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Mononuclear Manganese(II)/40-Ar-2,20:60,200–Terpyridine
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Oxidation Study
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A series of mononuclear Mn(II)/terpyridine complexes were synthesized and characterized by elemental analysis, IR spectrum, and
UV-vis spectrum. Catalytic activities of Mn(II)/40-Ar-2,20:60,200–terpyridine complexes were tested in the oxidation of cyclohexene or
styrene in the presence of tert-butylhydroperoxide as oxidant. Significant catalytic effects of these complexes were observed in the
oxidation of olefins, especially in the cyclo-oxidation of styrene.
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Introduction

The oxygen-evolving complex (OEC) of photosystem II
(PS II) contains a m-oxo-bridged manganese tetramer,
which can carry out the four-electron oxidation of water
to O2.

[1–3] [H2O(terpy)Mn(m-O)2Mn(terpy)OH2]
3C (terpy

D 2,20:60,200-terpyridine) has been reported to catalyze oxy-
gen evolution from an oxidant (OCl¡ or HSO5

¡) in aque-
ous solution.[4–6] Dioxygen transporting proteins existed in
the hemocyanin and tyrosinase have important cores of
tridentate-coordinated structure.[7,8] Thus, metal/triden-
tate-ligand complexes maybe have a great potential for
catalytic oxidizability.[9,10]

Manganese complexes have been already applied in a
lot of research fields,[11–14] but few mononuclear Mn/tri-
dentate-ligand complexes could be found to be used in
organic oxidative reaction. We synthesized a series of
mononuclear Mn(II)/40-Ar-2,20:60,200–terpyridine com-
plexes, and the catalytic activities of these complexes were
explored in oxidative reactions, cyclohexene or styrene as
substrate.

Experimental

Reagents and instruments

All chemicals of acceptable purity grade were purchased from
the local market. The 1H-NMR spectra was recorded on a
WIPM-400(400MHz) in CDCl3-d1 with tetramethylsilane as
the internal standard. Vario Micro Cube of Germany elemen-
tal analyzer was used to collect microanalytical data (C, H,
and N). FT-IR spectra of the samples were recorded on a
NICOLET iS10 spectrophotometer using KBr pellets. The
electronic spectra of complexes were recorded on a Perkin
Elmer Lambda-35 spectrophotometer.

Synthesis of Ligand and Complex

40-(4-nitrophenyl)-2,20:60,200–terpyridine (L1), 40-(4-chloro-
phenyl)-2,20:60,200–terpyridine (L2), 40-phenyl-2,20:60,200–ter-
pyridine (L3), 40-(4-methylphenyl)-2,20:60,200–terpyridine
(L4), and 40-(4-methoxylphenyl)-2,20:60,200–terpyridine (L5)
were synthesized according to the reported procedure.[15]

Complexes (1–5) were precipitated after boiling the corre-
sponding ligand with an equimolar amount of manganese
(II) chloride for 3 h (Scheme 1).

Synthesis of complexes (1–5): MnCl2
.4H2O (1 mmol) was

dissolved in alcohol (10 mL), Ligand (1 mmol) was dissolved
in CHCl3 and was added dropwise to the above solution with
stirring at room temperature in 1 h. Then the solution was
refluxed for 4 h. The mixture was allowed to stay overnight
at –10�C, after which the precipitate was filtered off, washed
with diethyl ether, and dried under vacuum. Complex 1 was
obtained as a brown powder, yield 81%. IR (KBr, y/cm¡1):
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1554 (-NO2 str.), 1610 (CHN str.), CHC��H (3019 str.). UV-
vis [H2O, λ/nm]: 230, 284, 302. Anal. Calcd. for
C21H14N4O2Cl2Mn: C, 52.52; H, 2.94; N, 11.67%. Found: C,
52.81; H, 3.18; N, 11.87%.

Complexes (2–5) were prepared in similar way with the
corresponding ligands and were obtained as yellow powders.

Complex 2, yield 82%. IR (KBr, y/cm¡1): 1567, 1479
(CHC str.), 1607 (CHN str.), 3065 (CHC��H str.). UV-vis
[H2O, λ/nm]: 249, 281, 316. Anal. Calcd. for
C21H14N3Cl3Mn: C, 53.70; H, 3.00; N, 8.95%. Found: C,
53.99; H, 2.81; N, 9.02%.

Complex 3, yield 77%. IR (KBr, y/cm –1): 1616 (CHC
str.), 1600 (CHN str.), 3055 (CHC��H str.). UV-vis [H2O,
λ/nm]: 246, 267, 286. Anal. Calcd. for C21H15N3Cl2Mn: C,
57.95; H, 3.47; N, 9.66%. Found (%): C, 57.47; H, 3.29; N,
9.58%.

