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Abstract-Several iron complexes [Fe''(PA); (PA = picolinate), Fell(bpy),*, Fell(OPPh3)42*, Fel(MeCN), %+, (ClgTPP)Fell(py),
(CI4TPP = tetrakis(2,6-dichlorophenyl)porphyrin), and Fe''Cl3] in combination with ROOH (R'=H, 1-Bu) catalytically activate O,
to oxygenate hydrocarbons {e.g., c-CgH1;—3¢c-CgH o(O) [9 O, turnovers per Fell(PA), or Fell(bpy),2*, and 13 per (ClgTPP)-
Fell(py),1; PhCH,CH3—PhC(O)CH; (up to 25 O, turnovers per FellL.); c-CgHyg—c-CgHg(O) (up to 9 O, turnovers per FelL,);
PhCH(Me),—PhC(O)Me, Ph(Me),COH, and Ph(Me)C=CHj (up to 5 O, turnovers per FellL,); and cis-PhCH=CHPh—2PhCH(O) (up
to 2 O, turnovers per FeL,)}. With large R'OOH/FeL, ratios spontaneous decomposition occurs to give free O, that is incorporated
into the substrates. The product profiles for the various FelL /R'OOH, O,/RH systems and their electrochemical characterization
during steady-state turnover confirm that the first-formed intermediate is a one-to-one R'OOH/FelIL, adduct {e.g., [(PA), FellOOR' +
pyH*] (1)} (Fenton reagent), which reacts with (a) excess Fe“(PA)2 to give (PA);_FemOR', (b) excess c-CgHy; to give (c-CgHy1)py
{kinetic isotope effect, [KIE] = ke-cgn,/kc-cgp,, 4.6 with -BuOOH and 1.7 with HOOH}, (c) excess R'OOH to give
[(PA),FelY(OH)(OOR")] (3), then [(PA),Fel(O,)] (7) and O,, and (d) O, to form an adduct, [(PA), Fel[(O,OOR") + pyH*] (5), that
reacts with c-CgH;, to form c-CgH;((0), [K] = 8.2 (--BuOOH) and 2.1 (HOOH). When PhCH,CHj or c-C4H; are the substrates
(RH), § reacts to form [(PA)ZFeW(OH)(OOR)] (6), which in turn reacts with RH and O, in a catalytic cycle to give PhC(O)Me or c-
CgHg(O) [up to 7 O, turnovers per iron with Fell(OPPh3)42*]. Species 7 reacts with cis-PhCH=CHPh to give PhCH(O).

In a recent report! we discussed the activation of excess  subsequent reactions have been based on the primar¥
HOOH and +-BuOOH by iron(II) and cobalt(II) complexes  chemistry of HO- (usually generated via pulse radiolysis),

for selective reaction with the methylenic-carbon centers of ~ which reacts with iron(II) (k, 3 x 108 M-1s-1) and
hydrocarbons (RH) to yield ROOR'(H or t-Bu) (40-80%  hydrocarbons [CHy (k, 0.11 x 109 M-IsT), CHg (%, 1.8 x

efficiency). 109 M-1sly, c-CgH, (k, 4.4 x 109 M7Is1), and PhCH,CH;
(k, 7.5 x 10° M-1s71); 859% aryl addition and 15% H-

) ML, , . abstraction]. The resultant carbon radicals (R-) (a) dimerize

c-CgHyz + 2 ROOH cCeHOOR'+ HO+ROH (1) 5 R, (b) react with a second HO- to form ROH, and (c) in

the air, couple with O5 to form ROQ-. The resultant ROO-

On the basis of the product profiles and relative reactivities  radicals are unreactive with saturated hydrocarbons and
e e m;;r te:cu E;Oim:rsmedia ‘t:e fo‘; the provcle st:s, couple to give an unstable intermediate [R40000R] that
{L,FelY(OH)[OOR']} (3), was formed from a one-to-one  homolytically dissociates to ROOR and Oo.
FellL ,/HOOR' precursor adduct [L,FellOOR' + BH*] (1) - ) o )
that reacts as a Fenton reagent. However, three results have The Fe''(PA), complex in combination with HOOH in 2:1
prompted further study and a reconsideration: (a) the kinetic ~ PY/HOAc is an effective Fenton reagent for organic
isotope effects [K] for c-CgHyp/c-CgDp, with 5 mM  substrates,? and has reactivities and product profiles that are
Fell(P A), (PA, picolinate)/100 mM HOOR' are 2.5 closely similar to those for traditional aqueous Fenton
(HOOH) and 8.4 (1-BuOOH), which is an unreasonably reagents.8 The primary step is nucleophilic addition, e.g.,
large difference for 3I Ias the primary reactant; (b) in the
absence of O the Fel’(PA),/t-BuOOH system yields as Rl k 2x10° Ml 5

{P. + - [(PA), Fe ' OOH + m
much ¢-CgH0(0) as c-CgH 100Bu-1;! and (¢) in the A2+ HOOH (py»hHOAc N i
absence of substrate the various FellL, complexes catalyze oCHiz 2
the disproportionation of HOOH (rapid) and -BuOOH

slow) to O, and R'OH.
(slow) to Oy (-CeHypy + F'(PA), + 2 H,0
K, 17

Most25 regard Fenton chemistry as synonymous with the .
in situ production of free HO- from the one-to-one  This Fenton reagent has reactivity ratios (ka/kp) [in
combination of iron(I[) and HOOH. With this assumption,  comparison with free HO-}7 with ¢-CgHyp/c-C¢D 12 (KIE,

125



126 C.KANG etal.

kinetic isotope effect) of 1.7 [versus 1.0}, with 1°/2°/3°
carbon centers (per C-H, normalized) of 0.07/0.44/1.0
[versus 0.41/0.50/1.0], and with ¢-CgH 2/PhCH,CHj3 of
2.0 [versus 0.6]. Although free HO- reacts with CHy,
Fenton reagents are unreactive .58 When PhCH,CHj is the
substrate, HO- reacts primarily by aryl addition (85%
HOPh-CH,CH3),” but Fenton reagents react exclusively
with the alkyl side chain.! A recent study® provides clear
kinetic evidence that free HO- is not the dominant reactant
from 1:1 combinations of iron(Il) complexes and HOOH,
but rather the nucleophilic adduct (1, "bound HO-") reacts
dircctly with substrates. All of this is compelling evidence
(a) that Fenton reagents do not produce (i) free HO-, (i)
free carbon radicals, or (iii) aryl adducts (HO-Ar-); and (b)
that nucleophilic adducts (1) are the primary reactant.

