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The reaction of iron sulfate with 1-carboxymethyl-4,7-dimethyl-1,4,7-triazacyclononane (L) and hydrogen peroxide
in aqueous ethanol gives a brown dinuclear complex considered to be [Fe,(NsO-L)z(u-0)(u-OOCCHS3)] * (1), which
converts upon standing in acetonitrile solution into the green tetranuclear complex [Feq(N3O2-L)a(u-0)o]* (2). A
single-crystal X-ray structure analysis of [2][PFg]s-5MeCN reveals 2 to contain four iron(lll) centers, each of which
is coordinated to three nitrogen atoms of a triazacyclononane ligand and is bridged by one oxo and two carboxylato
bridges, a structural feature known from the active center of methane monooxygenase. Accordingly, complex 2
was found to catalyze the oxidative functionalization of methane with hydrogen peroxide in aqueous solution to
give methanol, methyl hydroperoxide, and formic acid; the total turnover numbers attain 24 catalytic cycles within
4 h. To gain more insight into the catalytic process, the catalytic potential of 2 was also studied for the oxidation
of higher alkanes, cycloalkanes, and isopropanol in acetonitrile, as well as in aqueous solution. The bond selectivities
of the oxidation of linear and branched alkanes suggest a ferroxy radical pathway.

Introduction

CHy + Oy 7T> CH30H + H,O

One of the most interesting reactions is without any NADH + H*  NAD*

doubt the catalytic hydroxylation of methane, performed

by the enzyme methane monooxygenase (MMO), & non-  The reactive site in the enzyme has been identified by
heme diiron protein occurring in methanotrophic bacteria giryctural studies of soluble MMO extracted fravtethyl-

(see reviews and recent original publication$)These  coccus capsulatu@Bathf and Methylosinus trichosporium
microorganisms convert methane to methanol in a process

coupled to the oxidation of the biological reducing agent (2) (a) Baik, M.-H.: Gherman, B. F.; Friesner, R. A.; S. J. Lippald,
NADH. Am. Chem. So002 124, 14608-14615. (b) Moe, L. A; Hu, Z.;
Deng, D.; Austin, R. N.; Groves, J. T.; Fox, B. Biochemistry2004
43, 15688-15701. (c) Gherman, B. F.; Baik, M.-H.; Lippard, S. J.;
Friesner, R. AJ. Am. Chem. So@004 126, 2978-2990. (d) Wei,
P.; Skulan, A. J.; Mitize, N.; Yang, Y.-S.; Saleh, L.; Bollinger, J. M.,
Jr.; Solomon, E. I.J. Am. Chem. SoQ004 126 3777-3788. (e)
Gherman, B. F.; Lippard, S. J.; Friesner, RJIAAm. Chem. So2005
127, 1025-1037. (f) Sazinsky, M. H.; Lippard, S. J. Am. Chem.
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Tetrairon Complex [Fa(NsOx-L)4(u-O),]*+

OB3H to be a diiron center in the oxidized form containing
a carboxylato and two hydroxo bridg&sSubstantial progress

and under a nitrogen atmosphere. Solvents for synthesis were of
technical grade and were purified by distillation under nitrogen and

has been made in understanding the key features of thedried according to standard laboratory practife®Vater was

catalytic hydroxylation on the basis of extensive experimen-
tal® and theoretical studié$ A few mechanisms have been
proposed for the alkane oxidation with participation of
MMO.1 The crucial step of the methane-to-methanol
conversion in the active site of soluble MMO can be
attributed to the hydrogen atom abstraction from a methane
molecule by a radical-like iron(IV) and iron(lll) speci&s.
Soluble MMO fromM. capsulatugBath) oxidizes normal
pentane, hexane, and heptane to afford predominately (in
the case of-heptane even exclusively) 2-dkScrambling
of the stereochemistry was observed &is-1,4-dimethyl-
cyclohexane andis-1,3-dimethylcyclohexan®.lron com-
plexes containing N and O ligands and carboxylato bridges

can serve as models for hydroxylating enzyme centers (see

reviews)? with mononucled and polynucledf examples
being known. Biomimetic oxidation studies for alkane
functionalization with iron complexes have been pioneered
by R. H. Fish!' S. J. Lippard? and L. Que, J#2 Hydrogen
peroxide is usually used as an oxidant in alkane oxidations
catalyzed by such complexés.

Experimental Section

General. Solvents for catalytic experiments were of analytical
grade (Acros, Merck or Cambridge Isotope Laboratories) and were
used without distillation; they were only stored over molecular sieve

(4) Elango, N.; Radhakrishnan, R.; Froland, W. A.; Wallar, B. J.; Earhart,
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Chem 2004 219, 255-264. (d) Tanase, S.; Foltz, C.; de Gelder, R.;
Hage, R.; Bouwman, E.; Reedijk, J. Mol. Catal. A: Chem2005
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A. J. P.Dalton Trans 2006 1399-1408. (h) Li, F.; Wang, M.; Ma,
C.; Gao, A.; Chen, H.; Sun, LDalton Trans 2006 2427-2434.

bidistiled and stored under nitrogen. Laboratory gases were
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purchased from Carbagas and used directly from the cylindersinjection system and flame ionization detector using a CP-
without further purification. WAXS52CB capillary column (25 mx 0.32 mm x 0.25 um),

The macrocyclic ligand precursor 1,4-dimethyl-1,4,7-triazacy- integrator SP-4400, and helium as carrier gas. Acetonitrile or
clononane was synthesized and purified according to the publishednitromethane was used as internal standards. The flame ionization
method!® All other commercial compounds were of analytical grade detector response factors were obtained after calibration experi-
and were used as received (Acros, Aldrich, and Fluka). Hydrogen ments, using a standard substrate mixtures. Gaseous mixtutes (O
peroxide was used as a solution in water (30%, not stabilized, Fluka) N2, CH,, CO and CQ) were quantified after injection of 50@L
and stored at 4C. The exact concentration was determined using with a gastight syringe on a packed column (Carboxen-1000 60/
potassium permanganate titration and by UV spectroscopy (23080, 4.5 mx 3.1 mm, Supelco) using a thermal conductivity detector
nm, e = 81 M~ cm™1). Hydrobromic acid was used as a solution (TCD).
in glacial acetic acid (33%, Riedel de Hge Catalytic Experiments. Oxidation of Methane. The experi-

