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Abstract-Several iron complexes [Fett(PA)z (PA = picolinate), Fen(bpy)z2+, Fen(OPPh&Z+, Fen(MeCN)h2+, (C18TPP)Fe”(py)z 
(ClsTPP = tetmkis(2,6-dichlorophenyl)porphyrin), and Fe’%ls] in combination with R’OOH (R’=H, r-Bu) catalytically activate 02 

to oxygenate hydrocarbons (e.g., C-C~H~~+C-C~H~O(O) [9 02 turnovers per Fe”(PA)2 or Fen(bpy)z2+, and 13 per (ClgTPP)- 

Fe11(py)2]; PhCH$JH+PhC(O)CH3 (up to 25 02 turnovers per FenL,); c-C~H~,J+C-C~H~(O) (up to 9 O2 turnovers per FenL,); 

PhCH(Me)2+PhC(0)Me, Ph(Me)$OH, and Ph(Me)C=CHz (up to 5 02 turnovers per FenLX); and ci.s-PhCH=CHPh+2PhCH(O) (up 
to 2 O2 turnovers per FeL,)). With large R’OOH/FeL, ratios spontaneous decomposition occurs to give free 0, that is incorporated 
into the substrates. ‘Ihe product profiles for the various F$L/R’OOH, 02IRH systems and their electrochemical characterization 
during steady-state turnover confirm that the first-formed intermediate is a one-to-one R’OOH/FenLX adduct {e.g., [(PA)2-Fe%OR + 
pyH+] (1)) (Fenton reagent), which reacts with (a) excess F$I(PA)2 to give (PA)2FemOR’, (b) excess c-CgH12 to give (c-C6Ht1)py 
{kinetic isotope effect, [KIE] = kc_C,H,&_C,D,,, 4.6 with t-BuOOH and 1.7 with HOOH], (c) excess R’OOH to give 

[(PA)2Fe~(OH)(OOR’)] (3), then [(PA)2Fetv(02)] (7) and 02, and (d) 02 to form an adduct, [(PA)2-Fem(02)(OOR’) + pyH+] (5), that 
reacts with c-CgHt2 to form C-C6Ht0(0), [m = 8.2 (t-BuOOH) and 2.1 (HOOH). When PhCH2CH3 or c-C6Hlo are the substrates 
(RH), 5 reacts to form [(PA)2Fe~(OH)(OOR)] (6), which in turn reacts with RH and O2 in a catalytic cycle to give PhC(O)Me or c- 
CeHg(O) [up to 7 02 turnovers per iron with Fen(OPPh3)J2+]. Species 7 reacts with cis-PhCH=CHPh to give PhCH(0). 

In a recent report’ we discussed the activation of excess 
HOOH and t-B&OH by iron(U) and cobalt(U) complexes 
for selective reaction with the methylenic-carbon centers of 
hydrocarbons (RH) to yield ROOR’(H or t-Bu) (40-80% 
efficiency). 

c-C~~~ + 2 R’OOH 
ML, - c.C~H,~GOR’ + H@ + R’OH ( 1) 

On the basis of the product profiles and relative reactivities 
we pro 

eR0 
sed that the reactive intermediate for the process, 

{LXF (OH)[OOR’]} (3), was formed from a one-to-one 
Fe”LJHOOR precursor adduct IL,Fel#XX’ + BH+] (1) 
hat reacts as a Fenton reagent. However, three results have 
prompted further study and a reconsideration: (a) the kinetic 
isotope effects [K] for C-C$12/C-C,$12 with 5 mM 

Fe”(PA)z (PA, picolinate)/lOO mM HOOR’ are 2.5 
(HOOH) and 8.4 (t-BuOOH), which is an unreasonably 
large difference for 3 as the primary reactant; (b) in the 
absence of 02 the Fe11(PA)2/1-BuOOH system yields as 
much c-C6Hto(O) as c-C6Ht100Bu-t;1 and (c) in the 
absence of substrate the various Fe”L, complexes catalyze 
the disproportionation of HOOH (rapid) and t-BuOOH 
(slow) to 0, and R’OH. 

Most2” regard Fenton chemistry as synonymous with the 
in situ production of free HO. from the one-to-one 
combination of iron(U) and HOOH. With this assumption, 

subsequent reactions have been based on the prim 
aY chemistry of HO. (usually generated via pulse radiolysis), 

which reacts with iron (k, 3 x lo8 M-‘s-l) and 
hydrocarbons [CH4 (k, 0.11 x lo9 M-ls-l), C2H,j (k, 1.8 x 
lo9 M-k’), c-C6Ht2 (k, 4.4 x lo9 M-k’), and PhCH2CH3 
(k, 7.5 x lo9 MS’s_‘); 85% aryl addition and 15% H- 
abstraction]. The resultant carbon radicals (R.) (a) diierize 
to R2, (b) react with a second HO. to form ROH, and (c) in 
the air, couple with 02 to form ROO.. The resultant ROO. 
radicals are unreactive with saturated hydrocarbons and 
couple to give an unstable intermediate [ROOOOR] that 
homolytically dissociates to ROOR and 02.4 

The Fem(PA)2 complex in combination with HOOH in 2: 1 
py/HOAc is an effective Fenton reagent for organic 
~ubstrates,~ and has reactivities and product profiles that are 
closely similar to those for traditional aqueous Fenton 
reagenk8 The primary step is nucleophilic addition, e.g., 

k, 2 x Id M’i’ 
F&‘A)2 + HCOH d - IcpA),lhOH + pyI?l 

(PYh=Jk 1 

I 

CGHU (2) 

