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Abstract

Tetradentate amins,N’-bis(2-pyridylmethylene)-1,4-diaminodiphenyl ether (compolindramatically accelerates the oxidation of alka-
nes with MCPBA in acetonitrile catalyzed by FgGhereadN,N-bis(2-pyrrolidinmethylene)-1,4-diaminodiphenyl eth2r does not affect
the reaction. The selectivity of the reaction in the presende®hoticeably higher than that in its absence. On the basis of the kinetic study
and selectivity parameters a mechanism has been proposed which includes the formation of a complex between a molecule of MCPBA and
coordinated to ligand iron ion. This complex decomposes to produce a Fe(ll) derivative which is further oxidized by MCPBA to generate a
(1.Fe=O)** species reacting with both alkane and acetonitrile. Finally, alkyl hydroperoxide is formed which partially decomposes to produce
more stable corresponding alcohol and ketone (aldehyde).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction amines or their derivatives which can be considered as
models of protein environment of enzyme active sites.

Oxygen-activating proteins and especially enzymes We wish report a new catalytic system based on iron(lll)

containing non-heme iron sites (for example, methane chloride as a catalyst and MCPBA as an oxidizing reagent.

monooxygenase, MMO)[1-15] can be mimicked by  We studied the effect of the addition of tetradentate amines

synthesized non-heme iron complexes with polydentate 1 and2 and found that only compount gives rise to the

nitrogen-containing ligand416-32] In some cases in  remarkable growth of the reaction rate as well as to notice-

these alkane-oxidizing systemsatchloroperoxybenzoic  ably higher regio- and bond-selectivity in the alkane oxida-

acid (MCPBA) was used as an oxidaf83,34] Com- tion. PolydentatéN-ligands can be considered as models of

plexes of cobalf34], ruthenium[35-37] and manganese amino acid environment of certain enzyme reaction centers.

[34,38,39]with chelatingN-ligands have been also found to

catalyze alkane oxidations with MCPBA. It is well-known _N©O@N_

that alkane oxidations with various reagents catalyzed by <:/( b

“simple” transition metal salts can be dramatically accel- On NO

erated if certain additives are introduced into the reaction

solution (see review$40,41). These additives are often

1
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2. Experimental R S Fyl — |Fe|
. : > | Fol
2.1. Materials and instruments
> w(FZ — F2)?

All chemicals employed were commercially available wR2 = —Z(WF4)
reagent grade materials from Aldrich Chemicals Co. and ¢
Fluka Chemie AG and were used as received, without with
further purification. 1 - (Foz n 2FC2)

IR spectra were obtained on a Perkin-Elmer FT-IR 1720X = > 5 :
spectrometer using KBr pellets. The abbreviations for the [02(F7) + (AP)? + BP] 3
described intensities are: b (broad), w (weak), m (medium), s The goodness of fit ratio is given by
(strong) and vs (very strong). The absorption bands are given
in cm™! and the spectrum was taken in the range between S w(F, — F.)2
4000 and 400 cmt. The NMR spectrum was recorded on GOF= ,/=————
a BRUKER AMX-400 (400 MHz) spectrometer. Chemical
shifts @) are reported in ppm values relative to TMS. The with n = number of reflectiongy = number of refined pa-
abbreviations used are: s (singlet), d (doublet), t (triplet), rameters.

m (multiplet) and b (broad). The electron impact (EI) mass  The figures were drawn using the program PLU-
spectrum was obtained using a DELSI-NERMAG R30-10 TON/PLATON [45]. Thermal ellipsoids are at the 50%
system. The electrospray (ESI) mass spectrum was per-probability level.

formed by the MS-Service UNI Fribourg using a BRUKER

FTMS 4.7T BioAPEX Il system. UV-Vis titration measure- 2.2. N,N-bis(2-pyridylmethylene)-1,4-diaminodiphenyl
ments were performed in 96-well microtitre plates moni- ether (compound)

tored in a Spectramax-250 plate reader at the Department

n—p

of Chemistry and Biochemistry of the University of Bern. Compound 1 [46] was prepared by the condensa-
The results were analyzed using SoftmaxPro 2.2.1 and thention reaction between 4liaminophenyl ether and
treated with Excel2000 Worksheets. pyridine-2-carboxaldehyde in a 1:2 ratio with a quantitative