Instrumentation and Analyses.All syntheses were carried out  ments using methane as substrate and synthetic air as oxidant were
by standard Schlenk techniques under a nitrogen or argon atmo-carried out in 100 mL autoclaves equipped with glass-lined steel
sphere unless stated otherwise. Silica (60 A-BB0 mesh) for vessels containing a magnetic bar. In a typical experiment, the glass
column chromatography was purchased from Chemie Brunschwig tube containing the solvent, catalyst, cocatalyst, and hydrogen
AG. UV-—vis spectra were recorded using an UVICON-930 peroxide was introduced in the steel vessel of the autoclave, which
spectrophotometer; the samples were placed in quartz 2 mm or 10was closed hermetically and purged with air. After that, the
mm high-precision cells with an appropriate solvent used as autoclave was pressurized with air and with methane, in this order,
reference. Microsoft Excel was used for data analysis. Infrared to the corresponding pressures and heated to the corresponding
spectra were recorded with a Perkin-Elmer Spectrum One spec-temperature under vigorous stirrif@AUTION! The combination
trometer in transmission mode where the absorptions are given inof air or molecular oxygen and 40, with organic compounds at
reciprocal centimeters (cm). Intensity data are described with the  elevated pressures and temperatures may be exgbogifter the

following abbreviations: vs= very strong, s= strong, m= indicated reaction time, the autoclave was cooled in ice, and the
medium, w= weak, sh= shoulder. Nuclear magnetic resonance pressure was released; the samples of gaseous mixture were taken
spectra were recorded using a Bruker AMX 488.and*3C {'H- in a 200 mL reservoir and analyzed by GC. Two aliquots of the

decouplel NMR used the solvent as the internal standard. ESI reaction mixture were taken féi NMR and for GC analysis using
mass spectra were measured by the Analytical Service of the MeCN as internal standard.

University of Neuchtel (Switzerland) using a LCQ Finnigan Oxidation of Higher Alkanes. The oxidation of higher alkanes
spectrometer. Microanalyses were carried out by the Laboratory was carried out in thermostated cylindrical vessels connected to a
of Pharmaceutical Chemlstry, Uanerslty of Geneva (SWltZerIand). reflux tube; when the reaction temperature was h|gher thmo

Crystallographic  Analysis. Crystal data for 2][PFels5 the vessel was opened to air. In a typical experiment, a portion of
MeCN: CsoHogF2aFesN17010Ps, M = 1897.71, monoclinic, space  hydrogen peroxide was added to the solution of the catalyst and
group P2y/c (No. 14),a = 22.673(2) A,b = 14.8307(8) Ac = substrate in acetonitrile. After certain time intervals, samples (0.6
23.388(2) A8 = 99.387(10), V = 7758.9(10) &, T = 173(2) K, mL) were taken. The samples were analyzed twice: before and

Z=4,D; = 1.625 g cm?, 15 205 reflections measured, 4675  after addition of triphenylphosphine to reduce the remaining
unique Rn = 0.1477) which were used in all calculations. The hydrogen peroxide to water and the alkyl hydroperoxide to the
crystal was mounted on a Stoe Image Plate Diffraction system corresponding alcohdf the reaction is complete after 15 min. Each

equipped with ag circle goniometer, using Mo & graphite- sample was injected in the GC twice, 02 each time. The
monochromated radiatior (= 0.71073 A) withg range of 6-200, comparison of the concentrations of cyclohexanone and cyclohex-
an increment of 1.Q a 2 range of 2.6-26°, andDmax — Dmin = anol before and after reduction allows us to estimate the real

12.45-0.81 A. The structure was solved by direct methods using concentrations of cyclohexyl hydroperoxide, cyclohexanone, and
the program SHELXS-9¥. The refinement and all further calcula-  cyclohexanol present in the reaction mixtéfe.
tions were carried out using SHELXL-97 with 941 parameters:
R1=0.0701 { > 2o(1)), wR2 = 0.2037, gg)p: 0.745, and the  capried out in air in thermostated cylindrical Pyrex vessels with
max/min residual density: 0.972/-0.755 eA°. The H-atoms were iqorous stirring. The total volume of the reaction solution was 10
included in calculated positions and treated as riding atoms using,, |n a typical experiment, hydrogen peroxide (30% aqueous
the SHELXL default parameters. A semiempirical absorption gq|ytion, 0.50 M) was added to a mixture containing the catalyst,
corre_ctlon was applied using DIFABS (PLATO_N%T“" = 0.346, _ cocatalyst, and substrate in water or in acetonitrile. Blank experi-
Tmax= 0.767). Molecular structure representations were drawn with ents were carried out without catalyst. The samples of the reaction
ORTEP?? MERCURY ?! and POV-RAY?? solution were analyzed by GC.

Gas Chromatography. GC-analyses were performed on a Dani Syntheses. Sodium 2-(4,7-dimethyl-1,4,7-triazacyclononan-1-

86.10 gas chromatograph equipped with a split-mode capillary yacetate (Na[L]). In a 100 mL Schienk tube, 3.14 g (20.0 mmol)
of freshly distilled 1,4-dimethyl-1,4,7-triazacyclononane was dis-

Oxidation of i-Propanol. The oxidation ofi-propanol was

(16) Flassbeck, C.; Wieghardt, B. Anorg. Allg. Chem1992 608 60—

68. solved in 10 mL of water at room temperature, and an aqueous
(17) Sheldrick, G. MSHELXS-97, Program for Crystal Structure Solution ~ solution of sodium bromoacetate (20 mmol, 10 mL), prepared by
University of Gdtingen: Gatingen, Germany, 1997. neutralization of 2.78 g (20 mmol) of bromoacetic acid with 0.80

(18) Sheldrick, G. MSHELXL-97, Program for Crystal Structure Refine-
ment University of Gdtingen: Gitingen, Germany, 1997.

