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Abstract

The reaction of 1,4-dimethyl-1,4,7-triazacyclononane (L-Me,) with FeSO, - 7H,0 in aqueous ethanol gives, in the presence of sodium
carboxylates, hydrogen peroxide, sodium hydroxide and KPFg, the dinuclear Fe(III)-Fe(IIl) complex cations [(L-Me,),Fe,(O)-
(OOCR)," (R =H: 1, R = CHy: 2, R = C¢Hs: 3), which crystallise as the hexafluorophosphate salts. The corresponding reaction with
RuCl; - nH,O does not work, however, the analogous Ru(IIT)-Ru(I1I) complex [(L-Me,),Ru,(O)(OOCCHj5),I* (5) can be synthesised
by reacting Ru(dmso)4Cl, with L-Me,, HCI and air in refluxing ethanol, followed by addition of sodium acetate, the mononuclear inter-
mediate (L-Me;)RuCl; - H>O (4) being also isolated and characterised. The reaction of L-Me,, sodium acetate, hydrogen peroxide and
triethylamine with CoCl, - 6H,O in acetonitrile yields, however, the hydroxo-bridged Co(III)-Co(III) complex [(L-Me;),Co,-
(OH)(OOCCH;),I* (6). The molecular structures of 2, 5 and 6, solved by single-crystal X-ray structure analyses of the hexafluoro-
phosphate salts, reveal for the orange crystals of [2]PF4], a Fe-Fe distance of 3.104(1) A, for the purple crystals of [S][PF¢l, a
Ru-Ru distance of 3.230(1) A, and for the violet crystals of [6][PF¢]; - (CH;3),CO a Co—Co distance of 3.358(1) A. All six complexes show
catalytic activity for the oxidation of isopropanol with hydrogen peroxide in water to give acetone in the presence of ascorbic acid as
co-catalyst.
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1. Introduction

Iron complexes containing macrocyclic ligands with three
nitrogen-donor atoms as well as carboxylato and oxo bridges
have found much interest as model complexes relevant to
biocatalysis [1,2]. In particular, the coordination chemistry
of 1,4,7-triazacyclononane and its derivatives has been pio-
neered by Wieghardt in the 1980s. Thus, 1,4,7-triazacyclo-
nonane (L) was found to react with iron(IIl) chloride
hexahydrate and ammonium acetate to give the dinuclear
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Fe(I1T)-Fe(I1I) complex [L,Fe,(0)(OOCCH;),** [3], which
has been described as a model for the active centre of hemer-
ythrin. Starting from 1,4,7-trimethyl-1,4,7-triazacyclonon-
ane (L-Me3), iron(II) perchlorate hexahydrate and
iron(I1T) chloride hexahydrate, the dinuclear Fe(I1)-Fe(II)
[(L-Me;),Fe,(OH)(OOCCH;),]" and the corresponding
Fe(I1T)-Fe(III) [(L-Mes),Fe,(0)(OOCCH3),** are accessi-
ble [4], which have been studied by Lippard as functional
models for methane monooxygenase [5] (see Scheme 1).
A mixed-valent Fe(III)-Fe(IV) complex [L,Fe,(O)(OOC-
CH;),]>" can be generated electrochemically or chemically
with aminyl radical cations at —30 °C in acetonitrile [6].

In the case of ruthenium, using 1,4,7-trimethyl-1,4,7-
triazacyclononane as a tripodal ligand, even the Ru(IV)
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Scheme 1. Triazacyclononane ligands, dinuclear iron and cobalt complexes containing the trimethyl derivative.

oxidation state of the metal centre is accessible. Thus, reac-
tion of the dimethylsulfoxide complex RuCl,(dmso), with
1,4,7-trimethyl-1,4,7-triazacyclononane in ethanol, fol-
lowed by treatment with HCI in air, yields (L-Me3)Ru-
Cl; - H,O, which can be converted in the presence of
carboxylate anions into dinuclear Ru(III)-Ru(I1I) (p-oxo)-
bis(p-carboxylato) complexes [7]. In the case of sodium
acetate, two Ru(III)-Ru(IIl) complexes [(L-Mes),Ru,(O-
H)(OOCCH;),’" and [(L-Mes),Ru,(0)(OOCCH;3),**
can be isolated; the latter one can be oxidised into the
Ru(I)-Ru(IV) complex [(L-Mes)>Ru,(0)(OOCCHs;),'*
[7], or converted into the Ru(IT)-Ru(IIT), Ru(IIT)-Ru(III)
and Ru(IV)-Ru(IV) complexes [(L-Mes),Rux(OH);*",
[(L-Me3),Ru,(OH); " and [(L-Mes),Rux(0)s " [8], res-
pectively.