In the X-ray analysis, intensity data were measured either yield. To a solution of tetrahydrofurane (50 mL) containing
on a STOE AED?2 four-circle diffractometer or on a STOE 4,4-diaminophenyl ether (10.465 mmol, 2.096 g), was added
Imaging Plate diffractometer both using graphite monochro- drop-by-drop pyridine-2-carboyaldehyde (20.930 mmol,
mated Mo Ka radiationl (= 0.71073). The structures were 2 mL). The mixture was heated at reflux, with stirring, for
solved either by direct methods or by Patterson heavy-atomé h. Removal of solvent under vacuum yieldeds a yel-
technique using the program SHELXS4{d2]. The program low powder which was dried under high vacuum for several
SHELXL-97 [43] was used for refinement. The H atoms hours (yield: 3.87 g, 98.0%). Suitable crystals for crystallo-
were included at calculated positions and allowed to ride graphic analysis were obtained by slow diffusion of hexane
on their parent atoms withliso = xUeq (parent), where into a solution of the ligand in dichloromethariéd NMR
= 1.5 for methyl H atoms and = 1.2 for all other atoms.  (CD30D, 400 MHz, ppm): 8.70 [ddd, H&J(a, b) = 4.9,
Weighted full-matrix least squares refinement oh was 4J(a, ¢) = 1.7,%J(a, d) = 0.9, 2H], 8.66 (s, imine, 2H), 8.24
used. Neutral atomic scattering factors are taken from Inter- (td, Hd,3J(d, ¢) = 7.9,%J(d, b) = 1.2,%J(d, a) = 0.9, 2H],

national Tables for X-ray crystallograplig4]. 8.00 [ddt, Hc,3J(c,d) = 7.9, *J(c,b) = 7.5,%J(c,a) =
The valuesRl and wR2 given in the tables have been 1.7, 2H], 7.54 [ddd, Hb3J(b,¢) = 7.5, 4J(b,a) = 4.9,
calculated as follows: SJ(b,d) = 1.2, 2H], 7.43 [td, Hf, J(f g) = 8.9,°J(f e) =

Fig. 1. Molecular structure of compourid
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Table 1

Crystal data for compount

CoaH18N4O Mo Ka radiationl = 0.71073 A

M, = 378.4 Cell parameters from 5000 reflections
Monoclinic 1.99 < q <25.89

P 2/c (No. 14)
a=12.340(1) A
b = 18.385(2) A

c =8.587(1) A
V =1947.033) B
Z=4

Data collection
STOE IPDS diffractometer
Profile data from phi oscillation scans
14238 measured reflections
3716 independent reflections
2904 observed reflections $ 20(1)]

Refinement
Refinement orf2
[I > 20(1)] RL = 0.0347wR2 = 0.0896
GoF = 1.015
334 parameters refined

D, = 1.337gcn?®

a =90 u =0.08mntt
B =91.96(1) T = 153K
y =90° Block
0.55mmx 0.50mmx 0.35mm
Yellow
Rint 0.0323
Omax = 25.89
h=-14—- 15
k=-22— 22
| =-10— 10

(Alo)max = 0.00
Apmax = 0.15e A3
ApPmin = —0.13e A3

Structure Solving Program: SHELXS-97, Structure Refinement Program: SHELXL-97

2.7, 4H], 7.14 [td, Hg,3J(g, /) = 8.9, °J(g,e) = 2.7,

4H]. 13C NMR (CD;0D, 400 MHz, ppm): 159.27, 156.92,

(s), 1581 (s), 1566 (m), 1495 (vs), 1467 (m), 1433 (m),
1344 (w), 1240 (vs), 1198 (s), 993 (m), 859 (s), 832 (s), 776

154.46, 149.57, 146.49, 137.78, 125.87, 122.97, 122.38,(s), 542 (m). MS (El, 70eV)m/z (%): 379 (MH+), 197,
119.62. IR (KBr pellet, cml): 3047 (w), 2905 (w), 1624

