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Abstract

The ability of manganese(ll) complexes with substituted terpyridine (terpy) ligands to activate hydrogen peroxide and to
catalyze oxidation of the substrates Morin and Trolox C was studied in aqueous alkaline solution. Introdustidonair
substituents as hydroxy or amine groups in the 4-positions of the pyridine rings resulted in an enhanced catalytic activity
compared to the unsubstituted terpyridine-manganese(ll) complex. However, the catalytic activity depends critically on the
substitution pattern. Differences in the activity of catalysts towards Morin and Trolox C are discussed with respect to the
mechanism of oxidation. Dissolution of isolated complexes with a ligand-to-manganese ratio of 1:1 in aqueous buffer results
in formation of a mixture of 1:1 and 2:1 species. The 1:1 species was found to be the catalytically more active precursor,
suggesting that free coordination sites are important for a high catalytic activity. Activity was found to be pH dependent and
was highest at pH-10. All complexes also catalyze the disproportionation of hydrogen peroxide into oxygen and water.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction catalyze substrate oxidation by hydrogen peroxide or
molecular oxygen, has been fascinating the scientific
Hydrogen peroxide and even more so, molecular community for decade§l-5]. The optimism about
oxygen are rightly considered to be the oxidants of finding effective catalysts originates in the existence
choice for a wide range of oxidation reactions. Un- of numerous enzymes, which are able to activate these
fortunately, their activity is kinetically hindered under very oxidants[6]. Many studies exist, describing the
many experimental conditions, although both are po- design of complexes between transition metals and
tent oxidants in a thermodynamic sense. Besides theorganic ligands, which structurally mimic the puta-
development of atom efficient processes with hetero- tive active centers of redox-active enzynjg¢s2,7,8]
geneous catalysts in the production of bulk chemi- Moreover, model complexes have successfully been
cals, mainly with molecular oxygen as the ultimate developed, possessing some potential in activating
oxidant, the design and development of soluble tran- hydrogen peroxide or molecular oxyggh4,7,9]
sition metal complexes, which are able to effectively ~ Apart from its use in organic synthesis, industry
is looking for hydrogen peroxide activating catalysts
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hydrogen peroxide produced worldwiie0]. Bleach

processes, i.e. the oxidation and destruction of chro-

mophores are, for example, of great importance for
the pulp and paper industry, the textile industry as
well as the detergent industry. From the environmental
point of view complexes with iron or manganese are
highly preferred, with the latter of the two having by

far the richer redox chemistry. However, the applica-
tion of such catalysts is often hampered by low activ-
ity and stability under the specific conditions of bleach
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oxidant. A concise synthesis was developed, which
enables the preparation of substituted terpyridines in
multigram amounts. Studies of the oxidation of model
substrates (Morin and Trolox C) by hydrogen perox-
ide in the presence of the respective manganese(ll)
complexes were carried out in order to assess their
potential in catalytic oxidation reactions. Our results
show that the catalytic activity is greatly enhanced
by the presence ofr-electron donor groups and can
effectively be modulated by the substitution pattern.

processes (agueous medium, high pH and elevatedComplex equilibria were studied under conditions of
temperature). A problem often connected with metal model substrate oxidation and it was found that 2:1
complexes having organic ligands is auto-catalyzed and 1:1 complex species (ligand-to-Mn) coexist in so-
ligand oxidation[11]. Furthermore, the existence of lution. The dependence of the catalytic activity on the
a thermodynamic sink, i.e. the preferred formation Mn(ll)-to-ligand ratio and the pH was investigated.

of insoluble metal hydroxides or oxides, limits the The results are discussed in terms of mechanistic
use of many complexes under alkaline pH. To date, aspects of the action of this new class of oxidation

only a few catalysts meet the requirements of retain-
ing activity and stability under the aforementioned
harsh reaction conditiorjd]. The most prominent ex-

catalysts.

amples are manganese complexes derived from the2. Experimental

ligand 1,4,7-trimethyl-1,4,7-triazacyclononane (TM-
TACN) [4]. Manganese complexes with TMTACN and

related ligands are very potent oxidation catalysts not

only in the household application of stain bleaching in
laundry but also in a variety of model oxidation pro-
cesses, such as oxidation of pherj@8], epoxidation
[4,13-15]and dihydroxylation16] of alkenes, C-H
activation[17] and oxidation of azo-dyg48]. For this
family of catalysts, the involvement of high-valent,

2.1. Complex stability constants

2.1.1. Isothermal titration calorimetry

Isothermal titration calorimetry was performed
using a MicroCal Omega high sensitivity titration
calorimeter (Microcal, Norhampton, MA). Solu-
tions were degassed under vacuum prior to use. The
calorimeter was calibrated electrically. Heats of di-

mono- or di-nuclear active species including species lution were determined in control experiments and
bearing.-oxo bridged groups has been suggested to subtracted from the heats determined in the ligand-

be crucial for catalytic activity4,12,19]

to-MnCl, titration experiments. The results of the

Recently, high-valent manganese complexes of titration experiments were fitted with the sequential

2,2:6/,2" terpyridine (terpy) have emerged as po-
tential oxidation catalyst§20—23] Among others,
the diq.-oxo bridged Mn dimer [(HO)terpyMn(lIl)
(m-O)2Mn(IV)terpy(H20)](NO3)3 was synthesized
in order to mimic the active center of the oxygen-
evolving center of photosystem [20,21] The com-
plex was shown to exert catalytic activity in aqueous
solution in the presence of hypochlorite or peroxy-
monosulfate as oxidan{®1,22] However, catalytic
activity in the presence of hydrogen peroxide as an
oxidant has not yet been reported.

These findings prompted us to investigate com-
plexes of the terpyridine family as potential catalysts
for oxidation reactions with hydrogen peroxide as

binding site model provided by the Origin software
(Microcal, Norhampton, MA).

2.1.2. Potentiometric measurements

Potentiometric measurements were conducted with
a Titrino 751 GPD and a pH-sensitive electrode with
internal reference (6.0259.100) from Metrohm AG
(Switzerland). All titrations were performed in a
thermostated vessel at 25t 0.1°C under nitrogen
atmosphere. The nitrogen gas was bubbled through a
solution, which was adjusted to 0.1 M ionic strength
potassium chloride.

The addition of titrand and the registration of
the corresponding potentials were described by a
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monotone endpoint titration protocol (MET) with stan-  2.4. Synthesis of ligands and complexes
dard equilibrium time of 240 s for each titration point.