Dinuclear carboxylato-bridged complexes of cobalt are
surprisingly rare, considering the enormous structural vari-
ety of such compounds. A full series of dinuclear Co(II)—
Co(II), Co(IT)-Co(IIT) and Co(III)-Co(IIl) di-p-acetato
complexes, containing 1,4,7-trimethyl-1,4,7-triazacyclonon-
ane, [(L*Me3)2C02(OH)(OOCCH3)2]+, [(L*Meg,)zCOz(OH)
(OOCCH;),F" and [(L-Me;),Co,(OH)(OOCCHj5),F ", has
been reported by Wieghardt [9].

After the discovery of the catalytic activity of iron(III)
complexes containing 1,4,7-trimethyl-1,4,7-triazacyclonon-
ane for low-temperature bleaching [10], the catalytic oxida-
tion potential of this type of complexes has been
demonstrated for the oxidation of phosphines [11] and sul-
fides [12] with dioxygen and benzylic groups with hydrogen
peroxide [13]. We showed that the presence of pyrazine-2-
carboxylic acid strongly increases the catalytic oxidation
potential of the dinuclear Fe(IIl)-Fe(Ill) complex
[L,Fe>(0O)(OOCCHj;)," [14], so that even alkanes, includ-
ing ethane and methane, could be oxidised with hydrogen

peroxide in acetonitrile. The mononuclear ruthenium(I1T)
complex [(L-Me;)Ru(OOCCFs3);3] has been reported as an
effective catalyst for the epoxidation of alkenes [15] and
for the oxidation of alcohols with z-butylhydroperoxide,
under mild conditions [16].

Herein, we report a straight-forward synthesis for dinu-
clear Fe(Ill)-Fe(I1l) and Co(I1I)-Co(Ill) complexes con-
taining L-Me, ligands as well as carboxylato and oxo or
hydroxo bridges, as well as a synthetic route to the
Ru(III)-Ru(III) analogue [(L-Me,),Ru,(O)(OOCCH;3), **,
all cations can be isolated as the hexafluorophosphate salts.
The catalytic oxidation properties of these compounds are
discussed.

2. Experimental
2.1. General remarks

All reactions were carried out by standard Schlenk tech-
niques under nitrogen atmosphere. Organic solvents and
bidistilled water were degassed and saturated with nitrogen
prior to use. Infrared and UV/Vis spectra were recorded
using Perkin—Elmer Spectrum One and UVICON-930
spectrophotometers, respectively. Microanalyses were per-
formed by the Laboratory of Pharmaceutical Chemistry,
University of Geneva (Switzerland) and the Laboratory
of Organic Chemistry, ETH Zurich (Switzerland). The
starting compound, 1,4-dimethyl-1,4,7-triazacyclononane
(L-Me,), was prepared according to the published method
[17] and redistilled prior to use. The ruthenium(II) complex
RuCl,(dmso), was synthesised by a procedure reported by
Spencer and Wilkinson [18]. Iron(II) sulfate heptahydrate,
iron(II) chloride, cobalt(Il) chloride hexahydrate, sodium
formate monohydrate, sodium acetate trihydrate, sodium



benzoate, potassium hexafluorophosphate, p-toluenesulf-
onic acid monohydrate, hydrogen peroxide (30 wt% solu-
tion in water), ascorbic acid, sodium hydroxide and
triethylamine were purchased from Acros, Aldrich or
Fluka and were used without further purification.

