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Abstract

In this work the first-order rate constants of self-decomposition of hydroperoxo and alkylperoxo complexes
[Fe(bpy),(OOH)PYI(NO,), (2a-Py), [Fe(phen),(OOH)PyI(NO;), (2b-Py) and [Fe(bpy),(OOtBu)CH,CNI(NO,), (3a-
CH,CN) were determined in the presence of various substrates and at various temperatures. It was observed, that the
akylperoxo species are far less stable than corresponding hydroperoxo intermediates, k= 1.2 X 1072 s™* (3a-CH,CN in
CH,CN a —10°C) and k=2 X 10"* s~ ! (2a-Py in CH,CN at —10°C). The sixth ligand (Py in 2a-Py and 2b-Py; CH,CN
in 3a-CH 3;CN) can be replaced by other donor molecules B in appropriate solvent systems. Using dg-tBUOOH, ’D NMR
signals of tBuOO moieties of complexes 3a-CH ;CN, 3a-CH ;OH and 3a-H,0O were observed. The rate of decomposition of
hydroperoxo complexes [Fe(bpy),(OOH)BI(NO,), (2a-B), where B are derivatives of Py (3-Br-Py, 3-Me-Py, 4-Me-Py and
4-Me,N-Py) increases with the growth of basisity of B (push effect). Such effect is markedly smaller for alkylperoxo species
[Fe(bpy),(O0tBu)BI(NO,), (3a-B). The addition of organic substrates (cyclohexane, cyclohexene, methyl phenyl sulfide) in
concentrations up to 3 M a —10°C to +20°C does not noticeably change the rate of self-decomposition of 2a-B,
[Fe(phen),(OOH)BI(NO,), (2b-B) and 3a-B. Thus the intermediates concerned do not directly react with organic substrates.
The reactivity patterns of 2a-B, 2b-B and 3a-B were characteristic for free radical oxidation. OH " and HO, radicals were
trapped in solution containing 2a-Py, and tBuOO" free radicals were detected in solution in the presence of 3a-B. The
determined rates of self-decomposition of complexes 2a-B, 2b-B and 3a-B can be used for evaluation of the upper limit for
their reactivity towards organic substrates. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction istry of nhonheme iron enzymes; most prominent

of these are the catalysts known as the ** Gif”’

There have been severa efforts aimed at systems [1-3], [Fe,O(bpy),]** /tBUOOH [4]

modelling of the alkane functionalization chem- and [Fe(TPA)CI]** /tBuOOH [5,6] combina-
tions (TPA — tris(2-pyridylmethyl)amine).
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metal based oxidant, either a metal-peroxide
intermediate or a high-valent iron-oxo species
derived therefrom, must participate in the alkane
functionalization reactions [1-5]. According to
the other, akylperoxy or akoxy radicas are
supposed to be reactive intermediates [7—10].

Since high-valent iron-oxo intermediates have
never been observed spectroscopically for non-
heme catalytic systems, the assumption that fer-
ric-hydroperoxide could be itself a highly reac-
tive species is rather spread in the literature (see
Refs. [11-13]). Nevertheless, this possibility re-
quires much more experimental and theoretical
studies.

During the last 5 years, molecular com-
position of several low-spin akylperoxo and
hydroperoxo iron intermediates [Fe(BLM)
(OOH)] (activated bleomycin) [14-16], [Fe'"-
(bpy),(OOtBu)HOR]?* [17], [Fe"'(TPA)
(OOtBu)(HOR)?* [18], [Fe'"'(N4Py)(OOH)J>*
(where N4Py is N-(bis(2-pyridyl)-methyl)-N, N-
bis(2-pyridylmethyl)amine) [19], [Fe"'(Py5)
(OOH)J?* (where Py5 is 2,6-bis-(bis(2-pyridyl)
methoxymethane)pyridine) [20] and [Fe'"'(TPA)
(OOH)J?* [21,22] has been reliably determined
using EPR, resonance Raman and electrospray
ionization mass spectroscopies. Some interme-
diates [Fe"'(TPP)(OOH)(OH)] [23], [Fe"'(cy-
clyd)(OOH)] [24], [Fe''(F,,TPP)(OOC(O)
An)] [25], [Fe"'(PMA)(OOH)] and [Fe'"'(PMA)
(OO0tBu)] [26,27], [Fe(bpy),(OOH)Py]
(NO;), and [Fe(phen),(OOH)PYI(NO,), [28]
have been characterized by EPR spectroscopy
based on their highly characteristic anisotropy
of g-tensor.

However in al cases, except activated
bleomycin Fe(BLM)(OOH) [14,15], the reactiv-
ity data were insufficient to evaluate the impact
of these intermediates to the oxidation of or-
ganic substrates.

In this work we describe our detailed studies
of the stability and reactivity of ferric hydroper-
oxo and akylperoxo complexes [Fe(bpy),-
(OOH)PYI(NO,), (2a-Py), [Fe(phen),(OOH)
Pyl(NO,), (2b-Py) and [Fe(bpy),(OOtBu)
CH,CNI(NO,), (3a-CH ;,CN). These complexes

were previously found in the reaction of HOOH
with [Fe,O(bpy), - 2H,0l(NO;), (1a) and
[Fe,O(phen), - 2H,0l(NO,), (1b) in Py /AcOH
mixture as a solvent [28], and in the reaction of
tBuOOH with 1a in ROH/CH,CN mixture
[17].