(19) Spek, A. L.J. Appl. Cryst.2003 36, 7—13. (23) (a) Shul'pin, G. BJ. Mol. Catal. A: Chem2002 189, 39-66. (b)

(20) Farrugia, L. JJ. Appl. Cryst 1997 30, 565. Shul'pin, G. B.C. R. Chim.2003 6, 163-178. (c) Shul'pin, G. B;

(21) Bruno, I. J.; Cole, J. C.; Edgington, P. R.; Kessler, M.; Macrae, C. F; Druzhinina, A. N.React. Kinet. Catal. Lettl992 47, 207-211. (d)
McCabe, P.; Pearson, J.; Taylor,A&tta Crystallogr 2002 B58 389— Shul'pin, G. B.; Nizova, G. V.React. Kinet. Catal. Lett1992 48,
397. 333-338. (e) Shul’pin, G. B.; Attanasio, D.; Suber,l.Catal 1993

(22) Fenn, T. D.; Ringe, D.; Petsko, G. A. Appl. Crystallogr2003 36, 142 147-152. (f) Shul'pin, G. B.; Nizova, G. V.; Kozlov, Y. NNew
944—-947. J. Chem 1996 20, 1243-1256.

3168 Inorganic Chemistry, Vol. 46, No. 8, 2007



Tetrairon Complex [Fa(N3Ox-L)4(u-O),]*+

g (20 mmol) NaOH, was added dropwise (5 min). The temperature
was raised to 80C, and 1.00 g (25 mmol) of NaOH dissolved
in 5 mL of water was added dropwise (5 min). The temperature
was maintained at 80C for 2 h, until the reaction was com-
plete. The light-yellow solution was evaporated (0.05 mbaf&Q

and the solid product was extracted with £Hp (3 x 50 mL),
dried over anhydrous N8O, and filtered under a nitrogen
atmosphere. A white-yellowish hygroscopic powder was
obtained after solvent evaporation and drying in vacuo (0.01 mbar,
50°C, 48 h).

Na[L]. Yield: 70—-83%.H NMR (400 MHz, CDC}): ¢ 3.10
(s, 2H, NCH,COONa), 2.55-2.48 (m, 12H, N&i,CH,N) and 2.33
(s, 6H, NQH3). 13C NMR {*H decoupledl (100 MHz, CDC}): 6
177.2 (NCHCOONa), 63.7 (XCH,COONa), 55.0, 54.8, 53.2 (8
NCH,CH,N) and 45.9 (N\CH3). MS (ESI negative mode, acetone):
m/z215 ([L]7). IR (KBr pellets)y (cm™1): 3418 (s), 2945 (s), 2853
(s), 2792 (s), 1594 (s), 1454 (s), 1405 (s), 1367 (s), 1078 (m), 1036
(s), 830 (m), 748 (m) and 612 (m). Anal. Calcd forg8,0N3z0,-
Na-1.5 CHCl,: C, 37.88; H, 6.36; N, 11.52. Found: C, 38.07; H,
6.50; N, 11.52%.

General procedure for [L,Fe(O)(OOCMe)|[PF¢] ([1][PF¢])
and [L4Fey(O),][PFels ([2][PFels). In @ 50 mL Schlenk tube, a
mixture of Na[L]-1.5CHCI; (364 mg, 1.00 mmol), FeS£YH,O
(278 mg, 1.00 mmol), and KRK276 mg, 1.50 mmol) in aqueous
ethanol (60%, 8 mL) was stirred under an argon atmosphere at
room temperature for 2 h. The resulting dark green solution (pH
3.8—4.2) was cooled to OC, before 2 mL of a freshly prepared
aqueous solution containing&, (100xL, 1.00 mmol) and NaOH
(48 mg, 1.20 mmol) was added. The brown-green mixture was
stirred in air at 20°C for 2 h (pH 4.5), before celite (basic, pH 9)
was added. After filtration the product was extracted from the celite
bed by being washed two times with 5 mL of acetonitrile, and the
combined washings were evaporated in vacuo (0.05 mbatC20
2h). The green-brown residue was dissolved in acetonitrile, and
after standing for a week (TLC testing), two products were separated
by column chromatography on silica (eluent MeCN/MeOH-5:1
2:1). The yield of the green product varied from 5 to 15% depending
on dilution, as well as on time. The green fraction containizig [
[PFe]4 was evaporated, washed four times with 10 mL of ethanol,
and dried in vacuo. Single crystals df][PFg]s-5MeCN suitable
for X-ray analysis were grown from an acetonitrile solution into
which the ether was allowed to slowly diffuse within 72 h. The
brown-orange fraction containing][PFs] was evaporated, extracted
in acetone, and crystallized with ether. A microcrystalline powder
was obtained within 48 h.

[LFex(O)(OOCMe)][PFe] ([1][PF¢). Yield: 28-40%. H
NMR (400 MHz, CBCN): 6 35.5, 31.5 (br, 4H, NB,COO), 28-

18 (br, 28H, NG1,CH,N, NCH3), 15.2 (br, 4H, NCHHCHN), 11.5

(br, 3H, OOC®3) and 8.1 (br, 4H, NEIHCH,;N). MS (ESI,
positive mode, MeCN):m/z 634 (70%, L + H + H,OJ?"), 651
(10%, [1]7), 615 (10%), 416 (10%, [LFe+ PR]*). UV—vis
(CH3CN) Amax (€): 663 (160), 503 (1040), 449 (1600), 421 (1800),
326 cmr! (15500 M1 cmY). IR (KBr pellets)v (cm™Y): 3435

(s), 2930 (M), 1643 (s), 1578 (s), 1466 (s), 1384 (s), 1357 (s), 1103
(m), 1024 (m), 842 (vs), 781 (s), 740 (m), 559 (s). Anal. Calcd for
CoHasFeNsOPRs2KPFs: C, 23.40; H, 3.93; N, 7.44. Found: C,
23.22; H, 3.80; N, 7.25%.

[L 4Fe4(O)2)[PFel4 ([2][PF¢)s). Yield: 5—15%. MS (ESI, positive
mode, acetone)m/z 575 ([LoFe(O) + H + H,O]3Y). UV—vis
(CH3CN) Amax (€): 578 (300), 501 (670), 491 (710), 325 cin
(24 500 M1 cm™b). IR (KBr pellets)v (cm™1): 2925 (m), 1622
(vs), 1568 (m), 1407 (s), 1384 (m), 1304 (m), 1079 (m), 1023 (m),
841 (vs), 773 (s), 753 (s) and 559 (s). Anal. Calcd fapHss

FesN1,010PsF24: C, 28.32; H, 4.99; N, 9.91. Found: C, 28.73; H,
4.67; N, 10.32%.

