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The oxidation of TAML complex [}}cm{C6H4—l,2—(NCOCMCQI\IICO)2CMC2}OHZ]' (1) by various
| S S—

oxidants is explored in MeCN with 0.2% water at —40 °C, where the iron(V)oxo complex is stable
enough for reliable spectral identification. The iron(V)oxo state is achieved using NaClO even faster
than in the case of previously explored m-chloroperoxybenzoic acid. In contrast, H,O, and organic
peroxides (benzoyl peroxide, tert-butylperoxide, and tert-butylhydroperoxide) all convert 1 into the
corresponding diiron(IV)-p-oxo dimer (2) under the same conditions. The latter does not form when
(NH,),[Ce(NO5)s] is employed and the Fe'™ product obtained does not seem to contain an oxo
moiety. In contrast to all other oxidants, the conversion of 1 by ‘BuOOH into 2 is characterized by
non-conventional kinetics, and therefore this reaction was explored in some detail. The evidence is
presented that this light-, O,-, TEMPO-, and base-dependent reaction is a free radical process under
the conditions used.

o,
CeH0C~ -0 cocgHs

Keywords: Iron complex; High-valent; TAML; fert-Butylhydroperoxide; Kinetics; Mechanism

1. Introduction

Iron complexes in oxidation states three and above play key roles in a multitude of enzy-
matic and catalytic chemical oxidations [1-11]. Various mechanistic aspects of the forma-
tion of such high-valent iron species have been a subject of careful investigation by
multiple researchers, including van Eldik, to whom this issue is devoted [12—16]. Notice-
able attention has been paid recently to TAML activators of peroxides [17-22]. These iron
(IIT) complexes in the tetraamido macrocyclic environment prove to be truly exceptional in
two important aspects. In water, they are remarkable functional replicas of peroxidase
enzymes capable of performing a vast array of degradations of environmental pollutants,
including endocrine disruptors [23-28]. In organic solvents, the unique features of TAMLs
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allow one to spectroscopically and crystallographically characterize a broad spectrum of
oxidized iron species which could be considered as plausible participants of the catalytic
cycle in aqueous solutions. The most significant among these are the Fe'"' superoxo com-
plex, Fe0, made from iron(Ill) and KO, at —5 °C in MeCN [29], the Fe'YOFe'Y H-0XO0
dimer which is generated by O, from iron(IIl) in non-coordinating solvents such as CH,Cl,
under ambient conditions [30], and the FeYO complex which is produced using
m-chloroperoxybenzoic acid (mCPBA) at —40 °C in MeCN [31]. TAML complexes are
used as catalysts in synthetically valuable transformations using different oxidizing agents
under various conditions [32-36]. As a rule, the synthetic reports are concluded by postulated
reaction mechanisms, in which high oxidation states of iron, often Fe", are proposed irre-
spective of the reaction conditions and the oxidizing agent used. In our experience, how-
ever, the Fe" oxidation state is not attained by the most commonly used TAML activator 1
(chart 1) in all instances. Consequently, we have been challenged by this question, which
oxidants can convert the Fe'" species 1 into its Fe¥ form 3, and which oxidants yield the

V form 2? Compounds 2 and 3 have distinct UV—vis spectral signatures at —40 °C in
MeCN [32], which allowed unambiguous assignment of the products formed in the pres-
ence of a series of oxidants which are summarized in table 1. While following the product
formation in the presence of ‘BuOOH, which converts 1 into 2 (IIl — IV oxidation), we
noticed that the reaction dynamics is strikingly different compared to all other oxidants
used. Therefore, we have also collected a significant amount of kinetic data for the 1 — 2
oxidation by ‘BuOOH, which allowed us to conclude that, in contrast to other oxidations,
this transformation occurs via a free radical mechanism.

wN
o OHp @ /le §<] 0 O X‘NO’]
F

= '":Qd IS o @;3
O’-—Q o _}< 03—-%

Chart 1. TAML derivatives discussed in this work.