To ensure a stable reference potential, the pH- All commercial reagents were used as received
sensitive electrode was calibrated by titration before unless noted otherwise. Salen comp)25], and
and after each measurement with a 2 mM hydrochloric terpyridine 1 [26,27] terpyridine?2 [27,28] and ter-

acid solution, which was also adjusted to 0.1 mdl| pyridine 3 [29], as well as terpy-MnGl [30] have
ionic strength with potassium chloride. From the cal- been described elsewher&d NMR spectra were
ibration measurements values flat (mV) and Ky recorded at 360 MHz on a Bruker BZH 360/52 instru-
were obtained. ment. IR spectra were obtained with a Nicolet 510

Fifty milliliter of the assay solution were titrated FT—-IR S/N instrument. MALDI-TOF analyses were
with 0.1 M potassium hydroxide solution from Riedel- conducted using an Applied Biosystems \Voyager
de-Haén (35125). The ionic strength of the assay so- 1236 instrument. lons formed by a pulsed UV laser
lution was adjusted to 0.1 M KCI. beam (nitrogen lasei, = 337 nm) were accelerated

The titrations were fitted by the use of SU- by 20kV in a 2,5 DHB matrix.

PERQUAD[24] assuming a proper model of chemical
equilibria. 2.4.1. Synthesis of terpyridine ligands

2.2. Oxidation reactions 2.4.1.1. Terpyridine 4. Ethyl 4-chloropicolinate
[31], the procedure ofLohse for the prepara-
Kinetics of Morin and Trolox C bleach was mea- tion of the corresponding methyl ester hydrochlo-
sured with a Cary 50 spectrophotometer (Varian, Aus- ride was followed with minor modification$32].
tralia). Experiments were performed in thermostated N,N’-Dimethylformamide (10.0ml, 130 mmol) was
cuvettes equipped with a magnetic stirring unit. In cautiously added with stirring to thionyl chloride
a typical experiment, the cuvette (path length, 1cm) (295 ml, 4.06 mol) at 40C. After 30 min, finely pow-
was filled with 3 ml buffer solution containing 1M dered picolinic acid (100g, 812mmol) was added
Morin or 300uM Trolox C, 10 mM hydrogen perox- in 10 equal portions over 30 min, while keeping the
ide and 2.5uM catalyst. Bleaching of Morin was fol-  temperature between 38 and 42 The temperature
lowed as the decrease in absorbance at 430 nm. Troloxis raised to 70C over 2h (vigorous evolution of
C oxidation was studied at 435nm (phenoxy radical SO,/HCI), and the mixture was stirred at this temper-
formation) and at 260 nm (formation of the quinone). ature for 1 day. Part of the volatiles (ca. 150 ml) were
distilled off and replaced by toluene (ca. 150 ml),
2.3. Hydrogen peroxide decomposition and the removal of volatiles (again ca. 150 ml) was
repeated once more. Toluene was then added to a
To determine the time dependence of hydrogen total volume of about 450 ml, and the resulting solu-
peroxide decomposition, 20M of the complex was  tion was poured into an ethanol-toluene solution (1:1
added to 50 ml of a stirred carbonate buffer solution (v/v), 240 ml) cooled in an ice-bath. The resulting

(10mM, pH 10.0) containing 2mM $D, at 40°C. suspension was stirred overnight and concentrated to
At specific times samples of 1 ml of this solution were half of the volume on a rotary evaporator. The mixture
removed. Fifty microliter 1 M hydrochloric acid, 20 was filtered at OC and washed with toluene (250 ml).

3% ammonium molybdate tetrahydrate solution and After drying in vacuo, ethyl 4-chloropicolinate hy-
20l of 1 M potassium iodide were added to the sam- drochloride was obtained as a beige solid.

ples. The absorbance at 440nm was measured 6 min The above hydrochloride was partitioned between
after preparation of a sample. The absorbance of the ethyl acetate (300 ml) and water (200 ml), and quickly
samples was compared with a calibration curve in or- neutralized with aqueous sodium hydroxide (125 ml,
der to calculate the hydrogen peroxide concentration. 4 M). The aqueous layer was separated and ex-
In separate control experiments, the®4 concentra- tracted twice with ethyl acetate (200 ml each). The
tion was also determined by means of potentiometric combined organic layers were dried over sodium
iodometric titration. sulfate (50g), filtered and concentrated to dryness.
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After distillation in vacuo (0.2 mbar, 65-7C), ethyl
4-chloropicolinate (75.3g, 50% yield) was obtained
as a colorless semisolitH NMR (360 MHz, CDCb):

8 =856 (d,J = 5.0Hz, 1H), 8.03 (dJ = 1.8Hz,
1H), 7.43-7.37 (m, 1H), 4.39 (qf = 7.2Hz, 2H),
1.35 (t,J = 7.2 Hz, 3H).

Claisen condensation: Sodium hydride (49, ca.
100 mmol, ca. 60% in mineral oil) was washed
twice with n-hexane under argon. After addition
of absolute THF (100ml), a solution of ethyl
4-chloropicolinate (18.459g, 99.4 mmol) and acetone
(2.92ml, 39.7 mmol) in absolute THF (75ml) was
added within 2 h at 40—48C. After cooling to room
temperature, the mixture was poured into 300 ml wa-
ter with mechanical stirring. Aqueous HCI (ca. 14 ml,

6 M) was added to the resulting orange suspension

within 30 min (final pH-value: 7.0-7.5). The mix-
ture was concentrated to 2/3 of the initial volume
on a rotary evaporator. After filtration at’C, wash-
ing with water (100 ml) and drying in vacuo, crude
1,5-bis-(4-chlor-pyridin-2-yl)-pentan-1,3,5-trione
(12.40g, 92% yield) was obtained as a yellow solid.
The product was used without further purificatidgl
NMR (360 MHz, CDC}), enol tautomer: 14.4 (br s,
2H); 8.49 (d,J = 5.0Hz, 2H); 7.95 (d,J = 1.8 Hz,
2H); 7.35-7.31 (m, 2H); 6.77 (s, 2H). IR (crh:
1619 (m), 1564 (s), 1546 (s), 1440 (m), 1374 (s),
1156 (m), 822 (w).

Pyridone formation: Aqueous ammonia (95 ml of a

25% solution) was added to the crude 1,3,5-triketone

(31.1g, 95 mmol) in 2-propanol (1.11), and the mix-
ture was heated to 7€. Within 6 h, additional am-

monia solution (3x 30 ml) was cautiously added (at
about 50°C each). The mixture was cooled, filtered at
0°C, and the precipitate was dried in vacuo to yield
terpyridine4 (18.3 g, 60% yield) as an off-white solid.