Table 2

Atomic coordinates ¥ 10*) and equivalent isotropic displacement pa-

rametersUeq (A% x 10°) for compoundl

X y z Ug

N(1) 1949(1) 1832(1) —2525(2) 59(1)
N(2) 4239(1) 1186(1) —315(1) 35(1)
N(3) 8963(1) —453(1) 8514(1) 44(1)
N(4) 11556(1) —1273(1) 8390(1) 53(1)
o) 6241(1) 1582(1) 5556(1) 42(1)
C() 1526(1) 1843(1) —3984(2) 68(1)
C(2) 2005(1) 1530(1) —5238(2) 59(1)
C(3) 2980(1) 1179(1) —4996(2) 51(1)
C(4) 3438(1) 1157(1) —3508(2) 42(1)
C(5) 2898(1) 1484(1) —2303(1) 38(1)
C(6) 3359(1) 1506(1) —698(2) 39(1)
C(7) 4710(1) 1286(1) 1199(1) 33(1)
C(8) 4742(1) 1963(1) 1944(1) 35(1)
C(9) 5281(1) 2047(1) 3369(1) 35(1)
C(10) 5770(1) 1453(1) 4099(1) 33(1)
C(11) 5744(1) 777(1) 3377(2) 39(1)
C(12) 5239(1) 703(1) 1923(2) 37(1)
C(13) 6938(1) 1063(1) 6226(1) 36(1)
C(14) 6689(1) 792(1) 7664(2) 39(1)
C(15) 7385(1) 296(1) 8396(2) 39(1)
C(16) 8329(1) 78(1) 7704(1) 39(1)
C(17) 8563(1) 362(1) 6248(2) 48(1)
C(18) 7872(1) 854(1) 5505(2) 46(1)
C(19) 9934(1) —568(1) 8194(2) 48(1)
C(20) 10584(1) —1138(1) 8989(2) 41(1)
C(21) 10215(1) —1501(1) 10273(2) 51(1)
C(22) 10861(1) —2025(1) 10971(2) 58(1)
C(23) 11860(1) —2166(1) 10372(2) 52(1)
C(24) 12169(1) —1780(1) 9086(2) 52(1)

182, 169. Anal. For gH18N4O (Mr = 378.43gm0T1).
Calc. (%) C: 76.17 H: 4.80N: 14.80. Found (%) C: 75.90
H: 4.86 N: 14.83.

According to the X-ray analysisTébles 1-% compound
1 has an imineE configuration. The molecule possesses
pseudeC,; symmetry with the twofold axis running through
the central O atom. The conformation of the two halves of the
molecule is quite different. One moiety, to the righfig. 1,
is almost flat with a dihedral angle of 10.77{&etween
the phenyl and the pyridine rings. In the second half of the
molecule the rings are inclined to one another by 46.35(5)
The pyridine-imine system is almost planar within the two
moieties. Torsion angles N1-C5-C6-N2 and C7-N2-C6-C5
are 178.3(1) and 173.3(1)respectively, whereas torsion
angles N3-C19-C20-N4 and C16-N3-C19-C20 are 170.0(1)
and -177.7(%), respectively. This is consistent with the pres-
ence of am-system, only interrupted by the central O atom,
although bond-length alternation is always observed (the
average €N bond distance of 1.263(1)is indicative of
double-bond character). In the crystal packiRgy( 2) it can
be seen that the pyridine N atoms are involved in weak in-
termolecular C—H- - N interactions with symmetry-related
molecules.

