (100 mg, 0.135 mmol), TPOM (60 mg, 0.135
mmol), H,O/DMF = 4/6 (H,0=3.0 ml, DMF=7.0 ml) was vigorously stirred for 30 min
at room temperature. The final pH value was adjusted to 6 with 1M HCI, then sealed in
a glass autoclave reactor (15 mL), kept under 105 °C for 24 h. After cooling to room
temperature at the rate of 10 °C/h, blue transparent block-shaped crystal samples of H-
2 were received, washed with DMF for three times, and dried at room temperature.
Transparent crystals of H-2 were collected in 75% yields based on Cu. Caled for
CysH,4CuyCIyN4Oy: C 35.62, H 2.85, N 6.65%; found: C 36.23, H 2. 31, N 6.88%.
Synthesis of H-1e

The whole electrosynthesis process was carried out in a typical single cell (50 mL) with

a two-electrode system comprising Cu foam sheets (1 x 1 cm?) both as anode bathing
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and cathode in a solution containing DMF/H,0 (7:3 v/v; 40 mL), EmimBF, (1.0 mL)
and 2M HCI (1 ml) as supporting electrolyte. A small amount of organic ligand H,L
(nearly 80 mg, 0.12 mmol) was then dissolved in the above electrolyte solution under
the condition of stirring, forming a homogeneous solution for 10 min under 6.0 V at 50
°C. Subsequently, blue precipitate was rapidly formed, collected by filtration, then
washed with H,O and DMF three times, dried in a vacuum. The material
electrochemically synthesised is named H-1e throughout this paper. The pure product
H-1e (blue crystal samples) was yield of 96% based on ligand H4L. Since hydrochloric
acid (HCI) was added in solvothermal synthesis to regulate acidity, to keep the same
crystal structure, a small amount of hydrochloric acid was also used in electrochemical
synthesis to regulate acidity. Meanwhile, HCI added in electrochemical synthesis could
also form ions in the electrolyte and increase the conductivity of the solution a little.



2.Crystal data compounds of H-1 and H-2

Table S1.
Crystal data and structure refinements?
Compounds H-1 H-2
formula CesHs6CuyOng, 12(0), CysH,4C1,CuyN,Oy
4[DMF]
formula weight 2035.72 840.486
/K 293(2) 293(2)
wavelength (A) 0.71073 0.71073
crystal system 'orthorhombic' 'tetragonal’
space group Pnna 14
a(A) 27.857(3) 12.1241(9)
b (A) 17.9648(17) 12.1241(9)
c(A) 10.3908(10) 10.3617(14)
al® 90 90
pl° 90 90
y/° 90 90
V(A3) 5200.1(9) 1523.1(3)
Z 2 2
Dcalc (mg m?) 1.300 1.833
w /mm-! 0.891 5.509
F(000) 2100.223 840.271
6 range (deg) 6.316 to 24.733 11.40 to 24.97
Rint 0.0533 0.0806
data/restraints/params 4372/0/251 1184/0/93
GOF on F? 1.0629 1.0473
R2, wR, (I>20(1)) 0.0604 0.0554
R?, WR, (all data) 0.0686 0.0612

Ry =Z||Fol-|FellE/NFo]; "WR=Z[W(F? -F2)Y Z[w (Fo)°]"

3. Optimization conditions of the electrochemical synthesis H-1e

Table S2.

Summary of synthesis parameters employed for synthesis of electrochemical H-1e samples

Sample Voltage [V] Reaction Reaction time Yield [%]
temperature?
1 ov 50 °C lh 0
2 2V 30°C 30 min 15
3 4V 30°C 30 min 37
4 6V 30°C 30 min 78
5 2V 50 °C 30 min 33
6 4V 50 °C 30 min 80
7 6V 50 °C 20 min 96

aReaction temperature, bath temperature of electrolyzer.
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Table S3.
Optimization conditions of the aerobic oxidation reaction by H-1e

Entry Solvent T [°C] Base Yield [%]
1 CH;CN 75 K,CO, >99
2 CH;CN 75 KOH 91
3 CH;CN 75 Na,CO; 96
4 CH;CN 75 K;POy 90
5 THF 75 K,CO, 88
6 Dioxane 75 K,CO;, 81
7 DMF 75 K,CO; 53
8 CH;CN 25 K,CO; 23
9 THF 25 K,CO; 18
10 Dioxane 25 K,CO;, 20
11 DMF 25 K,CO; 15

Reaction conditions: benzyl alcohol (1 mmol); H-1e (10 mol%); TEMPO (0.5 equiv); K,CO4
(1 equiv); 10 mL solvent; 1 atm air; 75 °C; 8 h.