A second, yet slightly impure crop of material (ca.
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butanol (100 ml) was heated under reflux for 2 days.
The resulting suspension was filtered while hot. The
precipitate was triturated with a minimum amount of
water, filtered, and dried in vacuo to yield terpyridine
5 as an off-white solid (5.25g, 69% yieldyH NMR
(DMSO-d6): 8.23 (dJ = 5.9 Hz, 2H), 7.95-7.70 (m,
4H), 6.82-6.73 (m, 2H), 4.00-3.20 (m, 8H), 3.12 (s,
6H). 13C NMR (DMSO-d6): 166.0 (s, 1C); 157.3 (s,
2C); 155.7 (s, 2C); 154.6 (s, 2C); 149.4 (d, 2C); 108.2
(d, 2C); 107.4 (d, 2C); 103.4 (d, 2C); 58.5 (t, 2C);
53.6 (t, 2C); 38.3 (q, 2C). ££H25N503 (395.47), cal-
culated [%]: C 63.78, H 6.37, N 17.71; found [%)]: C
63.36, H 6.21, N 17.41. IR (cmt): 3325 (m); 3256
(s); 2849 (w); 1604 (m); 1580 (s); 1514 (vs); 1444
(s); 819 (s). MALDI-TOF-MS: 396 ([L+ H] ™).

24.1.3. Terpyridine 6. Terpyridine 4 (7.95¢,
25mmol) was added to P£(12.47 g, 60 mmol) in
175ml POC4, and the mixture was heated to reflux
for 1 day. After evaporation of the volatiles, ice-cold
water (200 ml) was cautiously added. Aqueous sodium
hydroxide (100 ml, 4M) was added and the mixture
was stirred at room temperature overnight. The result-
ing pink solid was partitioned between chloroform
(3 x 300 ml) and water (200 ml). The combined or-
ganic extracts were dried over sodium sulfate, filtered
and concentrated in vacuo to yield pure terpyridine
[33,34] as a white solid (6.31 g, 75% yield)Hd NMR
(360 MHz, CDC}): 8.48 (d,J = 5.0Hz, 2H), 8.45

(d, 7 = 1.8Hz, 2H), 8.38 (s, 2H), 7.31-7.24 (m, 2H).

24.1.4. Terpyridine 7. A mixture of terpyridine6

(4.04 g, 12mmoal), 2-(methylamino)ethanol (48.8 ml,
610 mmol, 50 equivalent) and manganese(ll)chloride
tetrahydrate (5.23g, 26.4mmol, 2.2 equivalent) in
2-methyl-2-butanol (100 ml) was heated under reflux
for 1 day. Acetonitrile:water 1:1 (50 ml) was added

20%) can be obtained by concentration of the mother and the pH-value was adjusted to 12. The mixture

liquor.*H NMR (360 MHz, DMSO-d6): 11.12 (s, 1H);
8.64 (d,J = 5.1Hz, 2H); 8.58 (s, 2H); 7.87 (s, 2H);
7.63-7.59 (m, 2H)!3C NMR (CDCk): 165.6 (s, 1C),
156.5 (s, 2C), 154.9 (s, 2C), 150.2 (d, 2C), 143.6 (s,
2C), 123.7 (d, 2C), 120.2 (d, 2C), 108.5 (d, 2C).

2.4.1.2. Terpyridine 5. A mixture of terpyridine4

(6.36g, 20mmol), 2-(methylamino)ethanol (30.65g,
0.4mol, 20 equivalent) and dry zinc(ll)chloride
(82mg, 0.6 mmol, 0.03 equivalent) in 2-methyl-2-

was vigorously stirred in air for 1 day. After filtra-
tion over celite, the mother liquor was evaporated
to dryness. The crude product was triturated with
20 ml water, filtered at 0C, and dried in vacuo. Af-
ter recrystallization from agueous methanol, ligand
7 was obtained as a white solid (3.04 g, 44% vyield).
'H NMR (DMSO-d6): 8.18 (d,/ = 5.9Hz, 2H);
7.92 (d,J = 2.3Hz, 2H); 7.70 (s, 2H); 6.63 (dd,
J = 5.9, 2.3Hz, 2H); 4.95-4.70 (m, 3H); 3.80-3.48
(m, 14H); 3.10 (s, 3H); 3.07 (s, 6H):*C NMR



T. Weprecht et al./Journal of Molecular Catalysis A: Chemical 203 (2003) 113-128

(360 MHz, DMSO-d6): 156.4 (s, 2C); 155.7 (s, 2C);
155.3 (s, 1C); 154.4 (s, 2C); 149.2 (d, 2CH); 107.0
(d, 2CH); 103.5 (d, 2CH); 103.1 (d, 2CH); 58.5 (t,
2C); 58.2 (t, 1C); 53.7 (t, 2C); 53.6 (t, 2C); 38.6 (q,
1C); 38.3 (g, 2C). G4H32N03-1.29 HO, calculated
[%]: C 60.59, H 7.33, N 17.66, $D 4.88; found [%]:

C 60.18, H 7.26, N 17.77, ¥D 4.88. IR (cnml):
3376 (w); 2921 (w); 1580 (vs); 1538 (m); 1415 (m);
1053 (w); 994 (s); 799 (w). MALDI-TOF-MS: 453
(IL +H]T).

2.4.2. Syntheses of catalysts

2.4.2.1. Complex I-MnCl,. Ligand1 [27] (249 mg,

1 mmol) was added to a stirred solution of MaCl
4H,0 (198 mg, 1 mmol) in ethanol (10 ml) and the
mixture was stirred for 1 day at ambient tempera-
ture. After filtration and drying, the compléxMnCl»
was obtained as a light-yellow powder (349 mg, 93%
yield). CisH11CloMnN3O (375.12), calculated [%]:
C 48.03, H 2.96, N 11.20, Mn 14.65; found [%]: C
48.22, H 3.14, N 11.13, Mn 14.6. IR (cth): 3082
(br, vs), 1613 (s), 1600 (s), 1558 (s), 1429 (m), 1224
(s), 1011 (m), 798 (m). MALDI-TOF-MS: 339 ([M
— CII*); 250 ([L + H]™). UV-Vis (10 mM carbon-
ate buffer, pH 10.0): 281 nm (28700 (M cr); 321
(9250 (M cmy™1).

