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Abstract

Labile iron complexes [e.g., [Fe"'(bpy), 1%, [Fe'(bpy), 3T, [Fe"'(H,0)c13 and [Fe''(H,0)s]5 in base-free aceto-

o

nitrile activate dioxygen for the direct oxygenation of cyclohexene [to ketone, alcohol, and epoxide; c-C4H =3 c-CgHg(O),
c-C4zHgOH, c-C4H ,,-epoxide] and related unsaturated hydrocarbons with allylic carbon centers. For example, the combina-
tion of 1 mM [Fe"'(bpy),13 /O, (1 am)/1 M c-C¢H,, yields 51 mM c-CgHg(0), 42 mM ¢-CgHgOH, and 3 mM
c-CgHo-epoxide within 24 h (about 100 catalyst turnovers— product molecules per catalyst molecule). With 1 mM
[Fe''(H,0)6]** in place of [Fe''(bpy),]3;, the product yield is 35 MM ¢-C4Hg(O), 16 mM ¢-C4HGOH, and 0.1 mM
epoxide. Under anhydrous conditions, the combination of 1 mM [Fe''(bpy), ]2t (MeCN) /O, (1 am) /2 M ¢-C¢H,, inal-h
reaction yields 48 mM c-CgHg(O), 43 mM ¢-CqHgOH, and 3 mM c¢c-C4H ,o-epoxide. Excess ligand or added H,O inhibits
the reaction rate, and 0.1 M H;O%, 0.3 mM a-tocopherol (vitamin E), or 1 mM 2,6-di-tert-butyl-4-methylphenol (BHT)
completely suppresses product formation. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Although dioxygen (O,, abiradical, 21 vol.%
of the atmosphere) is an essential reagent in
aerobic biology and the magjor factor in the

* Corresponding author. Tel.: +48-17-854-9830; fax: +48-17-
854-3655.
E-mail address: asobkow@prz.rzeszow.pl (A. Sobkowiak).

degradation of organic molecules and polymers,
it is essentially inert in the total absence of
transition metals (free radicals by definition).
Nature and the chemical process industries make
use of O, via transition metal catalysts (en-
zymes) to (a) drive the biological heat engine
(oxidative metabolism; *‘ cold combustion’’), (b)
dehydrogenate and oxygenate organic mole-
cules, and thereby (c) facilitate the production
of penicillin, hydroxylated tyrosine, muconic
acid, methanol, nylon, and polyester (among
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many). Most biological catalysts are iron pro-
teins plus severa copper proteins, while indus-
try uses mainly iron-, cobalt-, and silver-based
catalysts. In contrast, trace quantities of dys-
functional iron and copper induce ‘‘ oxygen tox-
icity’’, rancidification of fats and oils, and poly-
mer degradation.

The reactivity of O, traditionally has been
ascribed to its thermodynamic potential for elec-
tron transfer (with activation via electron trans-
fer catalysts). However, on the basis of a series
of chemical investigations, activated O, trans-
forms organic substrates via H-atom and O-atom
transfer [1-8], never via electron transfer. In the
presence of O,, Fenton systems|[e.g., one-to-one
Fe(l1) /HOOH combinations] transform hydro-
carbons to ketones and lesser amounts of alco-
hol, with all of the product oxygen derived from
O, (oxygenated Fenton chemistry) [2-5]. The
combination of Fe(I1), O,, and a donor molecule
(DH,; e.g., PhNHNHPh, ascorbic acid,
2PhCH,SH) (a) transforms hydrocarbons to
alcohols and ketones, and (b) demethylates
N-methyl anilines (model reaction system for
cytochrome P-450 monooxygenase / reductase)
[6,7] and (c) hydroxylates phenols (model reac-
tion system for tyrosine hydroxylase) [8].

All of these (O,)- activating systems (a) have
a donor co-factor (e.g.,, HOOH, DH,), (b) in-
volve metal (M) /dioxygen (O,) radical—radi-
cal coupling to weaken the O—O bond (A Hpge
=119 kca mol~* for O,) [9] and thereby
enhance the FeOO—H bond energy of
substrate-derived (H-) atoms (or donor-de-
rived) and the FeOO—R bond energy of sub-
strate-derived carbon radicals (R-), (c) are
driven to exothermicity via formation of H,O
(AH; =221 kcal mol~*) [9] from two substrate
H-atoms and one of the two O-atoms of O,, and
(d) appear to have a common reactive interme-
diate {[ L, Fe'Y(OH)(OOR)], 6}.