Complex 4, yield 82%. IR (KBr, y/cm¡1): 1426(-CH3 str.),
1544, 1473 (CHC str.), 1659 (CHN str.), 3058 (CHC��H str.).
UV-vis [H2O, λ/nm]: 226, 289, 312. Anal. Calcd. for
C22H17N3Cl2Mn: C, 58.82; H, 3.81; N, 9.35%. Found: C,
59.02; H, 3.72; N, 9.44%.

Complex 5, yield 81%. IR (KBr, y/cm¡1): 1427(-CH3 str.),
1553 (CHC str.), 1599 (CHN str.), 1471, 1545 (CHC��H str.).
UV-vis [H2O, λ/nm]: 230, 285, 308. Anal. Calcd. for
C22H17N3OCl2Mn: C, 56.80; H, 3.68; N, 9.03%. Found: C,
56.29; H, 3.58; N, 8.79%.

General Procedure for Oxidation of Substrate

Substrate, TBHP and metal complex were introduced in the
50 mL two-necked round-bottomed flask placed in an appro-
priate temperature controlled by water bath under vigorous
stirring. After oxidation, the reaction mixture was passed
quickly through a short pad of silica gel and reaction solvent
was used as eluent. The solution was placed in a GC sample
vial, then a quantitative of internal standard (p-xylene) was
added for quantitative analysis by GC (Agilent 6810 chro-
matograph, Agilent DB-5ms capillary column 0.25 mm £
30 m £ 0.25 mm, FID detector).

Results and Discussion

Liquid Phase Reaction Oxidation of Cyclohexene

In order to test the catalytic performance of the impact of dif-
ferent substituent group to the catalyst, five types of mononu-
clear Mn(II)/terpyridine complex were investigated in the
oxidation of cyclohexene. The results showed that the main
oxidation products of the cyclohexene were 2-cyclohexene-1-
one, 2-cyclohexene-1-ol, and cyclohexene epoxide (Scheme
2).

Effect of different oxidant

The effect of different oxidants on the catalytic activity of
mononuclear Mn(II)/terpyridine complex in the oxidation of
styrene was studied. We chose different oxidant such as
TBHP (65%), H2O2 (30%), molecular oxygen, and air in the
oxidation of cyclohexene. The catalysis results were summa-
rized in Table 1. In the case of TBHP, the reaction showed
the highest conversion ratio.

Effect of different solvent

In the catalytic oxidation of cyclohexene, acetonitrile, tetra-
hydrofuran (THF), N,N-dimethylformamide (DMF),
CH2Cl2, and CH2ClCH2Cl were used as solvent. As shown
in Table 2, the highest conversion was obtained in presence
of acetonitrile. It was observed that the catalytic activity of
the Mn(II) complex decreased in the order: acetonitrile >

CH2ClCH2Cl > DMF > THF > CH2Cl2 at 50�C. Then, all
experiments will be performed in acetonitrile.

Effect of reaction temperature

Effect of temperature on the oxidation of cyclohexene as a
function of time has been plotted in Figure 1. A series of
experiments were carried out in order to test the temperature
effect at different temperatures of 35, 60, 70, and 80�C. As
shown in Figure 1, the best conversion ratio was observed at
80�C. Diminishing conversion ratios were generated when
the reaction temperatures were lower than 80�C.

Effect of the amount of catalyst

The effect of the amount of catalyst on the oxidation of cyclo-
hexene as a function of time is illustrated in Figure 2. The
data revealed that the conversion of cyclohexene decreased
with the increase of the catalyst amount from 0.5 to 2 mol%.
88% conversion of cyclohexene was observed after 6 h at
80�C using 0.5 mol% of catalyst 3. An increase of the amount
of catalyst would obtain a lower conversion of cyclohexene
from the Figure 2. The possible reason is that the decomposi-
tion of TBHP which resulted from the excess Mn(II)
complex.
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Sch. 1. Synthesis of ligands and Mn(II) complexes.
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Sch. 2. Oxidation of cyclohexene by Mn(II) complex.
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Effect of amount of oxidant

The effect of the substrate/oxidant molar ratio on the oxida-
tion of cyclohexene is illustrated in Figure 3. Different sub-
strate/oxidant molar ratios (1:0.5, 1:1, 1:1.5, and 1:2) were
tested. When the molar ratio of substrate/oxidant increased
from 1:0.5 to 1:2, the conversion ratio of cyclohexene
changed significantly from 56% up to 90% after 6 h.

