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Experimental Section
General considerations

Reagents for the synthesis of ligands such as 3,5-dimethylpyrazole, 2,6-bis(chloromethyl)pyridine, 2-
(chloromethyl)-pyridine hydrochloride, hydrazine monohydrate were purchased from Sigma Aldrich and
used as received. The pyrazolyl ligand precursors, 3,5-di-tert-butyl-1H-pyrazole and 3,5-diphenyl-1H-
pyrazole, were synthesized following literature procedures.! (Pyrazol-1-ylmethyl)pyridine ligands were
synthesized following literature procedures.?2 All moisture and oxygen-sensitive reactions were
performed using Schlenk techniques. The solvents were distilled under a nitrogen atmosphere using
Na metal for diethyl ether and CaH: for dichloromethane as drying agents. NMR ('H and '3C) spectra
were recorded on a Bruker Ultrashield Plus at 600 MHz and 151 MHz respectively. FTIR analysis were
done on a BruckerAlpha-P range infrared instrument equipped with ATR in the range of 400 cm- to
4000cm-'. Magnetic susceptibility studies were done using a Sherwood Scientific MK1 with 4mm
diameter sample tubes containing 50 mM of the sample. Mass spectrometry was performed on
BrickermicroTOF-Q Il mass spectrometer. Elemental analysis was performed on a Perkin Elmer 2400
Elemental Analyzer. Cyclic voltammetry studies were done on a BioLogic VSP potentiostat employing
a water-jacketed electrochemical cell connected to a refrigerated temperature controller (Julabo F-12

ED). DLS analysis were performed on a Mastersizer 2000 Ver. 5.60 from Malvern instruments.
Section S1: Synthesis of Ligands and complexes and crystallographic data collection:
Synthesis of 2,6-bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)pyridine (MePzPy) (L2)

Following the same synthetic procedure as L1, L2 was synthesised from 2,6-bis(chloromethyl)pyridine
(0.5 g, 2.84 mmol) and 3,5-dimethyl-1H-pyrazole (0.55g, 5.68 mmol). The product was isolated as a
white solid. Yield: 0.79 g (95 %)."H NMR: (600 MHz, ppm, CD2Cl2): & 2.18 (s, 12H,CHs (pz)), 5.25 (s,
4H, CH2), 5.85 (s, 2H,4-H (pz)), 6.69 (d, 2H, Hg (py), 2Jun = 12.0 Hz) 7.54 (t, 1H, Hy (py), 3JnH = 12
Hz).13C{'H} NMR: (150 MHz, ppm, CDClz): & 11.39 (5-CHs), 1C39 (3-CHs3), 54.74 (CH2), 105.84 (4-C
(pz)), 120.19 (Cp (py)) 138.38(Cy (py)),140.25 (3-C (pz)), 148.05 (5-C (pz)) 157.82 (Cq). FTIR (ATR) v
cm™: 1579 (C=N) (py).

Synthesis of 2,6-bis((3,5-di-tert-butyl-1H-pyrazol-1-yl)methyl)pyridine (t-BuPzPy) (L3)

L3 was synthesized from 2,6-bis(chloromethyl)pyridine (0.25 g, 1.42 mmol) and 3,5-di-tert-butyl-1H-
pyrazole (0.51g, 2.84 mmol) in the same manner as the synthesis of L1. The product was isolated as a
pale-yellow solid. Yield: 0.304 g (46 %)."H NMR: (600 MHz, ppm, CDCls): & 1.24 (s, 18H, 5-(CHs)s (pz)),
1.30 (s, 18H, (3-CHas)3 (pz)), 5.53 (s, 4H, CH2), 5.91 (s, 2H,4-H (pz)), 6.28 (d, 2H, Hg (py), 2Jnn = 6.0 Hz)
7.39 (t, 1H, Hy (py), 3Jun = 6.0 Hz). *C{"H} NMR: (150 MHz, ppm, CDClIs3): & 30.2 (5-(CHzs)s), 30.6(3-
(CHs)s), 31.32 (5-C(CHs)s3), 31.95 (3-C(CHs)s), 56.31(CH2), 100.54 (4-C (pz)), 118.93 (Cs (py)) 137.82
(Cy (py)), 152.04 (5-C (pz)), 157.02 (Cy), 160.77 (3-C (pz2)).FTIR (ATR) v cm-": 1593 (C=N) (py).