With this background, we were surprised to
discover that labile iron(ll) complexes {e.g.,
[Fe"(bpy),]** and [Fe"(OPPh,),1?*} catalyti-
caly activate O, (@) to transform (oxygenate)
cyclohexene (c-C4H,,) and methyl linoleate

[CH 4(CH,),CH=CH(CH,),C(O)OCH,] to
their respective ketone, alcohol, and epoxide
derivatives, and (b) to initiate the autoxidation
of 1,4-cyclohexadiene (1,4-c-C,Hg) to benzene
[10]. Most schemes for ‘‘oxygen toxicity’’ and
for the oxygenation of unsaturated fats and lipids
[11,12] invoke initiation by free hydroxyl radi-
ca (HO-) or an iron(I1) /HOOH combination
(Fenton chemistry) [13]. Hence, the prospect
that smple iron complexes are sufficient to
activate ambient O, for this chemistry has im-
portant implications for strategies (a) to catalyze
its constructive use and (b) to inhibit its toxic
and degradative reactions (anti-oxidants).

These considerations have prompted a sys-
tematic investigation of several iron(lll) and
iron(11) complexes in acetonitrile for the activa
tion of O, to oxygenate cyclohexene and other
unsaturated hydrocarbons. Again, to our sur-
prise, iron(ll1) complexes are more effective
catalysts{e.g., 1 mM [Fe"'(bpy), I3, yields50%
more product than 1 mM [Fe' (bpy), 13 [10]
within a 1-h reaction time}. Apparently, the
bound (HO - ) group of the reactive form of the
iron(11) catalyst [(L%"Fe'""—OH; approximate
bond energy (A Hpge), 53 keal mol 1] is reac-
tive enough to abstract a substrate alylic hydro-
gen to form a carbon radical (R-), which,
within the collision complex, combines with O,
and Fe'L2* to form [(L,Fe""'-OO-R)] and
thereby achieve exothermicity. Iron-hydroper-
oxo and akylperoxo complexes like species 5
((bpy)3* Fe'""'-O0-R)) have been studied exten-
sively during the last decade [14,15]. The exis-
tence of such complexes has been established
and their role as catalytic intermediates in alkane
and arene oxidation/hydroxylation and olefin
epoxidation has been proposed [16-25]. Al-
though the chemistry is radical-like, there is no
evidence that the net product-forming pathways
involve free oxy or carbon radicals. The role of
the iron(lll, 1) catalysts, as free radicas, is
probably to facilitate homolytic bond breakage
and bond formation via metal oxygen radical /
radical coupling, which facilitates HO-H and
R-O radical /radical coupling.
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2. Experimental

2.1. Equipment

The reaction products were separated and
identified with a Hewlett-Packard 5880A Series
gas chromatograph equipped with an HP-1 cap-
illary column (cross-linked methyl silicone gum
phase, 12 mx 0.2 mm i.d.) and by gas chro-
matography mass spectrometry (GC-MS;
Hewlett-Packard 5790A Series gas chromato-
graph with a mass-selective detector). A three-
electrode potentiostat (Bioanalytical Systems
Model CV-50W) was used to record the voltam-
mograms. The experiments were conducted in a
15 ml electrochemica 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 agueous tetramethylammonium chlo-
ride solution that was adjusted to give a poten-
tial 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 [26].

2.2. Chemicals and reagents

The reagents for the investigations and syn-
theses were the highest purity commercialy
available and were used without further purifi-
cation. The solvent for al of the experiments
was Burdick and Jackson ‘‘distilled in glass”’
grade acetonitrile (MeCN, 0.002% H,O).
High-purity argon gas was used to deaerate the
solutions. All compounds were dried in vacuo
over CaSO, for 24 h prior to use. Ferric chlo-
ride[Fe"' Cl y(ag), 98%] and 2,2'-bipyridine (bpy,
99 + %) were obtained from Aldrich.
Fe''(ClO,), - 6H,0 (99 + %) and Fe"'(ClIO,), -
9H,0 (99 + %) were obtained from GFS, per-
chloric acid (HCIO,, 70%) from Fisher. The
organic substances included cyclohexene (99%),
ethyl benzene (99.8%), cumene (99%), 2,6-di-

tert-butyl-4-methylphenol  (BHT) (99%), o-
tocopherol (97%) and quercetin dihydrate (98%)
which were abtained from Aldrich.

2.2.1. Yynthesis of [Fe''(MeCN),](CIO,),

The [Fe''(MeCN),](CIO,), complex was pre-
pared by multiple recrystallizations of [Fe'-
(H,0),](ClO,), from MeCN [27,28].

2.2.2. Iron(I1) bis(2,2"-bipyridine)

The [Fe"(bpy), 13t complex was prepared
in situ by mixing [Fe'(MeCN),I(CIO,), in
MeCN with a stoichiometric ratio of bipyridine.
The other iron complexes were prepared in situ
by mixing the iron salt with stoichiometric ra-
tios of ligand in acetonitrile.