Cc-GJi,,~ + P&PA)I + 2 H@ 
KE, 1.7 

This Fenton reagent has reactivity ratios (k~lk~) [in 
comparison with free HO-l7 with c-&jH&-C&12 (KIE, 

125 



126 C. KANG et al. 

kinetic isotope effect) of 1.7 [versus LO], with 1”/2*/3” 
carbon centers (per C-H, no~ized) of 0.07/0.~/1.0 
[versus 0.41/0.50/1.0], and with c_CfjHt2/PhCH$H3 of 
2.0 [versus 0.61. Although free HO. reacts with 014, 
Fenton reagents are unreactive.6*8 When PhCH2CH3 is the 
substrate, HO reacts pr~~iy by aryl addition (85% 
HOP~ICJI~CH$,~ but Fenton reagents react exclusively 
with the a&y1 side chain.’ A recent study9 provides clear 
kinetic evidence that free HO. is not the dominant reactant 
from 1: 1 combinations of iron(H) complexes and IIOOH, 
but rather the nucl~philic adduct (1, bound HO.“) reacts 
dicctly with substrates. All of this is com~ll~g evidence 
(a) that Fenton reagents do not produce (i) free HO., (ii) 
free carbon radicals, or (iii) aryl adducts (HO-Ar.); and (h) 
that nucleophilic adducts (1) are the primary reactant, 

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 volt~ogr~s. The 
exigent were conducted in a 15-mL 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 
cm2), the auxiliary electrode a platinum wire, and the 
reference electrode a Ag/AgCl wire in an aqueous 
~~e~yl~oni~ 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.t2 

Another recent reporti proposed that a FeiilC~~/H~OH 
system initially forms Ir;ev=O], which reacts with c- 
CefIt2 (RH) to give rev]. In the presence of t8@ 
this system yields c-CeHto(t80) and C-C6H 1 tt80H. A 
similar incorporation of 02 into PhCH2CH3 is induced by 
a 1: 1 combination of Cu’(bpy)l+ and r-BuOOI I 

pham3 + rz, Cd+y)z*, t-B&OH - l’hCXOKX3 + H,O (3) 

with up to 2.4 02 turnovers per copper.’ t 

A preliminary experiment with Fe*“(PA)z (5 mM)lt- 
BuOOH (5 ~)/c-C6Ht2 in a (py)$IOAc solution matrix 
under argon gave (c-CeHt t)py (4 mM, 80% reaction 
efficiency) as the only detectable product. However, in the 
presence of 02 (1 atm, 3.4 mM) the sole product was c- 
C6H10W) (4 mM). 

These considerations have prompted a systematic 
investigation of six iron complexes fFetf(PA)z, 
Fe11(bpy)22+, Fe11(OPPhs)42*, Fei1(McCN)4**, fClgTPP)- 
Fe” [ClsTPP, tetrakis(2,6-dichlorophenyl)porphyrin], and 
Fe”‘Cls j in combination with t-BuOOH and HGOJI to 
activate 02 for the oxygenation of hy~~~~ns [c-CeHJ2 
PhCHzCH3, PhCH@vie)z, c-CeHte, and cis-PhCH=CHPh]. 
In alf. cases substrate conversions are increased in the 
presence of 02, which is incorporated in the products. 

The reagents for the investigations and syntheses were the 
highest purity commercially availabte and were used 
without further purification. Burdick and Jackson “distilled 
in glass” grade acctonitrile (MeCN, 0.002% H20), pyridinc 
(py, 0.007% HzO), and glacial acetic acid (HOAc, ACS 
grade, Fisher) were used as solvents. Higb-putty argon gas 
was used to deaerate the solutions. All compounds were 
dried in VUCI(O over CaS04 for 24 b prior to use. Ferric 
chloride (anhydrous, 98%) picolinic acid (PAH, 99%) 
piperidine (pip, 99%) imidazole (imid, 99%), 2,2’- 
bipyridine (bpy, 99+%), and ~iphenylphosphine oxide 
fOPPh3, 98%) were obtained from Aldrich. Ferrous 
perchlorate (99+%) was obtained from GFS, hydrogen 
peroxide (50%, in H20) and perchloric acid iHClO4, 70%) 
from Fisher, and t-BuOOfI (5.5 M, in 2,2,4-trimethyl- 
permute) from Aldrich. The organic substrates included: 
cyclobexane (Aldrich, anhydrous, 99+%), cyclobexane-dt 2 
(Aldrich, 99.5 atom % D), ethyl benzene (Kodak, 99.8%), 
cyclohexene (Fisher, 99%) cis-stilbene (Aldrich, 97%), 
and cumenc (Aldrich, 99%). 

Synthesis of (Me4N)PA 

Tc~e~y~o~~ picolinate [(Me&)PA], which was 
prepared by the ncu~~~a~on of picolinic acid (PAH) with 
tetramethylammonium hydroxide pen&hydrate in 
acetonitrile solution, was recrystallized from 95% 
McCN/S% MeOH. The hydroscopic product was stored 
under vacuum. 

The reaction products were separated and identity with a 
~~ewlett-p~~d 588OA Series gas c~omato~h equipped 
with an HP-l capillary column (cross-linked methyl- 
silicone-gum phase, 12 m x 0.2 mm id.) and by gas 
chromatography-mass spectrometry (Hewlett-Packard 
579OA Series gas chromatograph with a mass-selective 
detector). A Vacuum Atmospbercs glovebox was used for 

The rFe11(MeCN)4j{C104)~ complex was prepared by 
multiple recrystallizations of [Fe1*(Hz0)&C104)2 from 
MeCN. 