2.3. N,N-bis(2-pyrrolidinmethylene)-1,4-diaminodiphenyl
ether @)

Compound2 was obtained by the condensation reaction
between 4,4diaminophenyl ether and pyrrol-2-carboxal-
dehyde in a 1:2 ratio with a high yield. To a solution
of THF (10mL) containing 4,/4diaminophenyl ether
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Table 3 Table 4
Selected bond distances [A] for compouhd Selected bond angles)(for compoundl
N(1)-C(1) 1.341(2) C(1)-N(1)-C(5) 116.74(13)
N(1)-C(5) 1.3418(16) C(6)-N(2)-C(7) 119.80(10)
N(2)-C(6) 1.2698(15) C(19)-N(3)-C(16) 121.48(12)
N(2)-C(7) 1.4167(15) C(24)-N(4)-C(20) 117.26(12)
N(3)-C(19) 1.2564(17) C(10)-O(1)-C(13) 119.39(9)
N(3)-C(16) 1.4179(15) N(1)-C(1)-C(2) 124.25(15)
N(4)-C(24) 1.3302(18) N(1)-C(1)-H(1) 114.6(12)
N(4)—-C(20) 1.3445(16) C(2)-C(1)-H(1) 121.2(12)
0(1)-C(10) 1.3817(14) C(1)-C(2)-C(3) 118.42(14)
O(1)-C(13) 1.3963(13) C(1)-C(2)-H(2) 118.2(10)
C(1)-C(2) 1.372(2) C(3)-C(2)-H(2) 123.4(10)
C(1)-H(1) 0.96(2) C(2)-C(3)-C(4) 118.86(14)
C(2)-C(3) 1.375(2) C(2)-C(3)-H(3) 119.1(10)
C(2)-H(2) 0.965(17) C(4)-C(3)-H(3) 122.1(10)
C(3)-C(4) 1.3800(19) C(3)-C(4)-C(5) 119.07(12)
C(3)-H(3) 0.995(18) C(3)-C(4)-H(4) 121.6(9)
C(4)-C(5) 1.3874(18) C(5)-C(4)-H(4) 119.3(9)
C(4)-H(4) 1.003(16) N(1)-C(5)-C(4) 122.66(12)
C(5)-C(6) 1.4734(17) N(1)-C(5)-C(6) 115.25(11)
C(6)-H(6) 0.996(15) C(4)-C(5)-C(6) 122.02(11)
C(7)-C(12) 1.3908(16) N(2)-C(6)-C(5) 121.93(11)
C(7)-C(8) 1.4002(16) N(2)-C(6)-H(6) 122.2(8)
C(8)-C(9) 1.3811(17) C(5)—C(6)-H(6) 115.9(8)
C(8)-H(8) 0.981(14) C(12)-C(7)-C(8) 118.35(10)
C(9)-C(10) 1.3869(16) C(12)-C(7)-N(2) 118.77(10)
C(10)-C(11) 1.3885(16) C(8)-C(7)-N(2) 122.66(10)
C(11)-C(12) 1.3830(17) C(9)-C(8)-C(7) 120.63(10)
C(11)-H(11) 0.941(14) C(9)-C(8)-H(8) 119.3(8)
C(12)-H(12) 0.953(14) C(7)-C(8)-H(8) 120.0(8)
C(13)-C(14) 1.3760(18) C(8)-C(9)-C(10) 120.09(10)
C(13)-C(18) 1.3816(18) C(8)—-C(9)-H(9) 120.8(8)
C(14)-C(15) 1.3882(17) C(10)—C(9)-H(9) 119.1(8)
C(14)-H(14) 0.961(15) 0(1)-C(10)-C(9) 115.93(10)
C(15)-C(16) 1.3857(17) O(1)-C(10)-C(11) 124.02(10)
C(15)-H(15) 0.955(15) C(9)-C(10)-C(11) 120.03(11)
C(16)-C(17) 1.3943(19) C(12)-C(11)-C(10) 119.55(11)
C(17)-C(18) 1.3827(18) C(12)-C(11)-H(11) 120.2(8)
C(17)-H(17) 0.984(16) C(10)-C(11)-H(11) 120.2(8)
C(18)-H(18) 0.966(17) C(11)-C(12)-C(7) 121.25(11)
C(19)-C(20) 1.4731(18) C(14)-C(13)-C(18) 121.16(11)
C(19)-H(19) 1.02(2) C(14)-C(13)-0(1) 117.61(11)
C(20)-C(21) 1.3793(19) C(18)-C(13)-0(1) 121.17(11)
C(21)-C(22) 1.375(2) C(13)-C(14)-C(15) 119.34(12)
C(21)-H(21) 1.010(16) C(13)-C(14)-H(14) 120.7(9)
C(22)-C(23) 1.376(2) C(15)—-C(14)-H(14) 120.0(9)
C(22)-H(22) 0.932(19) C(16)—-C(15)-C(14) 120.82(12)
C(23)-C(24) 1.377(2) C(16)—C(15)-H(15) 119.1(8)
C(23)-H(23) 0.974(16) C(14)-C(15)-H(15) 120.1(8)
C(24)-H(24) 0.973(16) C(15)-C(16)-C(17) 118.58(11)
C(9)-H(9) 0.954(13) C(15)-C(16)-N(3) 116.52(11)
C(17)-C(16)-N(3) 124.81(11)
C(18)-C(17)-C(16) 121.09(12)
) C(18)-C(17)-H(17) 117.5(9)
(2.5mmol, 0.5009), was added drop by drop a solution of c(16)-c(17)-H(17) 121.4(9)
pyrrol-2-carboyaldehyde (5 mmol, 0.475g) in THF (15mL). C(13)-C(18)-C(17) 119.01(12)
The mixture was heated at reflux undep Mtmosphere C(13)-C(18)-H(18) 120.0(9)
with stirring, for 8h. Removal of solvent under vacuum 3(17)_(31(18)‘“2(18) gi-g(g)l
yigldedz as yellow powdgr that was washed with THF and Ng;:gglg;jglg; 121.'2?1(0)3 )
dried afterwards under high vacuum for several hours to af- ¢(20)-c(19)-H(19) 117.0(10)
ford 0.75 g (yield: 86.0%)'H NMR (DMSO-dg, 400 MHz, N(4)-C(20)-C(21) 122.68(12)
ppm): 11.74 (b, 2H, NH), 8.33 (s, 2H, imine), 7.24 [td, ph, N(4)-C(20)-C(19) 115.63(12)
3J(a,b) = 88,3%J(a,d) = 3.3,%J(a,c) = 2.1, 4H], 7.04  C2H-C(20-C(19) 121.68(12)

(m, 6H, Hc and ph), 6.69 (m, 2H, Ha), 6.21 (s, 2H, HB ~ C(?2-CED-CC0) 119.03(13)