Another recent report!® proposed that a FelllCl3/HOOH
system initially forms [FeY=0], which reacts with ¢-
CsH 2 (RH) to give [FeV(OH)(R)]. In the presence of 180,
this system yields c-CgHo(80) and ¢-CgH,130H. A
similar incorporation of O3 into PhCH,CH3 is induced by
a 1:1 combination of Cul(bpy),* and -BuOOH

1 -
PhCH,CHy + Oy Subpyly”, 1-BuOOH | prevoicH; + H:0 (3)
3 2

with up to 2.4 O, turnovers per copper.!1

A preliminary experiment with Fell(PA), (5 mM)/-
BuOOH (53 mM)/¢-CgHy in a (py);HOACc solution matrix
under argon gave {(c-CgHyy)py (4 mM, 80% reaction
efficiency) as the only detectable product. However, in the
presence of O3 (1 atm, 3.4 mM) the sole product was ¢-
CgH10(0) (4 mM).

These considerations have prompted a systematic
investigation of six iron complexes {Fell(PA),,
Fell(bpy),2*, Fell(OPPh3)42*, Fell(McCN)42+, (ClgTPP)-
Fell [CIgTPP, tetrakis(2,6-dichlorophenyl)porphyrin], and
FellICl3} in combination with -BuOOH and HOOH to
activate O for the oxygenation of hydrocarbons {c-CgH)z
PhCH,CH3s, PRCH(Me),, ¢-CgHjo, and cis-PhCH=CHPh].
In all cases substrate conversions are increased in the
presence of O, which is incorporated in the products.

Experimental Section
Equipment

The reaction products were separated and identified with a
Hewlett-Packard 5880A Scries gas chromatograph equipped
with an HP-1 capillary column (cross-linked methyl-
silicone-gum phase, 12 m x 0.2 mm i.d.) and by gas
chromatography-mass spectrometry (Hewlett-Packard
S790A Series gas chromatograph with a mass-selective
detector). A Vacuum Atmosphercs glovebox was used for

the storage, preparation, and addition of air-sensitive and
water-sensitive reagents.

A three-electrode potentiostat (Bioanalytical Systems
Model CV-27) with a Houston Instruments Model 200 XY
recorder was used to record the voltammograms. The
experiments were conducted in a 15-mlL electrochemical
cell with provision to control the presence of dioxygen
with an argon-purge system. The working electrode was a
Bioanalytical Systems glassy-carbon inlay (area, 0.09
cm?), the auxiliary electrode a platinum wire, and the
reference electrode a Ag/AgCl wire in an aqucous
tetramethylammonium chloride solution that was adjusted
to give a potential of 0.00 V vs SCE. The latter was
contained in a Pyrex tube with a cracked soft-glass tip,
which was placed inside a luggin capillary.12

Chemicals and reagents

The reagents for the investigations and syntheses were the
highest purity commercially available and were used
without further purification. Burdick and Jackson "distilled
in glass” grade acctonitrile (MeCN, 0.002% H,0), pyridine
(py, 0.007% 11,0), and glacial acetic acid (HOAc, ACS
grade, Fisher) were used as solvents. High-purity argon gas
was used to deaerate the solutions. All compounds were
dricd in vacuo over CaSOy for 24 h prior to use. Ferric
chioride (anhydrous, 98%), picolinic acid (PAH, 99%),
piperidine (pip, 99%), imidazole (imid, 99%), 2,2'-
bipyridine (bpy, 99+%), and triphenylphosphine oxide
(OPPhs, 98%) werc obtained from Aldrich. Ferrous
perchlorate (99+%) was obtaincd from GFS, hydrogen
peroxide {50%, in H,0) and perchloric acid (HCIQy4, 70%)
from Fisher, and r-BuOOH (5.5 M, in 2,2,4-trimethy!-
pentane) from Aldrich. The organic substrates included:
cyclohexane (Aldrich, anhydrous, 994+%), cyclohexane-dy;
(Aldrich, 99.5 atom % D), cthyl benzene (Kodak, 99.8%),
cyclohexene (Fisher, 99%). cis-stilbene (Aldrich, 97%),
and cumenc (Aldrich, 99%).

Synthesis of (MeyN)PA

Tetramethylammonium picolinate [(Me4N)PA], which was
prepared by the ncutralization of picolinic acid (PAH) with
tetramethylammonium hydroxide pentahydrate in
acetonitrile solution, was recrystallized from 95%
MeCN/5% MeOH. The hydroscopic product was stored
under vacuum.

[Fell(MeCN)4J(ClOy);

The [Fell(MeCN)4](C104); complex was prepared by
multiple recrystallizations of [Fell(H,0)](C104), from
MeCN.

Iron(1l) bis(picolinate)

Solutions of Fe!l(PA), were prepared in situ by mixing
[Fel(MeCN)41(C104); with a stoichiometric ratio of
Me4gN)PA,
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Iron(1I) bis(2,2"-bipyridine)

The Fell(bpy),2* complex was prepared in situ by mixing
[Fel(MeCN)41(Cl0O4); in MeCN with a stoichiometric
ratio of bipyridine.

Iron(II) tetrakis-(triphenylphosphine oxide)

The Fell(OPPh3)42*complex was prepared in situ by
mixing [Fell(MeCN)4](C104); in MeCN with a
stoichiometric ratio of the Ph3PO ligand.
Tetrakis(2,6-dichlorophenyl)porphyrinato iron(1I)
complexes [(ClgTPP)Fe“L;]

The free porphyrin {ClgTPPH;], which was prepared by a
modified })rocedure,l3 was used to synthesize
(CIgTPP)FellIC1!4 and (CIgTPP)Fel'lOH.5 The (CIgTPP)-
Fell(py),, (ClgTPP)Fell(imid),, and (ClgTPP)Fe!l(pip),
complexes were prepared by mixing (ClgTPP)FelllCl and a
100-fold excess of the appropriate base in MeCN under an
inert atmosphere, followed by the addition of NaBH,4. The
precipitate was then filtered and washed with MeCN and
diethyl ether, and dried under vacuum.

Methods

The investigations of HOOH and -BuOOH activation by
the iron complexes (1-10 mM) used solutions that
contained 1.0 M substrate in 5 mL of MeCN, (MeCN)4py,
or (py)2HOACc (mol-ratios). Hydrogen peroxide (50%) or ¢-
BuOOH (5.5 M) was injected to give 5-100 mM
HOOH(Bu-¢). After 18 h with constant stirring at room
temperature (24+2°C) under Ar or O (0.2 or 1 atm),
samples of the reaction solutions were injected into a
capillary-column gas chromatograph for analysis. In some
cases the reaction was quenched with water, and the product
solution was extracted with diethyl ether. Product species
were characterized by GC-MS. Reference samples were
used to confirm product identifications and to produce
standard curves for quantitative assays of the product
species.

The kinetic isotope effect [KIE] was determined with a 1:1
cyclohexane/cyclohexane-d;; mixture (0.5 M/0.5 M) as the
substrate; the ky/kp values were calculated from the
product ratios of ¢-CgH(O0)/c-CeD10(0), c-CgH;1OOBu-
tic-C¢D1;00Bu-t, (c-CgHy1)py/(c-CeD11)py, and c-
CeH11OH/ ¢-CgD11OH. The experiments were designed to
be limited by HOOH and r-BuOOH in order to (a) evaluate
reaction efficiency with respect to oxidant and (b) minimize
secondary reactions with the primary products.