Solutions of FenfPA)2 were prepared in situ by mixing 
[FeB(MeCN)4](C104)2 with a stoichiometric ratio of 
(Me4N)PA. 
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Iron(U) bis(2,2’-bipyridine) 

The Fer1(bpyh2+ complex was prepared in situ by mixing 
[Fen(MeCN)4](C10& in MeCN with a stoichiometric 
ratio of bipyridine. 

Iron(U) tetrakis-(triphenylphosphine oxide) 

The Fen(OPPh&t2+complex was prepared in situ by 
mixing [Fe”(MeCN)4](Cl04)2 in MeCN with a 
stoichiometric ratio of the PhsPO ligand. 

Tetrakis(2,&dichloro henyl)porphyrinato iron 
complexes [(ClgTPP)Fe R L21 

The free porphyrin [ClsTPPH2], which was prepared by a 
modified 

P 
rocedure,t3 was used to synthesize 

(ClsTPP)Fen Clt4 and (ClsTPP)Fe1nOH.*5 The (ClsTPP)- 
Fe”(py)z, (ClsTPP)Fe1$mid)2, and (ClsTPP)Ferl(pip);! 
complexes were prepared by mixing (ClsTPP)FenICl and a 
lOO-fold excess of the appropriate base in MeCN under an 
inert atmosphere, followed by the addition of NaBH4. The 
precipitate was then filtered and washed with MeCN and 
diethyl ether, and dried under vacuum. 

Methods 

The investigations of HOOH and t-B&OH activation by 
the iron complexes (l-10 mM) used solutions that 
contained 1 .O M substrate in 5 mL of MeCN, (MeCN)4py, 
or (py);rHOAc (mol-ratios). Hydrogen peroxide (50%) or t- 
BuOOH (5.5 M) was injected to give 5-100 mM 
HOOH(Bu-t). After 18 h with constant stirring at room 
temperature (24f2”C) under Ar or @ (0.2 or 1 atm), 
samples of the reaction solutions were injected into a 
capillary-column gas chromatogmph 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-dt2 mixture (0.5 MO.5 M) as the 
substrate; the kH/kD values were calculated from the 
prOdUCt r&OS Of C-~~~l~(~)/C-~~l~(~), c-QHl tOOBu- 
t/C-&$11 OOBu-t, (c-C6H 1 t)py/(c-Co 1 t)py, and c- 
CeHt tOH/ c-C& t0H. The experiments were designed to 
be limited by HOOH and t-B&OH 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 t- 
butylhydroperoxide (t-BuOOH) by the (bis-picolin- 
ato)iron(II) complex [Fe”(PA)2] for reaction with 
cyclohexane (c-CeHti) and ethylbenzene (PhCHzMe) in a 

pyridineiacetic acid matrix are summarized in Table 1. The 
mol-ratio of hydroperoxide to metal catalyst ranges horn a 
one-to-one combination to a ratio of 20-to-l. The results 
are presented for each combination in the absence of 
molecular oxygen (02) as well as in its presence. In the 
case of HOOH the presence of 02 has a limited effect on 
the efficiency of the process, but with c-CeHt2 in the 
absence of 02 the only detectable product is (c-CeH 1 t)py. 
In contrast, with 1 atm 02 present the sole product is c- 
C6Hte(O). For a one-to-one combination of Fe”(PA)z/t- 
BuOOH with C-CeHt2 (1 M) in the absence of 02 the sole 
product again is (c-CeHt t)py (1.5 times larger yield than 
with HOOH). However, with 02 present the same shift 
from the pyridine derivative to c-CeHte(0) as the only 
detected product occurs, but the reaction efficiency is 
almost doubled. 

With a 20-to-l HOOHIFe”(PA)2 ratio the reaction 
efficiency for PhCH2Me is essentially the same with or 
without 02 present. However, with 20-to-1 t-BuOOHl- 
Fen(PA)2 tbe dominant product in the absence of 02 is 
Ph(Me)CHOOBu-t (27 n&I), and in the presence of 02 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-t derivative 
requires two HOOH or t-B&OH molecules. In addition 
one HOOH or t-B&OH is assumed to be required per 
(R)py, ROH, or R2 derivative of the substrate (RH). 

Table 1 also includes the kinetic-isotope-effects [KIE] for 
c-CeHt2/c-C&12 in relation to the various products from 
this substrate. Thus, the [KIE] value for production of (c- 
CeHtt)py is I.7 with HOOH versus 4.6 with t-BuOOH. 
Similarly the production of ketone has a [KIE] value of 2.5 
with HOOH versus 7.4 with t-B&OH (these values shift 
to 2.1 and 8.2 in the presence of 02). In the absence of 02 
t-BuOOH also produces C-C#l looBU-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 metb 

Y 
lenic 

carbon (CH2) for PhCH2Me (MDBE, 85 kcal mol- ) and 
C-C6Hl2 [(AHDBE, 95.5 kcal II10k1);‘6 {R) = kphCH2Me/ 
(kc_caH12/6)]. Thus, for the production of the c-C6H t to- 

OBu-t via t-B&OH 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 5 mM FeL, 
and 5 mM t-BuOOH with 1 M c-CeHt2, and with 1 M 
PhCH2Me. For each substrate the product profiles are 
listed in the absence as well as in the presence of 02. 
Section B makes a similar comparison with a 5 mM 
FeLJlOO mM t-BuOOH combination. In every case, the 
presence of 02 enhances the overall reaction efficiency and 
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T&e 2. FeLJt-B&OH-Induced auteoxygenation of c-C6Ht, (1 M) and PhCH,CH, (1 M) 

02 
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‘?he product solutions were analyzed by capillary column gas chromatography and GC-MS after a reaction time of 18 h at 24f2”C. 
abreaction efficiency 100% represents one ketone or ROOBu-1 per two t-BuOOH molecules and/or one Rpy or ROH per ?-BuOOH. 