2. Experimental part

2.1. Materials

Cyclohexane, methyl phenyl sulfide, pyri-
ding, 3-Me—, 4-Me—, 3-Br—, 2-Me—, 4-dime-
thylamino pyridines, glacial acetic acid, aceto-
nitrile, methanol and corresponding deuterated
solvents were purchased from Aldrich and used
without additional purification. Purchased cy-
clohexene was purified by double fractional dis-
tillation just before using. Hydrogen peroxide
30% was concentrated in vacuum up to 90—-95%
and titrated with KMnO, just before experi-
ments. Tert-butyl hydroperoxide and deuterated
tert-butyl hydroperoxide (dg-t BUOOH) were ob-
tained from tert-butyl alcohol and deuterated
tert-butyl alcohol (dg-tBuOH) according to pro-
cedure described in Refs. [29,30]. Complexes 1a
and 1b were prepared as described in Refs.
[31,32], respectively.

2.2. EPR monitoring of hydroperoxo complex
2a-Py in the catalytic system l1la/HOOH /
AcOH /Py

To start the reaction, 0.2 ml of 0.01 M
solution of complex 1lain 2:1 Py /AcOH molar
mixture or in this mixture containing cyclohex-
ane was added to (frozen in liquid nitrogen)
0.02 ml of 90% HOOH (370 equiv.) directly in
an EPR tube. Then the sample was immersed in
a constant-temperature bath with water and so-
lutions of 1la and HOOH were mixed. To stop
the reaction, the EPR tube was immersed in
liquid nitrogen followed by registration of EPR
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spectrum at —196°C. Thus, dependencies of
2a-Py concentration versus time were obtained.

2.3. Preparation of the solutions of 2a-Py, 2b-Py
and 3a-CH,CN with reduced concentration of
peroxides

A mixture of 0.6 ml of 1.1 Py /90% HOOH
volume was added dropwise into 1 ml of 0.01
M solution of complex 1a or 1b in 2:1 Py/
AcOH molar mixture at —20°C (catalyst:oxi-
dant ratio= 1:1100 equiv.). The sample was
warmed up to 0°C and kept 5-10 min at this
temperature to rich 10~° M concentration of
2a-Py or 2b-Py. Then the solution was mixed
with 20 ml of diethyl ether at —60°C and kept
30—-40 min at this temperature to obtain precipi-
tate, containing 2a-Py or 2b-Py as an admixture.
After that, the liquid part was decanted and the
precipitate was again washed with 20 ml of
diethyl ether at —60°C. The washing procedure
was repeated three times and then residual di-
ethyl ether was removed under vacuum. The
residue was dissolved in appropriate solvent
system at low temperature to give solutions of
[Fe(bpy),(OOH)BI(NO,), (2a-B) or
[Fe(phen) ,(OOH)BI(NO,), (2b-B) with the re-
duced concentration of HOOH. Concentration
of residual HOOH (monitored by iodometric
titration) was less than 102 M and that of 2a-B
or 2b-B (monitored by EPR) was about 2 X 10~ *
M. To study the interaction with organic sub-
strates, the solution containing 2a-Py or 2b-Py
was sampled into several EPR tubes at low
temperature. Some of these tubes contained the
appropriate amount of a substrate. The reaction
was started by immersing al tubes into a con-
stant-temperature bath with ethyl acohol. The
solutions in EPR tubes were thoroughly mixed.
The reaction was stopped by simultaneously
freezing all the samplesin liquid nitrogen. Then
EPR spectra of hydroperoxo intermediates were
recorded at —196°C. The reaction was started
again by immersing al the tubes in the bath.
Thus obtained kinetic curves for complexes 2a-
Py or 2b-Py decomposition in the presence and

in the absence of various substrates can be
reliably compared.

The procedure used for preparation of 3a-
CH,CN samples with reduced concentration of
tBuOOH was similar to that described above. In
this case, the interaction of 1a ([1a] = 0.01 M)
with 500 equiv. of tBuOOH was performed in
1:4 MeOH /CH,CN molar mixture at —40°C.
The characteristic green color indicated forma-
tion of 3a-CH,CN. Solid samples containing
3a-CH ;CN were isolated by the same procedure
as in the case of 2a-Py.

2.4. EPR measurements

EPR spectra (—196°C) were recorded at
9.2-9.3 GHz on a Bruker ER-200D spectrome-
ter in glass cylindrical tubes (d =5 mm). They
were simulated using an extended version of the
EPR 1 program, described in Ref. [33]. Mea
surements were made in a quartz Dewar with
liquid nitrogen. The dual EPR cavity furnished
with the spectrometer was used. Periclase crys-
tal (MgO), with impurities of Mn?* and Cr3",
served as a side reference, was placed into the
center of the second compartment of the dual
cavity. EPR signals were quantified by double
integration with copper chloride as a standard at
—196°C. A flat quartz cell was used for regis-
tration of EPR spectra of liquid samples at room
temperature.

2.5. NMR measurements

’D NMR spectra were recorded at 61.40
MHz in 10-mm glass sample tubes, using pulsed
FT-NMR technique, with a Bruker MSL-400
NMR spectrometer. The typical operating con-
ditions used for ?D NMR measurements were as
follows: sweep width 3 kHz; spectrum accumu-
lation frequency 2.5 Hz; number of transients
5000-10000; 45° pulse at 10 ps. 'H NMR
spectra were monitored on the Bruker M SL-400
NMR spectrometer at 400.13 MHz and a Bruker
DPX-250 NMR instrument at 250.10 MHz as
well.
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2.6. The analysis of the oxidation products

The yield of the reaction products (cyclo-
hexanone, cyclohexanol, cyclohexenone and cy-
clohexenol) was measured using GC technique
(chromatograph ‘‘ Tsvet 500'’, FID, Ar, a steel
column (2 mx 3 mm) packed with 15% Car-
bowax 20M on Chromaton N-AW-HMDS).
Probes (0.5 ml) of the reaction solutions were
sampled, followed by the extraction of the reac-
tion products with diethyl ether (3 1 ml). The
diethyl ether layers were combined; styrene was
added as an internal standard. Diethyl ether was
evaporated and the mixture was analyzed by
GC. Products were identified and quantitated by
comparison with authentic samples.