Table 1. Final products obtained upon reaction of 1 with various oxidants. Conditions for all reactions:
[1]= 1.0 x 10~* M in acetonitrile with 0.2% water at —40 °C.

Oxidant Amount, M Reaction time Product and yield Reference

mCPBA 1x107* 2:100 s 2:>99% [31, 32]
3: 60 min 3:>95%

NaClO4 2x107* 2:5s 2: >99% This work
3: 30 min 3:>95%

Benzoyl peroxide 5x1073 2: 84 min 90% This work

tert-Butylperoxide 6x 1072 2: 185 min 89% This work

Hydrogen peroxide 1x1072 2: 83 min 83% This work

tert-Butylhydroperoxide 73 %1072 2: 20 min 89% This work

(NH4),2[Ce(NO;3)6] 1x107* 4:10s ~100%" [38]

?Calculated using ¢ = 5160 M~ cm™" at 533 nm from Ref. [38] for the ring-di-methoxy analog of 1.
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2. Experimental

2.1. Materials and methods

Complex 1 was prepared from the corresponding sodium salt (GreenOx, Inc.) by the
addition of PPh,Cl to the aqueous solution as previously described, causing the precipita-
tion of 1 [30]. The resulting product was recrystallized from 50% methanol/water.
Anhydrous ‘BuOOH in toluene was prepared from 70% aqueous ‘BuOOH (Aldrich) as
described elsewhere [37]. The additives, 2,2,6,6-tetramethylpiperidine (tmpp, = 99%) and
18-crown-6, which was used to solubilize potassium fert-butoxide, were purchased from
Aldrich. Glacial acetic acid (certified ACS grade) was purchased from Fisher. Potassium
tert-butoxide was purchased from Strem Chemicals and sublimed in vacuo. 1,8-Bis
(dimethylamino)naphthalene was purchased from Sigma and recrystallized three times from
ethanol. Sodium bis(trimethylsilyl)amide (98%), 1,4—diazabicyclo[2.2.2]octane (dabco),
‘BuOH (99.5%), and (2,2,6,6-tetramethylpiperidin-1-yl)oxy (tempo, 98%) were purchased
from Acros. Dabco was purified by sublimation in vacuo. Triethylamine was distilled over
calcium hydride. Acetonitrile was dried using a SciMarco solvent dispensing system. UV—
vis spectroscopy was performed using an Agilent 8453 instrument equipped with a liquid
nitrogen-cooled cryostat setup from UNISOKU Scientific Instruments, Japan. All reactions
were performed at —40 °C. The 'H NMR spectra were registered using Bruker Avance 300
and Bruker Avance 111 500 MHz NMR spectrometers.

2.2. Kinetic studies

Unless otherwise noted, water and acetonitrile stock solutions of 1 and additive, if neces-
sary, were added to a quartz cuvette with a stir bar and diluted with acetonitrile. This solu-
tion was allowed to cool to —40 °C for 5 min before ‘BuOOH was injected. The final
volume of all samples was 2 mL. The formation of 2 was monitored by UV-vis spec-
troscopy at 708 nm, which is the isosbestic point between 2 and 3 under the conditions
selected. Unless otherwise noted, spectra were recorded every 2 s. Concentration of 2 was
calculated using the previously determined extinction coefficient of 6280 M~' cm™' at
708 nm [32]. All reported rates are mean values of at least three measurements. Kinetic data
in the absence of O, were obtained by preparing stock solutions of reagents in acetonitrile
which had been subjected to three freeze—pump—thaw cycles. The reaction mixtures were
prepared by adding appropriate volumes of deoxygenated stock solutions into a quartz
cuvette fitted with a screw top cap and replaceable septum which had been purged with
argon. The solution was diluted to the required volume with deoxygenated acetonitrile and
the reaction conducted as described previously.