Synthesis of 2,6-bis((3,5-diphenyl-1H-pyrazol-1-yl)methyl)pyridine (PhPzPy) (L4)



L4 was prepared from 2,6-bis(chloromethyl)pyridine (0.5 g, 2.84 mmol) and 3,5-diphenyl-1H-pyrazole
(1.25 g, 5.68 mmol) following the same procedure as the synthesis of L1. The product was isolated as
a white solid. Yield: 1.44 g (93 %) 'H NMR: (600 MHz, ppm, CDCls): 8 5.45 (s, 4H, CH2), 6.67 (s, 2H,
4-H (pz)), 6.87(d, 2H, Hy, 2Jun= 6 Hz), 7.30-7.35 (m,16H, Ph) 7.47 (t,1H, Hy, 3Jun = 6.0 Hz) 7.84 (d, 4H,
Ph, Jun = 12 Hz). BC{'H} NMR: (150 MHz, ppm, CDCls): & 54.74 (CH), 10C26(4-C (pz)), 119.91 (Cp
(py)) 137.99(Cy (py)),139.75 (3-C (pz)), 148.05 (5-C (pz)) 157.02 (Cq). FTIR (ATR) v cm™: 1575 (C=N)
(py)-

Synthesis of [Cu
Synthesis of [Cu(l)(MePzPy)]PF¢ (C2)

A solution of 2,6-bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)pyridine (L2, 0.074 g, 0.25 mmol) in 2.5 mL
dichloromethane was added to a solution of tetrakis(acetonitrile)copper(l) hexafluorophosphate
(Cu(MeCN)4PFs) (0.094 g, 0.25 mmol) in 2.5 mL dichloromethane. The resulting yellow solution was
stirred under argon for 2 hours. The addition of diethyl ether resulted in the precipitation of the complex.
The complex was isolated as a yellow solid. Yield: 0.0910 g (72 %). '"H NMR (C2): (600 MHz, ppm,
CD2Cl2): 8 2.43 (s, 6H, 5-CHs (pz)), 2.45 (s, 6H, 3-CHs (pz)), 5.21 (s, 4H, CH2), 6.10 (s, 2H,4-H (pz)),
7.61 (d, 2H, Hg (py), 2Jun = 6.0 Hz) 8.01 (t, 1H, Hy (py), 3Jun = 6.0 Hz)."3C{'H} NMR: (150 MHz, ppm,
CDCls): 6 12.07 (5-CHs), 15.31 (3-CHs3), 51.57 (CH2), 106.89 (4-C (pz)), 124.59 (Cs (py)) 138.38(Cy
(py)),141.52 (3-C (pz)), 147.40 (5-C (pz)) 152.90 (Cq). ESI-MS (m/z): 358.11 [M]*. FTIR (ATR) v cm-':
1600 (C=N). Analysis calc. (found) for C17H21CuFsNsP: C 40.52 (40.16); H 4.20 (3.93); N 13.90 (13.24).

Synthesis of [Cu(l)(t-BuPzPy)]PF¢ (C3)

A solution of 2,6-bis((3,5-di-tert-butyl-1H-pyrazol-1-yl)methyl)pyridine (L3, 0.116 g, 0.25 mmol) in 2.5
mL dichloromethane was added to a solution of tetrakis(acetonitrile)copper(l) hexafluorophosphate
(Cu(MeCN)4PFs) (0.094 g, 0.25 mmol) in 2.5 mL dichloromethane. The resulting yellow solution was
stirred under argon for 2 hours. The addition of diethyl ether resulted in the precipitation of the complex.
The complex was isolated as a yellow solid. Yield: 0.1173 g (70%). '"H NMR: (600 MHz, ppm, CDCls):
6 1.45 (s, 18H, 5-(CHs)s (pz)), 1.54 (s, 18H, (3-CHs)s (pz)), 5.53 (s, 4H, CH2), 6.02 (s, 2H,4-H (pz)), 7.68
(d, 2H, Hp (py), 2Jun = 6.0 Hz) 7.97 (t, 1H, Hy (py), 3Jun = 6.0 Hz)."*C{'"H} NMR: (150 MHz, ppm, CDCls):
0 30.19 (5-(CHa)s), 31.35 (3-(CHas)3), 31.75 (5-C(CHs)s), 32.27 (3-C(CHs)3), 5C15(CH), 101.97 (4-C
(pz)), 124.14 (Cs (py)) 141.05(Cy (py)), 151.55 (5-C (pz)), 154.91(Cq), 162.45 (3-C (pz)).ESI-MS (m/z):
526.30 [M]*. FTIR (ATR) v cm™': 1604 (C=N). Analysis calc. (found) for C20H51CuFeNsO3P: C 47.96
(47.45); H 7.08 (6.05); N, 9.64 (8.69).