“{R)=[k~~~lk,,~,46)1. 
dc-C,H, ,py product, mM. 
eR-R dimer, mM 
‘R-Cl product, mM. 
81 mM; Cl,TpP = tetrakis(2.6-dichlorophenyl)paphytin. 
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shifts the product profiles from ROOBu-r and R(py) 
derivatives to ketone production. Of all the catalysts, the 
Fe1*(bpy)2*+ complex is the most efficient for the 
ketonization of c-CeHt2 (172%, product per two t- 
BuOOH), and Fe”“Cl3 is the most efficient for the 
ketonization of PhCH2Me (1168%; 4.6 PhC(O)Me per 
FelllCls/t-BuOOH). The FelI(OPPh&*+ complex is 
almost as efficient with 4.0 PhC(O)Me per catalyst. The 
various FeL, (10 ~}/~-BuOOH (20 n&f) systems have 
been evaluated in terms of their efficiencies and product 
profiles for four hydrocarbon substrates (c-CgHl2, 
PhCHzMe, c-C&lo, 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-oxygenadon 
of cumene [PhCH(Me)z]. The reaction efficiencies and 
product profiles are summari zed in Table 4. The presence 
of 02 enhances the reaction efficiency by a factor of 12 in 
the case of the l+?(PA)2. However, the ratio of ketone to 
alcohol with this catalyst is 0.65 whereas in the case of 
Fe111C13 the ratio is 8.6. The F~*(OPPh~)~*+ complex is 
particularly impressive in its ability to activate the I- 
BuOOH/02 combination for reaction with PhCH(Me)2. 
Thus, with 02 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=CHz is increased by a factor of 
2.6. 

02 Activation 

The striking feature of the results in Tables I-4 is the 
impact of 02 on the reaction efficiencies and product 
profiles for the FeL~/HOOH(Bu-f) systems. With 9 mM 
Fe”(PA)2/9 mM HOOH and 1 M c-CeHt2 under argon the 
sole product is 4 mM (c-CeHl l)py, but under 0, (1 atm, 
3.4 mM) is 2 mM C-CeHte(0). When t-BuOOH is used in 
place of HOOH under argon, the sole product is also 6 mM 
(c-CsHlt)py 167% reaction efficiency (product per t- 
BuOOH)], but under 02 the sole product is 5 rnM c- 
C6Hlc(O) [ill% reaction efficiency (product per two t- 
BuOOH); [KIE] value 7.31. With 1 M PhCH2CHs the 
reaction efficiency under argon (167%) increases to 444% 
under 02, with PhC(O)Me the only product. In the absence 
of 02 the latter system produces R-R dimer rather than R- 
py (from c-CgH12); the relative reactivity per CH;! group of 
PhCH2Me versus c-CeHt2, {R}, is 6. In the presence of 
02 the {R} value is 24 for the production of ketone (with 
HOOH/ the (R) value is 12). All of the complexes 
exhibit enhanced efficiency and selectivity to produce 
ketone via 02 activation, especially for CH2 groups with 
weak C-H bonds [e.g., PhCH2Me (A&BE, 85 kcal molt) 
and c-C&I10 (87 kcal mol-1)1.16 

Characterization of the reactive intermediates for the 
FetfPA)2A-BuOOH system 

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

molar quantity of t-BuOOH. For such conditions the 
catalyst is almost immediately converted to the iron(II1) 
valence state. In contrast when 02 is present the 
elec~ochemis~ indicates that neither Fe”(PAf2 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. 

I I I I 
(a) 9 mM Fen(PA)2 + 9 mM t-&OOti (-) 

9 mh4 F#(PA)* (---) 

(b) 9 mM Fe’(PA& + 1 M c-C~H,~ + 9 mM t-BuOOH 

(c) 9 mM Fett(PA!, + 1 M c-GHt2+ q 

+ 9 mM t-8uOOti 

3 2min 
L 

+ 1.0 0.0 - 0.5 

E. V vs SCE 

Figure 1. Cy,cIic voltammograms in @y),HOAc IO.1 M (EbN)CIO,]for 
(a) 9 mM Fe (PA), and a combination of 9 mM Fe”(PA), and 9 mM t- 
BuOOH; (b) the combination of 9 mM Fe”(PA),, 9 mM t-BuOOH, and I 
M c-C6Hk2; and (c) the combination of solution (b) in the presence of 
O2 (1 atm, 3.4 mM) (2 min after mixing). Scan rate, 0.1 V se’, GCE 
(0.09 cm2); SCE vs NHE, +0.242 V 

Figure 2 summarizes the product profiles and reduction 
current that result from the combination of 9 mM 
Fe11(PA)2/9 n&i t-B&OH with 1 M c-C6l-I 12. In the 
absence of 02 the sole product is (c-CeH 11 )py and the 
reaction is complete within the first few minutes. In 
contrast, when an atmosphere of 02 is present the 
dominant product is c-C~HIO(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-elec~on-or-eon reduction (60 PA). 
Thus, as the iron catalyst becomes converted to its iron(N) 
form, it ceases to be effective. 
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2 -40 

ol IO 
0 1000 2004 

lima (mln) 
F+igrue 2. Product Profiles and voltammetric reduction currents as 
function of reaction time for the combination of 9 mM Fe”(PAb, 9 mM 
r-BuOOH, and 1 M C-CeH,? in (py)zHOAc. (A) Under an argon 
atmosphere: (N), concentration of (c-C,H,t)py products. (B) 
Under an 0, atmosohere (3.4 mM): (U-O-). concentration of c- 
C Ht (0) pr6duct; ktd (-i-+-), peak reduction current (-0.1 V vs 
SeE, &tire lc) 

The cyclic voltammograms of Figure 3 indicate that with a 
N-fold excess of r-B&OH relative to Fe”(PA)z 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-CeH12 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 0, the wave is even larger 
with a current that is indicative of a lo-electron-per-iron 
catalytic cycle (curve c). 