2.3. 'H NMR studies

Due to the fact that 1 is paramagnetic, '"H NMR experiments were performed by adding 1
to initiate the reaction. The reaction mixture was prepared by dissolving ‘BuOOH in deuter-
ated acetonitrile to achieve the desired concentration. This sample was analyzed by 'H
NMR and the shimming file was saved for analysis of the next sample. This solution was
then poured into a quartz cuvette and inserted into the low-temperature apparatus and
allowed to cool to —40 °C. The reaction was initiated by addition of 1 in deuterated acetoni-
trile and monitored as described in section 2.2. Upon completion of that reaction (as deter-
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mined by a leveling-off of the UV—vis trace at 708 nm), approximately 1 mL of the reaction
mixture was pipetted into a chilled NMR tube, immediately placed in liquid nitrogen and
frozen. This sample was kept in liquid nitrogen until analysis by "H NMR. Then, it was
removed from the liquid nitrogen and allowed to warm just enough for the frozen condensa-
tion on the tube to melt and be wiped off. It was then analyzed by NMR without locking or
shimming using the shim file from the previously prepared sample. Data were analyzed
using a Bruker TopSpin 3.0 software.

3. Results and discussion

3.1. The oxidation state of iron in the product is determined by the oxidant

As mentioned in section 1, the UV—vis spectra of 2 and 3 produced from 1 in the presence
of mCPBA as oxidant are sufficiently different for unambiguous assignments [32]. There-
fore, it was relatively easy to specify the nature of the product formed from 1 and different
oxidants shown in table 1 in wet MeCN at —40 °C. At such low temperature, the Fe"
species 3 is appropriately stable [32] and, if formed, could be reliably identified. In this
work, the only oxidant beside mCPBA to produce 3 was NaClO. When 2 equivalents of
this oxidant were added to 1, the spectrum of intermediate iron(IV) complex 2 was
observed within just 5 s and then transformed to the spectrum of iron(V) complex 3 in a
matter of 30 min (figure 1). The spectra of 2 and 3 were identical to those reported else-
where [32], which were observed upon reaction of 1 and mCPBA. In particular, 2 formed
from 1 and NaClO revealed maxima at 435, 830, and 1050 nm; 3 at 447 and 630 nm with
the isosbestic points between 2 and 3 at 708 nm. In contrast, regardless of their relative
amount, none of the organic oxidants studied converted iron(IIl) to iron(V), only producing
iron(IV) species in the form of 2. Similar chemistry was observed for H,O,. In the case of

0.8 1

0.6 1

Absorbance
o
N

0.2 4

0.0 4

400 500 600 700 800 900 1000
Wavelength / nm

Figure 1. Spectra of 1 and the products of its oxidation by NaCIO (2.0 x 107* M) 2 and 3 and by (NH,),[Ce
(NO;3)6] (1.0 x 10~* M) 4. Conditions: [1] 1.0 x 10™* M in acetonitrile with 0.2% water at —40 °C.
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‘BuOOH, we have noticed that the spectrum of 2 formed changes slightly with time and the
changes could be associated with the accumulation of traces of 3. However, attempts to
increase the yield of 3 by increasing the loadings of ‘BuOOH or adding multiple aliquots
were unsuccessful, and therefore we conclude that the oxidation state V of TAML derived
from 1 cannot be reached under these conditions using H,O, and organic peroxides, despite
an excess of the oxidants, and the reactions lead to the Fe'" species in the form of 2. It is
important to note that H,O, and organic peroxides studied produced identical UV-vis
spectra of the Fe'¥ p-oxo dimer 2 as shown in figure 1.

The oxidation of 1 by strong inorganic oxidant (NH,4),[Ce(NO3)e] does not afford either
2 or 3. The spectrum in figure 1 generated in this case differs from those of 2 or 3 revealing
maxima at 485 and 825 nm, and the lack of strong absorption around 1050 nm, which is
diagnostic of the presence of the Fe'"—O-Fe'” unit. The products obtained from Fe'
TAMLs and (NH4),[Ce(NO;3)s] in organic solvents have been explored in detail in the 90s
and identified by X-ray crystallography as the monomeric five-coordinate axially ligated
Fe' species [38]. This allowed us to hypothesize that the same type of species is produced
from 1 and Ce" at —40° and ascribe its structure such as 4. Thus, the high-valent oxygen-
ligated (p-oxo or oxo) iron TAML species produced in MeCN at —40° C seem to stem from
the oxidants incorporating active oxygen atoms.