Results

The reaction efficiencies and product profiles for the
activation of hydrogen peroxide (HOOH) or ¢-
butylhydroperoxide (¢-BuOOH) by the (bis-picolin-
ato)iron(II) complex [Fell(PA),] for reaction with
cyclohexane (c-CgH7) and ethylbenzene (PhCH;Me) in a

pyridine/acetic acid matrix are summarized in Table 1. The
mol-ratio of hydroperoxide to metal catalyst ranges from a
one-to-one combination to a ratio of 20-to-1. The results
are presented for each combination in the absence of
molecular oxygen (O;) as well as in its presence. In the
case of HOOH the presence of O, has a limited effect on
the efficiency of the process, but with ¢-CgHy; in the
absence of O, the only detectable product is (c-CgH)py.
In contrast, with 1 atm O, present the sole product is c-
CeH 10(0). For a one-to-one combination of Fell(PA),/t-
BuOOH with c-CgHy; (1 M) in the absence of O, the sole
product again is (c-CgHj{)py (1.5 times larger yield than
with HOOH). However, with O, present the same shift
from the pyridine derivative to ¢-CgH(O) as the only
detected product occurs, but the reaction efficiency is
almost doubled.

With a 20-to-1 HOOH/Fell(PA), ratio the reaction
efficiency for PhCH,;Me is essentially the same with or
without O, present. However, with 20-to-1 t-BuOQH/-
FeH(PA)z the dominant product in the absence of O; is
Ph(Me)CHOOBu-f (27 mM), and in the presence of O, is
PhC(O)Me (126 mM) and less than 1 mM
Ph(Me)CHOOBu-t.

The results of Table 1 include a listing of reaction
efficiency, which is calculated on the basis that the
production of one ketone and/or ROOBu-¢ derivative
requires two HOOH or -BuOOH molecules. In addition
one HOOH or (-BuOOH is assumed to be required per
(R)py, ROH, or R; derivative of the substrate (RH).

Table 1 also includes the kinetic-isotope-effects [KIE] for
¢-CgH/c-CgDy3 in relation to the various products from
this substrate. Thus, the {KIE] value for production of (c-
CeHj1)py is 1.7 with HOOH versus 4.6 with -BuOOH.
Similarly the production of ketone has a (KIE] value of 2.5
with HOOH versus 7.6 with t-BuOOH (these values shift
to 2.1 and 8.2 in the presence of O,). In the absence of O,
t-BuOOH also produces ¢-CgH;;0O0Bu-t, which has a
[KIE] value of 8.4.

Another measure of the influence of C-H bond energies on
reaction probabilities is the product ratio per methrlenic
carbon (CHj;) for PhCHyMe (AHppgE, 85 kcal mol™') and
¢-CéHj2 [(AHpBE, 95.5 keal mol !);!6 (R} = kpncwyme/
(kc.cgH,5/6)). Thus, for the production of the ¢-CgHy,0-
OBu-! via t-BuOOH the [KIE] value is 8.4 and the {R}
value is 23.

Table 2 summarizes the product profiles for a group of iron
complexes under two sets of reaction conditions. The
Section A results are for the combination of S mM FeL,
and 5 mM ¢-BuOOH with 1 M ¢-CgH,,, and with 1 M
PhCH,Me. For each substrate the product profiles are
listed in the absence as well as in the presence of O,.
Section B makes a similar comparison with a 5 mM
FeL,/100 mM ¢-BuOOH combination. In every case, the
presence of O enhances the overall reaction efficiency and
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Table 2. FeL /t-BuOOH-Induced auto-oxygenation of c-CgH,, (1 M) and PhCH,CH; (1 M)

cCeliz products (mM, 3%  PhCH.CH;

FeL,/solvent cooznc cfmf:cy,' oCeHylO) ROOBu  ROH cfmfncq,’ PhC(OMe ROOBu ROH

(mM) % % (R}¢ {R}e (R}¢
A. S mM Fel/$ mM t-BuOOH
Fel(PA ),/ (py);HOAC 0 80 0 0 4 400 9 0 2 3
Fell(PA)/(py,HOAc 3.4 160 4.0 0 ] 640 16 (24} 0 0
Fell(bpy)y2+/MeCN 0 ° 0 0 0 204 30 0 4
Fell(bpy)2+/MeCN 81 172 43 0 o 2 85 (12 (] 4
Felpy)2*/(MeCNYpy 0 108 27 0 0 376 9.4 (21) 0 0
Fellbpy)2*/(MeCNYpy 7 160 40 0 (] 560 14 (21 0 0
Fell{OPPhy), 3+ /MeCN 0 0 0 (] 0 652 12 1 6
Fell{OPPhy),2*/MeCN 81 124 31 0 0 928 20 (38} 0 7
Fell(MeCN)2*/MeCN 0 50 0 03 19 270 42 16 (32 19 @
Fell(MeCN)(2+/MeCN 81 u 03 0 0.1 s12 1 0 28
FelllCl3/MeCN 0 % 16 ] 1.¢/ 402 46 0 66,43 (41}
FelICly/MeCN 81 % pX | 0 0 1168 B (58 O 12
B. S mM/100 mM BuOOH
Fe(PA)/(py HOAC 0 ss u vé 194 67 6 33 Z 1
Fell(PA),/(py);HOAc 34 ™ 46 1 o 253 126 {16} 05 0
Fell(bpy)s2*/MeCN 0 32 71 S4 7.1 74 12 (10 20 (23 94 7.9}
Felbpy)y2*/MaCN 81 6 2 07 14 47 &2 (17 11 ] {8.6)
Fellbpy)2*/(MeCN)py 0 4 74 1 14,44 83 13 10 2 (s 3.0 {33}
Fellbpy)2*/(MeCNypy 7 109 51 06 70 216 108 (131 0 (]
Fel{OPPhy)42+/MeCN 0 30 54 87 77 72 S 7N 7 28 46 {3.6}
Fell{OPPhy)2*/MaCN 81 39 1 0 13 2s 9% (45 10 ..} (13}
Fell(OPPhy)2*/ (MeCN)epy 0 46 82 1 16,594 48 57 42 19 N0 0
Fel{OPPhy)2+/ MeCN)py 7 7 k 4 0 56 =2 110 (18 05 (]
Fell(MeCN)2+/MeCN 0 n 45 26 74 5 12 (16 1 (33 59 {48)
Fell(MeCN)2+/MeCN 8.1 n 9.8 04 13 116 50 (32 07 10y 14 7.6}
(ClTPP)Fell(py)y/MeCNE 0 28 85 39 73 o 68 (481 2 (4 1
(QUgTPP)Fell(py);/MeCNS 8.1 32 13 ] 6.4 112 S5 (25 04 1
FellCl3/MeCN (] 2 43 19 76,59 73 10 (14 15 Wn 13,92 (10
FelllCl3/MeCN 81 4 18 a6 13 209 8 (34 13 37 (1
FellICl3 / (MeCN)4py 0 6 19 57 25,114 »n 10 B33 U 2% 33,96 (56}
FelllCl3/(MeCN)py 7 94 “ 05 52 302 151 211 0 0

*The product solutions were analyzed by capillary column gas chromatography and GC-MS after a reaction time of 18 h at 24+2°C.
bReaction efficiency 100% represents one ketone or ROOBu-¢ per two t-BuOOH molecules and/or one Rpy or ROH per t-BuOOH.
C{R)=[kPhCl-12CH3/kc-C6H|2/6)]~

dc—C6H1 \PY product, mM.