Figure 3. Cyclic voltammograms in (py)zHOAc [O.l M (Et,N)ClO,] 
for (a) a combination of 3 mM Fe”(PA), and 50 mM r-BuOOH (one 
minute after mixing), (b) a combination of 3 mM Fen(PA),. 50 n&l I- 
B&OH, and 1 M c-CeHtZ (one minute after mixing), and (c) the 
combination of solution (b) m the txesence of 0, (1 atm, 3.4 mM) (one 
minute after mixing). Scan rate, 6.1 V s-l, G&(0.09 cm’); SCE vs 
NHE, +0.242 V 

Additional perspective of these catalyst systems is gained 
from the electrochemical characterization of the 
Fe11(OPPh3)42+lt-BuOOH system, which is illustrated in 
Figure 4. The reduced complex is oxidized and re-reduced at 
approximately +l 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 Z-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 t-BuOOH adduct of Fe11(OPPh3)42+]. The 
latter system also gives some evidence that there is a slow 
decomposition of the t-BuOOH to yield some 02 
(reduction peak at -0.3 V). This is particularly noticeable 
for curve c of Figure 4, which indicates that within an 
ei ht-minute 

? 
time period the combination of 

Fe 1(OPPhs)42+, t-B&OH, and 02 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-CeH 12 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 t-B&OH there is no detectable 
interaction between Fer1(OPPhs>42+ and t& and there is no 9 
observable reaction with c-C&I2 in its absence. 

(cl 5 mY Fe2fOWh3)~+ O2 + 5 ti t.hOOli 

/‘jl 

Figure 4. Cyclic vohammograms in MeCN [O. 1 M (Et,N)ClO,] for (a) 
5 mM Fer’(OPPh&t2+, (b) a combination of 5 mM Fe”(OPPh&2+ and 5 
mM t-BuOOH (eight minutes after mixing), (c) the combination of 
solution (b) in the presence of 0, (1 atm, 8.1 mM) (eight minutes after 
mixing), and (d) the combination of solution (c) plus 1 M c-CeHt, (four 
minutes after mixing). Scan rate, 0.1 V s-t, GCE (0.09 cm2); SCE vs 
NHE, +0.242 V 
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The combination of Fe11(OPPhs)42+ with excess HOOH in 
MeCN results in the rapid evolution of 02 and the 
autoxidation of the iron complex to approximatcl 
amounts of (Ph3PO)42+l;e1110H and (PhsPO)4*+Fe Y 

equal 
“OOH 

&ll,X, 576 nm (E 1700 M-‘cm-‘)].I7 Combination of two 
Fe111(OPPh3)43+ molecules per HOOH in MeCN results in 
their rapid reduction and the evolution of 02, which also 
occurs with a 2-to-1 combination of Fe”‘C13 and HOOH. 

Discussion and Conclusions 

Elementary reactions 

The results of Tables l-3 and Figure 1 confirm that the 
primary chemistry for these systems is nucleo hilic 
addition by HOOH(Bu-t) to the iron complex,‘~*~ ! ,**.** 
e.g., 

w F&PA), + HOOHW-1) a [(PA)2-Pd’OOH(Bu-t) + pyH+I (4) 
1 

With one-to-one stoichiometry 
substrate and 02 the adduct (1) 
complex via a Fenton process 

and in the absence of 
reacts with the iron(H) 

l+Fe”(PA)Z L 2 CPAJ$+OH(Bu-1) (5) 

With HOOH in a (py)zHOAc matrix the apparent second- 
order rate constant, k, has a value of 2 x IO3 M-‘s~.~* 

In the presence of 1 M c-Ce1-i 12 species 1 [from the 1: 1 
combination of Fe”(PA)z and HOOH] reacts via a Fenton 
process to give an intermediate (2) that produces 2-(c- 
Cd& I)PY and 4-(c-cdI1 I)PY 

With 9 mM Fe11(PA)2 the process is 44% efficient and has 
a kinenc-isotope-effect [KIE] with c-CgHt2/c-C&2 of 1.7 
(Table l).l* Via the use of PhSeSePh as a trapping agent 
the process of eq. 6 becomes 100% efficient with 93% of 
the product C-C6Hl 1 SePh.* When 9 mM t-BuOOH is used 
in place of HOOH the process is 67% efficient with a 
[KE] value of 4.6 (Table l).‘* 

The combination of a 20-fold excess of HOOH(Bu-t) with 
Fe11(PA)2 in the absence of substrate results in its catalytic 
disproportionation (rapid in the case of HOOH and slow in 
the case of t-BuOOH; see Figure 3) 

With 1 M c-CgIIt2 preSent under an argon atmosphere the 
5 mM Fe”(PA)2/1OO mM HOOH system yields 27 mM c- 
C6H lo(O) and 4 rnM (c-C611 11 )py (the respective [ICE]- 
values are 2.5 and 1.7). However, almost half of the 
HO011 is decomposed to 02 (eq. 7 and Table 1). When t- 
BuOOH is used in place of HOOH the system yields 7 
mM C-CeH1 IOOBu-t ([KII:,] = 8.4), 11 mhl c-C&10(0) 
([KIE] = 7.6) and 19 mM (c-C6H l 1)py (IKE] = 4.6). 
Again, almost half the t-BuOOH is decomposed to 02 via 
eq. 7. 