2.2. Syntheses

General procedure for [(L-Me,),Fe,(O)(OOC-
R),J[PF¢l: In a 50 mL Schlenk tube, a mixture of L-Me,
(157.3 mg, 1.00 mmol) and p-toluenesulfonic acid monohy-
drate (190.2 mg, 1.00 mmol) was dissolved in 10 mL of 80%
aqueous ethanol. To this clear light-yellow solution, solid
FeSO, - 7TH,0O (278 mg, 1.00 mmol) was added under vigor-
ous stirring. The mixture was treated with ultrasound (10—
15 min) and then stirred for half an hour. Then, KPFq
(276 mg, 1.50 mmol) and the corresponding sodium car-
boxylate (1: HCOONa - H,O, 129 mg, 1.50 mmol; 2:
CH;COONa - 3H,0, 204 mg, 1.50 mmol; 3: C¢HsCOONa,
216 mg, 1.50 mmol) were added to the slurry. After stirring
at 45°C for 60 min, the suspension was cooled to 0 °C,
before a freshly prepared aqueous solution (2 mL) of
H,0, (102 pL, 1.0 mmol) and NaOH (48 mg, 1.2 mmol)
was added. Then the resulting orange suspension was stir-
red at 20 °C for 2 h. After filtration through celite and
washing 2 times with 2 mL of water, the orange solid on
the celite bed was recovered with acetone, purified on neu-
tral aluminium oxide (eluent acetone/methanol 5:1) and
isolated by evaporation of the solvent (0.05 mbar, 20 °C,
24 h). Single-crystals suitable for X-ray analysis were
grown from an acetone solution, into which ether was
allowed to slowly diffuse within 48 h.

[(L-Me;)>Fe;(O)(OOCH),][PFs][SOy4]o5 ([1][PFs]-
[SO4]0.5). Yield: 42-54%. UV-Vis (CH3CN) Jyax (nm):
240 (¢ = 13800 cm ™' mol~' L), 339 (7800), 474 (1100), 500
(sh), 698 (150). IR (KBr pellets) v (cm™'): 3331(m),
3263(m), 2908(s), 2871(s), 1624(s), 1566(vs), 1496(m),
1463(s), 1362(s), 1303(m), 1100(m), 1007(s), 840(vs),
750(s), 558(s), 491(m). Anal. Calc. for CigHyoFgFe,-
N6O7PISO.5: C, 2981, H, 5.56; N, 11.59. Found: C, 29.74;
H, 5.68; N, 11.50%.

[(L-Me;),Fe;(O)(OOCCH;3),][PFs]> ([2][PFs]>).
Yield: 52-61%. UV-Vis (CH3CN) ZAg,.x (nm): 230
(6=14600 cm 'mol ' L), 341 (6700), 473 (1460), 516
(1100), 550 (sh), 748 (145). IR (KBr pellets) v (cm™):
3332(s), 2991(m), 2951(m), 1554(s), 1495(m), 1463(s),
1425(s), 1097(m), 1028(s), 1007(s), 960(m), 839(vs), 725(s),
664(11’1), 558(5) Anal. Calc. for C20H44F12F62N6O5-
P, - 0.5(CH;),CO: C, 29.37; H, 5.39; N, 9.56. Found: C,
29.30; H, 5.34; N, 9.67%.

[(L-Me;),Fe;(0)(0O0CCsHs),][PFs]> ([3][PFs]>).
Yield: 75%. UV-Vis (CH3CN) Ap. (nm): 237
(6=27800cm 'mol~' L), 338 (8200), 476 (1500), 517
(1140), 550 (sh), 745 (140). IR (KBr pellets) v (cm™'):
3329(m), 2981(m), 2929(m), 1593(m), 1538(s), 1494(m),
1463(s), 1400(vs), 1178(m), 1096(m), 1027(m), 1007(s),
961(m), 839(vs), 724(s), 677(m), 558(s), 471(m). Anal. Calc.

for C30H48F]2F€2N605P2 . OS(CH’;)QCO C, 3771, H, 512,
N, 8.38. Found: C, 37.74; H, 5.32; N, 8.73%.

(L-Me,) RuCl; - H;O (4). A procedure reported by
Wieghardt for (L-Me;)RuCl; - H,O [8] was used with
minor modifications. In a 50 mL Schlenk tube, a mixture
of L-Me, (315mg, 2.00 mmol) and RuCly(dmso)y
(436 mg, 0.90 mmol) was suspended in 10 mL of absolute
ethanol. The mixture was stirred at 60 °C for 30 min, until
a clear brown-red solution was obtained, and then refluxed
for 2 h. The solvent was removed by rotary evaporation,
and the solid was refluxed in 37% HCI (10 mL) for
30 min in the presence of air. The brown-orange solution
was evaporated and the solid was suspended in 5 mL of
water. The orange microcrystalline product was filtered,
washed with water, ethanol, ether and dried in vacuo.