Though just a few oxidants convert Fe'™ TAML 1 into the Fe" state, the Fe'¥ state is
reachable for all oxidants included in table 1. Therefore, it was interesting to compare their
relative efficacy in promoting the Fe'"" — Fe' conversions which result in the formation of
the p-oxo dimer 2. The data for the comparison are shown in figure 2.

Sodium hypochlorite turned out to be so reactive that a separate timescale was
constructed for this oxidant (top x-axis in figure 2), though its concentration was the lowest.

Time / min

4e-5

3e-5

21/ M

2e-5

0 v | | 1
0 50 100 150
Time / min

Figure 2. Kinetic traces for the Fe™ — Fe'Y conversions to form 2 in the presence of selected oxidants.

Conditions: MeCN with 0.2% H,0, —40 °C, [1] 1 x 107 M, [benzoyl peroxide] 5 x 107 M, [tert-butyl peroxide]
6x 1072 M, ['BuOOH] 7.3 x 1073 M, [NaClIO] 1 x 107* M, and [H,O5] 1 x 1072 M. Arrows indicate to which
horizontal axis the traces correspond.
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Comparable reactivities were observed for benzoyl peroxide and terz-butylhydroperoxide.
The least reactive was tert-butylperoxide. The most noticeable feature of the data in figure 2
is however the following. Though kinetic curves for all oxidants other than ‘BuOOH look
normal, i.e. the rate of formation of 2 becomes lower with time as the degree of conversion
increases, the kinetic curve in the case of tert-butylhydroperoxide contains features remind-
ing of a self-accelerating autocatalytic process. Moreover, it is not classical, textbook
autocatalysis [39], because the reaction rate continues to increase until the reaction stops
completely. Note that the highest rate of formation of 2 is registered during the final stage
of the reaction just before its complete halt. Such kinetic curves were not observed for any
of the other oxidants studied and the initial rate was always the highest. The challenging
difference implied that the mechanism of the 2 — 3 oxidation by tert-butylhydroperoxide
deserved special attention. Therefore, the organic products formed and kinetics of the
reaction of 2 with ‘BuOOH were further investigated.

3.2. 'H NMR investigation of the products of reduction of tert-butylhydroperoxide by 1

The 'H NMR technique has been used for assaying organic fragments produced from
‘BuOOH during oxidation of 1 into 2, which occurs in ca. 90% yield (table 1). The spectra
of ‘BuOOH without 1 (paramagnetic 1 causes line broadening) and with 2 (the diamagnetic
p-oxo dimer) after the completion of the reaction presented in figure 3 show almost
quantitative exhaustion of ‘BuOOH (6 1.18) which collapses into ‘BuOH (6 1.17 and 2.41)
and acetone (0 2.09) in 41 and 37% yield, respectively, equation (1). Smaller peaks at ¢
1.21, 1.36, and 1.79, the integral intensities of which equal 1, 2, and 2, respectively, arise
from three different methyl groups of 2 in the same 1 : 2 : 2 ratio [30]. A smaller peak at ¢
3.29 shows that methanol is produced, albeit in lower yield than acetone or ‘BuOH. The

I
PPh, H,0 —|
/ N\ !
! |
i tBuOOHI
i |
i |
2 2 | , DsCON |
I § |
72 74 76 78 80 82 84 l§ I
8 : ‘ {BuOH
l
I
I
I
MeOH BuOH J 2 2 2}
N L LA ) Y, S
3.5 3.0 25 2.0 1.5 1.0

Figure 3. The 'H NMR spectra of ‘BuOOH alone (dashed line) and after its reaction with 1 to afford 2 and smal-
ler organic fragments (solid line) in D3;CCN with 0.2% D-O. Conditions: ['[BuOOH] 7.32 x 107> M and 1]
2.0 x 107 M.