2.3. Methods

The investigations of O, activation by the
iron complexes (0.1-5 mM) used solutions that
contained 0.25—4 M substrate in 5 ml of MeCN.
After 15 min, 1 h, or 24 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 chro-
matograph for analysis. In some cases, the reac-
tion was quenched with water, and the product
solution was extracted with diethyl ether. Prod-
uct species were characterized by GC-MS. Ref-
erence samples were used to confirm product
identifications and to produce standard curves
for quantitative assays of the product species.
All experiments were performed three times.
The presented values of concentration are the
mean values of three independent experiments.

3. Reaults

In acetonitrile, simple iron(l11) and iron(Il)
complexes catalytically activate dioxygen (O,)
to oxygenate cyclohexene (c-C4H,,) to yield
ketone [cyclohexene-3-one; c-C4H4(O)], alco-
hol [cyclohexene-3-al; ¢-C4H,OH], and epox-
ide [cyclohexyl-oxide; c-C4H,,O] (Table 1).
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Table 1

Iron-induced activation of O, (1 atm) in acetonitrile for the oxygenation of cyclohexene (c-CgH,,) to produce ketone [c-CgH g(O)], acohol

(c-C¢HgOH), and epoxide (c-C4H140)

Catalyst?, (1 mM) Products (MM, +5%)°

1M ¢-CgHyg 2M ¢-CgHyg
one ol (ratio)® €pox one ol (ratio)® epox

[Fe"'(opy), I3, Ar® 0.2 2.0 0.1) 0.0

[Fe'"'(bpy), ]3+ air 49 8.4 (0.6) 0.0 5.1 10 (0.5 0.0

[Fe'" (bpy), ]3+ 51[21]¢ 42[29]° 12 3.1[0.5° 33 37 (0.9) 0.9

[Fe'" (bpy), ]3+ 35[24]° 38[30° (0.9 0.6[0.2]° 31 36 0.9 05

[Fe"'(bpy), ]3+/7 bpy 5.9 09 (6.6) 0.0

[Fe'"'(bpy), ]3+ /10H}O 45[10]° 45[13]° 1.0 0.0

[Fe'"'(bpy), ]3+/2%H 0 22[8.8]° 31[13]° 0.9 0.0 31 11 0.3) 0.0

[Fe'"'(bpy), ]c:l3 7.7 29 (2.8 0.1 13 9 1.5 04

[Fe'""(OH,)q ]3+ 33(1.7]° 12[0.6]° (2.8) 0.0 12[12]° 23[15]° (0.5) 0.0

0.05 mM [Fe”'(bpy) By 26 13 (2.0 0.0

0.5mM [Fe'“(bpy)z]3+ 45[0.8]° 38[14]° 1.2 1.5[0.0°

2mM [Fe”'(bpy) ]3+ 19[10]° 24[18]° 0.8 0.0

[Fe' (bpy),)2F 0.2 01 (2.0) 0.0 41[4.1]" 37[13]f (1.1 1.0

[Fe''(bpy), 2;3N 21° 14¢ .5 1.6° 48° 43¢ (D) 2.9°

[Fe" (bpy), 13ty aird 18¢ 21° 0.9 0.9¢

[Fe''(OH ,)s 12" 35[5.4]° 16[6.1]° (2.2 0.1 10[10]° 23[10]° (0.4) 0.0

0.1mM [Fe“(bpy)2 N 5.6° 3.1° (18 0.2°

#The catalyst complexes were prepared in situ by mixing Fe'''(CIO,), - 9H,0, Fe''(ClO,), - 6H,0, or Fe''Cl; X H,0 in MeCN with

2,2'-bipyridine.

®The combination of catalyst and c-C¢H,, in 5.0 ml of MeCN (25°C) was saturated with O, (1 atm) (or air) to initiate the reaction.
After a reaction time of 24 h, the yield of products was assayed by capillary column GC. Presented data are the mean values of 3

independent experiments.
CProduct ratio of c-CqHg(O) per c-CgHgOH.
The traces of O, were present.
°Reaction time, 1 h.
Plus 2% H,0.

9Ref. [10]; catalyst prepared in situ with [Fe''(MeCN),1(ClIO,), in MeCN; 1 h reaction time. With 0.5 M ¢-C4H,, the yield is 3.7 mM

c-C4Hg(0) /1.8 mM c-CgH4OH /ratio, 2.0/0.3 mM epoxide.