2.4.2.2. Complex 3-MnCl,. Ligand 3 [29] (6.834,
22.3mmol) was added, in five portions over a period
of 30 min to an ethanolic solution (150 ml) of Mng&l
4H,0 (4.41 g, 22.3 mmol). The mixture was stirred at
room temperature for 18 h. After filtration and drying,
the complex3-MnCl, was obtained as a light-yellow
powder (8.85g, 92% vyield). {gH18CloMnN4O
(432.21), calculated [%]: C 50.02, H 4.20, N 12.96,
Mn 12.71, Cl 16.41; found [%]: C 49.90, H 4.12,
N 12.78, Mn 12.9, Cl 16.33. IR (crt): 3484 (m),
1610 (vs), 1600 (vs), 1532 (m), 1039 (m), 1013
(vs), 793 (s), 786 (m). MALDI-TOF-MS: 396 ([M
— CII%); 307 ([L + H]™). UV-Vis (10 mM carbon-
ate buffer, pH 10.0): 222 nm (26200 (M cri); 281
(24600 (M cmy'1); 320 nm (11800 (M cnm)).

24.2.3. Complex 5-MnCl,. Ligand 5 (3.564¢,
9mmol) was added to a stirred solution of MaCl
4H,0 (1.78g, 9mmol) in ethanol (60ml), and the
mixture was stirred at ambient temperature for 16 h.
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After filtration and drying, the complexe-MnCl,
was obtained as a light-yellow powder (4.05g, 86%
yleld) C21H25C|2MHN503-0.16|‘EO (524.19), cal-
culated [%]: C 48.12, H 4.87, N 13.36, Mn 10.48,
Cl 13.53, BO 0.55; found [%]: C 48.17, H 4.90,
N 13.27, Cl 13.41, Mn 10.7, $0 0.54. IR (cnm?):
1605 (vs), 1579 (m), 1535 (m), 1500 (m), 1011 (vs).
MALDI-TOF-MS: 485 ([M — CI]T); 396 ([L+H]*).
UV-Vis (10 mM carbonate buffer, pH 10.0): 228 nm
(31,200(Mcmyl);  270nm (45,250 (M cm)b);
312 nm (19,800 (M crm)b).

2.4.2.4. Complex 7-MnCl,. Ligand 7 (996 mg,
2.2mmol) was added to a stirred solution of
MnCl,-4H,0 (435mg, 2.2 mmol) in ethanol (15 ml)
and the mixture was stirred at ambient temperature for
16 h. After filtration and drying, the complé&MnClI,
was obtained as a light-yellow powder (1.14 g, 88%
yield). Cp4H32CI2NgO3MNCl2-0.47H,0  (586.87),
calculated [%]: C 49.12, H 5.66, N 14.32, Mn 9.36,
H20 1.44; found [%]: C 48.98, H 5.73, N 14.00, Mn
9.24, HO 1.45. IR (cnT1): 3383 (br), 1605 (vs), 1535
(s), 1518 (m), 1014 (s). MALDI-TOF-MS: 542 ([M
— CI]™); 453 ([L + H]™). UV-Vis (10 mM carbonate
buffer, pH 10.0): 230 nm (35,800 (M cm); 275 nm
(50,500 (Mcmy1); 306 nm (21,650 (M cm1).

3. Results and discussion
3.1. Synthesis of ligands and complexes

A vast number of methods are known for the
synthesis of substituted terpyridines, most of which
make use of either 2-acetyl pyridines or derivatives
of a-picolinates, respectively. However, only a few
terpyridines bearing heteroatom substitutents were
published so far. Potts and Konwa6] and Constable
and Ward[27] followed a two-fold Claisen condensa-
tion approach for the preparation of a 1,3,5-triketone
from ethyl picolinate and acetone, which was sub-
sequently cyclized with ammonium acetate to give
4'-hydroxyterpyridine 1) (Scheme L The latter lig-
and can be further modified upon treatment with a
chlorinating agent to yield the’4£hloro derivative
2 [27,28] Following Constable’s protocol but us-
ing catalytic amounts of zinc(ll)chloride instead of
over-stoichiometric iron(ll)chloride as a promoter
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) |: 1:R=H,R,=0H
C

2:R=H,R,=Cl
o[ _

OEt 3: R,= H, R, = CH,N(CH,),0OH
a),b)
R, | X (o) g l:4: R,=Cl, R, =0H
N 5: R,= CH,4N(CH,),OH, R, = OH
4
J N
6:R,=R,=Cl
e)
7: R,= R, = CHy;N(CH,),0H
OH
g g
NS
X N N ST
N N~ N N ~
a @)

Scheme 1. Synthesis of electron-rich terpyridine ligands. (a) ethyl picolinate or ethyl 4-chloropicolinate, acetone, sodium hydride, THF,
50°C, 85% vyield (wt. of ethyl picolinate), 92% vyield (wt. of ethyl 4-chloropicolinate); (b) ATAc (for 1) or NH,OH (for 4), i-PrOH,

60°C, 65% yield (compoundl), 60% yield (compound4); c) PCk, POCE, reflux, 60% vyield (compoun@), 75% yield (compound

6); (d) CHsNH(CH,),0OH (excess), catalyst Zng&l 2-methyl-2-butanol, reflux, 85% yield (compouid), 69% vyield (compound); (e)
CH3NH(CH,),0H (excess), Mn(OAg)4H,0, 2-methyl-2-butanol, reflux, 44% yield (compouiy

for the dehalo-amination, we obtained the known  With ligands1, 3, 5, and7 in hand, we focused

terpyridine3[29]. New ligandsb and7 bearing amine  on the synthesis of the corresponding manganese(ll)
substituents in the outer rings were obtained in a simi- complexes. Stirring equimolar amounts of ligand and
lar manner starting from di- and tri-chloroterpyridines manganese(ll)chloride tetrahydrate in methanol or

4 and6 [33,34] respectively. ethanol gave catalystsMnCl,, 3-MnCl, 5-MnCly,
To the best of our knowledge, 44liamino-4-hy- and7-MnCl; as yellow powders in high yield.
droxy-terpyridines have not been described before.
The new reaction sequence for the’#4triamino- 3.2. Complex equilibria in solution
substituted ligands compares favorably with the alter-
native procedure starting from 2.@,2’-terpyridine Given the ability to chelate with the nitrogen atoms