Effect of different Mn(II) complexes in the oxidation of
cyclohexene

Under the optimized catalytic condition, five mononuclear
Mn(II)/terpyridine complexes were tested in the oxidation of
cyclohexene. All catalytic data were presented in Table 3 .

It is very clear that the Mn(II) complex do have the power-
ful influence for oxidation of cyclohexene. A very poor con-
version ratio of cyclohexene was observed without any
catalysts, which was only 26%. It can be seen that the ligand
play a significant role to the catalytic properties of the

complexes. The best conversion ratio of cyclohexene pertains
to Catalyst 1 (90%) and the lowest belongs to Catalyst 2
(79%). A low conversion ratio of the Catalyst 2 is due to its
poor solubility in acetonitrile. Results indicated that 40-(4-
nitrophenyl)-2,20:60,200–terpyridine had best catalytic effect
for cyclohexene oxidation than those containing the electron-
donating group.

Liquid Phase Reaction Oxidation of Styrene

The catalytic abilities of Mn(II) complexes were also exam-
ined in the oxidation of aromatic olefin, styrene used as a
model substrate. The experiments showed that the main oxi-
dation products of the styrene were benzaldehyde, styrene
cyclo-oxide, and 1-phenylethane-1,2-ethanediol (Scheme 3).

As shown in Table 4, Mn(II) complexes have played a very
important role on the oxidation of styrene. Only 32% of sty-
rene was oxygenated without any Mn(II) complexes. The

Table 1. Effect of various oxidant to conversion ratio of cyclo-
hexene oxidationa

Product selectivity

Oxidant Conv.
(%)b

Otherc

TBHP 58 7 47 12 34
H2O2 26 23 47 12 18
O2 5 22 73 — 5
Air trace — — — —

aCyclohexene 5 mmol, oxidant 10 mmol, complex 3 1 mol%, acetonitrile
10 mL, 6 h, 50�C.
bDetermined by GC.
cOthers: 1,2-cyclohexanediol and 2,3-epoxy-1-cyclohexanone.

Table 2. Effect of various solvent to conversion ratio of cyclohex-
ene oxidationa

Product selectivity

Solvent Conv.
(%)b

Otherc

Acetonitrile 58 7 47 12 34
DMF 26 15 11 66 8
THF 18 10 48 40 2
CH2ClCH2Cl 30 19 27 27 27
CH2Cl2 15 24 30 27 19

aCyclohexene 5 mmol, TBHP 10 mmol, complex 3 1 mol%, solvent 10 mL,
6 h, 50�C.
bDetermined by GC.
cOthers: 1,2-cyclohexanediol and 2,3-epoxy-1-cyclohexanone.

Fig. 1. Effect of the temperature on the oxidation of cyclohexene.
Reaction condition: cyclohexene 5 mmol, TBHP 10 mmol, Mn
(II) complex 3 0.5 mol%, acetonitrile 10 mL.

Fig. 2. Effect of the amount of oxidant on the oxidation of cyclo-
hexene. Reaction condition: cyclohexene 5 mmol, TBHP
10 mmol, acetonitrile 10 mL, 80�C.
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conversion ratio of styrene was increased up to 77–94% when
0.5 mol% Mn(II) complex was added. The selectivity of sty-
rene cyclo-oxide was also improved from 23% up to 96%, at
the same time. Complex 1 has best catalytic effect than the
others. The results were similar with those in previous
reports[16–18] in which the withdrawing electron group would
have active influence on the catalytic oxidation. The intro-
duction of nitro substituents, possessing electroaccepting
abilities into terpyridine, makes the center metal strongly
electron deficient. The electron deficient center metal would
preferably coordinated with TBHP.

Conclusions

Five mononuclear Mn(II)/40-Ar-2,20:60,200–terpyridine com-
plexes were synthesized and applied in the catalytic oxida-
tions of cyclohexene or styrene. All these Mn(II) complexes
exhibited good catalytic activities for oxidation of olefins
when TBHP was used as oxidant, especially for the reaction
of styrene. For the cyclo-oxidation of styrene, a conversion
ratio up to 94% and selectivity up to 96% were observed after
12 h at 80�C when Mn(II) complexes were used as catalyst.
Moreover, the catalytic oxidation system is safe, clean, and
operationally simple.

Funding

The support of this work by Natural Science Fund of Hubei
province (No.2011CDB068) is acknowledged.

References

1. Limburg, J.; Szalai, V. A.; Brudvig, G. W. J. Chem. Soc. Dalton
Trans. 1999, 1353.

Fig. 3. Effect of the amount of oxidant on the oxidation of cyclo-
hexene. Reaction condition: cyclohexene 5 mmol, Mn(II) com-
plex 3 0.5 mol%, acetonitrile 10 mL, 80�C.