Table S4.
Comparison of benzyl alcohol oxidation on different MOF-based catalysts.
Entry Catalyst Condition Conv. [%] | Sel. [%] Refs.
1 Cu-BTC 10 h, 95 °C, open air 239 99 4
2 Cu;(BTC), TEMPO, Na,CO;, 89 5
22 h, 75 °C, oxygen
atmosphere
3 Cu-FMOF TEMPO, Na,CO;, 94 6
16 h, 75 °C, air
4 Cu(IMepyO), TEMPO, KOBu, 10 81 7
Cu(IDippyO), h, open air 99
5 [(7°-CsMe,Bu) TEMPO, 6 h, open 83 8
Ru(CO)(u-CO)], air
6 Ui0-66 7 h, 130 °C, oxygen 70 9
atmosphere
7 [CuLCl,] TEMPO, K,COs, 40 92 100 10
°C, 1 atm air, 24 h
8 H-1 TEMPO, K,COs, 75 96 99 This
H-1e °C, air, 8h 99 99 work
Table SS.
Solvent accessible areas calculation by PLATON.
Area Vol. Perc. (%) | Vol (A3) X (av) Y (av) Z (av)
1 24.5 1281 0.250 0.294 0.074
2 24.5 1281 -0.250 0.700 -0.163




Fig. S1 SEM images of H-1e grown on Cu foil. (a) only Cu foil; (b, ¢) surface of Cu foil after
electrolysis for 20 min; (d) sediment collected on the surface of Cu foil after electrolysis.
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Fig. S2 UV-visible spectra of methylene blue solution in methanol before and after adsorption.



Fig. S3 FESEM-EDX of H-1e.
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Fig. S4 Fourier-Transform Infrared Spectra (FT-IR) of organic ligand H,L and H-1.
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Fig. S5 (a) Thermogravimetric analysis (TGA) of H-1, H-1e and H-2; (b) Fourier-Transform
Infrared Spectra (FT-IR) of H-1e; the standard data and the data after 4 recycles of H-1e in the
oxidation of alcohols.
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Fig. S6 Raman spectra (200-350 cm') obtained from bare quartz container pristine (green
curve) and activated (red curve) H-1e.
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Fig. S7 Raman spectra (100-3250 cm') obtained from bare quartz container pristine and
activated H-1e.



Fig. S8 Size selective effect of H-1e.
The channel size was estimated from the single-crystal structure by measuring the closest
distance, and the effective pore size might be different from the estimation.
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Fig. S9 N, sorption isotherms for H-1e at 77 K (inset: pore size distribution calculated by
NLDFT method).

To investigate the permanent porosity of H-1e, N, adsorption experiments were performed. The
crystalline materials were fully activated before the gas adsorption measurement. The crystals
of H-1e were immersed in acetone three times for 12 h each, washed with methylene dichloride
and then dried at room temperature to remove the guest solvents (DMF and H,O). The samples
were pretreated by degassing for 10 h at 100 °C under dynamic vacuum prior to the
measurements. N, sorption isotherm is of classical type I behavior, characteristic of
microporous materials, confirming the permanent porosity of the activated H-1e. There is a
small hysteresis between adsorption and desorption isotherms, probably due to the retaining of
N, in the flexible small channels or pore opening comparable to the size of N, molecule.
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Calculated from the nitrogen adsorption data, the Langmuir surface area of H-1e is 607 m? g-!.
The pore size distributions calculated by the nonlocal density functional theory (NLDFT)
method afforded a dominant peak at 0.83 nm. The result is a little smaller than the solvent-
accessible surface area estimated based on the crystal structure. The discrepancy indicates the
incomplete removal of guest molecules or structural deformation during the thermal activation
of H-1e, which is often observed in MOFs.!!
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Fig. S10 Process of methanol oxygen in the anion of phenylcarbinol coordinated and oxidized
with the copper center in the activated catalyst H-1. O(ne-)-Cu(dp) interaction energy for Cu
coordinated transition state of activated catalyst H-1 with phenylcarbinol. Free energy
calculation of transition state AG(A-B) = -124.5 Kcal/mol. G (kcal/mol) using MO06/6-
31G(d)/auto geometry optimizations followed by M06/6-311+G(2d,p)/SDD single point
including SMD/acetonitrile. Orange = Cu, Red = O, grey = C, purple = K, and light grey = H.