3. Results and discussion

3.1. Characterization of hydroperoxo complexes
2a-B and 2b-B

The intensities of the EPR signals of com-
plexes [Fe(bpy),(OOH)Pyl(NO,), (2a-Py) and
[Fe(phen),(OOH)PYy](NO,), (2b-Py) (Fig. la
and b) correspond to their yield as much as 20%
based on starting complexes 1a or 1b. The
g-values of complexes 2a-Py (2.14, 2.11, 1.97)
and 2b-Py (2.13, 2.12, 1.97) were rather close
to those for recently well characterized hy-
droperoxo complexes [Fe''(N4Py)(OOH)]**
(217, 212, 1.98) [19], [Fe"'(Py5)(OOH)J**
(2.15, 2.13, 1.98) [20] and [Fe'"'(TPA)(OOH)]?*
(2.19, 2.14, 1.97) [21]. The typical g-values for
stable low-spin ferric complexes with O,N-donor
ligands containing no OOH or OOR moieties
are in the range g, =24-2.6, g,=2.14-22,
g; = 1.85-1.95 [34,35]. The observed low ani-
sotropy of g-factors for the complexes 2a-Py
and 2b-Py is a highly characteristic property of
low-spin ferric hydroperoxo or akylperoxo
species. The attempts to characterize 2a-Py and
2b-Py by electrospray ionization mass spec-
trometry were unsuccessful. However, it is un-
likely that the supposed molecular composition

37loo I 3900
H/G
Fig. 1. X-band EPR spectra of complexes 2a-Py (a) and 2b-Py (b)
a —196°C in 2:1 pyridine/AcOH molar mixture. Spectrometer
settings: microwave power 20 mW, modulation frequency 100
kHz, modulation amplitude 5 G.

3500

of the complexes 2a-Py and 2b-Py will be
essentially refined. Indeed, their monomeric
structure is evident from EPR spectra typical of
a mononuclear low-spin iron(ll1) center in an
octahedral environment. The presence of at least
two bipyridine or phenantroline ligands is nec-
essary to obtain low-spin ferric species, the
presence of the hydroperoxo moiety is evident
from the characteristic anisotropy of g-tensor.
Low-spin ferric complexes must be six-coordi-
nated. This sixth ligand is pyridine.

A sample of 2a-Py obtained after extraction
of HOOH from the reaction mixture and re-
mova of the major pat of Py/AcOH (the
residual concentration of HOOH was ca. 102
M and that of AcOH or Py was also not more
than 102 M, see Section 2) was dissolved in
CH,CN. The EPR spectrum of this new sample
only dlightly differs from that of 2a-Py. Thus,
the replacement of Py in 2a-Py by CH ;CN does
not occur, otherwise it should lead to noticeable
changes in EPR gpectral parameters as in
the case of relaed complexes [Fe(bpy),-
OOtBu)B](NO;), 3a-B. Their EPR spectra are
very sensitive to the nature of the sixth ligand
(CH,CN or Py, see Table 1). The g-values of
2a-Py change insignificantly when Py is re-
placed by its derivatives B with various pK,
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Table 1
EPR spectroscopic data for low-spin ferric peroxo and alkylperoxo complexes
Complex Solvent 01 [+ [ Ref.
[Fe(N4Py)(OOH)]?* CH,CN 217 212 1.97 [19]
[Fe(Py5)(OOH)]?* CH,CN 215 213 1.98 [20]°
[Fe(TPA)(OOH)?* CH,CN 2.19 214 1.97 [21]°
[Fe(bpy),(OOH)Py]?*, 2a-Py Py/AcOH 214 211 1.97 [28]
[Fe(bpy),(OOH)PyI?*, 2a-Py CH,CN/Py 2.14 211 1.97 this work
[Fe(phen) ,(OOH)Py]?*, 2b-Py Py/AcOH 213 212 1.97 [28]
[Fe(4,4-Me,-bpy) ,(OOH)Py]?* CH,CN /Py 214 211 1.97 this work
[Fe(bpy),(OOtBu)CH ;CN]?*, 3a-CH ,CN CH,CN 218 212 1.98 this work
[Fe(bpy),(OOtBu)MeOHI?*, 3a-MeOH MeOH 218 2.16 1.98 this work
[Fe(bpy),(OOtBWwH O *, 3a-H,0 CH,CN 218 2.16 1.98 this work
[Fe(bpy),(OOtBu)PyI>*, 3a-Py CH,CN/Py 2.18 213 1.975 this work
[Fe(bpy),(OOtBu)(3-Br-Py)]?*, 3a-3-Br-Py CH,CN/3-Br-Py 2.18 213 1.975 this work
[Fe(phen) ,(OOtBu)CH ;CNJ?*, 3b-CH,CN CH,CN 2.16 2.10 1.97 this work

&N4Py = N-(bis(2-pyridyl)-methyl)-N, N-bis(2-pyridylmethyl)amine.

Ppy5 — 2,6-bis-(bis(2-pyridyl)methoxymethane)pyridine.
“TPA = tris-(2-pyridylmethyl)amine.

(3-Br-Py, 3-Me-Py, 4-Me-Py or 4-Me,N-Py).
This replacement can be readily performed by
the addition of B at a concentration of 1 M to a
sample of 2a-Py in CH ;CN (residual concentra-
tion of Py was less than 1072 M).