Table 4 Continued

C(22)-C(21)-H(21) 121.6(9)
C(20)-C(21)-H(21) 119.3(9)
C(21)-C(22)-C(23) 118.87(15)
C(21)-C(22)-H(22) 122.6(11)
C(23)-C(22)-H(22) 118.4(11)
C(22)-C(23)-C(24) 118.56(13)
C(22)-C(23)-H(23) 120.4(9)
C(24)-C(23)-H(23) 121.0(9)
N(4)-C(24)-C(23) 123.59(13)
N(4)-C(24)-H(24) 115.3(9)
C(23)-C(24)-H(24) 121.1(9)
C(11)-C(12)-H(12) 120.7(8)
C(7)-C(12)-H(12) 118.1(8)

NMR (DMSO-dg, 400 MHz, ppm): 155.25, 150.79, 148.42,
131.47, 124.60, 123.10, 120.10, 117.14, 110.55. IR (KBr
pellet, cmil): 3413 (vs), 2959 (w), 2889 (w), 1617 (vs),
1549 (w), 1499 (vs), 1452 (m), 1421 (s), 1332 (w), 1282
(m), 1260 (s), 1240 (m), 1196 (s), 1082 (s), 1008 (w), 882
(m), 836 (vs), 728 (vs), 666 (m), 532 (m). MS (E®1/2,

m/z 355 (MHY), 278, 211. Anal. For &H1gN40-H,0 (Mr

= 360.41 gmot?l). Calc. (%): C: 73.32 H: 5.22N: 15.54.

Found (%): C: 73.50 H: 5.46 N: 14.76.

The IR spectrum of2 exhibits a very strong peak at
3413 cnr! that corresponds to the free pyrrol NH group vi- _ _ _ _
bration and several weak peaks at 3113, 3063, 3032, 295d['9: 2: Crystal packing of compountl showing C-H --N interactions
and 2889 cm?, associated with the arC—H stretching vi-
brations. The imine-stretching band appears at 1617cm

as an intense signal and the arC—arC stretching vibrationsyas added to the solution of the catalyst, co-catalyst and
bands at 1549, 1499, 1452 and 1421¢émThe peaks as-

sociated with the ether function asymmetric stretching band certain time intervals samples (about 0.2 mL) were taken.
are found at 1260, 1240 and 1196chmBending C-H vi-

brations appear at 836 and 728t The 'H NMR spec-

trum exhibits six sets of resonances, five of them in the aro- |yzed twice (before and after their treatment with Bty
matic region. The proton of the pyrrol NH group is observed Gc (HP Series 5890-1I, Carbowax 20 M, 25® 0.2 mm
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as dotted lines.

substrate. In the experiments on cyclohexane oxidation after

In order to determine concentrations of all cyclohexane oxi-
dation products the samples of reaction solutions were ana-

at 11.74ppm. The UV-Vis spectrum (250-600 nm region) » 0.2pum; helium as a carrier gas) measuring concentra-
of 2 in EtOH at a concentration 126mol dm™3 shows one  tions of cyclohexanol and cyclohexanone. This simple and
clear band at 340 nm with a small shoulder at about 295 nm convenient method (an excess of solid tripheny|phosphine
corresponding to the absorption of the imine chromophore js added to the samples 10—15 min before the GC analysis)
and the diphenyl ether groups. which was described by us earligt0,41,47-52Jallows us
to detect alkyl hydroperoxides and to measure also the real
concentrations of all three products (alkyl hydroperoxide,
alcohol and aldehyde or ketone) present in the reaction solu-
The oxidations of hydrocarbons were carried outin MeCN tion, because usually alkyl hydroperoxides are decomposed
at 25°C in air in thermostated Pyrex cylindrical vessels with in the gas chromatograph to produce mainly the correspond-
vigorous stirring. The total volume of the reaction solution ing alcohol and ketone. Authentic samples of all oxygenated
was 5mL. Initially, a portion of solid MCPBA (“Fluka”)  products were used to attribute the peaks in chromatograms

2.4. Catalytic oxidations

Table 5
Hydrogen-bonding geometry (&) for compound1?