Fig. S11 Alpha MO (left) and beta MO (right) of transition state with oxygen coordinated to
copper center in activated catalyst H-1.
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Fig. S12 Energy barriers of different alcohols on the catalyst H-1e.

The first step of oxidation occurs, when one hydrogen was dissociated from the hydroxyl group
on the alcohol under the existence of the active OCSs in H-1e. This process needs to overcome
the energy barrier. As Fig. S12 shown, it is found that the substrate with smaller molecular size
shows lower energy barrier, and is prone to react dynamically. However, the larger substrate

11



shows higher energy barrier, and is not easy to react. It is consistent with our catalytic
experimental results well.!?-13 It is also accept that pore size (and hence mass transport) and
steric hindrance show an influence on the catalytic activity of different substrate.'*

Spum

Fig. S13 (a) SEM image, (b) EDX mappings and (c) the TEM image of H-1e samples after 4
recycles.

The SEM image and the EDS mapping of H-1e the catalyst after stability test were taken to
further characterize H-1e after 4 recycles. As the SEM images before and after the stability test
shown, there is no obvious change among the catalyst samples H-1e.

Fig. S14 Two channels 1 and 2 in the asymmetric unit cell of H-1e (view along y-axis).

To further characterized the position of the pores in the asymmetric unit cell of H-1e, software
PLATON was introduced to calculate the pores. As the Fig. S14 and Table SS shown, there
are two channels 1 and 2 in the asymmetric unit cell. The volume of each pore is about 1281
A3 with 24.5% in total volume of the unit cell. The coordinates (X, Y, Z) of the two channels
are 0.250, 0.294, 0.074 and -0.250, 0.700, -0.163 (av), respectively.
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Cartesian coordinates used for DFT Study:

The structures of all compounds were optimized using Gaussian09 Revision A.02 using the
MOG6L density functional and LANL2DZ basis set and effective core potential with the
automatically generated density fitting functions.'>-'® Minima and transition states were
confirmed by vibrational frequency calculations. Single point calculations were performed
using the M06-2X functional and the 6-311+G (2d,p) basis set on nonmetal atoms and SDD
basis set and effective core potential for copper.!®?3 To account for solvent effects, the SMD
implicit solvent model with acetonitrile was used in these single point calculations.?*
Cartesian coordinates for all structures and gas phase Gibbs energy and Gibbs energy including
solvation correction are listed below. [To obtain the Gibbs free energy with relevant standard
state reference, G° (298K, 1M) = G°* (298K, 1 atm) + RT In(0.08206T), where R is the gas
constant and T is the temperature. AGo(298K, 1 M) = AG," (298K, 1 atm) when there is no mole
change from the reactant to the product.?

Energy is from M06/6-311g (2d,p)/SDD/SMD(acetonitrile) single points. Gibbs Energy uses
this energy and the Gibbs energy correction from the optimization and frequency calculations
with MO6/LANL2DZ. All energies are in Hartrees. Grey spheres represent carbon, light grey
for hydrogen, red for oxygen, purple for potassium, and yellow for copper.

a. Cartesian coordinates used for phenylmethanol

E =-346.601330566 Hartrees
G =-346.500601566 Hartrees

C 1.86358485 1.01591594  -0.08506814
C 0.49802008 1.29556494  -0.02409142
C -0.43900678 0.26120826 0.08124877
C 0.01270748  -1.06252709 0.11256938
C 1.37792069  -1.34401972 0.04222704
C 2.30797142  -0.30718475  -0.05258383
H 2.57865930 1.83037375  -0.16759745
H 0.15693997 2.32843212  -0.06205862
H -0.71388858  -1.86541270 0.17849364
H 1.71578443  -2.37707610 0.06191856
H 3.37067795  -0.52813180  -0.10722912
C -1.91139310 0.58279658 0.20507984
H -2.15660759 0.76358244 1.26604439
H -2.12856016 1.51855939  -0.33522028
O -2.68412923  -0.49811934  -0.30543894
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H

-3.60879935

-0.33589735

b. Cartesian coordinates used for K,CO;