Although we have previously proposed that species 3 (eq. 
7) reacts with c-C6Hl2 to form C-C6Hl lOOH(Bu-t), the 
present results make this an unreasonable proposition.* If 
species 3 were the reactive intermediate for the production 
of C-CeHl lOOH(Bu-t) the respective [KIE] values for 
HOOH and t-BuOOI-I should be closely similar (rather than 
2.5 and 7.6). The present results [as well as those for the 
Cu1(bpy)2+ system]11 are more consistent with a path that 
has species 2 (eq. 6) as the precursor intermediate, which 
reacts with excess HOOH or t-BuOOH (the respective 
ml values for formation of C-C& lOOH(Bu-t) are about 
1.5-times as large as those for formation of species 2) 

2 + HCOHCBu-t) ((PA)2Fe~l~H(Bu)l[py(c~H,~)Il - 

Y)r 4 
(8) 

F&PA& + cqHtIOOH(Bu-O 

A similar proposal of a nucleophilic-substitution (SN2) 
reaction on an intermediate has been presented recently for 
a Fe111(N03)3/H00H(Bu-t)/c-CsII,~, c-C6If 12 System 

([KIE] value for HOOH, 2.2. and for t-BuOOH, 8.0).lg 

Activation ofdioqgen (02) 

The 9 mM F$(PA)2/9 mM t-BuOOH system in the 
absence of 02 and substrate, reacts via a Fenton process 
(eq. 5) to give (PA)zFe”‘OH(Bu-t) (curve a, Figure 1). 
However, the presence of 1 M c-C6l-I 12 causes it to 
compete with Fe”(PA)z for reaction with species 1 (eq. 4) 
to give species 2 (eq. 6). In the presence of 01 (with or 
without 1 M c-C6H 12) there is no evidence for free 
Fe”(PA)2 in the reaction matrix; but only a new two- 
electron irreversible reduction wave (curve c, Figure 1). 
With c-C6H12 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 c-CeHt,-,(O) 
(Figure 2). These observations are compelling evidence 
that species 1 (formed from t-BuOOH) binds 02 to form 5 

1 + O2 - KF’A~-Fe%X3Bu-t)(02) + pyH+l 
5 

(9) 

which reacts with excess c-C6Ht 2 to produce c-C&Ilu(O) 
(Table 1) 

5-cyl2 --j- 
cc6H12 

KPA)2Pf%OQH,,XOMl- 

t-BuOH 
F&PA)2 + cGH,o(O) + c-C&,OH + H$ 

(10) 
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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-Cd 11)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 
@-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)zFelllOH(Bu-r). The 
electrochemical reduction of 5 yields HOOH, 

5+2e-+HOAc- (PA@+OOBu-t + HOOH + AcO + py 
1 

( 1 1 ) 

which reacts with 1 via eq. 7. 

The production of 16 mM PhC(O)Me by the 5 mM 
FeII(PA)# mM t-BuOOH/02/1 M PhCH2CHs system 
(Table 1) indicates that (a) most of the oxygen in the 
product comes from 02 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-B&OH) 

Cyclohexene (c-C6H1o) has similar reactivity with at least 
2.5 02 turnovers per Fe”(PA)2 via eq. 12 (Table 3). 

The product profiles for cumene [PhCH(Me)z, Table 41 are 
unique for each of the catalysts. With the Ferr(PA)2/t- 
BuOOH system, the presence of 02 enhances the reaction 
efficiency by a factor of 12, and shifts the product profile 
from Ph(Me)C=CHz as the dominant species to 
Ph(Me)COH and PhC(O)Me. In the absence of &, species 
1 produces Ph(Me)C=CHz 

PhaXMe)2 + 1- ~(MdbC& + FdkI’A,, * H@ + t-BuOH (13) 

However, with 02 present species 5 is formed to react with 
PhCH(Me)z via eq. 10 to give 6, which can collapse to 
give PhC(O)Me 

((PA)2F&OHNOOC@.k+P%~~ - PhC(OMe + Hfi(O) + l’&PA~ + H@ ( 14) 
6 

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

2rhame)2+2q L FMXOMe + Ph(MehCOH * Hfi(O, + H@ ( 15 a) 

2PhCH(Me)2+q-e, 2 PlM&COH (15b) 

In contrast, with Fe11(OPPh3)42+ the dominant products are 
PhC(O)Me and Ph(Me)C=CHz, and with FerrlCls equal 
amounts of PhC(O)Me and Ph(Me)C=CH2 are produced. 

The dioxygenation of cis-PhCH=CHPh by the Fe”(PA)#- 
BuOOH system (Iable 3) is enhanced by a factor of live in 
the presence of 02. Apparently species 5 (eq. 9) is a 
reactive intermediate for such substrates and thereby 
catalyzes the 02/substrate reaction 

ci.vPhcH~ + 9 
5 

-2 PhCH(0) (16) 

With 2O:l HOOH(Bu-t)lFer1(PA)2 ratios, substantial 
fractions of the HOOH(Bu-1) are decomposed to 02 via 
species 3 (eq. 5) (rapidly for HOOH and slowly for t- 
BuOOH). This internally generated 02 in turn combines 
with 1 to form 5 (eq. 9), which accounts for the 
production of ketone (rather than ROOBu-t) in 02-free 
systems of r-B&OH. 