(L-Me;) RuCl; - H,O  (4). Yield: 41%. UV-Vis
(CH;CN-=H,0) Amax (nm): 229 (¢ = 6800 cm ' mol ' L),
295 (1250), 386 (2100). IR (KBr pellets) v (cm ™ '): 3391(vs),
3183(vs), 2992(m), 2925(s), 1915(m), 1632(s), 1489(m),
1449(vs), 1384(s), 1274(m), 1095(s), 1045(s), 998(s), 960(s),
826(s), 765(m), 744(m), 612(m), 519(m), 482(m), 436(m).
Anal. Calc. for CgH;9ClsN3Ru - H,O: C, 25.11; H, 5.53;
N, 10.98. Found: C, 25.27; H, 5.35; N, 10.94%.

[(L-Me;);Ru>(0)(OOCCH;3),[[PFs]> ([5][PFs]2).
In a 50 mL Schlenk tube, (L-Me,)RuCl; - H,O (120 mg,
0.31 mmol) was suspended in 7 mL of water and CH;COO-
Na - 3H,0 (422 mg, 3.10 mmol) was added. The mixture
was refluxed for 30 min, until a clear deep-violet solution
was obtained. To this hot solution, KPFg (350 mg,
1.90 mmol) dissolved in 5mL of water was added and
the final product precipitated after 12h at 0°C. The
dark-violet microcrystalline solid was filtered, washed with
water, ethanol, ether and dried in vacuo. Single X-ray qual-
ity crystals were grown from an acetone solution, into
which ether was allowed to slowly diffuse within 48 h.

[(L-Me;),Ru>(0)(OOCCH;),][PFs]> ([5][PFs]>).
Yield: 73%. UV-Vis (CH3CN) g (nm): 233
(6=10200cm 'mol ' L), 279 (8900), 325 (sh), 538
(6700). IR (KBr pellets) v (cm™'): 3435(m), 3310(s),
2933(m), 1631(m), 1559(s), 1464(s), 1428(s), 1100(m),
1037(m), 1006(m), 842(vs), 766(m), 684(m), 558(s),
520(m), 471(m), 440(m) Anal. Calc. for C20H44F12N605-
P>Ru, - 2H,O: C, 24.59; H, 4.95; N, 8.60. Found: C,
24.55; H, 4.42; N, 8.34%.

[(L-Me;),Co,(OH)(OOCCH;3),][PFs]3 ([6][PFs]3). In
a 50 mL Schlenk tube, a mixture of L-Me, (157.3 mg,
1.00 mmol) and p-toluenesulfonic acid monohydrate
(190.2 mg, 1.00 mmol) was dissolved in 15 mL of acetoni-
trile. To this clear light-yellow solution, solid CoCl, - 6H,O
(238 mg, 1.00 mmol) was added under vigorous stirring.
The mixture was treated with ultrasound (10-15 min),
before KPF¢ (276 mg, 1.50 mmol) and CH;COONa - 3H,0
(204 mg, 1.50 mmol) were added to the deep blue suspen-
sion. After stirring at 60 °C for 20 min, followed by cooling
to 0 °C, an acetonitrile solution containing H,O, (102 puL,
1.0 mmol) and triethylamine (278 pL, 2.0 mmol) was
added. Then the pink-brown suspension was stirred at



20 °C for 2 h. After filtration through celite and washing
with 2 mL of acetone, the filtrate was evaporated in vacuo.
The product was resuspended in water (2 mL), filtered,
washed with water, ethanol, ether and dried under vacuum.
Single-crystals suitable for X-ray analysis were grown from
an acetone solution, into which ether was allowed to slowly
diffuse within 48 h.

[(L-Me;),Cor(OH)(OOCCH;),][PFs]3 ([6][PFs]3).
Yield: 40%. UV-Vis (CH3CN) A,.x (nm): 535 (e=
260 cm™ ' mol~' L), 330 (sh). IR (KBr pellets) v (cm™'):
3568(m), 3436(m), 3249(m), 2958(m), 1688(s), 1590(vs),
1502(m), 1452(s), 1080(m), 1046(m), 1011(m), 981(m),
841(vs), 697(m), 558(s). Anal. Calc. for C,oHysF3Cos-
N¢OsP5 - (CH;3),CO - H,O: C, 25.62; H, 4.95; N, 7.79.
Found: C, 25.55; H, 4.90; N, 7.95%.