1,7,1"-trioxide introduced by Casg83]. Employing of all pyridine rings, one can assume a meridional co-
these methods, we synthesized a broad variety of lig- ordination mode for terpyridines with most transition
ands on a multigram scale. metal ions. In solution, an equilibrium of different
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complexes bearing one (1:1) or two (2:1) ligands
per central ion can thus be expected. Working with
a 1:1 stoichiometry seemed appropriate for our pur-
pose, since the existence of “free” coordination sites
(i.e. in alkaline agueous solution: easily exchange-
able hydroxo or aqua ligands) is considered to be
of importance for catalytic activity. Furthermore, a
1:1 stoichiometry allows in principle the formation
of di-p.-oxo bridged dimers, thereby stabilizing man-
ganese in its higher oxidation states (e.g. Ill/IV or
IV/IV). In contrast, a 2:1 complex is considered as
coordinatively saturated, preventing the coordination
and thereby activation of an oxidant (e.g. perhydroxyl
ion) as expected for an ionic oxidation mechanism.
However, the formal ratio of metal ion-to-ligand
in solution or the stoichiometry in the solid state
tells nothing about the complex species, which are
finally present in aqueous solution. This in partic-
ular holds true in case of Mn(ll) complexes, which
are known to be kinetically labil§35]. In order to
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Table 1

Overall ligand protonation and complex formation constants
(log B(xy)) of the species Myl \H. at 25°C and 0.1 molt! KCI
with L, ligand 1

Xyz IOgﬁ(xyr)a
011 8.78 (1Y
012 12.07 (2)
013 15.30 (3)
110 7.9 (1)
111 12.6 (1)
120 13.9 (4)
121 20.3 (2)
122 25.9 (1)

The complex formation constants were determined by potentio-
metric titrations of solutions containing manganese(ll)chloride and
L in a ratio of 1:1 and 1:2 with c(L)= 1.0mM.

@By = IMiLyH M LY [H] .

bIn parentheses are the triple standard deviations given by the
program SUPERQUAD.

a 2mM ligand solution (same buffer) were injected
into the calorimeter cell. After integration of the heat

have a closer look at the complex species present inflow for each injection Fig. 2(A)), the heat of in-
aqueous and alkaline solutions, a Job plot analysis jection versus molar ratio of ligand-to-Mn curve was

was performed at pH 10 and 238 (Fig. 1) [36].

fitted with the sequential binding site model provided

The maximum excess absorbance was observed for aby the Origin softwareKig. 2(B)). Best fit was ob-

ligand/(manganese¢ ligand) ratioo of ~0.67 for all
catalysts corresponding to a stoichiometric ratio of

tained with logd119 = 7.3 and log8i12¢ = 133
(for definition, seeTable ). The heat of complex

two ligands per Mn. Hence, a 2:1 species dominates formation was found to be exothermic with about

for each of the ligands at pH 10.

However, for catalyst$-MnCl, and 7-MnCl, an
additional non-linearity was observedat-0.5, prob-
ably caused by a partially hidden local maximum. A
maximum ate = 0.5 points to the existence of a 1:1
complex Fig. 1(b)). Although these maxima are not

—4.7kcalmot? for the first complexation step and
—3.3kcal mot! for the second complexation step.

As an alternative to the abovementioned ITC
methods, we also determined the complex formation
constants with manganese(ll) over a broad pH range
by potentiometric, as well as spectrophotometric

very sharp and less pronounced they could be repro-titrations (Table 1. In addition, these methods pro-
duced in several experiments. Two maxima within one vide the protonation constants of the ligand and the
Job plot point to an equilibrium of 2:1 and 1:1 species complexes. The extent to which the pH value of the
under the present experimental conditions. metal-containing system is lowered in comparison to
Although a second maximum was not observed the titration curve of ligand alone, is an indication for
for catalystsl-MnCl, and3-MnCly, the existence of  the stability of the existing complexes. Thus, the corre-
a 1:1 species in addition to the 2:1 species cannot sponding species distribution can be calculated with a
be excluded from the Job plot analysis. To obtain a suitable iteration program using an appropriate chemi-

more comprehensive picture of complex equilibria
in solution, we studied in more detail complex for-
mation between manganese and ligdntly means
of isothermal titration calorimetry (ITC) and poten-
tiomeric titrations. In a typical ITC experiment, the
calorimeter cell contained §M of MnCly (10 mM
carbonate buffer, pH 9.4, 2&). Small aliquots of

cal model (se&ection 2. Best fits were obtained with
the following assumptions: at low pH value (pH 2)
the ligand is in its three-fold protonated state and no
complex is formed. Raising the pH value initiates
complexation of manganese(ll) by one or two ligand
molecules. Complexes are partially protonated in the
intermediate pH range (MnLH and MaH>). Upon



120

excess absorbance

excess absorbance

T. Weprecht et al./Journal of Molecular Catalysis A: Chemical 203 (2003) 113-128

e 1-MnCl, . (A)
A 3-MnCl
0,4 2 °
A |A
]
A
a ® e
A
A '
[
0,2 - A e
[}
A
[}
¢
2:1 complex 2
®
0,0 T T T T T T ‘ T T
0,0 0,1 0,2 0,3 04 0,5 0,6 0,7 0,8 0,9 1,0
L 2
08 | ¢
e 7-MnCl, (B)
[ 5—MnCI2 *
] [ ]
06 * L 2
P *
]
L 2
0,4 *
*
* [ |
| | [ ] u
[ ]
0,2 - . .
- L 2
n
< n
u
1:1 complex 2:1 complex ]
0,0 & T T T T T ‘ T T »
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
o

Fig. 1. Job plot analysis of complex formation. Experiments were run in 10 mM carbonate buffer pH 10@affA& sum of concentration
of ligand and manganese was |89.

further addition of potassium hydroxide solution,

MnL>H, is deprotonated to MniH (pK@ManHZ) =

5.6), and at higher pH-values, finally, to MpL
6.4). Likewise, the 1:1 complex

(PKaMnL,H) =

MnLH is deprotonated to MnL (famnLH) = 4.7).
It should be noted that the complex stability con-

stants of manganese(ll) with ligaddare comparably
low. This leads to only a small pH-difference between

ligand titration and metal-ligand titration causing a

reduced reproducibility between two independent

measurements. We repeated the titrations several
times and found variations in the Iggvalues of
about+5%.