3.2. Characterization of alkylperoxo complexes
3a-B

Recently, akylperoxo complexes with sup-
posed structure [Fe(bpy) ,(OOtBu)ROH](CIO,),
(3a-ROH), where ROH = benzyl alcohal,
methanol and phenol, were detected by EPR in
the reaction of la with tBuOOH in CH,CN/
ROH mixtures. The presence of OOtBu moiety
in 3a-ROH was confirmed by resonance Raman
spectroscopy [17]. However, the EPR signa
(g=2.18, 2.12, 1.98) attributed in Ref. [17] to
3a-ROH belongs in fact to complex 3a-CH ;CN
with CH;CN molecule on the sixth coordination
site (Fig. 2c). Complex 3a-MeOH (g = 2.18,
2.16, 1.98) can be obtained in neat methanol
(Fig. 2a), while in methanol /acetonitrile mix-
tures the complexes 3a-MeOH and 3a-CH;CN
both are present (Fig. 2b). Complexes 3a-B (B
is adonor molecule) can be prepared by dissolu-
tion of a sample, containing 3a-CH;CN in
CH,CN/B solvent system at —40°C. EPR pa-

rameters of complexes 3a-B are presented in
Table 1. It is seen that g-factors for complexes
3a-MeOH and 3a-H,0O are close.

Further °D NMR spectroscopic studies pro-
vide new insight into the structures of the 3a-B
intermediates, formed in the reaction of 1la with
tBUOOH in CH,;CN/MeOH mixtures. When
deuterated d4-tBuOOH was added to the solu-
tion of 1ain 1:3 MeOH /CH ;CN molar mixture
at —35°C, two weak resonances at — 3.1 and at
—3.7 ppm aong with an intense signa of dg-

2.18 2.16 2.12 1.98
b { {
b
a

3000 3100 3200 3300 3400 3500
H/G

Fig. 2. X-band EPR spectra of complexes 3a-MeOH and 3a-
CH,CN formed in the reaction of la (5x107% M) with 200
equiv. of tBUOOH at —35°C in various MeOH /CH3;CN molar
mixtures: (a) in neat MeOH; (b) 1:1 MeOH/CH4CN; (¢) 1:40
MeOH/CH;CN. The spectra were recorded at —196°C. The
signal denoted by asterisks belongs to tBuOO" radical.
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tBUOOH and dg-tBuOH at 1.22 ppm were ob-
served in the °D NMR spectrum (Fig. 3a). The
intensities of these resonances correlated with
the intensities of the EPR signals for the com-
plexes 3a-MeOH and 3a-CH,CN detected in
the same sample. The signalsat —3.1 and — 3.7
ppm can be ascribed to the alkylperoxo moieties
of 3a-MeOH and 3a-CH,;CN respectively. The
ratio of their intensities in D NMR spectra was
proportional to that of MeOH and CH;CN con-
centrations. Addition of water to the reaction
mixture afforded a new signal a —2.5 ppm
attributed to the tBuOO group of 3a-H,O (Fig.
3b). The intensity of the particular resonance
was found to be proportional to the concentra-
tion of the corresponding ligand (MeOH,
CH,CN or H,0) in solution. It implies the
occurrence of equilibria between the complexes
3a-MeOH, 3a-CH,CN and 3a-H,0, as shown
in Egs. (D—(3)

Ky
3a-MeOH + CH,CN & 3a-CH,CN + MeOH
(1)

KZ
3a-MeOH + H,0 & 3a-H,0 + MeOH  (2)

K
3a-CH,CN + H,0 2 3a-H,0+ CH,CN  (3)

According to EPR data the time of establish-
ing of these equilibria was 5—10 min at — 35°C.
The equilibrium constants K,—K; determined
from ?D NMR spectra (a —35°C) have the
following values: K, =05+0.1;, K,=8+1;
K, =16+ 2. It is noteworthy that the substitu-
tion of MeOH by H,O molecule on the sixth
coordination site of 3a-MeOH gives rise to
noticeable change in the chemical shift of the
alkylperoxo moiety while the difference be-
tween EPR parameters of 3a-MeOH and 3a-
H,O is negligible. The NMR spectra of Fig. 3is
the first example of the NMR detection of the
alkylperoxo moiety for low-spin ferric akylper-
0x0 species. The reported chemical shifts for «
and B deuterium atoms of OOCD,CD; group in
the high-spin akylperoxo complex Fe(TPP)
(OOCD,CD,) were 180 and 4 ppm, respec-

(CD;);COOH + (CD;);COH

3a-MeOH

3a-H,0 \ "

f 3a-MeCN
\\/\x b
\\/‘MSIZ

T T T T T T T T T T e
1.5 0.0 -1.5 -3.0 -4.5

(ppm)

Fig. 3. 2D NMR spectra recorded in the course of the reaction of
la ([1a] = 0.01 M) with 100 equiv. of dy-tBUOOH a —35°C (a)
in 1:3 MeOH/CHCN molar mixture; (b) in 1:1.5 MeOH/
CH3CN molar mixture, where H,O ([H,0]=1 M) was added.

tively [36]. The "H NMR resonances of bipyri-
dine ligands of complexes 3a-B were either too
broad to be observed or masked by signals of
the initial complex 1a and by those of undeuter-
ated admixtures in the solvent and peroxide
used.