Results and Discussion

Ligand and Complex SynthesesThe ligand L containing
a pendent acetato arm is accessible by reaction of the 1,4-
dimethyl-1,4,7-triazacyclononane with sodium bromoacetate,
adapting a procedure previously described for 1,4,7-triaza-
cyclononane-1,4,7-triacetattln contrast to the triacetate
derivative, L can be successfully isolated from the alkaline
aqueous solution by extraction with dichloromethane in the
form of the sodium salt. The new ligand is fully characterized
by MS and NMR spectroscopy, as well as by satisfactory
element analytical data.

HsC_ | \ _CHs,
\N N/

)

|

H

BrCH,COONa

NaOH, H,0

Q HSC\CF\ SHS
k(o

ONa
(Na[L])

Iron(ll) sulfate heptahydrate reacts readily with Na[L] in
moist ethanol, and after the subsequent oxidation with
hydrogen peroxide, a brownish product can be extracted with
acetonitrile. Immediate workup shows the acetonitrile solu-
tion to contain a dinuclear iron(lll) complex, considered to
be [LoFe(0O)(OOCMe)T (1) on the basis of the spectroscopic
and element-analytical characterization of the hexafluoro-
phosphate salt. Upon standing at room temperature in
acetonitrile over several days, two cationic iron(lll) com-
plexes are observed in solution, which can be separated by
column chromatography and isolated as the hexafluorophos-
phate salts. The brown fraction contaihswhile the green
fraction shows a tetranuclear iron(lll) complexfe,(O)z]**

(2), see Scheme 1. An analogous interconversion of a
dinuclear iron(lll) into a tetranuclear iron(lll) complex is
reported with tetradentate ethylenediamine diac&tasmd
pyridyl-amino carboxylato ligand?.

Green X-ray quality crystals of2][PF¢],»5MeCN are
obtained by slow diffusion of ether into an acetonitrile
solution containing Z][PFe]s. A microcrystalline brown-
orange powder of JJ[PF¢]-2KPFR was obtained by slow
diffusion of ether into an acetone solution containingnd
KPFe.

The brown microcrystalline productl][PFe]-2KPF;, is
considered to be NzO-L)Fe(u-O)u-OOCMe)][PFK]-2
KPFs on the basis of the analytical and spectroscopic data,
by analogy to the known compound [(cmtagex(u-O)(u-
OOCMe)][ClOy]-NaCICy-2H,0 (cmtacn= 1-carboxymethyl-
1,4,7-triazacyclononane), containing the non-methylated

(24) (a) Wieghardt, K.; Bossek, U.; Chaudhuri, P.; Herrmann, W.; Menke,
B. C.; Weiss, Jlnorg. Chem.1982 21, 4308-4314. (b) De Vos, D.
E.; Bein, T.J. Organomet. Chenl996 520, 195-200.

(25) (a) Nishino, S.; Takahashi, Y.; Nishida, ¥org. Chem. Commun
2002 5, 609-611. (b) Mortensen, M. N.; Jensen, B.; Hazell, A.; Bond,
A. D.; McKenzie, C. JDalton Trans.2004 3396-3402.
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Scheme 1. Reaction of Sodium 2-(4,7-Dimethyl-1,4,7-triazacyclononan-1-yl) Acetate (Na[L]) with Iron(ll) Sulfate Heptahydrate in the Presence of
Hydrogen Peroxide

1) FeSO, + 7 H0 N

H3C\/ \/CH3
N N
2) Hy0, </ \ .
- H3C-N[—Fe‘O'Fe—J—N-CH3
N \/ ’ /\
ONa

EtOH / H,0 \
: N o0 “,‘\)
CH;3 Y CHs
CHs

(e}
(Na[L]) MeCN 1

@)

ligand instead of L, for which the molecular structure is between the iron(lll) centers causes the smaller range of

known by single-crystal X-ray analysis. chemical shifts (from 0 to-35 ppm), as compared to the
The presence of an acetato bridgeliis surprising, since  analogous Mn(l1l}-Mn(l1l) complexes (from—160 to+120

in the reaction of FeS©7 H,O with L in aqueous ethanol,  ppm).

which yields1 and2, no acetate is added. However, we found  The sharp resonance at 11.5 ppm (b) corresponds to the
that, upon addition of hydrogen peroxide to the aqueous methy| group of the bridging-acetato ligand and compares
ethanol solution of F&/L, fo!lovygd by surrmg in air fo_r 2 ~ well to the 11.4 ppm value reported for those in [(tmtaey)

h at room temperature, a significant quantity of acetic acid (0)(OOCMe)]?* and [(tacn)Fe(O)(OOCMe}]2+.2" Since

is formed (detected after acidification and GC analysis), three N-CHsmoieties of the macrocycle ligandin [(tmtag-
which apparently originates from the iron-catalyzed oxidation (O)(OOCMe}J?* are not equivalent, one of the methyl

of ethanol. groups that is trans coordinated with respect to the oxo bridge

1 . . —
1 TI_T]e :I\TIQAR sp?ctrufm oflin CDs(i_N ('js_ Sh(iwn '2 F|g|::][ure gives rise to the upfield signal around 14.8 pfiiVe assign
- he spectra of paramagnetic dinuclear Feti- the resonance around 15.2 ppm in the spectruttoffour

(1) complexes containing 1,4,7-triazacyclononane (tacn) and ,,__._, .
: . . axial” methylene protons (c) near the nitrogen atoms trans
1,4,7-trimethyl-1,4,7-triazacyclononane (tmtacn) ligands, as . . : .

g oordinated to the oxo bridge, which are more deshielded
well as acetato and oxo bridges, have been reported an han the four “equatorial” methylene protons (a) witf$.1
interpreted using labeling experimeAtd.he strong coupling . quatoriz vy P o .

ppm. This assumption is consistent with the relative intensi-

ties of these resonances, as well with the literature?tizta
and X-ray analyses o2][[PF¢]s-5MeCN and [(cmtacnfe-
(u-O)(u-OOCMe)][CIOy]-NaClOy-2 HO 26 Two broad reso-
nances centered around 31.5 and 35.5 ppm can be attributed
to the equatorial (e) and axial (f) methylene protons of the
pendent acetato arms, the axial ones being more deshielded
and expected to be shifted to downfield values. Because of
the significant overlap between the signals from 18 to 28
ppm (d), the detailed assignment is problematic, but the
N-methyl protons (nonequivalent, near 22 ppm), as well as