The results obtained with the potentiometric titra-
tions are in good agreement with the results of the
ITC measurements. Hence, both the methods are



T. Weprecht et al./Journal of Molecular Catalysis A: Chemical 203 (2003) 113-128 121

(A) o{ (B
W (" r\f r ﬂ ( _ ~1000
B S
2 41 g 2000
8 =
2 N
= o
g S -3000
= S
© =
(3] v
<= £ 4000 -
3 -5000 { o
0 2000 4000 6000 8000 0 1 2 3
time (sec) molar ligand to manganese ratio

Fig. 2. Isothermal titration calorimetry of Mngwith ligand 1. (A) Heat flow for the injection of aliquots of ligand into a MnCéolution
at 28°C. (B) Integrated heat of injection and best fit of a sequential binding site model to the experimental data.

appropriate tools to determine complex formation con- (3,5,7,2,4-pentahydroxyflavone) as a model sub-
stants of terpyridine-manganese complexes. Whereas strate. This polyphenol is one of numerous flavonoid
ITC yields as additional information the complex plant dyes, which was shown to possess antioxidant
formation enthalpies, potentiometric titration reveals activity [19]. A polyphenolic structure is a common
a whole set of stability constants of protonated and element of chromophores present in fruit, vegetable

deprotonated species over a broad pH range. and tea. Very often such chromophores are the target

It is instructive to compare complex formation con- of bleach processes. Therefore, polyphenolic com-
stants of ligandl with Mn(Il) with those of terpyri- pounds serve frequently as model substrates for these
dine. By means of potentiometric titration I8g 1 processe§38,39]!

and logB120 of the terpyridine-manganese system Fig. 3shows the time dependence of the absorbance
were determined to be 5.1 and 9.2 in water, respec- at 410nm of a solution containing 16M Morin,
tively [37]. Thus, introduction of a hydroxy group in 10 mM HO, and 2.5uM of a Mn complex (10 mM

the 4-position considerably enhances the complex for- carbonate buffer, pH 10.0, 2&). Thus, a decrease of
mation constants for each complexation step by about the absorbance with time reflects oxidative degrada-

2 orders of magnitude. tion of Morin and can hence be considered as a mea-
Applying the complex stability constants to a 1:1 sure for the catalytic activity of the complex.
solution of 10uM 1-MnCl,, ~75% of the ligand are Apart from the catalysts shown iBcheme 1the

involved in a 1:1 complex ang23% in a 2:1 complex  figure includes data observed for MiRCthe Mn(lll)
at pH 10. This confirms indeed the assumption of a complex ofN,N'-bis[4-(dimethylamino)salicylidene]-
mixture of 1:1 and 2:1 complex species in an aqueous, 1,2-ethylenediamine 8, the Mn(ll) complex with

alkaline solution. unsubstituted terpyridine (terpy-Mngland the com-
plex [LMn(IV)(w-O)sMn(IV)L] 2+, with L being 1,4,
3.3. Catalysis of Morin oxidation 7-trimethyl-1,4,7-triazacyclononane (Mn-TMTACN)

(seeScheme P
To assess the ability of the complexes to activate
H20, and to catalyze oxidations in agueous solution 1 gyrther studies show also the formation of epoxides from
at pH 10 (10 mM carbonate buffer), we selected Morin olefins working with our Mn-terpy catalysts (work in progress).
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Fig. 3. Time dependence of Morin oxidation by,®h in the presence of different metal complexes af@3as followed by UV-Vis
spectroscopy at 410 nm. The solution contained @0Morin, 10 mM H,O, and 2.5.M complex (basis: Mn) in 10 mM carbonate buffer

pH 10.

Terpy-MnCh and 3-MnCl, show the lowest activ-
ity of the terpyridine complexes studied. In both the

< 7-MnCl; < 5-MnCly. Hence, by incorporating
electron-donating groups in the respective 4-positions

instances, the decline of the absorbance at 410 nmof the pyridine rings, the catalyst activity can be

is comparable to that induced by MnChlone.
The activity of the terpyridine complexes increases
significantly in the order of3-MnCl, < 1-MnCly

ligand of complex 8 TMTACN

Scheme 2. Other ligands used for Mn-catalyzed Morin oxidations.

considerably enhanced. A three-fold substitution
(5-MnCl2: N,O,N-pattern; 7-MnCl2: N,N,N-pattern)
results obviously in a higher catalytic activity than
a sole substitution at the central pyridine ring of the
ligand. Furthermore, catalysts with a hydroxy group
in the 4-position are more active than the analog
complexes with the amine substituted ligand (cf.
1-MnCl, with 5-MnCl, and3-MnCl, with 7-MnCly).
The two complexes with three-fold ligand substitu-
tion, 5-MnCl, and 7-MnCl, show an even higher
activity in oxidizing Morin than Mn-TMTACN. The
latter complex was previously shown to be a highly
effective bleach catalyst under aqueous, alkaline
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Fig. 4. Apparent initial rate of Morin bleaclidA/dr)/A, atr = O with A being the absorbance at 410 nm) of different ligand-to-manganese
ratios of ligandsl, 5 and7 at pH 10.0. The solution contained 1M Morin, 10 mM H,O; and 2.5.M complex (basis: Mn) in 10mM
carbonate buffer pH 10.

conditions[4,12,18] It is interesting to note the quite  3.4. Dependence of catalytic effect on

different kinetic behavior of salen complek Fol- ligand-to-manganese ratio

lowing a fast initial drop in absorbance, the activity

slows down after about 2-3 min. This is indicative The existence of an equilibrium between 1:1 and

of complex destruction due to ligand oxidation. In 2:1 complexes in alkaline aqueous solution raises the

general, Mn-salen complexes are easily oxidatively question of which species is the catalytically more

destroyed in the presence of hydrogen peroxide in suitable precursor. Therefore, we measured the cataly-

alkaline and aqueous solutiofik1]. In contrast, the  sis of Morin oxidation by hydrogen peroxide with so-

Mn-terpyridine complexes studied herein are much lutions containing ligand-to-manganese ratios between

more robust against ligand oxidation as has also beenl:1 and 4:1. Fig. 4, Catalyst3 was omitted because

confirmed by UV-Vis spectroscopy (data not shown). of the low activity of its Mn(Il) complex) For all cata-
The abovementioned bleach experiments were alsolysts studied, increasing the ligand-to-manganese ratio

carried out at elevated temperature {@). With the significantly decreased the bleaching activity.

exception of terpy-MnGl, Morin bleaching was faster Terpyridine-manganese(ll) complexes are known
than at 23C. However, the order of activity of the to be kinetically labile on the time scale of our ex-
Mn-terpyridine complexes was unchanged. periments[35]. Hence, the complex equilibrium is