Downloaded by [Mizoram University] at 14:40 28 December 2015

3052 MR. Mills et al.

spectrum of organic fragments formed, particularly the accumulation of acetone and metha-
nol, is evidence for a free radical character of the reaction between 1 and ‘BuOOH. It
should also be mentioned that sharp lines in spectrum of products in figure 3 agree with
complete conversion of 1 to 2 which eliminates the paramagnetic species in the reaction
medium.

1+ (H;C),COOH — 2+ (H;C),COH + (H,C),CO + H;COH (1)
100% 41% 37% 13%

3.3. Kinetics of the 1 — 2 oxidation by tert-butylhydroperoxide

Representative kinetic curves of the generation of 2 from 1 and ‘BuOOH obtained in the
presence of O, (figure 4) are rare and efforts to explore them more thoroughly were made.
Their curvature was unusually parabolic, and initial rates were lower than rates measured at
any time (¢) in many cases provided 7> 0 and, correspondingly, there was no possibility to
estimate the steady-state rates [39]. Moreover, the reaction between 1 and ‘BuOOH was
light-sensitive. The effect was established by changing the scanning frequency while moni-
toring the oxidation of 1 with a photodiode array UV—vis spectrometer. The process was
noticeably faster when spectra were registered more frequently, i.e. when the time between
recording (TbR) of successive spectra was lower (figure 4). The photodiode array instru-
ment releases an undispersed light beam in the 190—1100 nm spectral region and this is the
reason for the acceleration displayed in figure 4. The processes subject to “the diode array
acceleration” are known and have recently been reviewed [40]. They often occur in the
presence of O,, and their mechanisms which involve radicals are complex though these
reactions do not involve species in long-lived excited states.

The reaction kinetics changes noticeably in the absence of O, (figure 4). The “parabolic-
ity” vanishes, a noticeable lag period followed by the steady-state portion is observed and

Oo-free TDR2S  TbR10s # |
4e-5 g
S
3e-5
=
N 265
1e-5
0 1 1 1 1
0 500 1000 1500 2000
Time/s

Figure 4. Kinetic curves for the formation of 2 from 1 and ‘BuOOH under different conditions: in the absence
and in the presence of O, and applying different times between scans (different TbR, see text for details).
Conditions: MeCN with 0.2% H,0, —40 °C.
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the reaction rate becomes lower as the conversion grows. Thus, O, plays a significant role
in the reaction consistent with a free radical mechanism. This was further proved by adding
2,2,6,6-tetramethylpiperidine 1-oxyl (tempo), a radical scavenger [41], to the reaction mix-
ture. No formation of 2 was observed in the presence of 1.0 x 1072 M tempo.

Attempts were made to compare both initial and maximal rates (when the reactions are
practically complete) with the concentrations of the reagents 1 and ‘BuOOH in the aerated
solutions. Figure 5(A) shows that both the initial and maximal rates are virtually indepen-
dent of [1] in the range of (0.25-5.0) x 10> M. This, at least qualitatively, helps to under-
stand the origin of the complex kinetic curves of the formation in the case of ‘BuOOH
presented in figures 2 and 5. In contrast, both the initial and maximal rates depend linearly
on ['BuOOH]. The results in figure 5 suggest that the primary role in determining the
overall rate of conversion of 1 into 2 belongs to ‘BuOOH, which is the key reagent during
the initiation and propagation steps.

Recently, Nishida, et al. found that proton acceptors accelerate the formation of non-heme
Fe'V-oxo complexes from the corresponding Fe' species and [Ru(bpy);]*" in aqueous
MeCN [42]. Though ‘BuOOH is a strikingly different oxidizing agent than Ru™, we thought
it might be interesting to test some acids and bases in our system. Bases were of particular
interest because they inhibit free radical oxidations [43]. Therefore, the influence of additives
shown in table 2 on the kinetics of oxidation of 1 by ‘BuOOH was studied.