D-H---A d(D-H) dH---A) dD---A) <(DHA)
#1 C(18)-H18)---N(4) 0.97(2) 2.57(2) 3.526(2) 168(1)
#2 C(21)-H21)---N(1) 1.01(2) 2.55(2) 3.405(2) 142(1)

#L:—Xx+2~y—z+ 1, #2: —x + 1-y—z+ 1.
a8 Symmetry transformations used to generate equivalent atoms.
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(comparison of retention times was carried out for different Table 6

regimes of GC-analysis). Cyclohexane oxidation by various systéms

Oxidant System Products (mol di¥) TONP
-one -ol CyOOH
3. Results and discussion MCPBA®  FeCh 0.0004  0.0009  0.0012 12
o o . FeCh + 1 0.0032  0.0039  0.010 86
The efficiency of the cyclohexane oxidation with MCPBA FeCk +2¢ 0.0005 0.0014 9
in acetonitrile at 25C catalyzed by only Feglis very low Complex3 ~ 0.0037  0.0035  0.0025 48
. e . e

(Fig. 3). However, we have found that addition of a relatively PAA FeCt 0.0024  0.0025  0.0037 43
FeCh + 1 0.0036  0.0065  0.0025 63

small amount of compountlleads to the dramatic increase
of both the initial reaction rate and the final yield of cyclo-
hexane oxygenates. It is noteworthy that no oxidation accel- , o conditions, see the text,

. . Number of moles of all products per one mol of Fe.
eration has been found when compo@was used instead © During 60 min at 25C.
of 1. Thus, in the reaction of cyclohexane (0.4 moldinox- d After reduction with PPR
idation with MCPBA (0.5 mol dm?®) in acetonitrile at 25C € During 90 min at 50C.
catalyzed by FeGI(2 x 10~*moldm3) and compoun@
(3.2 x 10~3moldm3) we obtained after 90 min (and af-
ter the reduction with PRh seeSection 2and the text be-
low) only very low concentrations of cyclohexanol (14

Complex3 0.0096 0.0040 0.0130 133

103 moldm3) and cyclohexanone (% 10~*moldm3)
which correspond to TON:= 9 (compare with the data pre-
sented inTable §.

Employing a method previously used by us (a comparison
of the chromatograms before and after the reduction with
solid triphenylphosphine}40,41,47-52]we demonstrated
that cyclohexyl hydroperoxide is formed in sufficient con-
centration in addition to the more stable cyclohexanone and
Mlp=4x10" cyclohexanol. Nevertheless, in our kinetic studies presented
in Figs. 3—6we measured the concentrations of the cyclo-
hexanone and cyclohexanol only after the reduction with
PPh because in this case we obtain more precise values of
the initial rates. It can be seen Fig. 3 graphB that at
high concentrations df the initial rate does not practically
depend on its initial concentratiofi]o.

Fig. 4 plots the dependence of the initial rate on the con-
centration of FeGl, while the concentration of co-catalyst
1is fixed. The linearity of the slope indicates an order of 1
for FeCk. We have found a zero-order dependence on ini-
tial oxidant concentrationHig. 5, graphB, curve 1). First
order has been found for cyclohexane even at its high con-
centrations (up to 0.8 mol di¥y Fig. 6).
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Fig. 3. Cyclohexane (0.4 mol dm) oxidation by MCPBA (0.5 mol dm?3) z 0 1 2 3

catalyzed by FeGI6H,0 (2 x 10~* moldm3) in MeCN at 25°C. Graph Concentration, [FeCls]g x 10*/ mol dm 3

A: accumulation of oxygenates with time at two different concentrations

of 1 (in moldm3). GraphB: plots of initial rates of oxygenate accumu-  Fig. 4. Dependence of initial oxidation rate on the concentration of f~eCl
lation (curve 1) and the total yield of oxygenates after 1h (curve 2) vs. in cyclohexane (0.4 moldn) oxidation by MCPBA (0.5 mol dm®) cat-
concentration of added. alyzed by FeG-6H,0 and1 (16 x 10~*moldni3) in MeCN at 25°C.
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Fig. 5. Cyclohexane (0.4 mol drd) oxidation by MCPBA (0.5 mol dm?3)
catalyzed by FeGI6H,O (2 x 10 “*moldm3) and 1 (16 x
10~* mol dm3) in MeCN at 25°C. GraphA: accumulation of oxygenates
with time at two different initial concentrations of MCPBA (in mol d).
GraphB: plots of initial rates of oxygenate accumulation (curve 1) and
the total yield of oxygenates after 1 h (curve 2) vs. initial concentration
of MCPBA.

wrap around one metal center. As in almost all experiments Fe*t + 1 = (Fe- )3t K3

we used a high.:Fe ratio we have to propose that mixing
FeCk and1l in acetonitrile solution gives rise to the forma-
tion of a complex containing iron(lll) ion coordinated with