Furthermore, the influence of the anion on the driven more towards Merpy),2t in the presence
bleach activity has been studied (not shown). Com- of excess of ligand. Our data demonstrate that a 1:1
plexes prepared with manganese(ll) acetate or man-species in solution possesses a higher catalytic ac-
ganese(ll) sulfate showed identical bleach activities as tivity than the corresponding 2:1 complex. This is in
the complexes prepared with manganese(ll)chloride. line with the suggestion that one prerequisite for an
Most likely these anions dissociate from the man- effective oxidation catalyst is the presence of free (i.e.
ganese under the present reaction conditions (aqueouccupied by weak and labile co-ligands) coordination
solution, high pH). sites [6,40]. Our data do not rule out any residual
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catalytic activity of the 2:1 complex, e.g. through
outer sphere electron transfer. Moreover, even if the
2:1 complex is not catalytically active and is the only
complex species present in a solution, addition of
the oxidant (hydrogen peroxide) might modify the
equilibrium by the formation of new species such as
terpyridine-Mn 1:1 complexes with perhydroxyl as
co-ligand or complexes with Mn in a higher oxidation
state. A shift of the equilibrium from 2:1 species to
1:1 species, as could be caused by the addition of
perhydroxyl, may account for the experimental find-
ing that a 2:1 stoichiometry shows the same or only
slightly reduced activity as the respective 1:1 stoi-
chiometry. Naturally, this effect plays a minor role as
higher the ligand-to-manganese ratio, explaining the
continuous decrease in activity with increasing ligand
concentrations.

3.5. Dependence of Morin bleach on pH

The catalytic activity of terpyridine-manganese(ll)
complexes is expected to depend on the pH value of

the aqueous solution. We have studied the pH depen-

dence of Morin oxidation of the complex&sMnCly,
5-MnCl; and 7-MnCl; between pH 7.9 and pH 11.
Table 2summarizes the results given as the apparent
initial reaction rate (dA/dr)/A atr = O with A being

the absorbance at 410 nm).

For all the catalysts, the initial rate of oxidation
increases with increasing pH and goes through a max-
imum, which is found at pH-9.1 for 1-MnCl, and
at pH ~10 for 5-MnCl, and 7-MnCl,. The activity
is very low in the pH range between 7.9 and 8.5 for
1-MnCl, and 7-MnCl,. In contrast, the activity of

Table 2
The pH dependence of the apparent initial rate of Morin oxidation
ko at 23°C?

pH ko (Lmin1) ko (L min1) ko (A min~1)
1-MnCl, 5-MnCl; 7-MnCly
7.9 0.003 0.35 0.01
8.5 0.025 0.51 0.03
9.1 0.072 1.44 0.32
10.C 0.050 1.84 0.82
11.¢ 0.021 1.24 0.67

aSample contained 1§0M Morin, 10 mM H,O,, and 2.5.M
complex.

b10mM phosphate buffer.

€10 mM carbonate buffer.
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5-MnCly is surprisingly high even at a low pH of 7.9.
Activity is generally influenced by the protonation
state of the substrate, the catalyst@d4 and the sol-
vent. The K values of Morin are 3.5 and 8J[#1].
Thus, at pH values below 9 the loss in activity might
in part be caused by the protonation of the Morin.
Furthermore, assuming that hydrogen peroxide is ac-
tivated by a direct interaction with the metal center
of the complex, oxidation is expected to be favored
by a high pH because of the larger concentration of
the perhydroxyl anion (HO© is more nucleophilic
than HO). For an overall peroxide concentration of
10 mM, the concentration of HOOis only 2.4uM

at pH 8 but 234.M at pH 10. On the other hand,
at very large pH values, the complexes may be de-
stroyed by the formation of the mineral forms of
manganese. This could account for the drop in activ-
ity observed for all three catalysts at pH 11. Although
it is difficult to discuss the pH dependence in terms
of each of the aspects given above, the activity of
terpyridine-Mn complexes in activating hydrogen per-
oxide is strongly favored by an (moderately) alkaline
pH and vanishes completely at acidic pH values (not
shown). This finding is in line with the pH depen-
dence of bleach processes catalyzed by Mn-TMTACN
[4].

3.6. Catalyzed disproportionation
of hydrogen peroxide

The concurrent catalytic disproportionation of
H,O> is a general property of transition metal com-
plexes possessing catalytic activity towards organic
substrates. In biological systems;®b is a byproduct
of many oxidation processes and its catalase-induced
decomposition is essential because of its high toxicity
[42].

Of course, for oxidations as used in organic synthe-
sis or bleach processes, the non-productive decompo-
sition of hydrogen peroxide is generally unwanted.

We have tested the ability of the terpyridine-Mn
complexes to catalyze 4@, disproportionation in
the absence of organic substratégy. 5 shows the
time dependence of ¥, decomposition in alka-
line aqueous solution (10mM carbonate buffer, pH
10.0, T = 40°C). H0O, consumption is highest
for 5-MnCl, and decreases in the ord&MnCl, >
7-MnCly > 1-MnCly ~ 3-MnCl,. Interestingly, the
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Fig. 5. Time dependence of complex-inducegdd decomposition to molecular oxygen and water. Solutions contained 2 m® ldnd
20uM complex (10 mM carbonate buffer, pH 10.0 at“4T).

catalase activity of MnGl is distinctly larger than  3.7. Oxidation of Trolox C via one-electron

that of 1-MnCl,, 3-MnCl, and terpy-MnC} under oxidation steps

the present conditions. This is in contrast to the

catalytic activity in oxidation processes of organic It is generally accepted that polyhydroxyflavins
substrate (cf. Morin bleach), where the activity of such as Morin can be oxidized by many different
both Mn(ll) and terpy-MnCl is very low, but that of mechanisms. Consequently, we sought for a phe-
1-MnCl; is distinctly higher. Unlike Morin bleach, nol with a more defined degradation behavior. The
catalase activity could not be quenched by a large water-soluble Vitamin E analog Trolox C is such a
ligand-to-manganese ratio (not shown), indicating that compound[43]. Trolox C was previously shown to
both 1:1 and 2:1 complexes possess catalase activity.be oxidized by a sequence of two initial one-electron
This again indicates a complicated mechanism of ac- oxidation stepg44]. The primary oxidation product
tion, which is different from that of substrate oxidation of Trolox C is a sterically hindered phenoxy radical

catalysis. with a comparably long life-timeScheme 3
OH O-
0 ¢} o
COOH COOH HO™ Yoo
Trolox C Phenoxy Radical Quinone

