
S1

Electronic Supplementary Information (ESI)

Synthesis, structure and catalytic activity of manganese (II) complexes 
derived from bis(imidazole)methane-based ligands

Hemanta Deka, Ankit Kumar, Soumyadip Patra, Mahendra K. Awasthi and Sanjay 
Kumar Singh*

Catalysis Group, Discipline of Chemistry, Indian Institute of Technology Indore, Simrol, 
Indore 453552, M.P., India

Table of Contents

Description Page No.

Figure S1. X-band EPR spectrum of [Mn]-1 in methanol S3

Figure S2. X-band EPR spectrum of [Mn]-2 in methanol S3

Figure S3. X-band EPR spectrum of [Mn]-3 in methanol S4

Figure S4. ESI-MS analysis of controlled experiments S6

Figure S5. 1H NMR spectra of the crude reaction mixture, showing the 

formation of aldehyde intermediate during the oxidative coupling of 

benzylamine (1a) to (2a)

S7

Figure S6. 1H NMR spectra of the crude reaction mixture performing in the 

water, showing the formation of aldehyde intermediate during the oxidative 

coupling of benzylamine (1a) to (2a)

S7

Figure S7. FT-IR spectrum of ligand L1 in KBr pallet S8

Figure S8. FT-IR spectrum of ligand L2 in KBr pallet S8

Figure S9. FT-IR spectrum of ligand L3 in KBr pallet S9

Figure S10. 1H NMR spectrum of L1 in CDCl3 S9

Figure S11. 1H NMR spectrum of L2 in CDCl3 S10

Figure S12. 1H NMR spectrum of L3 in CDCl3 S10

Figure S13. 13C NMR spectrum of L1 in CDCl3 S11

Figure S14. 13C NMR spectrum of L2 in CDCl3 S11

Figure S15. 13C NMR spectrum of L3 in CDCl3 S12

Figure S16. ESI-mass spectrum of L1 in methanol S12

Electronic Supplementary Material (ESI) for Dalton Transactions.
This journal is © The Royal Society of Chemistry 2019



S2

Figure S17. ESI-mass spectrum of L2 in methanol S13

Figure S18. ESI-mass spectrum of L3 in methanol S13

Figure S19. FT-IR spectrum of [Mn]-1 in KBr pallet S14

Figure S20. FT-IR spectrum of [Mn]-2 in KBr pallet S14

Figure S21. FT-IR spectrum of [Mn]-3 in KBr pallet S15

Figure S22. ESI-mass spectrum of [Mn]-1 in methanol S15

Figure S23. ESI-mass spectrum of [Mn]-2 in methanol S16

Figure S24. ESI-mass spectrum of [Mn]-3in methanol S16

Figure S25. GC-MS for entry 1 of table 1 S17

Figure S26. GC-MS for entry 2 of table 1 S17

Figure S27. GC-MS for entry 3 of table 1 S18

Figure S28. GC-MS for entry 4 of table 1 S18

Figure S29. GC-MS for entry 5 of table 1 S19

Figure S30. GC-MS for 2b S19

Figure S31. GC-MS for 2c S20

Figure S32. GC-MS for 2d S21

Figure S33. GC-MS for 2e S22

Figure S34. GC-MS for 2f S23

Figure S35. GC-MS for 2g S24

Figure S36. GC-MS for 2h S25

Figure S37. GC-MS for 2i S26

Figure S38. GC-MS for 2j S27

Table S1. Crystallographic data for complexes [Mn]-1 and [Mn]-2. S27-S28

Table S2. Selected bond parameters of complexes [Mn]-1 and [Mn]-2. S28-S29

Table S3. Comparative chart showing the literature available catalysts 
explored for oxidative coupling of benzylamines

S30-S31

References S32



S3

Figure S1. X-band EPR spectrum of [Mn]-1 in methanol.