-
N
O

oo

IN

o

0 0.2 0.4 0.6 0.8 1.0
Concentration, [cyclohexane]y / mol dm=3

Initial rate, Wy x 10% mol dm=3s~"1

Fig. 6. Dependence of initial oxidation rate on the concentration of
cyclohexane in its oxidation by MCPBA (0.5moldf) catalyzed by
FeCk6H,0 (2 x 10~*moldm3) and1 (16 x 10~*moldm3) in MeCN

at 25°C.
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Fig. 7. UV-Vis spectra of FeGl6H,O (2 x 10~*moldm3) (curve
1), complex3 (4.3 x 10-3moldn3) (curve 2), FeG}-6H,0 (2 x
104 moldm3) + 1 (1.6 x 10-3moldm3) (curve 3), the same in the
presence of MCPBA (0.5 mol dni) after 20's (curve 4) and 20 min (curve
5). Solvent acetonitrile, 25C.

only two nitrogen atoms of compourid It is important to
note that a coordination of such type is impossible in the
case of compoun@ containing N-H fragments. An inde-
pendent preliminary experiment supports this assumption:
using the relatively lowl:Fe ratio we were able to isolate an
iron complex 8) which according to the elemental analysis
had the composition [€1)3](ClO4)4. Compound3 and the
FeCk + 1 combination exhibited similar electronic spectra
in the region 450—-700 nn{g. 7). Both complex3 and the
FeCk + 1 combination catalyze the cyclohexane oxidation
by MCPBA (as well as by peroxyacetic acid, PAA) (see
Table 6.

Thus, discussing a possible mechanism of the alkane ox-
idation we accept that equilibrium (1) exists in the reaction
solution, and the formation of an adduct between the iron
ion and1 with the 1:1 ratio is probable

)

In this case the oxidation rate will be changed with growth
of [1]o (se€eFig. 3, curve 1) until the point when all iron will
be involved into a 1:1 complex and this rate will remain al-
most constant during further growth dfip. The dependence
of the initial reaction rate onljp shown inFig. 3 curve 1
is in agreement with this proposal. Constant for equilibrium
Q)is

_ [(Fe: D*Hequi
[F93+]equil[1]equil

At [1]o/[F€®t]o = 1-2 and [Fé']p = 2 x 10~*moldm3
the reaction rate attains its maximum value, i.e.3mgqui|/
[Fe**]o > 0.9, [Fé*]equi < 0.1[F€%F]p and [equil ~
[Fe*t]o. Thus, using the data presentedFiy. 3 we can
estimateK; > 5 x 10*mol~1dm?.

We measured the selectivity parameters for the oxidation
of certain alkanes by the system under investigation. It can

1
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Table 7
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catalyzed by an iron chloride salt in acetonitf®]. In that

Selectivity parameters in alkane oxidations by various systems in acetoni- case a conclusion has been made that an oxidizing species
trile (note that some known systems are added to compaie,= 8:1

was the Fe(IV) ion. It is reasonable to assume that a system

Substrate System Selectivity described in the present work oxidizes with the formation
C(1):C(2):C(3):C(4) of the same ion bound to Iiggri_tj_ _ o
n-Heptane m-CPBA-FeC} 1:7:6:6 The dependence of the initial reaction rate on initial
m-CPBA-FeC}-1 1:29:30:27 MCPBA concentration shown iifrig. 5 is in accordance
r:'*gpi"\gco:\l”\r/"gwpmb 1%06:252:21 with a proposal about the formation of an addummp
20>-N-bUy 3—| .00 . s - .
HyOp-MnaV-MeCOOH  1.46:35:34 (see[60-62), between qoordlnated withiron ion _and the
. MCPBA molecule [depicted as REQ)OOH] which can
Methylcyclohexane m-CPBA-FeC} l:i4:i48 be a peroxo Complex
m-CPBA-FeC}-1 1:21:211 (Fe~ 1)3+ + RC(ZO)OOH =comp K> (2)
m-CPBA-complex3 1:11:190
H20,1-BusNVO3-PCA  1:6:18 In accordance with the data &fg. 5we can accept that
H,0,—-Mn,'V ~MeCOOH  1:26:200

at [MCPBA] ~ 0.15 mol dnT? the reaction rate is equal to
2 Parameter C(1):C(2):C(3):C(4) is normalized (i.e. calculated taking one half of the maximum rate. Thus concentration of comp
into account the number of hydrogen atoms at each position) relative jg 1/2[(Fel)3+]0 andKs, > (0_15)—1 ~ 6 mor1dnms.

reactivities of hydrogen atoms in positions 1, 2, 3, and 4 of the hydrocarbon We propose the following steps in addition to stages (1)
chain, respectively. and (2|)3 P g P I

b PCA is pyrazine-2-carboxylic acid; for this system, $88].
¢ Mny"V is [LMn'Y (O)sMn'VYL](PFg)2, where L is 1,4,7-trimethyl- comp— (Fe- 1)2+ +RC(=0)00" + HT k3