(26) Graham, B.; Moubaraki, B.; Murray, K. S.; Spiccia, L.; Cashion, J.
D.; Hockless, D. C. RJ. Chem. Soc., Dalton Tran$997, 5, 887—

893.
Figure 1. *H NMR (400 MHz) spectrum of the paramagnetic complex (27) Hage, R.; Gunnewegh, E. A.; Nid.; Tjan, F. S. B.; Weyheriiler,
[L2Fe(O)(OOCMe)][PR] ([1][PFs]) measured in CECN at 27°C. T.; Wieghardt, K.Inorg. Chim. Actal998 268 43—48.
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Figure 2. Molecular structure of [kFey(O)2]*" (2) in [2][PFe]4'5MeCN;

displacement ellipsoids are drawn at the 50% probability level. The MeCN Figure 3. Simplified structural picture o2 showing coordination mode

and hexafluorophosphate molecules are omitted for clarity.

the other methylene protons in the L ligand, can be assigned

to the signal d.

The ESI-MS spectrum df in acetonitrile shows the parent
peak atm/z 634 (70%, L + H + H,0]?*) and minor peaks
atm/z 651 (10%, 1]7), 615 (10%"), and 416 (10%, [LFe
+ PR]*). Absorptions at 781 and 740 cy observed in

the infrared spectrum, can be assigned to the asymmetricFe-0 (own acetato)
Fe—O—Fe stretch modes, shifted to higher values than those F&~O (bridged acetato)

in dinuclear complexes [(dmtacRe(0)(OOCMe}]?t (725
cm1) and [(dmtacnFe(O)(OOCPh)?t (724 cntl) (dmtacn

= 1,4-dimethyl-1,4,7-triazacyclononadtput comparable
to those in2. Since the vibration energies are indicative of
the Fe-O—Fe angle parameters, we can assume thdt in
the Fe-O—Fe angle falls in the range from 130 to 23329

in [(cmtacn}Fe(O)(OOCMe)] and 138 in 2). Thev,{C—

O) stretching frequency of the bridging acetato linis
observed at 1578 cm; v(C—0) frequency appears at 1466
cm1, while the bands at 1646 and 1359 ¢hare from the

of the four iron(lll) centers inZ][PFe]2-5MeCN; hydrogen atoms, MeCN,

and hexafluorophosphate molecules are omitted for clarity.

Table 1. Selected Bond Lengths (A) and Angles (deg) for
[2][PFe]a'5MeCN

Fe(1) Fe(2) Fe(3) Fe(4)
Fe—Fe (through oxo) 3.347(2) 3.347(2) 3.328(2) 3.328(2)
Fe—Fe (through acetato) 5.334(2) 5.330(2) 5.334(2) 5.337(2)
Fe—0O (oxo) 1.803(5) 1.803(6) 1.805(5) 1.791(5)

1.997(5) 1.997(6) 2.002(5) 1.991(5)

2.092(6) 2.071(6) 2.064(6) 2.086(6)
Fe—N (acetato-substituted) 2.269(6) 2.271(7) 2.257(6) 2.250(6)
Fe—N (Me) 2.179(7) 2.175(7) 2.189(6) 2.197(7)
Fe—N (Me) 2.207(6) 2.208(7) 2.211(6) 2.204(6)
Fe—O—Fe (ox0) 136.2(8) 136.2(8) 135.4(5) 135.4(5)
O—C—0O (own acetato arm) 122.7(5) 123.8(7) 123.9(9) 122.7(1)

core represents a tetrahedron with two short edgesx¢-
bridges) and four long onegi{carboxylato-bridges). The
Fe—Fe distances of the oxo-bridged iron(lll) centers are
3.328(2) and 3.347(2) A, which are longer than those in the
dinuclear Fe(ll)-Fe(lll) cations [(dmtacnfe(O)-

monodentate pendent carboxyl groups of the ligand. These(QOCMe}|?" (3.104(1) A) and [(tmtacnlFe(O)(OOCMe)]2"

bands are shifted by B0 cn1! to higher values than those
in [(cmtacn}Fe(O)(OOCMe)},?® which could indicate
incorporation of voluminous KRFon pairs between two
acetato pendent arms. The BVis spectra ofl and
[(cmtacn)Fe(0)(OOCMe)T are very similar® in acetoni-
trile, both complexes show absorption maxima arodire,
for 1, M~% cm™) 663 (160), 503 (1040), 449 (1600), 421
(1800), and 326 (15500). The elemental analysidpPFs]-

(3.12(4) Ay2cbut compare well to those in the tetrairon dioxo
complex [Fe(bedda)(O);] (3.389(4) A}oa (bedda= N,N'-
bis(3,4,5-trimethoxybenzyl)-ethylenediamiNg\'-diacetate).
The Fe-N (acetato-substituted) bonds are always in trans
coordination to the oxo bridge, and they are slightly longer

than those trans to the acetato bridges because of the greater

trans influence of the oxo bridge. Furthermore2jithe Fe-
O—Fe angles of thg-oxo-bridges are in the range of 135.4-

2KPFs gives 23.22 (C), 3.80 (H), and 7.25% (N), compared (5)—136.2(8}, substantially larger than those in dinuclear
to the calculated values of 23.40, 3.93, and 7.44% respec-[(dmtacn}Fe(0)(OO0CMe)|*" [120.0(2]] but comparable

tively.
A single-crystal X-ray structure analysis 02][PFe]a*
5MeCN reveal? to contain four iron(lll) centers (Figures

to the 142.7(7) value in [Fa(bedda)(O),].1°2 This means
that, upon dimerization of the dinuclear Fe(Hlre(lll)
precursor, thei-oxo-bridges adopt a more “open” configu-

2 and 3), each of which is coordinated to three nitrogen atomsration, reflecting also the constraints imposed by two
of a triazacyclononane ligand and bridged by one oxo and carboxylato bridge moieties. The tetranuclear structur2 of
two carboxylato bridges, a structural feature known from the is quite unique and represents a new example of the binding

active center of methane monooxygena%&he tetrairon  Vversatility of carboxylates.
The ESI-MS spectrum a2 in acetone shows the parent

(28) Neubold, P.; Wieghardt, K.; Nuber, B.; Weiss|nbrg. Chem1989
28, 459-467.