The electrochemical results of Figure 3 confirm that excess 
t-BuOOH with Fe”(PA)2 undergoes a sustained 
disproportionation to 02 and formation of 5 [same 
reduction peak as for 1:1 Fe1*(PA)2/t-BuOOH in the 
presence of 02, Figure 11. A similar set of observations 
and rationalizations has been presented for the 
incorporation of 02 derived from t-BuOOH in a Fe(III)/f- 
B&OH/c-CsH1&10:1 py/HOAc) system.lg 

With cis-PhCH=CHPh as the substrate, the dominant 
product is PhCH(0) from a dioxygenation process (Table 
3) that is facilitated via species 5 and species 7 (eq. 7) 

KPA)2-Pe”‘DOH(BuNO$ + pyH*l + cM’IICH-CHP~I -1+2mCHO (17) 

KPA)2Fe’“CO$l+ &phCH-cwh - 2 PhCH(0) + F&PA>2 (18) 

For 5 mM Fe”(MeCN)d 2+/100 mM HOOH/l M cis- 
PhCH=CHPh in MeCN under argon, 36 mM PhCH(0) 
and 02 are produced via the apparent in situ formation of a 
dioxygenase intermediate (7a)‘120 
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Scheme IA outlines a set of reaction paths for the 
Fet1(PA)~/HOOH(Bu-r)I~I(c-C6Ht~, PhCH2CH3) system, 
which follows from the preceding arguments and the 
experimental results. The initial nucleophilic addition of 
HOOH(Bu-t) to Fett(PA)z yields the primary reactive 
intermediate (l), which reacts with (a) excess Fc”(PA)2 via 
path A to give L2F$110H(Bu); (b) excess HOOH(Bu-t) via 
path B and species 3 and 7 to give 02 and HOH(Bu-t), (c) 
1 M C-CgHt2 via path C and species 2 to give (c- 
CeHtt)py, (d) 1 M c-CgHt2 and excess HOOBu-t via path 
C and species 4 to give c-C~H~IOOBU-t, and (e) 02 via 
path D to give 5, which reacts with RH via 6 and paths E 
(for PhCHzCHj), F (for c-C&It& and G to give products. 
Scheme IB outlines similar pathways for the 
Fe11(bpy)22+/HOOH(Bu) system in MeCN, which forms 
species la to such a limited extent that the 1:l system is 
unreactive with c-C,$It2 in the absence of 02 (Tables 2 and 
3). 

Other iron catalysts 

All of the iron complexes of the present study undergo an 
initial nucleophilic addition by HOOH(Bu-1) to form an 
analogue of species 1. For the Fe11LX2+ complexes in pure 
MeCN this is a a cationic reactive intermediate 
[L,+Fe”OOH(Bu-t) + H30+] (la) that reacts with excess 
HOOH via path H (Scheme IB) to form 3a, 7a, and 
02. In the presence of 02 la forms 5a via path I which 
reacts with c-CgHt2 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,+Fe”OOH(Bu-t) + pyH+] (lb), which reacts 
with ali hatic substrates (RH) to produce (R)py via 
[Lx2+Fe R (pyR)(OH)l (2b). 

In the case of Fe”‘C13 the initial event appears to be 
reduction by HOOH(Bu-r) to give Fe”C12 

2 F&Cl, + HOOH - 2Fe”C12+02+2HCl (20) 

which in turn forms [C12-Fe1100H(Bu-r) + H30+] (1~). 
The latter reacts with c-C6H 12 and PhCH2CH3 via 
[C12Fe1”(OH)(R)] (2~) to produce approximately 5050 
mixtures of ROH and RCI (Tables 2 and 3).t With HOOH 
and c-C6Ht2 the [KIE] value for lc is 2.9,’ and with I- 
BuOOH it is 4.3. The porphyrin catalyst, (ClsTPP)Fe”, 
reacts with 1-BuOOH to form [(ClsTPP)-Fe”OOBu-I + 
II30+] (Id), which reacts with c-C6H12 and PhCH2CH3 
via [(ClsTPP)Fe’“(OH)(R)] (2d) to produce ROH ([KIEI = 
5.0). 

With excess HOOH(Bu-t) the primary reactive 
intermediates (1, la, lb, lc, and ld) disproportionate 
HOOH (rapidly) and r-BuOOH (slowly) via path C and 
species 3 and 7 (Scheme I). For the conditions of excess t- 

B&OH and substrate (RH) the species 2,2a, 2b, 2c, and 
26 form intermediate 4, which yields ROOBu-1 (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 
[Co11(bpy)22+]1 and [Cu1(bpy)2+]11 are similar and in 
accord with the proposition that all of these complexes 
activate HOOH(Bu-t) initially via a species 1, which reacts 
with hydrocarbon substrates (RII) 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 02 most of the species 1 form adducts [l(e) 

= 51 via path D that react with substrates (RH) to form 
SpeCiCS 6, which, in the case Of c-C6Ht2, reacts initially 
with excess c-C~HIZ via path F and finally with excess 
F$L, via path G (Scheme I). Thus, the various species 1 
(Fenton intermediates), via formation of 5, catalyze the 
incorporation of 02 into the ketone and alcohol products 
[e.g., Fe11(OPPh3)~2+/r-BuOOH, 02/c-CdII2, Tables 2 and 
31. 