Hydrogen donors, viz. ‘BuOH and MeCOOH, did not affect the kinetics of formation of
2 at all when used at concentrations in excess of both 1 and ‘BuOOH. The effect of nitrogen
bases was diverse. Most of them (see table 2) stopped the reaction completely and the
formation of 2 was not observed. The more sterically congested dabco caused significant
rate retardation. Rather unexpectedly, sterically restricted amine tmpp appeared to be a quite
remarkable catalyst (figure 6(A)). Higher loadings of tmpp increase the speed of formation
of 2, though the steady-state rate starts to level-off at [tmpp] > 1.0 x 107> M. The inset to
figure 6(A) compares the kinetics of formation of 2 in the absence and in the presence of

1.8e-7 1.2e-6
(A) (B)
1.5e-7 - } Maximal % 1.0e-6 - Maximal
1.2e-7 | 8.0e-7
|w 'm
= - =
Z 9.0e-8! é (‘ﬁ Initial — 6.0e-7
2 o) 2
© ©
x 14
6.0e-8 | 4.0e7
Initial
3.0e-8 - 2.0e-7 - Y
0.0 L J 0.0
0 2e-5 4e-5 6e-5 0.000 0.005 0.010 0.015 0.020
11/™M ['BUOOH] / M

Figure 5. Initial and maximal rates of the reaction between 1 and ‘BuOOH as functions of concentrations of 1 (A)
and ’BquOH (B). Other conditions: MeCN with 0.2% H,0, —40 °C; (A): ['BuOOH] 5.0 x 107> M; (B): [1]
1.0 x 107" M.
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Table 2. Influence of effectors on the oxidation of 1 by ‘BuOOH in wet MeCN at —40 °C.

Effector Concentration, M Effect on 1 +BuOOH
1,8-Bis(dimethylamino)naphthalene (proton sponge) 0.010 No reaction
Potassium zert-butoxide® 73 %1072 No reaction
Sodium bis(trimethylsilyl)amide 25%x107° No reaction
Triethylamine 73x107° No reaction
1,4-Diazabicyclo[2.2.2]octane (dabco) (2.5-250) x 107* Strong retardation
2,2,6,6-Tetramethylpiperidine (tmpp) (1-100) x 107* Acceleration
tert-Butanol 0.025 No effect
Acetic acid 0.025 No effect
3Solubilized in the presence of 7.3 x 107> M 18-crown-6.

N /

N N N N H

_SiL SiT_ N
) .
Na* N
Proton sponge Sodium bis(trimethylsilyl)amide dabco tmpp

5x 107" M tmpp. Tmpp increases the initial and the maximal reaction rate by a factor of
40 and 10, respectively. Moreover, the reaction speed became unaffected by light (similar
rate at TbR in the range of 0.5-10 s) and remained practically unchanged during the entire
conversion of 1 into 2 implying that the reaction was zero order in 1. The zero-order
hypothesis did not agree with the observation that the slopes of the “zero order” traces
appeared to be proportional to the concentration of 1 (figure 6(B)). As in the absence of
tmpp, the reaction remained a first-order process in ‘BuOOH (figure 6(B)).

The diverse effect of bases (B) is presumably due to their diverse ability to bind to iron
(IIT) of 1. Amines bind to iron(Ill) of TAML activators even in water [44] causing minor
spectral changes in the UV—vis region. Complexes of the FeB and FeB, types are produced
blocking the axial sites of the iron polyhedron. The stability of the complexes depends on
the nature of the amine [44]. We assume that the blocking of the axial sites prohibits the
Fe'" to Fe'Y oxidation. When the amine nitrogen is sterically protected from binding to iron

[]/M
0.0000 00001 0.0002 00003 00004 00005 0.0006
f L ]
1206 | (A) . ss| (B)
_ 1.0e6 i
"0 § w
80Tl o With tmpp i 206 ]
= Without tmpp -
& 6.0e7 2
kil ]
4 ['4
4.0e-7 1e-6
: Time /s Y
2007} 200 400 600 .
00 - - 0 -
0.00 0.02 0.04 0.06 0.08 0.10 012 0000 0002 0004 0006 0008 0010 0012
[tmpp] / M [‘BUOOH] / M