°R-R dimer, mM.

fR-Cl product, mM.

8] mM; ClgTPP = tetrakis(2,6-dichlorophenyl)porphyrin.
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shifts the product profiles from ROOBu-¢t and R(py)
derivatives to ketone production. Of all the catalysts, the
Fell(bpy);2* complex is the most efficient for the
ketonization of ¢-CgH; (172%, product per two -
BuOOH), and FellICl; is the most efficient for the
ketonization of PhCH2Me (1168%; 4.6 PhC(O)Me per
FellICl3/t-BuOOH). The Fell(OPPh3)42* complex is
almost as efficient with 4.0 PhC(O)Me per catalyst. The
various FeL, (10 mM)/-BuOOH (20 mM) systems have
been evaluated in terms of their efficiencies and product
profiles for four hydrocarbon substrates (c-CgHjs,
PhCHsMe, ¢-CgH g, and cis-PhCH=CHPh); the results are
summarized in Table 3.

Four of the catalysts have been further evaluated in terms
of their efficiency and selectivity for the auto-oxygenation
of cumene [PhCH(Me);]. The reaction efficiencies and
product profiles are summarized in Table 4. The presence
of O, enhances the reaction efficiency by a factor of 12 in
the case of the Fell(PA),. However, the ratio of ketone to
alcohol with this catalyst is 0.65 whereas in the case of
FellICl; the ratio is 8.6. The Fell(OPPh3)42* complex is
particularly impressive in its ability to activate the ¢-
BuOOH/O, combination for reaction with PhCH(Me),.
Thus, with O, the yield of ketone is enhanced by a factor
of 33, the yield of alcohol is enhanced by a factor of 7, and
the production of Ph(Me)C=CHj3 is increased by a factor of
2.6.

0> Activation

The striking feature of the results in Tables 1-4 is the
impact of O; on the reaction efficiencies and product
profiles for the Fel ,/HOOH(Bu-?) systems. With 9 mM
Fell(PA),/9 mM HOOH and 1 M ¢-CgH; under argon the
sole product is 4 mM (c-CgHjy)py, but under O, (1 atm,
3.4 mM) is 2 mM ¢-CgHo(O). When -BuOOH is used in
place of HOOH under argon, the sole product is also 6 mM
(c-CgHyy)py [67% reaction efficiency (product per f-
BuOOH)], but under O, the sole product is 5 mM ¢-
CeH10(0) [111% reaction efficiency (product per two [-
BuOOH); [KIE] value 7.3]. With 1 M PhCH,CH3 the
reaction efficiency under argon (167%) increases to 444%
under O3, with PhC(O)Me the only product. In the absence
of O3 the latter system produces R-R dimer rather than R—
py (from ¢-CgHyy); the relative reactivity per CHj group of
PhCH,Me versus ¢-CgHyz, {R]}, is 6. In the presence of
O3 the {R} value is 24 for the production of ketonc (with
HOOH/O; the {R} value is 12). All of the complexes
exhibit enhanced efficiency and selectivity to produce
ketone via Oy activation, especially for CH; groups with
weak C-H bonds [e.g., PhCH,Me (AHpgE, 85 kcal mol™)
and ¢-CgH 1o (87 kcal mol 1)].16

Characterization of the reactive intermediates for the
Fe'l(PA),A-BuOOH system

Figure 1 illustrates the cyclic voltammograms in
(py)2HOAC for Fell(PA), in combination with an equal

molar quantity of -BuOQOH. For such conditions the
catalyst is almost immediately converted to the iron(IIl)
valence state. In contrast when O; is present the
electrochemistry indicates that neither Fell(PA); or its
oxidized form is present (curve C, Figure 1). Two minutes
after mixing the initial reduction peak (-0.1 V vs SCE) is
an irreversible two-electron-per-iron process, and there is
no oxidation peak for an initial positive voltage scan.

T T T T
(a) 9 mM Fe“(PA)z + 9 mM t-BUOOH (——)
9 mM Fe"(r:’m2 (===

(6) 9 mM Fe"(PA), + 1 M c-CyH,, + 9 mM +-BUOOH

() 9 mM Fe'(PA), + 1 M c-CgH,, + O,
+ 9 mM +BuOOH

2 min

“+

1 1 I} |
+10 0.0 -0.5

E. V vs SCE

Figure 1. Cyclic voltammograms in (py),HOA«c [0.1 M (E,N)C1O,}for
(a) 9 mM Fe"(PA), and a combination of 9 mM Fe"(PA)2 and 9 mM -
BuOOH; (b) the combination of 9 mM Fe"(PA)z, 9 mM -BuOOH, and |
M ¢-C4H,,; and (c) the combination of solution (b) in the presence of
0, (1 atm, 3.4 mM) (2 min after mixing). Scan rate, 0.1 V s!, GCE
(0.09 cm?); SCE vs NHE, +0.242 V

Figure 2 summarizes the product profiles and reduction
current that result from the combination of 9 mM
Fell(PA),/9 mM (-BuOOH with 1 M ¢-CgHy;. In the
absence of O, the sole product is (c-CgHy;)py and the
reaction is complete within the first few minutes. In
contrast, when an atmosphere of O, is present the
dominant product is ¢-CgHo(O), which continues to be
produced for at least 1500 min. For the latter system, the
initial reductive peak current (curve C, Figure 1) is about
120 pA (Figure 2). As the catalytic rate of ketonization
slows this current decays from an initial two-electron-per-
iron process to a one-electron-per-iron reduction (60 pA).
Thus, as the iron catalyst becomes converted to its iron(1II)
form, it ceases to be effective.
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Figore 2. Product profiles and voltammetric reduction currents as
function of reaction time for the combination of 9 mM Fe"(PA)z, 9 mM
+-BuOOH, and 1 M ¢-CgH), in (py);HOAc. (A) Under an argon
atmosphere: (—o—o0-), concentration of (c-C¢H;)py products. (B)
Under an O, atmosphere (3.4 mM): (-O-0-), concentration of c-
C¢Ho(O) product; and (—¢-@-), peak reduction current (-0.1 V vs
S&S, %igure Ic)

The cyclic voltammograms of Figure 3 indicate that with a
16-fold excess of t-BuOOH relative to Fel(PA), the initial
reduction peak is dramatically different from that for a one-
to-one combination. In the absence of substrate the current
corresponds to approximately five electrons per iron and
has a shape commensurate with an electrocatalytic wave
with a large excess of a reducible intermediate. When 1 M
c-CgHj; is present a similar wave is exhibited, but it is
only about one half the height (curve b). If the latter
system is supplied with excess O, the wave is even larger
with a current that is indicative of a 10-electron-per-iron
catalytic cycle (curve c).