2.3. X-ray crystallographic studies

Single-crystals of [2]PF¢l, [S][PFgl, and [6]PFs]; -
(CH3),CO were mounted on a Stoe Image Plate Diffraction
system equipped with a ¢ circle goniometer, using Mo Ko
graphite monochromated radiation (4 = 0.71073 A) with ¢
range 0-200°, increment of 1.5°, 1.4° and 1.5°, respectively,
Dpax — Dpin = 12.45 — 0.81 A. The structures were solved
by direct methods using the program sHELxs-97 [19]. Refine-
ment and all further calculations were carried out using
SHELXL-97 [20]. In all compounds, the hydrogen atoms have
been included in calculated positions and treated as riding
atoms using the sHELXL default parameters. Allnon-H atoms
were refined anisotropically, using weighted full-matrix
least-square on F. In [2][PF], a semi-empirical absorption

Fig. 1. The molecular structure of [(L-Me,),Fe,(O)(OOCCH;),*" (2):
displacement ellipsoids are drawn at the 50% probability level; hydrogen
atoms and hexafluorophosphate molecules are omitted for clarity. Selected
bond lengths (A) and angles (°): Fe(1)-Fe(2) 3.1038(11), Fe(1)-N(1)
2.151(5), Fe(1)-N(2) 2.243(5), Fe(1)-N(3) 2.193(5), Fe(2)-N(4) 2.159(5),
Fe(2)-N(5) 2.197(5), Fe(2)-N(6) 2.252(5), Fe(1)-O(1) 1.788(4), Fe(2)-O(1)
1.796(4), Fe(1)-O(2) 2.027(4), Fe(1)-O(4) 2.023(4), Fe(2)-O(3) 2.018(4),

e(2)-0(5) 2.040(4); Fe(1)-O(1)-Fe(2) 120.0(2), O(2)-C(1)-O(3) 124.6(6),
O(4)-C(3)-0O(5) 125.0(6).

correction was applied using MULABS (pLaTONO3 [21],
Tnin = 0.776, Thax = 0.961). Crystallographic details are
summarised in Table 1. Figs. 1-3 were drawn with ORTEP
[22] and Fig. 4 with MERCURY [23].

2.4. Catalytic runs

The oxidation of isopropanol was carried out in air in
thermostated cylindrical pyrex vessels with vigorous stir-

Table 1
Crystallographic and selected experimental data for [2][PF¢),, [S][PF¢]> and [6]PFs]; - (CH3),CO
[2][PF¢L, [SIPF¢L, [6][PF¢]; - (CH5).CO
Chemical formula C20H44F12F62N605P2 C20H44F|2N605P2RUZ C23H51C02F13N6O6P3
Formula weight 850.25 940.69 1060.47
Crystal system monoclinic orthorhombic triclinic
Space group P2y/n Cmca P1
Crystal colour and shape orange block purple plate violet block
Crystal size 0.4%x0.3%x0.2 0.34 % 0.22 x 0.08 0.37x0.20x0.12
a (A) 14.410(2) 33.806(7) 10.976(2)
b (A) 16.547(2) 13.853(3) 11.246(2)
¢ (A) 15.341(3) 15.199(3) 16.389(3)
o (°) 104.67(1)
p(°) 116.026(11) 92.67(1)
7 (°) 95.49(1)
V(A% 3287.1(8) 7118(3) 1942.9(6)
VA 4 8 2
T (K) 173(2) 203(2) 203(2)
Deare (g cm™) 1.718 1.756 1.813
u (mm™") 1.090 1.040 1.110
Scan range (°) 1.62 <0 <2570 2.08 < 0<26.00 1.29 <20 <25.25
Unique reflections 6238 3281 6932
Reflections used [/ > 20(1)] 4185 1344 3923
Rint 0.1139 0.0904 0.1520

Final R indices [/ > 20([)] Ry =0.0692, wR, =0.1610
R indices (all data) R; =0.1091, wR, =0.1774
Goodness-of-fit 1.042

Maximum, minimum Ap (e A~%) 0.964, —1.352

R, = 0.0474, wR, = 0.1095 R, = 0.0683, wR, = 0.1532
R, =0.0890, wR, = 0.1491 R, =0.1228, wR> = 0.1765
0.793 0.929