Synthesis of [Cu(l)(PhPzPy)]PFs (C4)

A solution of 2,6-(3,5-diphenyl-1H-pyrazol-1-yl)methyl)pyridine (L4, 0.136 g, 0.25 mmol) in 2.5 mL
dichloromethane was added to a solution of tetrakis(acetonitrile)copper(l) hexafluorophosphate
(Cu(MeCN)4PFs) (0.094 g, 0.25 mmol) in 2.5 mL dichloromethane. The resulting yellow solution was
stirred under argon for 2 hours. The addition of diethyl ether resulted in the precipitation of the complex.
The complex was isolated as a yellow solid. Yield: 0.1220 g (65 %)'H NMR: (600 MHz, ppm, Acetone-



ds): 8 5.71 (s, 4H, CHz), 7.09 (s, 2H, 4-H (pz)), 7.35(d, 2H, Hy, 2Jur= 6 Hz), 7.63-7.68 (m,16H, Ph(H))
7.97 (t,1H, Hy, 3Jun = 6.0 Hz) 8.11 (d, 4H, Ph(H), Ju = 12 Hz).13C{'H} NMR: (150 MHz, ppm, Acetone-
de): & 53.12 (CH2), 128.42(4-C (pz)), 129.64 (Cs (py)) 130.25(Cy (py)),130.39 (3-C (pz)), 131.12 (5-C
(pz)) 132.39 (Cq) . ESI-MS (m/z): 606.17 [M]*. FTIR (ATR) v cm': 1597 (C=N). Analysis calc. (found)
for Ca7Ha1CuFéNsOP: C 57.70 (57.85); H 4.06 (C34); N, 9.09 (8.45).

Crystallographic data collection

Single crystals of C2, C3, and C4 were mounted on a nylon loop and centred in a stream of liquid
nitrogen at 293(2) K. Crystal evaluation and data collection were performed on a Bruker D8 Quest Eco
diffractometer with Mo Ka radiation (A = 0.71073 A). Data collection, reduction, and refinement were
performed using SAINT3and SADABS,* which form part of the APEX3 software package.® The
structures were solved by direct methods and refined by full-matrix least-squares on F2 using SHELX-
20168 within the X-seed graphic user interface.” All non-hydrogen atoms were refined anisotropically
and all hydrogen atoms were placed using calculated positions and riding models. Crystal structures of
C2-C4, with accession numbers CCDC 2034903-2034905, available from the CCDC.
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Figure S1: Ellipsoid diagrams of C3 and C4 respectively, drawn at 50% probability. Hydrogen atoms
were omitted for clarity.



Table S1: Crystal data and refinement for C2, C3, and C4.

Parameter C2 C3 C4

Chemical formula 3.57H21CuFeNsP 3.69H45CuFeNsP 3.76H28CuFeNsP
Formula weight (g/mol) 503.90 670.21 753.15
Temperature (K) 293(2) 293(2) 273(2)
Wavelength (A) 0.71076 0.71076 0.71076

Crystal size (mm)

Crystal system

Space group
a(A)

b (A)

c(A)

a (deg) ()

B (deg)()

Y (deg)()
Volume (A3)

z

Dcalc (g/cma)

Absorption coefficient

(mm)

F(000)

Goodness of Fit on F?2

Final R4
[1>20(1)]

WR; [ 1>20(1)]

0.200 x 0.200 x
0.200

Monoclinic
P121/n1
8.2344(6)
14.8317(10)
17.2444(12)
90
95.076(5)
90
2097.8(3)

4

1.589

1.182

1020
1.287

0.0799

0.1818

0.200 x 0.200 x
0.200

Orthorhombic
P 212121
11.3842(9)
15.6425(10)
18.2628(13)
90

90

90
3252.2(4)

4

1.369

0.781

1404
1.192

0.0507

0.1369

0.097 x 0.111 x 0.279

monoclinic
P121/c1
a=11.7594(5)
23.6227(11)
13.1379(6)
90
112.115(2)
90
3381.1(3)

4

1.480

0.763

1536
1.496

0.664

0.1951




Table S2: Selected bond lengths and bond angles for C2, C3, and C4.

Bond lengths (A) Cc2 C3 Cc4
Cu1-N1 2.075(4) 2.110(3) 2.101(3)
Cu1-N3 2.077(5) 1.924(4) 1.910(2)
Cu1-N3' 2.058(5) 1.940(4) 1.907(2)
Bond Angles (Deg) ()

N1-Cu1-N3’ 89.2(2) 92.3(2) 95.41(1)
N1-Cu1-N3 97.6(2) 93.9(1) 93.41(1)
N3'-Cu1-N3 173.2(2) 173.2(2 171.12(1)

Table S3: The effect of a chemical oxidant on the TON and TOF of water oxidation.