3.3. Sability of hydroperoxo complexes 2a-B
and 2b-B

First of dl, let us consider the results of EPR
monitoring of the hydroperoxo intermediate 2a-
Py in the cataytic system l1la/HOOH /Py/
AcOH. Fig. 4a shows the time-dependence of
the 2a-Py concentration in the course of the
reaction of la with HOOH a 20°C in 2:1
Py /AcOH mixture ([1a] = 0.01 M, [HOOH] = 3
M). It is seen that the concentration of complex
2a-Py reached maximum during 3 h, was in
steady state for 1 h, and then decreased by a
pseudo-first-order kinetics with the rate constant
3+ x10%s 1

The steady-state concentration of 2a-Py
dropped 5+ 0.5 times if C;H,, ([CqH,1=1
M) had been previously added to a sample (Fig.
4b). The value of this drop depended on the
cyclohexane concentration and was 3 + 0.6 at
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+ CgH1z _e- a

4 - b
-+ C

ithout C¢H
\\.A/WI out CgHy2

[Fe(bpy),(0OH)Py] , 10°'M

®
hh—A—A—————Ah—AT——A——A—A + CgHy,
T I T I 1
0 200 400
Time / min

o

Fig. 4. Concentration of 2a-Py as a function of time in the
reaction of la ([1a]= 0.01 M) with 90% HOOH ([HOOH], = 3
M) at 20°C in 2:1 Py /AcOH (@ and in this mixture, containing
CeHyp (1 M) (b). The samplein (@), if CgH,, ([(CqHp1=1 M),
was added 4 h after the reaction beginning (c). The difference
between curves (a) and (c) before addition of CgH,, shows the
level of reproducibility of the samples.

[CcH,]=05M and 2+ 0.4 at [C4H,,] = 0.25
M

The addition of cyclohexane ([CqH,,] =1
M) to the sample of Fig. 4a a a moment when
the steady-state concentration of 2a-Py had al-
ready been established, gave rise to the rapid
decrease of the concentration of 2a-Py down to
the value corresponding to the presence of cy-
clohexane in solution initially (Fig. 4c). This
conversion followed a first-order kinetics with
k=(154+05 x10"3s™ 1

The concentration of 2a-Py is determined by
the competition of the rates of its formation
(W,) and decay (W,). The effect of cyclohexane
(Fig. 4c) could result either from decrease of W,
or increase of W,. To distinguish between these
two possibilities, it is necessary to measure the
rate of self-decomposition of 2a-Py and deter-
mine the influence of organic substrates on this
rate.

The reasonable way to measure self-decay
kinetics of 2a-Py is to dramatically diminish the
concentration of HOOH in the reaction solution
a low temperature and thus sharply decrease
the rate of 2a-Py formation. The subsequent
monitoring of the decrease of the concentration
of 2a-Py at higher temperatures allows determi-
nation of the rate of its self-decomposition. This
procedure will give the real value of the rate of

2a-Py sdlf-decompoasition, if the loss of 2a-Py
concentration during the remova of HOOH at
low temperature is markedly smaller than the
decrease of the concentration of HOOH. The
extraction of peroxide from reaction mixture by
diethyl ether at low temperature (see Section 2)
permits fulfillment of these requirements. The
loss of the 2a-Py concentration during extrac-
tion of HOOH (from 2 x 1073 t0 2 X 10™* M)
was markedly smaller than the decrease of
HOOH concentration (from 3 to 1072 M). The
similar procedure was used for preparation of
complexes 2b-Py and 3a-CH,CN. Further, if
not especialy noted, the data for samples with
the reduced concentration of peroxides will be
present.

The procedure described above allows us to
obtain 2a-Py, 2b-Py and 3a-CH,CN only as
small admixtures (1-3%) to other ferric com-
plexes. According to *H NMR data, in the case
of 2a-Py and 2b-Py, the magor part of iron
species represents trinuclear basic iron(l11) ac-
etate [Fey(p;-O)(CH,CO,)sPy;(NO,) formed
upon dissolution of the (w-oxo)diiron(lll)
complexes [Fe,O(bpy), - 2H,0l(NO,), and
[Fe,O(phen), - 2H,0(NO,),, in pyridine/acetic
acid mixture. Its identity was confirmed by "H
NMR, using [Fey(p3-O)CH ;CO,)4Py,I(CIO,)
independently prepared as described in Ref. [37].
Complex 3a-CH,;CN can be obtained as an
admixture to the initial complex 1a [Fe,O(bpy),
- 2H,0l(NO,),,. Fortunately, all iron species ex-
cept alkylperoxo and hydroperoxo intermediates
display no signals near g = 2 and thus the con-
centration of these intermediates can be readily
monitored by EPR. The obtained kinetic data
for self-decay of 2a-B, 2b-Py and 3a-B under
various conditions are collected in Table 2.

Complex 2a-Py dissolved in Py or Py /AcOH
mixture was stable at —60°C and decayed with
afirst-order kinetics at higher temperatures (Fig.
5). The rate constants of this decay determined
a various temperatures are the same in Py
and in 2:1 Py/AcOH mixture and have the
following values: k=5x10"* s~ (—27°C);
1x10°% st (-20°C); 28x 1073 st
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Table 2

First order rate constants of low-spin ferric hydroperoxo and akylperoxo complexes self-decay®

Complex Temperature (°C) Solvent system kx 102 (s™1)
[Fe(bpy),(OOH)PYI(NO,), -27 Py /AcOHP 05
[Fe(bpy),(OOH)PYI(NO,), -20 Py /AcOH" 1.0
[Fe(bpy),(OOH)PYI(NO,), -10 Py /AcOHP 2.8
[Fe(bpy),(OOH)PYI(NO,), 5 Py/CH,CN°® 05
[Fe(bpy) ,(OOH)PYI(NO,), 5 Py /H,0° 2.0
[Fe(bpy),(OOH)(3-Br-Py)I(NO,), 20 3-Br-Py /CH,CN¢ 0.4
[Fe(bpy) ,(OOH)PYI(NO,), 20 Py/CH3CN® 2.0
[Fe(bpy),(OOH)(3-Me-Py)I(NO3), 20 3-Me-Py/CH,CN® 20
[Fe(bpy) ,(OOH)(4-Me-Py)I(NO5), 20 4-Me-Py /CH,CN' 2.0
[Fe(bpy),(OOH)(4-Me,NPy)I(NO,), 20 4-Me,N-Py /CH ,CN9 6
[Fe(4,4-Me,-bpy) ,(OOH)PY}(NO5), 20 Py/CH,CN® 6
[Fe(phen) ,(OOH)PYI(NO,), 20 Py/CH,CN°® 8
[Fe(bpy),(OOtBU)CH ;CNI(NO,), -37 CH,CN 1.0
[Fe(bpy),(OOtBU)CH ;CN](NO,), -30 CH,CN 25
[Fe(bpy),(OOtBU)CH ;CNI(NO3), -20 CH,CN 5.8
[Fe(bpy),(OOtBuMeOH]I(NO,), -35 MeOH 24
[Fe(bpy) ,(OOtBWPYI(NO,), -30 Py/CH3CN® 23
[Fe(bpy),(O0tBu)(3-Br-Py)I(NO,), -30 3-Br-Py /CH,CN¢ 2.0
[Fe(bpy),(OOtBu)(4-Me,N-Py[(NO,), -30 4-Me,N-Py /CH,CN?Y 3.0