0.448, —0.423 0.552, —1.264




Fig. 2. The molecular structure of [(L-Me,),Ru,(O)(OOCCH;)," (5):
displacement ellipsoids are drawn at the 50% probability level; hydrogen
atoms and hexafluorophosphate molecules are omitted for clarity. Selected
bond lengths (A) and angles (°): Ru(1)-Ru(1)' 3.2299(12), Ru(1)-N(1)
2.068(6), Ru(1)-N(2) 2.172(7), Ru(1)-N(3) 2.092(8), Ru(1)-O(1) 1.850(4),
Ru(1)-0(2) 2.084(5), Ru(1)'-O(3) 2.079(6); Ru(1)-O(1)-Ru(1)' 121.6(4),
0(2)-C(1)-0(3) 124.8(7). 'x, =y, 1 — z.
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Fig. 3. The molecular structure of [(L-Me,),Co,(OH)(OOCCH;),I*" (6):
displacement ellipsoids are drawn at the 50% probability level; hydrogen
atoms, acetone and hexafluorophosphate molecules are omitted for
clarity. Selected bond lengths (A) and angles (°): Co(1)-Co(2)
3.3584(14), Co(1)-N(1) 1.930(5), Co(1)-N(2) 1.987(6), Co(1)-N(3)
1.969(6), Co(2)-N(4) 1.939(5), Co(2)-N(5) 1.968(5), Co(2)-N(6)
1.989(6), Co(1)-0O(1) 1.936(4), Co(2)-O(1) 1.927(4), Co(1)-O(2) 1.863(4),
Co(1)-0O(4) 1.894(4), Co(2)-0O(3) 1.912(4), Co(2)-O(5) 1.895(4); Co(1)-
O(1)-Co(2) 120.8(2), O(2)-C(1)-0O(3) 125.8(6), O(4)-C(3)-O(5) 125.9(6).

ring at 20.0 °C. The total volume of the reaction solution
was 10 mL. In a typical experiment, 512 pLL of hydrogen
peroxide (30% aqueous solution, 0.50 M) was added to a
mixture containing the catalyst (1.0 x 10~* M), ascorbic
acid (0.01 M) and isopropanol (153 uL, 0.20 M) in water
or acetonitrile. Blank experiments were carried out without
catalyst.

Samples of the reaction solution were analysed by GC
(chromatograph DANI-86.10; fused silica capillary column
25m x 0.32 mm x 0.25 um, CP-WAXS52CB, integrator SP-
4400, helium as carrier gas), using acetonitrile as an inter-

Fig. 4. Capped sticks representation of cation 6 in [6][PF¢], - (CH3),CO,
showing the intermolecular interactions with the acetone molecule.

nal standard. The flame ionisation detector response fac-
tors were obtained after calibration experiments, using a
standard substrate mixture.

3. Results and discussion

The synthesis of the Fe(III)-Fe(I1I) complexes, [L,Fe,-
(O)(OOCCH;),’" and [(L-Mej3),Fey(O)(OOCCH3),J",
from iron(III) chloride and L or L-Mej by a two-step proce-
dure has been described by Wieghardt et al. [3,4]. With the
analogous ligand 1,4-dimethyl-1,4,7-triazacyclononane (L—
Me,), we reported recently a simple one-pot synthesis of the
Mn(IIT)-Mn(IIT) and Mn(IIT)-Mn(IV) complexes [( L-Me,),-
Mns(0),(O0CH)F,  [(L-Me>)sMny(0),(OOCCH:)™,
[(L-Me;);Mny(O)(OOCCH;),}" and  [(L-Me,);Mny(O)-
(OOCC¢Hs), " [24]. We now extended this method to the
synthesis of (L-Me;),Fe, complexes containing various
carboxylato bridges, in the presence of p-CH3CsH4SO;H
as strong acid and hydrogen peroxide as oxidant, see Scheme
2. Three dinuclear Fe(II1I)-Fe(IIl) complexes, [(L-Me,),-
Fe;(0)(OOCH),F" (1), [(L-Mey),Fey(O)(OOCCH;),1 "
(2) and [(L-Me,),Fe;(0)(OOCC¢Hs),*" (3), have been
obtained in moderate to good yields.