Ll T T T T
() 3 mM Fo'(PA), + 50 mM t-BUOCH

50 »A

-
() 3 mM Fel(PA), + 1 M c-CyHyp + 50 MM t-BUOOH

1 mn

+

q
(€} 3 mM Fe'(PAY, + 1 M c-CeH,, + Oy
+ 50 mM 1-BuOOH

+

Il | 1 1 1
+«10 [ X4 ERE ]

E V va SCE

Figure 3. Cyclic voltammograms in (py),HOAc [0.1 M (Et,N)C10,]
for (a) a combination of 3 mM Fel'(PA), and 50 mM +-BuOOH (one
minute after mixing), (b) a combination of 3 mM FeH(PA)z, 50 mM r-
BuOOH, and 1| M c—C6H‘2 (one minute after mixing), and (c) the
combination of solution (b) in the presence of O, (1 atm, 3.4 mM) (one
minute after mixing). Scan rate, 0.1 V 57!, GCE (0.09 cm?); SCE vs
NHE, +0.242 V

Additional perspective of these catalyst systems is gained
from the electrochemical characterization of the
Fell(OPPh3)42*/t-BuOOH system, which is illustrated in
Figure 4. The reduced complex is oxidized and re-reduced at
approximately +1 V vs SCE in a process that has currents
that are consistent with a one-electron process. In the
presence of an equal molar quantity of :-BuOOH the initial
oxidation peak decreases with time and has a current
intensity approximately one-half of the initial value within
eight minutes after mixing. However, the initial
irreversible reduction peak (within 1 min of mixing) occurs
at -0.2 V vs SCE and has a peak-current that is consistent
with a two electron-per-iron process [probably due to the
reduction of the 1-BuOOH adduct of Fe!l(OPPh3)42*]. The
latter system also gives some evidence that there is a slow
decomposition of the ¢-BuOOH to yield some O
(reduction peak at -0.3 V). This is particularly noticeable
for curve ¢ of Figure 4, which indicates that within an
eight-minute time period the combination of
Fell(OPPh3),42+, t-BuOOH, and O, yields a system in
which neither valence state of the free complex is present
to a major extent. In fact, most of it is associated with
dioxygen to give a major reduction peak at -0.2 V. When 1
M c-CgH |, is present the electrochemistry is not
significantly altered other than the complete elimination of
any anodic current for the system within four minutes of
mixing. In the absence of 1-BuOOH there is no detectable
interaction between Fell(OPPh3)42* and O,, and there is no
observable reaction with c-CgH; in its absence.

R 1 T 1 U
@ § mM Fe"OPPH)2"
4
0 uA
J =

) 5 mM Fe'(aPPN, 2+ 5 mM 1.8u00H

{©) 5 mM Fo'(OPPhHZ*+ O, + 5 mM 1-BUOOH

E, V v8 SCE

Figure 4, Cyclic voltammograms in MeCN [0.1 M (Et,N)C10,] for (a)
S mM Fe''(OPPh3)42*, (b) 8 combination of S mM Fe!!(OPPh,),%* and S
mM ¢-BuOOH (eight minutes after mixing), (c) the combination of
solution (b) in the presence of O, (1 atm, 8.1 mM) (eight minutes after
mixing), and (d) the combination of solution (c) plus 1 M ¢-CgH,, (four
minutes after mixing). Scan rate, 0.1 V s!, GCE (0.09 cm?); SCE vs
NHE, +0.242 V
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The combination of Fell(OPPh3)42* with excess HOOH in
MeCN results in the rapid evolution of O and the
autoxidation of the iron complex to approximatcl?' equal
amounts of (Ph3P0)42*FelllOH and (Ph3PO)4**FellOOH
[Amax> 576 nm (¢ 1700 M-lem™)).”7 Combination of two
Felll(OPPhs)43+ molecules per HOOH in MeCN results in
their rapid reduction and the evolution of O, which also
occurs with a 2-to-1 combination of Fe!'ICl; and HOOH.

Discussion and Conclusions

Elementary reactions

The results of Tables 1-3 and Figure 1 confirm that the
primary chemistry for these systems is nucleophilic
addition by HOOH(Bu-f) to the iron complex,!-8:%.11.18
c.g.,

jud
Fell(PA); + HOOH(Bu-t) 5————" [(PA);FelOOH(Bu-t) + pyH*!  (4)
1

With one-to-one stoichiometry and in the absence of
substrate and O, the adduct (1) reacts with the iron(II)
complex via a Fenton process

2 (PA),FellOH(Bu-t) (3)

1+ Fell(PA),

With HOOH in a (py)2HOACc matrix the apparent second-
order rate constant, k, has a value of 2 x 103 M-1s-118

In the presence of 1 M ¢-CgH 7 species 1 [from the 1:1
combination of Fell(PA), and HOOH] reacts via a Fenton
process to give an intermediate (2) that produces 2-(c-

CeH11)py and 4-(c-Cglly)py

1+c-CeHy2 {(PA)FeM(OH){py(c-CeHy)l) — = Fell(PA); + (6)
b4

(c-CeHyylpy + HO

With 9 mM FeH(PA)z the process is 44% efficient and has
a kinetic-isotope-effect [KIE] with c-CgH/c-CgD 3 of 1.7
(Table 1).18 Via the use of PhSeSePh as a trapping agent
the process of eq. 6 becomes 100% efficient with 93% of
the product c-C¢Hj,SePh.2 When 9 mM 1-BuOOH is used
in place of HOOH the process is 67% efficient with a
[KIE] value of 4.6 (Table 1).13

The combination of a 20-fold excess of HOOH(Bu-t) with
Fell(PA), in the absence of substrate results in its catalytic
disproportionation (rapid in the case of HOOH and slow in
the case of +-BuOOH,; see Figure 3)

1 + HOOH(Bu-0) ((PA)Fe”Y (OHIOOHBu-)1}
3

HOH(Bu)

KPALFS O] —e~ rPAR+ 0, (T7)
HOH(Bu)

With 1 M ¢-CgH 1, present under an argon atmosphere the
5 mM Fell(PA),/100 mM HOOH system yields 27 mM c-
CgH10(0O) and 4 mM (c-CgH | 1)py (the respective [KIE]-
values are 2.5 and 1.7). However, almost half of the
HOOH is decomposed to O3 (eq. 7 and Table 1). When ¢-
BuOOH is used in place of HOOH the system yields 7
mM ¢-CgH;O0OBu-f ([KIE] = 8.4), 11 mM ¢-CgHo(O)
([KIE] = 7.6), and 19 mM (¢-CgH)py (IKIE] = 4.6).
Again, almost half the 1-BuOOH is decomposed to O3 via
eq. 7.