®All of the constants were determined with error less than 20%.
®3:1 Py /AcOH volume mixture.

“[Py] =

°[3-Br-Py] =

“[3-Me-Py] =

'[4-Me-Py] =

94-Me,N-Py] =1 M

(—10°C), E,=11.6+ 3 kca /mal (the initia
concentration of 2a-Py is10™% to 5Xx 104 M).

%WW%%

Fig. 5. (@ Low-field part of the EPR signal of complex 2a-Py in
the course of its self-decay in 2:1 Py/AcOH molar mixture at
—23°C. The interval between the spectrais 10 min. Inset (b): Plot
of the kinetic data from (a) after applying the equation In(C / C,)
= —kt.

o k=6.8x10"s"

In(C/Ca)

10 20 30 40 50

The nature of the solvent markedly perturbs
the stability of 2a-Py. Compare k=5x 10~*
s %5°C) in CH,CN/Py ([Py]=1M), k=7 X
1073 s (5°C) in Py and k=2x10"3 s?
(5°C) in H,O/Py ([Py]=1 M). Note that the
rate constant of self-decay of activated
bleomycin k=58x%x10"2% s7! (4°C) in H,O
[14] israther close to that for the decay of 2a-Py
(k=2x10"%s a5 CinH,O0/Py(Py]l=1
M).

To elucidate the influence of the basicity of
the sixth ligand B on the rate of the decay of
2a-B, the following derivatives of Py with vari-
ous pK, vaues shown in brackets were used
[38]: 3-Br-Py (2.84), Py (5.23), 3-Me-Py (5.68),
4-Me-Py (6.02) and 4-Me,N-Py (9.58). Py and
its derivatives were added into the aliquots of
the same solution of 2a-Py in CH ;CN (to make
[B]=1 M). The following rate constants were
obtained at +20°C: 4x 10 * s (3-Br-Py);
2x107% s ¥Py); 2x 1073 s X3-Me-Py); 2
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X 1073 s7! (4-Me-Py); 6 X 1072 s7* (4-Me,-
N-Py). It is seen that with the increase of basic-
ity of B, the rate constant of 2a-B self-decay
noticeably grows. The similar ‘* push effect’” of
B was previously observed for heterolytic decay
of acylperoxo iron(I11) porphyrin complexes in
CH,Cl,, that affords oxoferryl cation radical
complexes (Por + )Fe'Y = O [39].

The replacement of 2,2'-bipyridine ligands in
2a-Py by 4,4-dimethyl-2,2"-bipyridine ligands
results in threefold increase of the rate constant
of its decay at 20°C in CH,CN /Py ([Py]=1
M). This observation is in agreement with the
reported data for acylperoxoiron(l11) porphyrin
complexes, where introduction of electron do-
nating substituents at the meso position of the
porphyrin ring accelerates the rate of their self-
decay [39]. Unfortunately, in contrast to the iron
porphyrin systems, we have no data on the
structure of intermediates of the hydroperoxo
complexes decomposition.

The hydroperoxo complex 2b-Py with
phenantroline ligands is less stable than the
hydroperoxo complex 2a-Py with bipyridine lig-
ands. The rate constant of the 2b-Py decomposi-
tion in CH,CN/Py ([Py]=1 M) a 20°C is
8x 10 3s ! versus2x 102 s~ for 2a-Py in
the same solvent and at the same temperature.

3.4. Reactivity of the hydroperoxo complexes
2a-B and 2b-B

To study the reactivity of the hydroperoxo
complexes 2a-Py and 2b-Py, a substrate
(cyclohexane, cyclohexene, methyl phenyl sul-
fide) was added to their solutions in Py or
CH,CN/Py ([Py]=1M) a —10°C to +20°C.
The initial concentration of 2a-Py or 2b-Py was
2X10"*to 5x 10~* M. It was found that the
presence of listed substrates in solution (con-
centrations were up to 3 M) did not noticeably
perturb the rate of self-decay of 2a-Py and
2b-Py. This rather unexpected result is consis-
tent with the previous data obtained for acti-
vated bleomycin, where DNA aso does not
affect the rate of activated bleomycin self-decay

[14]. Thus, 2a-Py and 2b-Py do not directly
react with organic substrates and the observed
decrease of the quasi steady-state concentration
of 2a-Py after the addition of cyclohexane into
the cataytic system l1la/HOOH /Py/AcOH
(Fig. 4) is not caused by the increase of the rate
of complex 2a-Py decay (W,), but by the de-
crease of the rate of its formation (W,). It is still
not entirely clear how cyclohexane can perturb
W,. If it is granted that free radicals (OH ', HO,)
participate in formation of 2a-Py, the possible
way of reducing W, is the decrease of the
concentration of free radicals in solution via
their reaction with cyclohexane.