All complexes 1-3 could be isolated as the hexafluoro-
phosphate salts, which are well soluble in acetone and ace-
tonitrile, but sparingly soluble in ethanol, isopropanol and
water. The Fe—-O—Fe deformation modes for 2 (725 cm™")
and for 3 (724 cm™ "), observed in the infrared spectra,
are comparable to those in [L,Fey(O)(OOCCH5),I**
(730 cm™ ") [3], whereas for 1 it is shifted to 750 cm™'. In
the UV/Vis spectra, the acetonitrile solutions of 1-3 show
three intense absorption maxima (1: 240, 339 and
474 nm; 2: 230, 341 and 473 nm; 3: 237, 338 and 476 nm).
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The corresponding reaction with RuCl; - nH,O does not
work, however, the analogous Ru(III)-Ru(III) complex
[(L-Me»),Ru,(0)(OOCCHj;),F" (5) can be synthesised by
reacting Ru(dmso),Cl, with L-Me,, HCl and air in refluxing
ethanol, followed by addition of sodium acetate (Scheme 3),
by analogy to Wieghardt’s method for the synthesis of
the L-Me; derivative [8]. The mononuclear intermediate
(L-Me,)RuCl; - HO (4) has also been isolated; it preci-
pitates upon addition of water. The v,,(C-O) stretching fre-
quency for 5 at 1559 cm™! as well as v(C-O) frequency at
1428 cm™! are comparable to those in [(L-Mes),-
Ru,(0)(OOCCH;),F" (1548 cm™! and 1425 cm™") [7]. The
UV/Vis spectrum for 5 shows very intense absorption max-
ima at 233, 279 and 538 nm, which compare well to those in
[(L-Me3),Ru(0)(OOCCH3), " [7]

The reaction of L-Me,, sodium acetate, hydrogen per-
oxide and triethylamine with CoCl, - 6H,O in acetonitrile
yields a dinuclear hydroxo-bridged Co(III)-Co(III) com-
plex [(L-Me,),Co,(OH)(OOCCH5),*" (6), see Scheme 4.
The presence of the pu-OH bridge is clearly established by
a sharp O-H stretching frequency at 3568 cm~'. The
Vas(C—0) stretching frequency for 6 at 1590 cm ™' is compa-
rable to those of [(L-Me;)>Co,(OH)(OOCCH5),"

(1588 cm™"), while the v(C-O) frequency is shifted to
higher values (1452cm™! in 6 versus 1418 cm™! in the
known L-Me; analogue) [9].

The molecular structures of 2, 5 and 6, solved by single-
crystal X-ray structure analyses of the hexafluorophosphate
salts, are very similar. The two metal centres are linked by
two acetato bridges and by an oxo (2, 5) or a hydroxo bridge
(6), and all metal centres are facially coordinated to a L-Me,
ligand through the three nitrogen atoms. The single-crystal
X-ray structure analyses reveal for the orange crystals of
[2][PF¢], (Fig. 1) a Fe—Fe distance of 3.104(1) A, for the pur-
ple crystals of [S][PF¢L, (Fig. 2) a Ru-Ru distance of
3.230(1) A, and for the violet crystals of [6]PFs]; (Fig. 3) a
Co—Co distance of 3.358(1) A. These distances compare
well to the isoelectronic Fe(IIl)-Fe(Ill) cations [(L—
Me;),Fe»(0)(OOCAT*®), P [3.114(1) A, OOCAr*' = 2,6-
di(p-tolyl)-benzoate] [12], [(L—Me3)2Fe2(O)(OOCH;)2]2+
[3 12(4) A] [4], [(L-R3),Fe,)(O)OOCH;)," [3.1442(7) A,

= 3,5-dimethoxybenzyl][25], [(L~ Me3)2Fez(O)(OOCCPh3)2]2
[3 154(2) A] [26], [(L-Me3),Fe,(O)(OOC'Bu), ]2+ [3.121(2) A]
[27] and [(L-Mes),Fe»(0)(OOCCH,C;oH;),F" [3.131(1) A]
(28], the Ru(II)-Ru(Ill) cations [(1-methylimidazole)s-
Ru,(0)(OOCCH;),F" [3.266(1) A] [29] and [(L-Mes),-
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Ru,(0)(OOCCH;)," [3.258(1) A] [30]; and the Co(II)-
Co(III) cation [(L-Mes3),Cox(OH)(OOCCH;),[*" [3.435(4)
A][9].

Interestingly, all complexes show intermolecular interac-
tions with solvent molecules or anions, owing to the pres-
ence of a N-H moiety within the ligand L-Me,.
Therefore, in [2][PF¢], and [S][PF¢],, the hydrogen atoms
of the N-H amino groups interact strongly with the hexa-
fluorophosphate anions. In [2][PF¢],, the distances between
the nitrogen atoms and the fluorine atoms of the hexaflu-
orophosphate anion vary from 2.998(7) to 3.285(7) A with
N-H- - -F angles of 165.3° and 132.3°, respectively, whereas
in [S][PF¢], the N-F distance is 3.234(13) with a N-H---F
angle of 159.8°.