Although we have previously proposed that species 3 (eq.
7) reacts with ¢-CgH 2 to form ¢-CgH 1 OOH(Bu-1), the
present results make this an unrcasonable proposition.! If
species 3 were the reactive intermediate for the production
of c-CgH;1OOH(Bu-1) the respective [KIE] values for
HOOH and t-BuOOH should be closely similar (rather than
2.5 and 7.6). The present results [as well as those for the
Cul(bpy),* system]!! are more consistent with a path that
has species 2 (eq. 6) as the precursor intermediate, which
reacts with excess HOOH or :-BuOOH {the respective
[KIE] values for formation of ¢-Cgll;OOH(Bu-t) are about
1.5-times as large as those for formation of species 2}

2 + HOOH(Bu-t) {PAYFe™ (OOHBWI[pylc-CoHy)) ~——e

" 4 (8)
0 Fe(PA); + c-CeHy OOH(Bu-t)

A similar proposal of a nucleophilic-substitution (SN2)
reaction on an intermediate has been presented recently for
a Felll(NO1)3/HOOH(Bu-t)/c-CgH 1, c-Cgllj2 system
([KIE] value for HOOH, 2.2, and for -BuOOH, 8.0).19

Activation of dioxygen (O3)

The 9 mM Fell(PA),/9 mM -BuOOH system in the
absence of O, and substrate, reacts via a Fenton process
(eq. 5) to give (PA),FelllOH(Bu-f) (curve a, Figure 1).
However, the presence of 1 M ¢-CgH 2 causes it to
compete with Fell(PA), for reaction with species 1 (eq. 4)
to give species 2 (eq. 6). In the presence of O, (with or
without 1 M ¢-CgH ;) there is no evidence for free
Fe!l(PA); in the reaction matrix; but only a new two-
electron irreversible reduction wave (curve ¢, Figure 1).
With c-CgH, present the peak current decreases with the
time of reaction to about 50% of its initial value, which
correlates with the rate of production of ¢-CgH ¢(O)
(Figure 2). These observations are compelling cvidence
that species 1 (formed from -BuOOH) binds O; to form §

1+0, [(PA)y Felll(OOBu-t)(O,) + pyH*] 9)
s

which reacts with excess ¢-CgHj, to produce ¢-CgHy(0O)
(Table 1)
5+ CyHlyy ——y= [(PA):PEN(OOCJ{n)(OH)] SCHe

t-BuOH (10)

Fe''((PA); + ¢-CoHio(0) + c-CgHy OH + HO
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With pyridine-containing systems most of the alcohol
product (eq. 10) becomes a substrate to 5 and 6 to give
ketone (Tables 2 and 3). The dioxygen adduct (5) appears
to be the steady state primary reactive intermediate rather
than species 1 on the basis of (a) the enhanced [KIE] and
{R} values for ketone formation {8.7 vs 4.6 [for formation
of (c-CgH1)pyl and 16 vs 3 [for formation of (R)py, R-R,
or ROH], respectively; Table 1} and (b) the electrochemical
results of Figures 1 and 2. The latter indicate (a) that an
0,-adduct (5) is formed with or without substrate present,
(b) that product is produced at a rate that is proportional to
the concentration of 5, and (c) that the system ceases to be
reactive when 5 is transformed to (PA),FellOH(Bu-). The
electrochemical reduction of § yields HOOH,

5+2e + HOAc

(PA),;"FellOOBu-t + HOOH + AcO- + py
1 (11)

which reacts with 1 via eq. 7.

The production of 16 mM PhC(O)Me by the 5 mM
Fell(PA),/5 mM t-BuOOH/O,/1 M PhCH,CHj system
(Table 1) indicates that (a) most of the oxygen in the
product comes from O, and (b) the reaction is initiated by
species 5 (eq. 9) via eq. 10, but (c) the catalytic cycle is
carried by species 6 (three times as much product as initial
t-BuOOH)

{(PA),FelV{OOCHMe)PhIOH)) + PhCHyCH; + O ——6 + PRC(OMe + H;0 (12)
6

Cyclohexene (c-CgHjg) has similar reactivity with at least
2.5 O, turnovers per Fell(PA); via eq. 12 (Table 3).

The product profiles for camene [PhCH(Me),, Table 4] are
unique for each of the catalysts. With the Fell(PA),/t-
BuOOH system, the presence of O, enhances the reaction
efficiency by a factor of 12, and shifts the product profile
from Ph(Me)C=CH, as the dominant species to
Ph(Me)COH and PhC(O)Me. In the absence of O, species
1 produces Ph(Me)C=CH,

PhCH(Me), + 1 ——= Ph(Me)C=CHj + Fell(PA); + H,0 + t-BuOH (13)

However, with O, present species 5 is formed to react with
PhCH(Me), via eq. 10 to give 6, which can collapse to
give PhC(O)Me

{(PA),FelV(OH)[OOC(Me}Ph]} ———= PhC(O)Me + H,C(O) + Fell(PA), + H,O (14)
6

The product profile of Table 4 indicates that species 6
becomes a catalyst for the further oxygenation of
PhCH(Me), to give Ph(Me),COH as the dominant

product.

2 PRCH(Me); + 2 0; ——= PhC(OMe + PR(Me)COH + HyC(O) + Hy0 (153)

2 PhCH(Me), + Oy —>—= 2 Ph(Me),COH (15b)

In contrast, with Fe’l(OPPh3),2* the dominant products are
PhC(O)Me and Ph(Me)C=CH,, and with FellICl; equal
amounts of PhC(O)Me and Ph(Me)C=CH, are produced.

The dioxygenation of cis-PhCH=CHPh by the Fell(PA),/t-
BuOOH system (Table 3) is enhanced by a factor of five in
the presence of O,. Apparently species 5 (eq. 9) is a
reactive intermediate for such substrates and thereby
catalyzes the O,/substrate reaction

cis-PhCH=CHPh + O, ——#2 PRCH(O) (16)

With 20:1 HOOH(Bu-t)/Fell(PA), ratios, substantial
fractions of the HOOH(Bu-t) are decomposed to O; via
species 3 (eq. S) (rapidly for HOOH and slowly for -
BuOOH). This internally generated O; in turn combines
with 1 to form 5 (eq. 9), which accounts for the
production of ketone (rather than ROOBu-¢) in O,-free
systems of r-BuOOH.