E =-1463.68424650 Hartrees
G =-1,463.7006045 Hartrees

C

"R OO0OO0

-0.00029261
1.12756730
-1.12794076
-0.00041560
248481023
-2.48438559

Cartesian coordinates used for H-1

ﬁ

E =-4120.97407473 Hartrees
G =-4120.81074173 Hartrees

Cu

O
=

OXITZDITCTOTTOoOCZ-O0O0o000 o o0o0o0

-0.00000495
-0.00000492
1.82624149
1.82624005
-1.82625932
-1.82625673
3.90115149
4.60739734
4.60739643
5.99998554
4.05098483
5.99998580
4.05098506
6.69810871
6.54160655
6.54160496
7.78497459
-3.90112791

0.80129415
1.41271108
1.41302839

-0.54970721
-0.60556248

-0.60580715

-1.15371096
1.15370885
-1.13246694
1.13246797
-1.13247134
1.13245070
0.00000204
-1.21159760
1.21160092
-1.21034388
-2.14212781
1.21034812
2.14213198
0.00000272
-2.15216956
2.15217491
0.00000197
-0.00000537
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-0.06712940

0.00003953
0.00070022
-0.00072409
0.00012089
-0.00016276
0.00010943

0.00067952
-0.00078329
-0.00059913

0.00058302
0.00130203
-0.00130044
0.00001915
-0.00051812
0.00057520
-0.00049768
-0.00094714
0.00059193
0.00098804
0.00005665
-0.00091516
0.00102301
0.00007069
0.00002252



OO0 T ITTODOIDOOO

-4.60737232
-4.60738686
-5.99996479
-4.05096406
-5.99998062
-4.05099629
-6.69810156
-6.54156951
-6.54159565
-7.78496803
-2.41794099

2.41793306

1.21159185
-1.21159266
1.21035041
2.14212440
-1.21033245
-2.14213572
0.00001286
2.15218519
-2.15216122
0.00002064
-0.00000927
0.00000119

Cartesian coordinates used for intermediate

r929°
RS

o %

J
.

E =-4466.73884285 Hartrees
G =-4466.46534685 Hartrees

Cu

T DT TOoOT@Doom o000 o000

-0.00000677
1.82623968
1.82623823

-1.82626114

-1.82625854
3.90114968
4.60739552
4.60739462
5.99998372
4.05098301
5.99998399
4.05098324
6.69810689
6.54160473
6.54160314
7.78497277

-1.77371066
-1.75246664
0.51246827
-1.75247104
0.51245100
-0.61999766
-1.83159730
0.59160122
-1.83034358
-2.76212751
0.59034842
1.52213228
-0.61999698
-2.77216925
1.53217521
-0.61999773
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0.00085815
-0.00079901
0.00091823
0.00144910
-0.00082961
-0.00140236
0.00005162
0.00162597
-0.00152622
0.00006273
0.00000372
-0.00000329

0.00128950
0.00001086
0.00119300
0.00191202
-0.00069045
0.00062913
0.00009187
0.00118518
0.00011230
-0.00033716
0.00120191
0.00159802
0.00066663
-0.00030518
0.00163300
0.00068067



QOOOEEEOEOEOOOO

T DI Oz ooc00@-D - Oo

-3.90112973
-4.60737414
-4.60738867
-5.99996661
-4.05096587
-5.99998243
-4.05099811
-6.69810338
-6.54157132
-6.54159746
-7.78496984
-2.41794280

2.41793125
-0.00000029
-0.00000673
-1.34795413
-1.85645929
-1.84861683
-1.34714890
-1.34671274
-1.34646127
-1.34678764
-1.34762471
-1.34605712
-1.34674611
-1.34661678
-1.34689370
-1.34550709
-1.34649588

-0.62000507
0.59159215
-1.83159236
0.59035071
1.52212470
-1.83033215
-2.76213542
-0.61998684
1.53218549
-2.77216092
-0.61997906
-0.62000897
-0.61999851
2.73370809
0.53370915
3.21106321
2.85684858
2.85246304
4.75105815
5.45170997
5.44559180
6.84686532
4.90466132
6.84041239
4.89293700
7.54112832
7.39907955
7.38807561
8.64072819
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0.00063250
0.00146813
-0.00018903
0.00152821
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'H NMR (400 MHz, DMSO-dg) & 12.62 (s, 4H), 7.86 (d, J= 7.7 Hz, 8H), 7.08 (d, J = 8.4 Hz,
8H), 4.39 (d, J = 7.0 Hz, SH).
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'H NMR and 3C NMR spectra

1. benzaldehyde: 'H NMR (400 MHz, DMSO-d;) & 10.02 (s, 1H), 7.94 — 7.88 (m, 2H), 7.71

(d,J=8.1 Hz, 1H), 7.61 (t, J= 7.5 Hz, 2H). *C NMR (101 MHz, CDCl;) & 192.31, 136.45,
134.42, 129.71, 128.98.