Oxidant Concentration  2TON (mol Oz/mol Cu) PTOF (mol O2/mol Cu).s™!
(mM)

CAN (Ce(NH4)2(NO3)s) 110 4.60 0.31

Sodium-m-periodate 110 3.77 0.14

(NalOy)

Sodium persulfate 110 4.02 0.044

(Naz2S20s)

Reaction conditions: 25 pyM, Solvent: MeCN:Hz20 (1:1, 2 mL). a TON after 5 minutes reaction time. b
TOF was calculated from the slope of the first 5 seconds on the TON curve.
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Figure S2: Cyclic voltammograms of the Cu(l) complexes (0.5 mM) performed in 0.1 M BusNPFs in
acetonitrile with the glassy carbon as the working electrode, platinum wire as counter electrode, and
Ag/AgCIl as the reference electrode. The scan rate was 10 mV s-'. The reversible waves showing the
reversible Cu(lll)/Cu(ll) couple of C1-C4. Inset: A CV showing irreversible wave assigned to the first
oxidation of Cu(l) to Cu(ll) for complex C2.
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Figure S3: Effect of [CAN] on the activity of the catalyst studied using 25 yM C2.

120



400
350
300
250
200
150
100

I (A)

-50
-100

0 =
0 éé/ 15

E (V vs NHE)

——C2in MeCN

——C2in MeCN

+ 20% (viv)

phosphate buffer at pH 6.5

2.5

Figure S4: CVs of Cu(l) complex C2 [0.5 mM] in a solution of MeCN and 0.1 M NBu4PFs (Blue) and C2
[0.42 mM] in a mixture of MeCN and 20% (v/v) phosphate buffer (0.2 M, pH 6.5) (Orange) recorded at
a scan rate of 100 mV s™'.
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Figure S5: Scan rate dependence of 0.42mM C2 scanned at 100-4000 mV/s. Inset: Linear scan rate
dependence of the catalytic current at 1.7 V versus the square root of the scan rate.
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Figure S6: a) Data graph of the background against a 0.42 mM C2 in a mixture of MeCN and 20% (v/v)
phosphate buffer (0.2 M, pH 6.5) in the absence of the electrolyte. b) Particle distribution in the absence
of the supporting electrolyte determined by DLS measurements post-electrolysis of 0.42 mM C2 in a
mixture of MeCN and 20% (v/v) phosphate buffer (0.2 M, pH 6.5).
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Figure S7: CVs in a mixture of MeCN and 20% (v/v) phosphate buffer (0.2 M, pH 6.5) of 0.42 mM C2
scanned 150 times at a scan rate of 100 mV s™'.

800
600
400
200 —— C2 Cycle 150
Blank with rinsed electrode

Blank new polished electrode

-400
E (V vs NHE)

Figure S8: CVs in a mixture of MeCN and 20% (v/v) phosphate buffer (0.2 M, pH 6.5) of 0.42 mM C2
(blue) after 150 cycles, followed by rinsed electrode in a fresh blank solution (orange) and a new
polished electrode in blank solution (grey), recorded at a scan rate of 100 mV s-'.
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Figure S9: SEM image of the glassy carbon electrode post-electrolysis of a solution of C2 in a mixture
of MeCN, NBusPFs and 20% (v/v) 0.2 M phosphate buffer at pH 6.5 after 33 cycles.
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Figure S10: EDX pattern showing the absence of CuO nanomaterials on the glassy carbon electrode
post electrolysis after 33 cycles.
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Figure S11: SEM image of the glassy carbon electrode post-electrolysis of a solution of C2 in a mixture
of MeCN, NBusPFs and 20% (v/v) 0.2 M phosphate buffer at pH 6.5 after 150 cycles.
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Figure S12: EDX pattern showing the absence of CuO nanomaterials on the glassy carbon electrode
post electrolysis after 150 cycles. The potassium and the chloride ions are from the KCI solution which
leached from Ag/AgCI reference electrode over time.
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Figure S13: UV-Vis spectrums showing 0.42 mM C2 in a in a solution of MeCN, NBu,PF¢ and 20% (v/v)

0.2 M phosphate buffer at pH 6.5 before electrolysis (blue), post-electrolysis after 33 cycles (orange)
and post electrolysis after 150 cycles (grey).
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Figure S14: UV-Vis spectrum of 0.5 mM C2 in MeCN.



Section SX: Spectral data for ligands and complexes.
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Figure S16: '3C NMR for ligand L1
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Figure S18: '3C NMR spectrum for L2
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3_

20

10



32
87
86
67
—545

—2.40
~1.63
_~1.40
~1.27

N
1
i L \ “
T T "oy T
5 83 s¢® g
BTO ?.JS ?,,0 6.‘5 6.‘0 5.‘5 5.‘0 4,‘0
f1 (ppm)
Figure S21: '"H NMR spectrum for L4
w o uy DEFOIN OO0 O -
N % o RANNEONE S
5 b § 933882
Lo | s |
N N
Ph N N
W \
PhPh
! 1 | | | [ ]
[ 4l J

—103.66
7721

{?T.Oﬂ
76.79

—54.74

T T T

T T T T T T T T
170 165 160 155 150 145 140 135 130 125 120

Figure S22: '3C NMR spectrum for L4
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Figure S23: 'H NMR spectrum of complex C1 in Acetone-de
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