As a rule, alkylperoxo and hydroperoxo
iron(l111) intermediates were detected only at
high excesses of oxidants (ROOH, HOOH),
when a number of unidentified substrate-sensi-
tive reactions could determine their concentra-
tions. Thus, the attempts to derive data on the
reactivity of LFe(OOH) or LFe(OOR) species
from the drop of their quasi steady-state concen-
trations after the addition of a substrate to the
reaction mixture [25,27,28] were inadequate.

The observed pseudo-first-order decrease
of the concentration of [Fe''(TPA)(OOtBu)
(HOR)]?>* [18] can reflect the kinetics of the
decomposition of excessive tBUOOH rather than
the kinetics of the decay of the akylperoxo
intermediate, and thus the effect of cyclohex-
anol on this kinetics can not be connected with
the reactivity of the alkylperoxo intermediate.

The only informative reactivity study of an
hydroperoxo intermediate is the study of the
activated bleomycin (Fe'"'(BLM)(OOH)), which
is believed to be responsible for the oxidative
damage of DNA under aerobic conditions by
Fe''-BLM [14,15]. In contrast to the other men-
tioned intermediates, detected only at the excess
of oxidants, activated bleomycin can be pre-
pared via stoichiometric oxidation of Fe"-BLM
by dioxygen and thus kinetics of its self-decay
can be reliably measured. As was mentioned,
DNA did not affect the rate of activated
bleomycin self-decay, however the rate of accu-
mulation of DNA degradation products coin-
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cided kineticaly with the decay of activated
bleomycin. The yield of oxidation products
achieved 50% of the concentration of activated
bleomycin decomposed [14]. This evidences in
favour of the rate determining conversion of
Fe'''(BLM)(OOH) to another active species prior
to the reaction with substrate.

The results of this part of our study are the
determination of the rates for self-decomposi-
tion processes of the complexes 2a-Py, 2b-Py
and demonstration of the fact that organic sub-
strates do not perturb these rates. These data
allow evaluation of the upper limit for the rates
of the reaction of 2a-B or 2b-B with organic
substrates. The maximal values of these rates
are not more than those of the rates of com-
plexes 2a-B or 2b-B self-decomposition. In the
opposite case, the addition of substrates would
noticeably perturb the decay of these species.
Secondly, the obtained data show that organic
substrates can influence the steady-state concen-
tration of the hydroperoxo and alkylperoxo
iron(111) intermediates diminishing the rate of
their formation rather than increasing the rate of
their decay. This possibility should be taken
into account in reactivity studies of peroxo iron
Species.

The main products of cyclohexane oxidation
by the catalytic system 1a/HOOH /Py /AcOH
(the sample of Fig. 4) are cyclohexanone and
cyclohexanol in 1:1 ratio. Catalyst:substrate ra-
tio was 1:100 equiv., ketone and alcohol were
formed in 4% yield each based on substrate.
The oxidation of cyclohexene by this system
affords products of allylic oxidation (cyclo-
hexenone and cyclohexenol, their yields were
4% and 3%, respectively). This reactivity pat-
tern istypical for oxidation by free radicals. The
same oxidation products are observed for sam-
ples with reduced concentration of HOOH. It
should be noted that the residual concentration
of HOOH (10~2 M) was much larger than the
concentration of 2a-Py (10~* M). The overall
concentration of cyclohexane oxidation products
in these samples was 3- to 10-fold larger than
that of 2a-Py. Thus, we cannot exclude that the

Fenton decomposition of residual HOOH af-
fords the major part of the products.

We have applied a spin-trapping technique
for the characterization of transient free radicals
in a solution containing complex 2a-Py in
CH,CN. The 3,3,5,5-tetramethyl-1-pyrroline
N-oxide (TMPO) purchased from Sigma was
used as a spin trap. The nitrone spin traps
DMPO and TMPO are widely used to provide
evidence for the involvement of free radicals in
many reactions in chemical and biologica sys-
tems [40-42]. They are particularly useful for
identifying oxygen-centered radicals, e.g. super-
oxide radical anion, peroxyl, alkoxyl and hy-
droxyl radicals. Similarly to al nitrones, TMPO
captures short-living free radicals to give more
stable nitroxyl radicals (spin adducts). The 8-
hydrogen hyperfine splitting constants (a,,) of
spin adducts vary markedly with the nature of
the radical trapped. Thus radicals can be recog-
nized [40,41]. EPR spectrum recorded 3 min
after the addition of TMPO (to make its concen-
tration 0.1 M) to a sample containing 2a-Py in
CH,CN at 20°C (Fig. 6a) is a superposition of
the spectra of two adducts: ay = a, = 14 G and
ay =13 G, a,=6.5 G with relative weights
1:2. The relative weight of the spectrum with
ay =13 G, a,=6.5 G grows with time (Fig.
6b and c). According to hyperfine splitting con-
stants the signal with ay = a, = 14 G belongs

g =2.005
1

Cc

VA

3340 3360 3380 3400 3420
HI/G

Fig. 6. X-band EPR spectra of TMPO spin adducts in a sample
with reduced content of HOOH (ca. 1072 M) containing 2-10~*
M 2a-Py in CH,;CN at various moments of time after addition of
TMPO (to make its concentration 0.1 M) at 20°C: (a) 3 min, (b)
11 min, (c) 27 min.
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to spin adduct TMPO/ "OH. Formation of this
adduct was observed for the catalytic system
HOOH + Co(acac), in CH,CN [43]. In this sys-
tem Fenton decomposition of hydrogen perox-
ide takes place. The EPR spectrum with a, = 13
G, a,=6.5 G is characteristic for the adduct
TMPO/HO, [41]. Thus ‘OH and HO, free
radicals can be trapped in the solution of 2a-Py
in CH;CN. Recently, O, /HO, free radicals
were trapped in a water solution of activated
bleomycin [35]. Note, that the attempts to trap
free radicals directly in the catalytic system
la/HOOH /Py /AcOH were unsuccessful due
to rapid decomposition of TMPO. Free tBuOO*
radicals can be directly observed in EPR spectra
in the course of the reaction of 1a with tBuOOH
in CH,CN. Their EPR spectrum in a frozen
solution represents a sharp signa with axia
anisotropy of g-factor, gll =2.04, g, =2.008
(Fig. 2c, the signal denoted by asterisks).