El

: ;Eiﬁ_\;_‘__‘

T T
1.0 10.5

24 Lo
=
e
<
@
o

1 —
-

—192.31

7129,

—-136. 45
~134. 42
129.71
128.98

Ll

210 200 190 180 170 160 150 140 130 120 110 100 90

80 70 60 50 10 30 20 10 0 -10
f1 (ppm)

20



2. 4-methylbenzaldehyde: 'H NMR (400 MHz, Chloroform-d) & 10.04 (s, 1H), 7.85 (d, J =
7.8 Hz, 2H), 7.41 (d, J = 7.6 Hz, 2H), 2.52 (s, 3H). 3C NMR (101 MHz, CDCI3) § 192.01,
145.56, 134.32, 129.91, 21.95.
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3. 4-methoxybenzaldehyde: '"H NMR (400 MHz, Chloroform-d) 6 9.88 (s, 1H), 7.84 (d, ] =

7.9 Hz, 2H), 7.00 (d, J = 7.9 Hz, 2H), 3.89 (s, 3H). *C NMR (101 MHz, CDCI3) § 190.76,
164.65, 131.99, 130.06, 114.37, 55.64.
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4. 4-nitrobenzaldehyde: 'H NMR (400 MHz, Chloroform-d) & 10.16 (s, 1H), 8.39 (d, J = 8.4
Hz, 2H), 8.07 (d, ] = 8.6 Hz, 2H).
13C NMR (101 MHz, CDCI3) 5 190.14, 140.08, 130.44, 124.29, 99.98.
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5. 3-nitrobenzaldehyde: 'H NMR (400 MHz, Chloroform-d) & 10.13 (s, 1H), 8.72 (s, 1H),
8.50 (d, J=7.4 Hz, 1H), 8.24 (d, J=7.6 Hz, 1H), 7.78 (t, ] = 7.9 Hz, 1H). 3C NMR (101
MHz, CDCI3) & 189.62, 137.45, 134.57, 130.36, 124.44.
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6. 2-naphthaldehyde: 'H NMR (400 MHz, Chloroform-d) 6 10.19 (s, 1H), 8.36 (s, 1H),

8.05—7.91 (m, 4H), 7.64 (dt, J = 23.0, 7.0 Hz, 2H).!*C NMR (101 MHz, CDCI3) & 192.16,

136.48, 134.46, 134.18, 132.69, 129.54, 129.09, 128.09, 127.09, 122.82.

28

______________

101

mmmmmmmmm

mmmmmmmmm

Y

192. 16

T
2.0

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60
f1 (ppm)

25



7. pyrene-4-carbaldehyde: 'H NMR (400 MHz, DMSO-d6) 6 10.23 (s, 1H), 8.65 (s, 1H),
8.23 (d,J =8.1 Hz, 1H), 8.12 (dd, J = 14.3, 8.3 Hz, 2H), 7.97 (d, ] = 8.4 Hz, 1H), 7.76 (dt, ] =
23.4,7.1 Hz, 2H). *C NMR (101 MHz, DMSO) & 193.62, 167.76, 136.68, 135.00, 133.32,
133.27, 131.25, 129.92, 129.71, 129.59, 128.99.
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8. acetophenone: 'H NMR (400 MHz, Chloroform-d) 6 7.96 (d, J = 7.7 Hz, 2H), 7.56 (t, ] =
7.4 Hz, 1H), 7.46 (t,J = 7.4 Hz, 2H), 2.60 (s, 3H). 3C NMR (101 MHz, CDCI3) 4 198.13,
137.28, 133.18, 128.67, 128.40, 26.71.
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9. 1-(p-tolyl)ethan-1-one: 'H NMR (400 MHz,Chloroform-d) 6 7.85 (d, J= 7.7 Hz, 2H), 7.25
(d, J=7.7Hz, 2H), 2.57 (s, 3H), 2.41 (s, 3H). 3C NMR (101 MHz, CDCI3) 6 197.79, 143.87,

134.84, 129.30, 128.50, 26.57, 21.69.
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10. benzophenone: 'H NMR (400 MHz, Chloroform-d) 6 7.87 — 7.76 (m, 2H), 7.63 — 7.55
(m, 1H), 7.49 (q, J = 7.5 Hz, 2H). *C NMR (101 MHz, CDCI3) 3 196.68, 137.66, 132.37,
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