Table 3. Effect of different Mn(II) complexes on conversion ratio
of cyclohexene oxidationa

Product selectivity

Complex used Conv. (%)b Othersc

— 26 9 31 60 —
Complex 1 90 5 38 51 6
Complex 2 79 4 36 52 8
Complex 3 88 4 34 55 7
Complex 4 89 10 20 58 12
Complex 5 80 7 31 55 8

aCyclohexene 5 mmol, TBHP 10 mmol, Mn(II) complex 0.5 mol%, acetoni-
trile 10 mL, 6 h, 80

�
C.

bDetermined by GC.
cOthers: 1,2-cyclohexanediol and 2,3-epoxy-1-cyclohexanone.

Table 4. Effect of various Mn(II) complexes to conversion of
styrene oxidationa

Product selectivity

Complex used Conv. (%)b

Complex 1 94 2 92 6
Complex 2 77 2 94 4
Complex 3 93 1 95 4
Complex 4 93 1 94 5
Complex 5 85 1 96 3
— 32 72 23 5

aStyrene 5 mmol, TBHP 10 mmol, Mn(II) complexes 0.5 mol%, acetonitrile
10 mL, 12 h, 80�C.
bDetermined by GC.

CHO
O

OH
OHMn(II) Com plex

O xidant

Sch. 3. Oxidation of styrene by Mn(II) complex.

1100 Liu et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

eb
ra

sk
a,

 L
in

co
ln

] 
at

 1
7:

51
 1

2 
A

pr
il 

20
15

 



2. Vrettos, J. S.; Limburg, J.; Brudvig, G. W. Biochim. Biophys. Acta
2001, 1503, 229.

3. Yachandra, V. K.; Sauer, K.; Klein, M. P. Chem. Rev. 1996, 96,
2927.

4. Yagi, M.; Narita, K. J. Am. Chem. Soc. 2004, 126, 8084.
5. Limburg, J.; Vrettos, J. S.; Chen, H.; de Paula, J. C.; Crabtree,

R. H.; Brudvig, G. W. J. Am. Chem. Soc. 2001, 123, 423.
6. Gelasco, A.; Bensiek, S.; Pecoraro, V. L. Inorg. Chem. 1998, 37,

3301.
7. Kaim, W.; Rall, J. Angew. Chem. Int. Ed. Eng. 1996, 135, 60.
8. Rolff, M.; Schottenheim, J.; Decker, H.; Tuczek. F. Chem. Soc.

Rev. 2011, 40, 4077.
9. Liu, P.; Wong, E. L. M.; Yuen, A. W. H.; Che. C. M. Org. Lett.

2008, 10, 3275.
10. Liu, P.; Zhou, C. Y.; Xiang, S.; Che., C. M. Chem. Commun. 2010,

46, 2739.

11. Chidankumar, C. S.; Chandraju, S.; Made Gowda, N. M. Synth.
React. Inorg. Met.-Org. Nano-Met. Chem. 2011, 41, 1331.

12. Zhang, D.; Zhang, L.; Zhao, Z.; Ni, Z. React. Synth. React. Inorg.
Met.-Org. Nano-Met. Chem. 2011, 41, 1288.

13. Zhang, Z.; Ye, Z. W.; Zhang, M.; Fan, C. Y. Synth. React. Inorg.
Met.-Org. Nano-Met. Chem. 2008, 38, 352.

14. Ottenbacher, R. V.; Bryliakov, K. P.; Talsi, E. P.; Inorg. Chem.
2010, 49, 8620.

15. Beley, M.; Delabouglise, D.; Houppy, G.; Husson., J. Inorg. Chim.
Acta 2005, 358, 3075.

16. Haber, J.; Iwanejko, R.; Poltowicz, J.; Battioni, P.; Mansuy, D. J.
Mol. Catal. A–Chem. 2000, 152, 117.

17. Liu, N.; Jiang, G. F.; Guo, C. C.; Tan, Z. J. Mol. Catal. A–Chem.
2009, 304, 40.

18. B€ottcher, A.; Birnbaum, E. R.; Day, M. W.; Gray, H. B.; Grinstaff,
M. W.; Labinger, J. A. J. Mol. Catal. A–Chem. 1997, 117, 229.

Mononuclear Manganese(II)/40-Ar-2,20:60,200–Terpyridine Complexes 1101

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

eb
ra

sk
a,

 L
in

co
ln

] 
at

 1
7:

51
 1

2 
A

pr
il 

20
15

 