3.5. Sability and reactivity of alkylperoxo com-
plexes 3a-B

The akylperoxo complex 3a-CH,CN ob-
tained after extraction of tBuOOH from a
reaction mixture rapidly disappears even at
low temperatures with the following rate cons-
tantss k=10"° s }(-37°C); 25x 10°°
s % —30°C); 5.8 x 1073 s7¥(—20°C); E, = 14
+ 3 kcal /mol. The rate constant of 3a-MeOH
self-decay in MeOH was found to be 2.4 x 103
s ' a —35°C. The addition of Py or its deriva-
tives ([B] = 1 M) to a solution of 3a-CH,CN in
CH,CN gives rise to its conversion to 3a-B
monitored by EPR. The rate constants for com-
plexes 3a-B decay in CH,CN/B ([B]=1 M)
a —30°C were as follows: 20X 1073 s71!
(3-Br-Py); 23x10°2 s XPy); 3x10°3% s
(4-Me,N-Py). It is seen that the basicity of the
sixth ligand B only dlightly perturbs the rates of
decomposition of akylperoxo species 3a-B in
contrast to hydroperoxo species 2a-B (see Sec-
tion 3.3). The similar small push effect was
reported for homolytic decomposition of

acylperoxoiron(l11) porphyrin in toluene that af-
fords oxoferryl complex (Por)Fe'V = O [39]. The
akylperoxo species are far less stable than cor-
responding hydroperoxo intermediates, k= 1.2
X 1072 571 (3a-CH,CN in CH,CN at —10°C)
and 2 x 10~* s ! (2a-Py in CH,CN at —10°C).
The different effect of axia ligation on the rate
of self-decomposition of hydroperoxo (2a-B)
and akylperoxo (3a-B) species could provide
evidence in favor of different mechanisms of
their decay. However, we have still not obtained
any additional support for this assumption.

The addition of cyclohexane, cyclohexene or
methyl phenyl sulfide in concentrations up to 3
M to the reaction mixture does not perturb the
rate of the complex 3a-CH;CN decomposition
at —25°C. It indicates that 3a-CH ;CN does not
directly react with these organic substrates simi-
larly to the hydroperoxo complexes 2a-Py and
2b-Py. GC analysis reveals mainly cyclohex-
anone and cyclohexanol in 1:1 ratio as the
products of cyclohexane oxidation with solution
of 3a-CH;CN in CH ;CN (obtained after extrac-
tion of tBUOOH) a —20°C. As the overadll
concentration of the products was not more than
the initial concentration of 3a-CH,CN, its de-
composition could produce an intermediate re-
sponsible for oxidation of the substrate. Based
on 1:1 ratio of ketone to alcohal typical of free
radical oxidation, this intermediate could be
tBuO™ radicals. The catalytic system la/
tBUOOH /CH,CN also oxidizes cyclohexane
mainly into cyclohexanol and cyclohexanone in
1:1 ratio at 0°C. Probably, the reactive species
of this oxidation are tBuO (tBuO,) radicals
formed in the course of tBuOOH decomposi-
tion. tBuO, radicals at a concentration of ca
107° M were observed in the catalytic system
la/tBuOOH /CH,CN (Fig. 2¢).

4, Conclusions

The first-order rate constants of self-decom-
position of hydroperoxo and alkylperoxo com-
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plexes [Fe(bpy),(OOH)PyI(NO,), (2a-Py),
[Fe(phen),(OOH)PYI(NO;), (2b-Py) and
[Fe(bpy),(OOtBu)CH ;CN](NO,), (3a-CH ;CN)
were determined in the presence of various
substrates and at various temperatures. The rate
of decomposition of hydroperoxo complexes
2a-B, where B are derivatives of Py (3-Br-Py,
3-Me-Py, 4-Me-Py and 4-Me,N-Py) increases
with the growth of basisity of B (push effect).
Such an effect is markedly smaller for alkylper-
oxo species 3a-B. °D NMR signals of tBuOO
moieties of low-spin ferric alkylperoxo com-
plexes 3a-CH,CN, 3a-CH,OH and 3a-H,O
were detected for the first time. The addition of
organic substrates (cyclohexane, cyclohexene,
methyl phenyl sulfide) at a concentration up to
3 M a —10°C to +20°C does not noticeably
change the rate of self-decomposition of 2a-B,
2b-Py and 3a-B. Thus the intermediates con-
cerned do not directly react with organic sub-
strates. The reactivity patterns of 2a-B, 2b-Py
and 3a-B were characteristic for free radical
oxidation. The determined rates of self-decom-
position of complexes 2a-B, 2b-B and 3a-B can
be used for evaluation of the upper limit for
their reactivity towards organic substrates.

To date there is an example [21], when a
low-spin ferric hydroperoxo intermediate
[Fe(TPA)(OOH)]>* detected in [Fe(TPA)
(CH,CN),I(ClO,),/HOOH /CH,CN system is
believed to be responsible for epoxidation of
1-hexene that is typical for non radical oxida
tion. Further it would be interesting to study
the influence of 1-hexene on the rate of
[F(TPA)(OOH)]?* self-decay and to correlate
the rate of this decay with the rate of epoxide
formation to elucidate whether this hydroperoxo
complex directly reacts with olefin or via forma
tion of another reactive species.
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