Figure S2. X-band EPR spectrum of [Mn]-2 in methanol.
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Figure S3. X-band EPR spectrum of [Mn]-3 in methanol.

Controlled experiments for identification of catalytic species and intermediates.

Controlled experiments are performed by stirring the complex [Mn]-3 with amines {benzyl 

amine (1a) or p-methyl benzyl amine (1e)} (cat/amine = 1:5 molar ratio) at 60 °C for 5 hours. 

Reaction aliquots are analyzed by ESI-MS analysis, which inferred the presence of several 

amine coordinated Mn(II) species (Figure S4). Moreover, the organic components of the 

crude reaction mixture are extracted in diethyl ether and analyzed by NMR in CDCl3 (Figure 

S5).
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Figure S4. ESI-MS analysis of controlled experiments.
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Figure S5. 1H NMR spectra of the crude reaction mixture, showing the formation of 

aldehyde intermediate during the oxidative coupling of benzylamine (1a) to (2a).
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Figure S6. 1H NMR spectra of the crude reaction mixture performed in water, showing the 

formation of aldehyde intermediate during the oxidative coupling of benzylamine (1a) to 

(2a).
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Figure S7. FT-IR spectrum of ligand L1 in KBr pellet.

Figure S8. FT-IR spectrum of ligand L2 in KBr pellet.
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Figure S9. FT-IR spectrum of ligand L3 in KBr pellet.

Figure S10. 1H NMR spectrum of L1 in CDCl3.
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Figure S11. 1H NMR spectrum of L2 in CDCl3.

Figure S12. 1H NMR spectrum of L3 in CDCl3.
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Figure S13. 13C NMR spectrum of L1 in CDCl3.

Figure S14. 13C NMR spectrum of L2 in CDCl3.
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Figure S15. 13C NMR spectrum of L3 in CDCl3.

Figure S16. ESI-mass spectrum of L1 in methanol.
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Figure S17. ESI-mass spectrum of L2 in methanol.

Figure S18. ESI-mass spectrum of L3 in methanol.
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Figure S19. FT-IR spectrum of [Mn]-1 in KBr pellet.

Figure S20. FT-IR spectrum of [Mn]-2 in KBr pellet.
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Figure S21. FT-IR spectrum of [Mn]-3 in KBr pellet.

Figure S22. ESI-mass spectrum of [Mn]-1 in methanol.
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Figure S23. ESI-mass spectrum of [Mn]-2 in methanol.

Figure S24. ESI-mass spectrum of [Mn]-3 in methanol.
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Figure S25. GC-MS for entry 1 of table 1.

Figure S26. GC-MS for entry 2 of table 1.



S18

Figure S27. GC-MS for entry 3 of table 1.

Figure S28. GC-MS for entry 4 of table 1.
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Figure S29. GC-MS for entry 5 of table1.
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Figure S30. GC-MS for 2b.
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Figure S31. GC-MS for 2c.
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Figure S32. GC-MS for 2d.
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Figure S33. GC-MS for 2e.
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Figure S34. GC-MS for 2f.
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Figure S35. GC-MS for 2g.
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Figure S36. GC-MS for 2h.
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Figure S37. GC-MS for 2i.
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Figure S38. GC-MS for 2j.

Table S1. Crystallographic data for complexes [Mn]-1 and [Mn]-2.

[Mn]-1 [Mn]-2

Formulae C23H30MnN4O4 C24H32 MnN4O5

Molecular weight 481.45 511.47

Crystal system Triclinic Triclinic

Space group P-1 P-1

Temperature/K 293 293

Wavelength 0.71073 0.71073

a/Å 8.8681(13) 9.1830(5)

b/Å 9.0206(14) 9.2736(5)

c/Å 16.558(2) 16.6245(10)

α/° 79.765(13) 82.388(5)
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β/° 77.487(13) 75.759(5)

γ/° 68.120(14) 67.089(5)

V/ Å3 1193.1(3) 1262.91(13)