(29) Romakh, V. B.; Therrien, B.; Labat, G.; Stoekli-Evans, H.; Shul'pin,
G. B.; Siss-Fink, G.Inorg. Chim. Acta2006 359, 3297-3305.

peak atw/z 575 ([LoFe(O) + H + H,OJ3"), in line with the
tetrameric iron(lll) core rupture observed in the ESI-MS
spectra for the analogous compleX&£°>°Absorptions at 753

Inorganic Chemistry, Vol. 46, No. 8, 2007 3171



Table 2. Oxidation of Methane in BO Catalyzed byl and 22

TON in water
50°C 60°C 70°C 80°C
MeOH/ MeOH/ MeOH/ MeOH/
MeOOH/ MeOOH/ MeOOH/ MeOOH/
catalyst HCOOH > HCOOH S HCOOH S HCOOH %
1 1.7/1.3/0 3 2/2I0 4 6.5/85/0 15 5/13/0 18
2 3.5/6.,50 10 8/11/0 19 8/3/11 22 15/9/0 24
2/pcaH 5/6/0 11 10/3/28 41 8/6/14 28 8/3/14 25

aConditions: 104 M catalyst, 0.50 M HO,, 10 bar of air, 50 bar of
methane, TON= catalyst turnover number, moles of product(s) per mole
of catalyst afte 4 h of thereaction. Product distribution contains MeOH/
MeOOH/HCOOH ratios in the catalyst turnover numbersradté of the
reaction; [pcaH}= 1.6 x 1073 M.

and 773 cm?, observed in the infrared spectrum, can be
ascribed to the asymmetric F©—Fe stretch modes, which
are shifted to high values compared with those for the
dinuclear complexes [(dmtacie(O)(OOCMe}]?" (725
cm?) and [(dmtacnFe(0)(OOCPh) 2" (724 cnT?).2° This
can be rationalized by the fact that the energy of vibration
increases as the F®©—Fe angle increasé& 3 Therefore,
in the more “open” configuration o2, these resonances
should have higher values. The{C—O) stretching fre-
quency for2 is observed at 1622 cri while thev{(C—0)
frequency appears at 1407 chn

Methane Oxidation in Water. The oxidation of methane

(50 bar) is carried out in the 100 mL stainless steel autoclave
equipped with a glass reactor in the presence of air (10 bar),

Romakh et al.

of 2 presumably undergoes decomposition, and the oxyge-
nase activity of both catalysts is comparable.

In the presence of pyrazine-2-carboxylic acid (pcaH) as
cocatalyst, the oxygenase activity of compl@xncreases
(Figure 2S), which is in agreement with a reduced catalase
activity of 2 under these conditions observed in the isopro-
panol oxidation. This effect is more pronounced at°6)
however, at higher temperatures, pcaH is not stable under
the catalytic conditions, and the oxygenase activities of both
systems become close. In the presence of pcaH as cocatalyst,
the main oxidation product is formic acid, while without a
cocatalyst the main oxidation products are methanol and
methyl hydroperoxide.

Oxidation of Higher Alkanes. Higher alkanes are more
easily oxidized than methane, and liquid alkanes can be
handled without an autoclave, but for solubility reasons
acetonitrile must be used as solvent instead of water. We
studied at first the oxidation of cyclohexane with hydrogen
peroxide catalyzed byl and 2 in acetonitrile solution at
25°C.

H20;
T + +
OOH OH (6]

In the case ofl, the oxidation takes place during the initial

using DO as the solvent. Both, the dinuclear and tetranuclear Period of 15 min, cyclohexyl hydroperoxide being the major

iron(lll) complexesl and2 have been used as catalysts.
CH, + H,0, + /,0,—~ CH;00H + H,O

The product distribution was analyzed % NMR (MeCN

as internal standard) and confirmed by GC analysis per-

formed after reduction of the reaction mixture with NaBH

product of the reaction (curve 1, Figure 4). However, after
this period the oxygenase activity of the complex is blocked,
and a slow decomposition of cyclohexyl hydroperoxide into

the mixture of cyclohexanol (curve 2) and cyclohexanone
(curve 3) is observed. Presumably, this decomposition is
catalyzed by an iron complex generated frbin the course

of the reaction; cyclohexanol is predominantly formed with

(i-PrOH as internal standard). Since no formaldehyde hasan alcohol/ketone ratio of about 10, and the total catalyst

been detected (Nash reag@ptwe present the data for
methanol, methyl hydroperoxide, and formic acid accumula-
tion after 4 h. The results are summarized in Table 2.
Both 1 and2 catalyze the oxidation of methane in water
without any cocatalyst. Sinc2 is more robust thari, it

turnover number attains 13.

Since the electronic spectra of the catalytic mixture do
not change much (Figure 5), we assuthé¢o be slightly
modified, presumably, the-acetato bridge being exchanged
by water/solvent molecules. Diaqua Fe(tEe(lll) com-

catalyzes the methane oxygenation more efficiently (Figure plexes with similar tetradentate ligands have been isct&ted

1S); this effect is especially pronounced at moderate tem-

peratures of 5660 °C. However, at higher temperaturés,
and 2 show comparable activities; the tetrameric structure

(30) Sanders-Loehr, J.; Wheeler, W. D.; Shiemke, A. K.; Averill, B. A,;
Loehr, T. M.J. Am. Chem. S0d.989 111, 8084-8093.

(31) Nash, TBiochem. J1953 55, 416-421.

(32) (a) Shul'pin, G. B.; Guerreiro, M. C.; Schuchardt, Tetrahedron
1996 52, 13051-13062. (b) Shul'pin, G. B.; Kozlov, Y. N. Nizova,
G. V.; Sies-Fink, G.; Stanislas, S.; Kitaygorodskiy, A.; Kulikova, V.
S.J. Chem. Soc., Perkin Trans.2001, 1351-1371. (c) Kozlov, Y.
N.; Nizova, G. V.; Shul'pin, G. BJ. Mol. Catal. A: Chem2005
227, 247-253.