The electrochemical results of Figure 3 confirm that excess
t-BuOOH with Fell(PA); undergoes a sustained
disproportionation to O, and formation of 5 [same
reduction peak as for 1:1 Fell(PA),/t-BuOOH in the
presence of O, Figure 1]. A similar set of observations
and rationalizations has been presented for the
incorporation of O, derived from t-BuOOH in a Fe(IIl)/t-

BuOOH/c-CgH;¢/(10:1 py/HOAC) system.!9
With cis-PhCH=CHPh as the substrate, the dominant

product is PACH(O) from a dioxygenation process (Table
3) that is facilitated via species 5 and species 7 (eq. 7)

{(PA)y Fell{OOH(BW)(O,) + pyH*} + cis-PhCH=CHPh ——= 1+ 2PhcHO (17)
[(PA},FelV(O,)] + cis-PhCH=CHPh —— 2 PhCH(O) + Fell(Pa),  (18)

For 5 mM Fell(MeCN)42+/100 mM HOOH/1 M cis-
PhCH=CHPh in MeCN under argon, 36 mM PhCH(O)
and O, are produced via the apparent in situ formation of a
dioxygenase intermediate (7a)!20

Fef'tMeCN)* + 2 HOOH o 1.,’(14,0),’?(1 ] G PhCH=CHPh, rncH)+  (19)
2L

LFeOH)y”
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Scheme IA outlines a set of reaction paths for the
Fell(PA),/HOOH(Bu-1)/0,/(c-CgH12, PhCH,CH3) system,
which follows from the preceding arguments and the
experimental results. The initial nucleophilic addition of
HOOH(Bu-?) to Fell(PA), yields the primary reactive
intermediate (1), which reacts with (a) excess Fcll(PA), via
path A to give L,FelllOH(Bu); (b) excess HOOH(Bu-f) via
path B and species 3 and 7 to give O; and HOH(Bu-#), (¢)
1 M ¢c-CgHy, via path C and species 2 to give (c-
CsHy1)py, (d) 1 M ¢-CgH;, and excess HOOBu-¢ via path
C and species 4 to give ¢c-CgH{;00Bu-¢, and (e) O, via
path D to give 5, which reacts with RH via 6 and paths E
(for PhCH,CH3), F (for c-CgH13), and G to give products.
Scheme IB outlines similar pathways for the
Fell(bpy),2+/HOOH(Bu) systcm in MeCN, which forms
species 1a to such a limited extent that the 1:1 system is
unreactive with c-CgHj in the absence of O, (Tables 2 and
3).

Other iron catalysts

All of the iron complexes of the present study undergo an
initial nucleophilic addition by HOOH(Bu-¢) to form an
analogue of species 1. For the FellL 2+ complexes in pure
MeCN this is a a cationic reactive intermediate
[L,*FelOOH(Bu-t) + H30*] (1a) that reacts with excess
HOOH(Bu) via path H (Scheme IB) to form 3a, 7a, and
3. In the presence of O, 1a forms Sa via path 1 which
reacts with ¢-CgH ;2 or PhCH2CH3 to form 6a. The latter
reacts with substrates in a manner that is anologous to 6
(Section A).

When pyridine is present in the solvent the primary
reactant is [L,*Fel!lOOH(Bu-1) + pyH*] (1b), which reacts
with al%ehatic substrates (RH) to produce (R)py via
[L2*FelV (pyR)(OH)] (2b).

In the case of FellICl; the initial event appears to be
reduction by HOOH(Bu-?) to give FellCl,

2 FelllCl; + HOOH —= 2 FellCl, + O, + 2 HC (20)

which in turn forms [Clz'Fe”OOH(Bu-t) + H30%] (1¢).
The latter reacts with ¢c-CgHj, and PhCH,CHj via
[C1;Fe!V(OH)(R)] (2¢) to produce approximately 50:50
mixtures of ROH and RCI (Tables 2 and 3).! With HOOH
and c-CgH1; the [KIE] value for 1c is 2.9,! and with 1-
BuOOH it is 4.3. The porphyrin catalyst, (ClgTPP)Fell,
reacts with -BuOOH to form [(ClgTPP) Fel!OOBu-1 +
H30+*] (1d), which reacts with ¢-C¢H 2 and PhCH,CH3
via [(ClgTPP)FeIV(OH)(R)] (2d) to produce ROH ([KIE] =
5.0).

With excess HOOH(Bu-tr) the primary reactive
intermediates (1, 1a, 1b, 1¢, and 1d) disproportionate
HOOH (rapidly) and -BuOOH (slowly) via path C and
species 3 and 7 (Scheme I). For the conditions of excess ?-

BuOOH and substrate (RH) the species 2, 2a, 2b, 2¢, and
2d form intermediate 4, which yields ROOBu-¢ (the [KIE]
values range from 5.4 to 10.5 and the {R} values range
from 11 to 47, Table 5). The reactivity parameters for
[Co'l(bpy),2*]! and [Cul(bpy),*]!! are similar and in
accord with the proposition that all of these complexes
activate HOOH(Bu-?) initially via a specics 1, which reacts
with hydrocarbon substrates (RH) via path C to form
species 2. In general the reactivity parameters ([KIE] and
{R}) have larger values for the path-C step than for the
path-D step of Scheme I, which is consistent with a
sequential process.

With excess O, most of the species 1 form adducts [1(O2)
= §] via path D that react with substrates (RH) to form
species 6, which, in the case of ¢-CgHy2, reacts initially
with excess ¢-CgH)2 via path F and finally with cxcess
FellL, via path G (Scheme I). Thus, the various species 1
(Fenton intermediates), via formation of 5, catalyze the
incorporation of O into the ketone and alcohol products
[e.g., Fell(OPPh3)42*/t-BuOOH, O,/c-Cgli;,, Tables 2 and
3].
. Fe'L,
2 c-CgHyp + 07" + t-BuOOH ———~ c-C¢H,o(0)" + c-CgHO'H + t-BuOH
+Hy0

(21)

Recent results!? for a Felll(NO3)3/t-BuOOH/180,/c-CgH1¢
system in acetonitrile establish that the O-atoms in the c-
CgH14(0) and c-CgH,5sOH products are from O,. This
appears to be the case here, and supports the stoichiometry
of eq. 21 [1:20 FellL,/t-BuOOH systems are 13-51%
efficient (ketone per r-BuOOH, Table 2B) with 2-13
turnovers per Felll,].

For substrates with weak C-H bonds in their CH, groups
(PhCH;Me and c-CgH ), species 6 becomes a catalyst via
path E (Scheme I) for the activation of O3,

6
—W PhC(O)XCH; + HyO (22)

PhCH,CHj + O,
When the reaction efficiency for such substrates is >200%
(ketone per two t-BuOOH, Tables 2 and 3) the reaction
cycle of path E (Scheme I and eq. 22) must occur
{turnovers per Felll., > (--BuOOH/Felll.,) [(% reaction
efficiency)-200]/200} . Hence, the 5 mM Fell(OPPh3)42+/5
mM -BuOOH/PhCH,CH; system has at least 3 Oy
turnovers via path E, which is similar to the 2.4 O,
turnovers per copper for the S mM Cul(bpy),*/10 mM ¢-
BuOOH/PhCH,CHj3 system.!! Likewise, the 10 mM
Fell(OPPh3)42+/20 mM ¢-BuOOH/c-Cglljg system has
almost 7 O, turnovers per iron catalyst via eq. 22.