Scheme 3. Structure of the Vitamin E analog Trolox C and its degradation products.
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A second one-electron oxidation step includes the We have compared the ability of the terpyridine
disproportionation of two phenoxy radicals to Trolox complexes5-MnCl, and 7-MnCl, with that of Mn-
C and the oxidation product 1,4-benzoquinone as the TMTACN to oxidize Trolox C.Fig. 6 shows the time
final products[43,44] The formation and decay of dependence of the UV-Vis signals at 260 and 435 nm
the intermediate phenoxy radical can conveniently of a solution containing 30@M Trolox C, 2.5uM
be followed by UV-Vis spectroscopy because of complex 6-MnCly, 7-MnCl, or MNn-TMTACN on Mn
its characteristic absorbance at 435 1jh2,44,45] basis) and 10 mM kD, (10 mM carbonate buffer pH
Mn-TMTACN was previously shown to effectively 10, 23°C).
catalyze the oxidation of Trolox C by 4@, via an As shown previously, Trolox C oxidation catalyzed
initial one-electron oxidation step as described earlier by Mn-TMTACN is accompanied by a fast build-up of
[12]. In principle, two mechanisms can account for the phenoxy radical (435 nm), and by the formation of
an one-electron oxidation catalyzed by a transition the Trolox C—quinone reaction product (characteristic
metal complex. (i) The electron can be transferred absorbance at 260 nrf)2]. The maximum concentra-
directly from the substrate to the manganese cation tion of the phenoxy radical is reached after about 2 min
or by an outer sphere mechanism. (ii) The catalyst and the concentration then drops moderately with in-
produces primary radicals, such as superoxide or hy- creasing time. In the presence ®MnCl,, Trolox C
droxyl radicals, which subsequently react with Trolox oxidation proceeds initially only slightly slower than
C to form the Trolox C—phenoxy radical. In fact, itis for Mn-TMTACN. In contrast, the catalytic activity of
well-known that Trolox C cleanly reacts with a broad 7-MnCl; is distinctly weaker, as is evident not only
range of inorganic radicalg4,45] by a much slower build-up of the absorbance of the

—— Mn-TMTACN
150 {| — — 5-MnCI2

1,00 A

absorbance

0,50 A

0,10

0,05 A

0,00 & . T x \

time (min)

Fig. 6. Time dependence of UV-Vis traces at 260 nm (indicating build-up of the quinone reaction product) and at 435nm (indicating
formation of the phenoxy radical) of catalysssMnCl,, 7-MnCl, and Mn-TMTACN. Solutions contained 3@M Trolox C, 2.5uM
complex and 10 mM KO, (10 mM carbonate buffer, pH 10, 28).
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reaction product at 260 nm, but also by a lower steady hydroxo or amino groups in the 4-positions of the
state concentration of the phenoxy radical (see trace pyridine rings. However, the catalytic activity depends
at 435nm). It is instructive to compare activity of the critically on the substitution pattern. Best results,
catalysts on Trolox C with that on Morin. Both the cat- which were even superior to those of Mn-TMTACN,
alysts5-MnCl, and7-MnCl, show a distinctly higher were obtained with5-MnCls.and 7-MnCl,, which
activity than Mn-TMTACN in oxidizing Morin, but both bear three-fold substituted ligands. With respect
the latter catalyst shows the highest activity for Trolox to the existence of different complex species in so-
C. This can also be expressed by the ratios of the lution it could be shown that the 1:1 species is the

apparent initial reaction rateEa'\’F',%”“/VJ,gg'ox, which catalytically more active precursor. Therefore, free
amount to 2.9 for Mn-TMTACN, 13.0 fob-MnCl, coordination sites are of great advantage or even
and 8.5 for7-MnCl,. The larger this ratio, the higher necessary for catalytic activity.

is the activity on Morin compared with Trolox C. Catalytic activity was found to be pH dependent

Hence, although Morin and Trolox C possess very sim- for all catalysts. A maximum in activity exists at pH
ilar oxidation potentials (Morin: 0.34V versus NHE, ~10. Probably two opposite effects account for the
Trolox C: 0.31V, versus NHE, pH 7.4, 50 mM phos- maximum. The concentration of the perhydroxyl ion
phate buffer) the catalysts behave rather differently on increases with increasing pH. The coordination of
both substratepi6]. This can be caused by different this ion to the manganese center might be the first
mechanisms of substrate oxidation. While Trolox C step in a catalytic cycle involving reactive ionic inter-
is oxidized by an initial one-electron oxidation step, mediates. On the other hand, a high pH value favors
Morin can be oxidized by many different mechanisms. formation of MnQ, thereby destroying the complex.
A lower activity of the terpyridine catalysts on Trolox Comparing the activity of the terpyridine complexes
C suggests that in contrast to Mn-TMTACN an initial for Trolox C oxidation with that for Morin oxida-
one-electron oxidation step is not the prevailing reac- tion, it becomes obvious that the relative activity
tion path made accessibly by these catalysts. Although of our catalysts in catalyzing Trolox C oxidation is
it is premature to draw conclusions at this point, the lower than that of Mn-TMTACN. Hence, a reaction
question arises whether or not Mn-TMTACN might path involving one-electron oxidation steps as, for
have a higher tendency to transform hydrogen perox- example, found in reactions of radicals, seems not to
ide into reactive primary radicals than the terpyridine be the prevailing catalytic path made accessible by
catalysts. terpyridine-manganese complexes.
A major side reaction of catalytic oxidation under

alkaline aqueous conditions is the non-productive
4. Conclusions hydrogen peroxide disproportionation. The activity

of the terpy-Mn(ll) complexes to catalyze,8, dis-

By using a synthetic protocol, opening the avenue proportionation was different from the activity to
to a convenient synthesis of 44 w-donor substi- catalyze substrate oxidation, suggesting differences
tuted terpyridines, we have investigated the ability of in the mechanism of action between both catalytic
terpy-Mn(Il) complexes to activate hydrogen perox- processes.
ide and to catalyze substrate oxidations. To provide Although the detailed mechanism of hydrogen
a basis for the understanding of catalytic activity, peroxide activation was not unraveled in the present
complex equilibria have initially been studied in study, the data suggest that the catalytic activity of
aqueous alkaline solution. It was found that dissolu- terpyridine-manganese complexes depends not only
tion of isolated complexes having a stoichiometric on the redox potential of the complexes modulated
ligand-to-manganese ratio of 1:1 results in the estab- by the w-donor substituents but also on secondary
lishment of an equilibrium involving both 1:1 and 2:1 effects. Such secondary effects include the thermody-
complex species. The non-substituted terpy-Mn(ll) namic complex stability, the oxidative stability of the
complex showed only poor activity in catalyzing ligands, the mechanism by which a substrate can be
Morin oxidation in aqueous, alkaline solution. Activ- oxidized, the pH of the solution and the extent of side
ity could be considerably enhanced by incorporating reactions (e.g. catalase).
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