Recent results19 for a Fe111(N03)+BuOOH/1802/c-CsHt6 
system in acetonitrile establish that the O-atoms in the c- 
CsH14(0) and c-CgHtsOH products are from 02. This 
appears to be the case here, and supports the stoichiometry 
of eq. 21 [1:20 l~ellL,II-BuOOH systems are 13-51% 
efficient (ketone per r-BuOOH, Table 2B) with 2-13 
turnovers per Fe”I,]. 

For substrates with weak C-H bonds in their CH2 groups 
(PhCH2Me and c-C6HtO), species 6 becomes a catalyst via 
path E (Scheme I) for the activation of 02, 

6 
PhCH2CH3 + 02 - path E l’hC(OWI3 + Hz0 (22) 

When the reaction efficiency for such substrates is ~200% 
(ketone per two I-BuOOH, Tables 2 and 3) the reaction 
cycle of path E (Scheme I and eq. 22) must occur 
(turnovers per FelILx 2 (t-BuOOHIFellL,) [(% reaction 
efficiency)-200]/2OO). Hence, the 5 mM Fe”(OPPh3)d2+/5 
mM t-BuOOHIPhCH2ClI3 system has at least 3 02 
turnovers via path E, which is similar to the 2.4 02 
turnovers per copper for the 5 mM Cu’(bpy)z+/lO mM f- 
BuOOH/PhCH2CH3 system.” Likewise, the 10 mM 
Fe”(OPPh3)d2+/20 mM r-BuOOH/c-C6I 110 system has 
almost 7 02 turnovers per iron catalyst via eq. 22. 

Recent experiments2t confirm that the combination of 
FeT1(DPAH)2 (DPAH2 = 2,6-dicarboxyl-pyridine) and 02 in 
a pyridine/acetic acid solution results in rapid autoxidation 
to produce HOOII and Fe”‘(DPA)(DPAH) kl, 1.8 + 0.5 
M-~s-‘).~~ 
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A. Fen(PA)t + HoOH 

6 + PhC(O)cH, 

2 bFemOH + c-C&0(0) 

[orPhC(OKH3I 

bti + c-C&,(O) + c-C&OH 

L$en + c-C&COBu + py 

MEI, 8.4 

m ; 21 (HOOH, 4). 25 (HOOH, Ad 

8.2 (t-B&OH, Q), 7.6 (t-BuOOY Ad 

B. F&~PY~~~+ 
K<cl 

+ HOOH(B ~+Fe%OH(Bu) + H307 ‘= NR 

Fe’b” + 0, - rLz2+Fe%z,1 6~ 

70 
H20* I+%‘+ EHOOH) ZOOH) 

4 ma2m3 
>I0 (t-B&OH) 5 (t-B&OH) 

C-PhCH-CHPh 

1 t 
2 PhCH(0) + Fenb2+ 

6a + PhC(O)cH, + H$3 

Scheme I. Fenton chemislry and the induced activation of 0, 
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WDPAHh * 0, 7x t(DPAHNDPAmmoHl 
PC%PAHl* 
- 

(23) 
HOOH + 2 Pe’“(DPAXWAH) 

The resultant HOOH reacts with excess Fe”(DPAH)z via 
nucleophilic addition to give a Fenton reagent [(DPAH)z 
Fe”OOH + pyH+] (1) that reacts with excess Fe”(DPAH)z 
to give Fe”‘(DPA)(DPAH) [k2, (al) x lo3 M-ls-‘], and 
in accord with the other paths of Scheme I. 

SU??WnUy 

The one-to-one combination of the FelL, complexes and 
HOOH(Bu-t) yields a species 1 (Scheme I), which reacts as 
a Fenton reagent with c-QI-Il2 via path C and intermediate 
2 to give (c-CeHtt)py (with HOOH [KIE] = 1.7-2.9 and 
with t-B&OH [KIE] = 4.3-5.0). In the presence of 02 the 
various species 1 form an 02 adduct (5) via path D that 
reacts with c-CeH12 to give intermediate 6, which reacts 
via path F to produce C-C6Hte(O) (with HOOH [KIEI = 
2.1-11 and with r-BuOOH [KIE] = 8.2+ 10) and c- 
CsH 1 l0H (with HOOH [KIE] = 1.4-l .9 and with f- 
BuOOH [KIE] = 4.847). The several species 1 react with 
excess HOOH (rapidly) and t-B&OH (slowly) via path B 
(species 3 and 7) to give @, which forms 5 via path D. 
With excess f-BuOOH and c-CeHl2 in the absence of 02, 
the several species 2 undergo nucleophilic substitution via 
4 to produce c-CeHttOOBu-1. Table 5 summari ‘zes these 
and analogous reactivity parameters for C0~%py)2~+ and 
Cul(bpy)2+ 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-GjH1+C&2)? 

With excess HOOH the various FellL, complexes rapidly 
disproportionate it via path B to give 02 and H20. Hence, 
even in the absence of ambient @ these systems are never 
limited in available 02 for their formation of species 5. 
This is in contrast to t-B&OH, which is disproportionated 
much more slowly and causes its Fe”LJ&BuOOH systems 
to be limited by available 02 in their formation of species 
5. 

The present results indicate that reduced transition-metal 
complexes [ML,; Fe”L,, Cur(bpy)2+, and Cd1(bpy)22+l 
undergo nucleophilic addition by hydroperoxides 
[HOOH( to form lJ,MOOH + BH+] (l), which often 
binds 02 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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