Recent experiments?! confirm that thc combination of
Fell(DPAH), (DPAH; = 2,6-dicarboxyl-pyridine) and O, in
a pyridine/acetic acid solution results in rapid autoxidation
to produce HOOH and Fell'(DPA)(DPAH) k;, 1.8 £ 0.5
M! S").22
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F I
A. Fe'(PA), + HOOH(BW x (PA, FPOOH®Bw + pyHT AT L2 5 ¢ rellonmy)
(PY)zHOAC 1 © B
k 2x10° M1s! o)
HOOH/ 0, CeHyy OOH(Bu)
HOH(Bu) HOH(BW  [L,Fe™(OM{OOH(Bu) [L,Fe™(Oy)]
—T
_OOH . (PY'CbHu 3 HOH(Bw) 7
[que“’(o,>]<7— [Lﬁe +pyH ] ~OH PhSeSePh .
HOOH®Bu 2| .. KELZEHOOD ‘C"’emoiﬂse‘ n
 PhCH-CHPh ¢-C¢Hy, or PhCH,cCHHOOB 2 LoFe OH + py
HOH(Bu) Fe'lL, + (c-CéHyppy (KIE], 1.7 (HOOH) Fell, + O,
H,0 4.6 (t-BuCOH)
2 PhCH(O) + Fe''L, v, PY(CeH)
L;Fe +H,0
~o0oBu
4
PhCHz Fenlq I 1
LyFe” + ¢-C¢H;OOBu + py
C‘ ) Lqumou + ¢-CgHyg(O) (KIE], 84
[or PhC(O)CH,]
6+ PhC(O)CH3
LyFef + c-C(,Hw(O) +c-CeH;OH
(KIE] ; 2.1 (HOOH, Oy), 2.5 (HOOH, Ar)
8.2 (t-BuOOH, O,), 7.6 (t-BuOOH, Ar)
B. Fel(bpy),”* + HOOH(®Buw) [L{PenOOH(Bu) +H,07" Loty NR
MeCN (H)
HOOH(Bu)
HOH(Bu) [ H(Bu)
bﬁ<§8 ]
OOH(Bu) +H0
5a c-C¢Hyp or
33 PhCH,CH;,
OH(Bu)
HOH(Bu) OOR
[ ] SR CHGO) + CeliyOH
FeL,2* + Oy =t [L2*Fe™V(Oy)) 2+ (KIE] (KIE]
L7+ T ©: 0, F'ly™ 4 0 (OO 1.4 (HOOH)
>10 (¢-BuOOH) 5 (t-BuOOH)
¢c-PhCH=CHPh O, | PhCH,CH,

Scheme I. Fenton chemistry and the induced activation of O,.

137



1 °J2y woyy wie(ly
T 7399 wox ey
"9 woly HOY sonpoxd of ,

20 woxy HOY pue ouoyey sonpoad of,

1-ngoOY 2npoxd o],

A~y Jo/pue [y ‘HOY ‘Ady sonpoxd o,
TIR9-2 sa INTHOU 10} (FHD) 12d Aitanoeas aaneper *[(g/¢'HOr2y)WHOUy] = (3} 1oogpe adotost omaury ‘[FH 2y 12y = [y,

FAS 74 g8 {1 £L ng YN/ HhdnD

vl 9 24 H YN/ 4D

u ng AN/ 14 AdQyoD

9 67 H AAYNDPW)/ 1 U Adqy0D

€9 8 96 85 Ve ng NP/ +F(Adqyy0D

91 o "W INDP/ +HKdqyeD

m ve o1< o gs o1 14 ng N2/ EDyd
m 1 14 8T 67 H INDIN/E1yPd
U % cor 4] sor i 0§ ng NP /2UAd)yed(dd1%1D)
S 9¢ [43 o< (43 09 ng NP/ " (INDPW)yPd

g1 @ o< H INDPI/ +2" (INDPDI P4

8 8 i o1< 4 ¥s ng NOPW/ +Z(Adayd

vl 9l oF H INDPW/ (Adq)yag

| 4 v 82 ¥9 9¢ ng NOW/ 47" (Nddo)ed

81 61 o< H INDAW/ 47" EuddoNed

91 rs £7 ¥ o€ 9F ng SVOH A /v Pl

u Iz l1 H 3YOHYd/Uvan2d

ﬁm, qﬁmwm_w. ) ._m_v__ ] G%_a_s _mom . Oﬁwms __m ] snﬁw:ﬂ,%m waiskg

138

g pue ‘S ‘g ‘¥ se10ads snotrea 10§ satensqns FHOTHOYJ pue CTH)-0 qim s1ojswered Ljangeay 'S Aqe],



Iron(Il)/hydroperoxide-induced activation of dioxygen 139

Fe(DPAHD,
Fel(DPAH); + O7 o—————"" [(DPAH)DPA)FIOOH] ———— 53,
{pyntOac \£2)
HOOH + 2 Fell(DPAXDPAH)

The resultant HOOH reacts with excess Fell(DPAH), via

nucleophilic addition to give a Fenton reagent [(DPAH);

Fe'OOH + pyH*] (1) that reacts with excess Fell(DPAH),

to give Felll(DPAYDPAH) (k;, (2£1) x 103 M-!s], and
in accord with the other paths of Scheme 1.

Summary

The one-to-one combination of the FellL, complexes and
HOOH(Bu-1) yields a species 1 (Scheme I), which reacts as
a Fenton reagent with ¢-CgH;; via path C and intermediate
2 to give (c-CgH()py (with HOOH [KIE] = 1.7-2.9 and
with t-BuOOH [KIE] = 4.3-5.0). In the presence of O the
various species 1 form an O; adduct (§) via path D that
reacts with ¢-CgH1, to give intermediate 6, which reacts
via path F to produce ¢-CgH;o(O) (with HOOH [KIE] =
2.1-11 and with -BuOOH (KIE] = 8.2—10) and c-
CgH;{OH (with HOOH [KIE] = 1.4-1.9 and with /-
BuOOH [KIE] = 4.8—7). The several species 1 react with
excess HOOH (rapidly) and +-BuOOH (slowly) via path B
(species 3 and 7) to give O,, which forms § via path D.
With excess ~-BuOOH and c-CgH | in the absence of O,
the several species 2 undergo nucleophilic substitution via
4 to produce ¢-CgH;;OOBu-t. Table 5 summarizes these
and analogous reactivity parameters for Coll(bpy),2* and
Cul(bpy),* in relation to the various reaction pathways of
Scheme I. Clearly the Fenton chemistry of species 1 does
not involve production of free hydroxyl radical (HO-)
([KIE]} = 1.0-1.1 for c-CgHy2/c-CeD12).]

With excess HOOH the various FellL, complexes rapidly
disproportionate it via path B to give O, and H,0. Hence,
even in the absence of ambient O, these systems are never
limited in available O for their formation of species 5.
This is in contrast to ¢-BuOOH, which is disproportionated
much more slowly and causes its FellL,/t-BuOOH systems
to be limited by available O in their formation of species
5.

The present results indicate that reduced transition-metal
complexes [ML,; FellL,, Cul(bpy),*, and Col(bpy),2*]
undergo nucleophilic addition by hydroperoxides
[HOOH(R)] to form [L,MOOH + BH*] (1), which often
binds O to give a species (5) that oxygenates
hydrocarbons and related organic substrates (Scheme I).
Hence, the combination of reduced iron (including heme)
and HOOH in a biological matrix almost certainly will
lead to the formation of a species 5 with its attendant
reactivity.
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