In [6]PF¢] - (CH;3),CO, strong hydrogen bonds are
formed with an acetone molecule, see Fig. 4. The intermo-

lecular hydrogen bonded system involves the two N-H
moieties, as well as the hydroxo bridging ligand. The
N---O distances are 2.895(7) and 3.087(8) A with N-
H---O angles of 153.9° and 153.0°, respectively, whereas
the O---O distance is 3.080(6) A with an O-H:--O angle
of 134.2°.

We tested the catalytic potential of the complexes 1-6
for the oxidation of isopropanol with hydrogen peroxide
to give acetone, see Scheme 5. The oxidation reaction
was carried out in an aqueous solution or acetonitrile
in the presence of ascorbic acid at 20 °C. Ascorbic acid
was used as a co-catalyst; it may act as a proton donor
and as a reducing agent. Reducing agents are obliga-
tory components for oxygenation in most of the biolog-
ically active systems [31]. The results are shown in
Fig. 5.

H4C HsC
3 1-6 AN
CH—OH + H202 —> /C:O + 2 HZO
20°C, 1h
H30 H3C

Scheme 5. Catalytic oxidation of isopropanol with hydrogen peroxide.
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Fig. 5. Oxidation of isopropanol in water, catalysed by the complexes 1-6 in the absence/presence of ascorbic acid as co-catalyst (20 °C, 1 h, 1.0 x 107* M
complex 1-6, 0.20 M isopropanol, 0.50 M H,O,, TON - catalyst turnover number).

The highest catalytic activity was observed for [(L-
Me,),Fes(0)(OOCCH;)," (2) in the presence of ascorbic
acid in water, the TON (catalyst turnover number, mol of
products per mol of catalyst) being 320 after 1 h at 20 °C,
which is considerably higher than that of the analogous man-
ganese complex [(L-Me,)>Mn,(O)(OOCCHj;),J*", for which
a TON of 67 was observed under the same conditions [24].

The dinuclear Fe(III)-Fe(Ill) complexes 1-3 can be
effectively reduced with ascorbic acid in aqueous solution
at room temperature. In the case of [(L-Me;),Fe,(O)-
(OOCCH;),F" (2), the intensity of the absorption at
475 nm is reduced by a factor of 10 upon addition of ascor-
bic acid (Fig. 6), while a new band centred around 590 nm
appears with an isosbestic point at 530 nm. By contrast,
complexes 4-6 are quite stable in the presence of ascorbic
acid and thus less active in the oxidation of isopropanol
(Table 2). All complexes 1-6 in combination with ascor-
bic acid as co-catalyst are much more active in water
than in acetonitrile (Table 2), in line with the complexes

0.7

Table 2

Oxidation of isopropanol in water and acetonitrile, catalysed by the
complexes 1-6 in the absence/presence of ascorbic acid as co-catalyst
(20°C, 1 h, 1.0x 10~* M FeCl,, complex 1-6, 0.20 M isopropanol, 0.50 M
H,0,, TON - catalyst turnover number)

Catalyst  TON (after 1 h) in TON (after 1 h) in

water acetonitrile

No With ascorbic  No With ascorbic

co-catalyst  acid co-catalyst  acid
FeCl, 5 243 2 37
1 17 274 5 29
2 9 320 3 32
3 6 306 3 34
4 2 63 0 5
5 0 72 0 3
6 1 28 0 3

[(L-Me;):Mny(0)(OOCCH;)," and [(L-Me;)>:Mny(O)-
(OOCC6H5)2]2+ in combination with oxalic or ascorbic
acid as co-catalyst [24].
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Fig. 6. UV/Vis spectrum of [(LfMez)zFez(O)(OOCCng]2+ (1.0x107* M) in the absence (1) and presence (2) of ascorbic acid (1.0 x 1072 M, 20 °C,

5 min, H,0).



4. Supplementary materials

CCDC-296748 [2][PF¢], 296749 [S5]PF¢l, and 296750
[6]PF¢]; - (CH3),CO contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/data_request/cif, by
emailing data_request@ccdc.cam.ac.uk, or by contacting
The Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
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