Figure 6. Rates of formation of 2 as functions of [tmpp] (A), [1] and ['[BuOOH] (both B, arrows indicate to which
axis the plot refers). Inset to figure 6(A) shows kinetic curves for formation of 2 with (5.0 x 10™* M) and without
tmpp. Conditions: (A) [1] 1.0 x 107* M, ['BuOOH] 7.32 x 107> M, (inset: [tmpp] 5 x 10~* M); (B) (variable
‘BuOOH): [1] 1.0 x 10™* M, [tmpp] 1.0 x 10> M; B (variable 1) ['BuOOH] 6.7 x 107> M, [tmpp] 1.0 x 1072 M;
acetonitrile with 0.2% H,0, —40 °C.
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Scheme 1. Tentative mechanistic description of the free radical oxidation of 1 into 2 by ‘BuOOH in wet MeCN at
—40 °C.

(IIT) as in the case of tmpp, the mechanism of retardation suggested is turned off and tmpp
starts to accelerate the reaction by probably changing the activation mechanism through the
deprotonation of ‘BuOOH (scheme 1). In the absence of base, the reaction occurs as a free
radical, possibly branched, process where light-induced O,-dependent activation of
‘BuOOH may lead to ‘BuOO" and/or ‘BuO’ and "OH via step 3. The produced ‘BuOO- radi-
cal reacts in a fast step with Fe'" (step 4) to afford the alkylperoxide complex of Fe'v,
which undergoes homolytic scission to afford ‘BuO- and Fe¥oxo complex (step 5). The final
product 2 is produced through comproportionation (step 6). The intimate details of the
postulated initiation step 3 involving homolytic transformation/s of ‘BuOOH are not fully
understood. It is likely that the “active” amine (tmpp) eliminates the sensitivity to light by
deprotonating ‘BuOOH (step 1) and opening the channel for the formation of the
alkylperoxide complex of Fe" (step 2), which collapses to the same product as in step 5
through the heterolysis of the O—O bond. Although amines B other than tmpp may also
deprotonate ‘BuOOH (step 1), the binding of ‘BuOO" to iron(Ill) is precluded due to the
generation of unreactive FeB and FeB, species with the blocked axial sites.

Steps 7 and 8, which are typical of free radical transformations [45], account for the
formation of organic products, namely ‘BuOH, acetone and methanol. Minor quantities of
MeOH are likely produced via the recombination of methyl and hydroxo radicals (the latter
are presumably generated through step 3). We are completely aware of the fact that the true
mechanism of the reaction studied may contain additional important steps.

4. Conclusion

This study shows that the oxidation of iron(IIl) of TAMLSs by different oxidizing agents in
wet MeCN at —40 °C does not necessarily lead to iron(V) derivatives. More commonly the
iron(IV) species are produced. Thus, one should be careful in terms of postulating the Fe'¥
or Fe¥ intermediates in TAML-catalyzed oxidative transformations because the highest
oxidation state achieved depends crucially on the nature of oxidants used. It is more natural
to anticipate the formation of FeYoxo species when m-chloroperoxybenzoic acid or
hypochlorite is used. Hydrogen peroxide and common organic peroxides do not allow 1 to
reach the oxidation state V, and diiron(IV)-p-oxo dimers are the more anticipated products.
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The nature of peroxide plays a crucial role in determining the reaction mechanism in the
organic medium. The unusual kinetics presented here is an evidence for a free radical
homolytic mechanism of formation of iron(IV) from fert-butylhydroperoxide in MeCN at
—40 °C, though ‘BuOOH has a tendency to react via a heterolytic mechanism in water
under ambient conditions [22]. Interestingly, no unusual kinetics was observed with other
peroxides including H,O,. This mechanistic difference allows to rationalize two reactivity
trends observed in MeCN at —40 °C (‘BuOOH > benzoyl peroxide > H,0,) versus that
observed in water at 25 °C (benzoyl peroxide > H,0, > ‘BuOOH) [26] — free radical and
heterolytic mechanisms are realized for ‘BuOOH in the organic solvent and in water, respec-
tively.
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