1,4,7-triazacyclononane; for this system, §8&,39,54-58]

(3)

be seen from the data presentedlables 7 and &hat the

°n a pr (Fe- 1)*" + RC(=0)O0H — (1- Fe=O)* + RC(=0)OH
selectivities for the oxidation catalyzed by Fe@l the pres-

ence of compound are noticeably higher than that for the )
reactions withoutl. These results testify that an oxidizing (1. Fe=0)*+ + CyH — (1. Fe—OH3" + Cy* (5)
species in the case of the MCPBA-Fg€ll system is more

selective than radicals HOr RO® and we can conclude that (1 - FecO)*" + MeCN — products (6)
in this reaction neither hydroxyl nor alkoxyl radicals induce

the cyclohexane oxidation. This conclusion is supported by Cy* + 02 > CyoOr )
the data presented Fig. 6 which demonstrates that the ini- - cyo0r + (Fe- 1)2" + HT — CyOOH+ (Fe- 1)3"  (8)

tial reaction rate is proportional to initial cyclohexane con-

centration up to 0.8 moldn?. It means that only a small This kinetic model is in accordance also with found lin-
portion of formed active species is accepted by the cyclo- ear dependence of the reaction rate on g@&Bhcentration
hexane. In oxidations induced by M@r RO® at such high ~ when [FeCj] < [1]. We have to accept in the frames of the
cyclohexane concentration a large portion of all generated proposed mechanism that the rate of the interaction between
active species is accepted with the alkane and the oxidation(1-Fe=O)** and acetonitrile is substantially higher than the
rate becomes to be independent of the cyclohexane concentate of the reduction ofl{Fe=O)** with cyclohexane. This
tration. Such an independence of the reaction rate on cyclo-statement is based on the data presentefign 6. there
hexane concentration at [cyclohexanap to 0.9 moldm? is not plateau even at relatively high cyclohexane concen-
was found by us in the oxidation with hydrogen peroxide trations (> 0.6 moldm?®) and the dependence is linear up

Table 8
Stereoselectivity parametersgndcis) in alkane oxidations by various systems in acetonitrile (certain systems are added for comparfisos)8:1
Entry System Substrate
cis-1,2-DMCH trans-1,2-DMCH cis-1,4-DMCH trans-1,4-DMCH cis-Decalin  trans-Decalin
1 m-CPBA-FeC} 0.7 1.2 2.7 1.3 0.4 0.4
2 m-CPBA-FeC}-1 0.25 3.0 0.4 0.75 0.35 0.4
3 m-CPBA—-complex3 0.8 15
4 H202—n-BugyNVO3—PCA 0.75 0.8 1.45 1.6 21 24
5 H20.-Mn,V—MeCOOH  0.35 4.1 0.5 2.2 0.12 33

DMCH, dimethylcyclohexane.
2 Parametetrang(cis is the trangcis ratio of isomers otert-alcohols formed in the oxidation afis- or transisomers of DMCH or decalins.
b PCA is pyrazine-2-carboxylic acid; for this system, $88].
€ Mny"V is [LMn'Y (0)sMn'V L](PFe)2, where L is 1,4,7-trimethyl-1,4,7-triazacyclononane; for this system[3&89,54-58]
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to 0.85 mol dnt3 of cyclohexane. In this case we can esti- [9] A.E. Shilov, G.B. Shul'pin, Oxidation in living cells and its chemical

models, Activation and Catalytic Reactions of Saturated Hydrocar-
mate the constarK of the rate of the comp monomolec bons in the Presence of Metal Complexes, Kluwer Academic Pub-

” 5 —3o1

ular decompositionks[comp] > 91-8 x 107 ml0| dm -S lishers, Dordrecht/Boston/London, 2000, chapter XI, pp. 466-522.
andks > (0.8 x 1079)/(2 x 107%) = 0.04sL. It is inter- [10] M. Costas, K. Chen, L. Que Jr., Coord. Chem. Rev. 200-202 (2000)
esting that this value is much higher than the rate constant =~ 517-544.

for the monomolecular decomposition of a peroxo iron(lll) [11] E.I. Solomon, T.C. Brunold, M.I. Davis, J.N. Kemsley, S.K. Lee,

complex in water. N. Lehnert, F. Neese, A.J. Skulan, Y.-S. Yang, J. Zhou, Chem. Rev.
100 (2000) 235-349.

[12] D. Lee, S.J. Lippard, Inorg. Chem. 41 (2002) 827-837.
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