(33) Deno, N. C.; Jedziniak, E. J.; Messer, L. A.; Meyer, M. D.; Stroud,
S. G.; Tomezsko, E. Setrahedron1977, 33, 2503-2508.

(34) (a) Lindsay Smith, J. R.; Shul’pin, G. Betrahedron Lett1998 39,
4909-4912. (b) Shul'pin, G. B.; Nizova, G. V.; Kozlov, Y. N
Pechenkina, I. GNew J. Chem2002 26, 1238-1245. (c) Shul'pin,
G. B.; Nizova, G. V.; Kozlov, Y. N.; Arutyunov, V. S.; dos Santos,
A. C. M,; Ferreira, A. C. T.; Mandelli, DJ. Organomet. Chen2005
690, 4498-4504.
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and postulated as the intermediates for the dimerization
process and for the catalytic oxidation with hydrogen
peroxide:_LOa,los,ZSb

With 2, the oxidation of cyclohexane possesses the same
features as in the case bf but the catalyst intermediate is
more robust and maintains the oxygenase activity for at least
6 h of the reaction at 25C (Figure 6). Cyclohexyl
hydroperoxide is the major oxygenation product in the initial
period of the reaction (curve 1), while it slowly decomposes
in the course of the reaction to give the mixture of
cyclohexanol (curve 2) and cyclohexanone (curve 3) in the
presence of an iron complex generated flarCyclohexanol
is the predominant product afté h of reaction. The alcohol/
ketone ratio decreases to 6, which could indicate that the
catalytically active species are also involved in the oxidation
of cyclohexanol to give cyclohexanone. The total catalyst
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Figure 6. Oxidation of cyclohexane (0.46 M) with4@, (0.6 M) in MeCN

at 25 °C catalyzed by2 (0.5 mM). The following curves are shown:
accumulation of cyclohexyl hydroperoxide (curve 1), cyclohexanol (2), and
cyclohexanone (3).

diaminopropane}t" which dramatically accelerated in the
presence of pcaH (Table 3, entry 3).
The electronic spectra & in the presence of ¥, and
cyclohexane are shown in Figure 7. The conversiodiofo
an intermediate iron(lll) complex is almost completed after
2 h of the reaction. This intermediate has no oxygenase
activity: the addition of a new portions of,B, results in
no subsequent product formation but instead igOH
decomposition and further complex degradation.
To elucidate the nature of the oxidizing species generated
from 1 and2 upon addition of hydrogen peroxide, we studied
the oxidation of higher linear and branched alkanes (
hexanen-heptanen-octane, and isooctane). The selectivity
Figure 4. Oxidation of cyclohexane (0.46 M) with4®, (0.6 M) in MeCN parameters are given in Table 3. All parameters were
at25°C IC?;?AYCZ);ES Elyoﬁfér)\:r?lﬁk érlome'\:lc))-xlif;e(ﬂs\évgg gutgl\[/)ehsei;i ir?z\;/n;nd measured after reduction of the reaction mixtures with
2§gﬂ>?gxznone (3);, as Weyll a)é thepalcohollketone ra{tioymeasured bef&)re (4)tr|phenyllphosph|ne. befor? the G_C analysis and were calcu-
and after (5) the reduction of the samples with triphenylphosphine. lated using the ratios of isomeric alcohols. The parameter
C(1)/C(2)/C(3)/C(4) indicates the relative normalized reac-
tivities of hydrogen atoms at carbons 1, 2, 3, and 4 of the
chain of unbranched alkanes (i.e., calculated taking into
account the number of hydrogen atoms at each carbon). The
parameter 92°/3° indicates the relative normalized reac-
tivities of hydrogen atoms at primary, secondary, and tertiary
carbons of isooctane.
A comparison of the selectivity parameters (Table 3)
shows thatl and2 are only slightly more selective for the
oxidation of the different €H bonds than known hydroxyl
radical-generating systems (photochemicgDidecomposi-
tion, Fenton reagent, vanadate/pcaH), suggesting a radical
pathway in the case dfand2 (C(2)/C(1) < 20). The higher
tendency to discriminate between primary and secondary
Figure 5. Oxidation of cyclohexane (0.46 M) withD, (0.6 M) in MeCN hydrocarbon bonds may be explained by the assumption that
at 25°C catalyzed byl (1 mM) (electronic spectra of the catalytic reaction 5 more selective oxygen-centered radical (ferroxy radical,
mixture (04 h)). . .

alkoxy radical), rather than HQadicals alone, act as the
turnover number attains 43 and is significantly higher than active species.
that of 1 (TON = 13) and a recently reported Fe(lll) tetramer In the isooctane molecule, the secondaryHCbonds are
(TON = 6.5)0sInterestingly, pyrazine-2,3-dicarboxylic acid surrounded by bulky-butyl andi-propyl groups, and the
present in the solution inhibits the cyclohexane oxidation, selectivity parameter C(2)/C(1) in linear alkanes compared
which is different than the findings for the cyclohexane to 2°/1° for isooctane reflects the sterical hindrance for the
oxidation catalyzed by [Rénhptb)u-OH)(NGs),]?" (hpth= oxidizing species. Given that the parameters [C(2)/C(1))/
N,N,N,N'-tetrakis(2-benzimidazolylmethyl)-2-hydroxo-1,3- [2°/1°] for 1 and2 complexes are similar to those forh
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Table 3. Selectivity Parameters in Oxidation of Alkanes in Acetonitrile