Z 2 2

Density/gcm-1 1.340 1.354

Absorption Coefficient 0.589 0.563

Absorption Correction Multi-scan Multi-scan

F(000) 506 538.88

Total no of reflections 4310 5752

Reflections, I˃2σ(I) 2735 4683

Max. 2θ/° 25.25 28.89

Ranges (h, k, l) -10≤ h ≤10

-10≤ k ≤10

-19≤ l ≤17

-21≤ h ≤33

-8≤ k ≤153

-9≤ l ≤10

Complete to 2θ(%) 99.8 99.8

Refinement method Full-matrix least-squares 

on F2

Full-matrix least-squares 

on F2

Goof (F2) 1.111 1.062

R indices [I˃2σ(I)] 0.0768 0.0563

R Indices (all data) 0.1149 0.0698

Table S2. Selected bond parameters of complexes [Mn]-1 and [Mn]-2.

[Mn]-1 [Mn]-2

Bond lengths (Å)

Mn1-N1 2.158(4) 2.156(2)

Mn1-N3 2.164(4) 2.175(2)

Mn1-O1 2.178(4) 2.141(2)
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Mn1-O3 2.060(4) 2.073(2)

Bond angles (º)

O3-Mn1-N3 127.79(16) 107.40(9)

O3-Mn1-N1 111.64(15) 129.66(10)

N3-Mn1-N1 86.14(15) 87.93(8)

O3-Mn1-O1 97.76(15) 95.14(9)

N3-Mn1-O1 130.29(14) 99.18(8)

N1-Mn1-O1 95.28(15) 130.25(8)

O3-Mn1-O1 103.09(15) 95.25(10)

N1-Mn1-O1 89.80(14) 130.11(9)

O2-Mn1-O1 57.68(13) 56.99(8)
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Table S3. Comparative chart showing the literature available catalysts explored for oxidative 
coupling of benzylamines 

Catalysts Substrate Solvent Air/O2 T (°C) t (h) TON TOF 
(h-1)

Ref.

CuCl Benzyl amine Solvent Free air 100 18 200 11.11 S1

CuBr2 + TEMPO Benzyl amine CH3CN/H2O air 25 12 40 3.33 S2

Ru
H

PPh3

PPh3

CO
N

N

Benzyl amine TEMPO (20%) 
in Toluene

O2

(1 atm)

90 24 49 2.04 S3

N

OH O

O
H
NO

O

OV

OH2 O

Benzyl amine Ionic liquid O2

(1 atm)

120 6 40 6.66 S4

CuPF6
- Benzyl amine CH3CN O2

(1 atm)

rt 3 14.20 4.73 S5

N

NN

N
Mn

Cl Benzyl amine dioxane O2

(6 atm)

130 3 10000 3333 S6

CoL*

N

O NH

N

HN O

L* =

Benzyl amine water air 40 12 128 10.66 S7

N

NN

N
Mn
Cl Benzyl amine Toluene/ t-

BuOOH
air rt 0.25 3333 13333 S8
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Au/Al2O3 Benzyl amine Toluene O2

(1 atm)

100 24 - - S9

PI/CB-Pt Dibenzylamine CDCl3/H2O O2

(1 atm)

30 16 176 11 S10

Nb2O5 Benzyl amine Benzene O2

(1 atm)

irradiat
ion

50 13.29 0.26 S11

Pd
N P

Cl Cl

O
O

N

N

Benzyl amine Solvent Free air 80 6 100 16.7 S12

HN NH

O

O O
O

CuCl
+

Benzyl amine CH3CN air 30 3 30.4 10.13 S13

N
O

O

O

O Ru
Cl Cl Cl

(Et3NH)2

Benzyl amine Solvent free air 100 10 100 10 S14

N

N
Ir

N

N

PF6

N,N- dimethyl 
benzylamine

CH3CN air 80 1.5 82 54.66 S15
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