C(1)/IC(2)IC(3)IC(4) v2°/13° trans/cis

entry system n-hexane n-heptane n-octane isooctane cissDMCH transDMCH
1 1-H0, (25°C) 1:13:13 1:10:10:6 1:8:9:7 1:2:21 1.6 1.2
2 2—H»0, (25°C) 1:13:13 1:15:14:11 1:10:12:9 1:5:11 0.9 1.3
3 Fe(HPTB)—pcaH-H;0; (25°C) P 1:6:6:5 1:4:8 35 5.1
4 hn—H,0; (20°C) 1:10:7 1:7:6:7 1:2:6 0.9 1.0
5 FeSQ—H,0; (20°C) 1:5:5:5 1:3:6 1.3 1.2
6 n-BusNVO3—pcaH- H,O, (40 °C)d 1.7:7 1:6:7:5 1:7:8:6 1:1:17 0.75 0.8
7 H,0, in CRCOOH® 1:364:363 1:52:0
8 [(tmtacn}Mn,03]2* —MeCOOH-H,0, (20 °C)f 1:46:35:35 1:8:40 0.34 4.1

a All parameters were measured after reduction of the reaction mixtures with triphenylphosphine before GC analysis and calculated based on the ratios
of isomeric alcohols. Parameter C(1)/C(2)/C(3)/C(4) is relative normalized (i.e., calculated taking into account the number of hydrogereatonerlabe)
reactivities of hydrogen atoms at carbons 1, 2, 3, and 4 of the chain of unbranched alkanes. Pat&f&feis Telative normalized reactivities of hydrogen
atoms at primary, secondary, and tertiary carbons of branched alkanes. Parameter trans/cis is the ratio of trans and cidespaterbals formed in the
oxidation of cis- or trans-disubstituted cyclohexanesisDMCH and transDMCH are cis-1,2-dimethylcyclohexane anans1,2-dimethylcyclohexane,
respectivelyP Catalyst [Fe(hptb){-OH)(NOs)2](NO3)2:CH;OH-2H,0, see ref 10h¢ Corresponding isomers of decalin were used instead of 1,2-
dimethylcyclohexanes.For this system, see ref 32See ref 33f For this system, see ref 34.

Table 4. Oxidation of Isopropanol in Water and Acetonitrile,
Catalyzed by Complexes and2 in the Absence or Presence of 0.001
M Pyrazine-2-carboxylic Acid (pcaH) or 0.01 M Ascorbic Acid (ascH)
as Cocatalyst

TON (after 1 h) in water

TON (after 1 h) in acetonitrile

without with  with without with with
catalyst cocatalyst pcaH ascH cocatalyst pcaH ascH
FeCb 5 56 243 2 26 37
1 190 431 268 16 9 42
2 226 463 301 26 19 40
aConditions: 20°C, 1 h, 1.0x 104 M FeCk, 1, 2, 0.20 M isopropanol,
0.50 M H,0..

presence of the pendent acetato arm within the macrocyclic
ligand. Indeed, complexes [(dmtagh(O)(OOCMe}]?"

and [(dmtacnFe(0)(OOCPh))?*, containing only bridging
carboxylato groups, are almost inactive in the absence of
o ~ cocatalyst® With ascorbic acid as cocatalydt 2, and
H,O, system, we can assume that the oxidizing species [(dmtacn)Fe(O)(OOCMe}]?*, as well as iron(ll) chloride,
generated fronl and2 have minimal steric restrictions and give comparable TONSs, regardless of the nature and the
are situated on the surface of the complexes or, onceqyantity of iron center&® Therefore, we can assume that in

the solvent cage. This is also consistent with the fact that, sioechiometric reducing agent.

in the oxidation ofcis- andtrans-1,2-dimethylcyclohexane
with H,O, catalyzed byl and2, no stereoselectivity has been Conclusion
observed.

Figure 7. Oxidation of cyclohexane (0.46 M) with4®, (0.6 M) in MeCN
at 25°C catalyzed by (0.5 mM) (electronic spectra of the catalytic reaction
mixture (0-6 h)).

o ) ) We have developed a new 1,4,7-triazacyclononane mac-
Oxidation of Isopropanol. We also studied the catalytic  ocycle containing a carboxylato function in the side arm at
activity of 1 and 2 for the oxidation of isopropanol with  gne of the nitrogen atoms. Two new iron(lll) complexes
hydrogen peroxide to give acetone. The reaction was Ca”'edcontaining the 2-(4,7-dimethyl-1,4, 7-triazacyclononan-1-yl)-
out in aqueous solution or acetonitrile in the absence and ingcetate ligandL) have been synthesized. Whileepresents
the presence of ascorbic (ascH) or pyrazjn-Z-carboxyIic acid 5 dinuclear Fe(IIB-Fe(l1) complex, [(NsO-L)-Fex(u-O)(u-
(pcaH) at 20°C. The results are shown in Table 4. OOCMe)}, with pendent carboxylato arms being mono-

The highest catalytic activity was observed forfe-

463 afte 1 h at 20°C. If added to the catalytic mixture,
pcaH significantly suppresses the catalase activity ahd

Surprisingly, the oxidation activity ol and 2 are close,

regardless of the difference in the number of iron centers

than in acetonitrile solution.
In aqueous solution] and 2 efficiently catalyze isopro-
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dentately coordinated to iron(lll) centetsis a tetranuclear
(0)2]** (2) in the presence of pcaH in water, the TON being complex, [(NsO.-L).Fey(0),]**; the bidentate mode of pen-
dent acetato arms coordination bridging two dimeric subunits
into a “dimer of dimers” has been observed. The tetranuclear
2, apparently it acts as a co-ligand to the iron centers. structure of2 represents a new example of the binding

versatility of carboxylates.

Complexesl and2 show significant catalytic oxygenase

per molecule. Both complexes are much more active in water activity in the oxidation of alcohols and alkanes with®s;
without the addition of cocatalyst, the reaction proceeds
under mild conditions. The addition of an amino acid (pcaH)
panol oxidation without any cocatalyst added because of thedecreases the catalase activity of these complexes in aqueous



Tetrairon Complex [Fa(NsOx-L)4(u-O),]*+

solution, improving the catalytic performance in the oxidation and pressures (60 bar). Finallyand2 can be used for the
of isopropanol. The tetrameritcomplex is more robust than  oxidation of alkanes and alcohols with,®; without the
the dimericl complex and maintains the oxygenase activity addition of reducing agents or co-ligands.

for hours under catalytic conditions at room temperature. The

selectivity pattern in the oxidation of linear and branched  Acknowledgment. The authors are grateful to the Suisse
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radical species operating at the expense or in parallel with

the hydroxyl radicals. Since both complexes have structural ~SuPporting Information Available: Figures 1S and 2S and
and selectivity features close to those observed for sMMO, crystallographic data for compleg][PFe]s-5MeCN in CIF format.

we usedL and? for the oxygenation of methane with,&; ;his.//mabterial is available free of charge via the Internet at
in aqueous solution. We found that both complexes are activeP//Pubs-acs.org.
in this reaction under moderate temperatures—&D °C) IC062207K

Inorganic Chemistry, Vol. 46, No. 8, 2007 3175