The product profiles after 24 h reaction times
indicate that the 1 mM [Fe"'(bpy),I5 /O, (1
am)/1 M c-C4H,, combination is the most
reactive [96 product/catalysts turnovers; with
air (0.21 atim O,), the reaction rate is reduced to
13 product /catalysts turnovers;, with 0.05 mM
catalyst, 39 mM of oxygenated product is pro-
duced in 24 h (780 product /catalyst turnovers);
and with 2 mM catalyst, the reaction rate is
reduced to 22 product /catalyst turnovers. How-
ever, in the presence of 2 M ¢c-CgH,p, 1 mM
[Fe''(bpy), 13 is slightly more effective than 1
mM [Fe“'(bpy) 157 (79 vs. 71 product /catalyst
turnovers). leeW|se the 1 mM [Fe'-

(H,0)¢]* /0, (1 am)/1 M ¢-C4H,, combi-

nation is more efficient than that with 1 mM

[Fe"'(H,0)s]** (51 vs. 45 product/catalyst
turnovers). The presence of additional ligand
(bpy or H,0) inhibits the O,/substrate reac-
tion, but the addition of 10 mM H,O" has a
minor effect (the reaction is completely sup-
pressed in the presence of 100 mM H,O™).
Excess H,O inhibits ketone production more
than alcohol production. The stable, uncharged
[Fe'"'(bpy),]Cl; complex is almost an order of
magnitude less efficient than [Fe'"'(bpy),l3
(Table 1). With the iron(l11) catalysts, alcohol
production is favored during the first hour of
reaction. Lower partial pressures of O, reduce
the ketone/alcohol product ratio, as does the
initial presence of 2 M ¢c-C4H,, in place of 1 M
substrate.



A. Sobkowiak et al. / Journal of Molecular Catalysis A: Chemical 159 (2000) 247256 251

With 1 h reaction times, the [Fe""'(bpy), I3
catalyst is no more effective than the water-free
[Fe'(bpy), 3ty complex; in fact, with 2 M
c-C¢H,, as the substrate, the latter produces
40% more product in 1 h than the former does
in 24 h. The co-production of H,O clearly has a
much greater inhibitory effect on [Fe''(bpy),]**
than on the iron(l11) catalysts.

In the presence of 0.1 mM BHT, the yield
with the [Fe'"'(bpy), I3 catalyst is reduced to
25 mM c-CzH4(O), 31 mM c-C4HgOH, and
0.6 mM epoxide; with 1 mM BHT, the oxy-
genation process is completely inhibited (asit is
for al of the catalysts). The presence of 0.3 mM
a-tocopherol (vitamin E) or 1 mM quercetin
(3,5,7,3 ,4-pentahydroxyflavone) aso com-
pletely inhibits the oxygenation process.

With 1 M ethylbenzene (PhCH,CH ) as the
substrate, the 1 mM [Fe”'(bpy)z]gq+ /0, (1 am)
system yields 7.2 mM acetophenone [PhC(O)-
CH,] in a 24-h reaction {the [Fe"(bpy),l%"
catalyst yields zero product}. In the presence of
air (0.21 atm O,), theiron(I11) system yields 6.5
mM PhC(O)CH; in 24 h. With 1 M cumene
[PhCH(CH,), ], the iron(lI1) /1 atm O, system
yields 16 mM PhC(O)CH,;, 15 mM
PhC(CH;),0OH, and 12 mM PhOH in a 24-h
reaction (respective yields after 1 h of reaction;
3.6, 6.5 and 0.0 mM). In the presence of air, the
respective yields after a 24-h reaction are 6.4,
14 and 5.7 mM. The 1 mM [Fe'(bpy),l5 /1
am O,/1 M PhCH(CH,), combination yields
21 mM PhC(O)CH;, 33 mM PhC(CH,),0H,
and 1.8 mM PhOH in a 24-h reaction time. In
the presence of air, this system gives respective
yields of 3.8, 33 and 1.1 mM. Figs. 1 and 2
illustrate the oxidation/reduction character of
the catalyst/substrate combinations in the ab-
sence and presence of O,. In the absence of O,,
(a) [Fe"(bpy), I3 is completely unreactive and
remains fully reduced, but (b) about 50% of 1
mM [Fe""'(bpy), 13 is reduced by the substrate
within 5 min after combination with 2 M
c-C¢H,, (Fig. 1A) to give c-C4H,OH (Table
1). In the presence of O,, (@ most of
the [Fe''(bpy),]% remain in a reduced state

A. Fe''(ImM), bpy(2mM), c-C,H,,(2M)

60

40 |-

20 |-

i[nA]

20 |-

-40

2 1 lll -1 -2
E[V]

1

Fe"(1ImM), bpy(2mM), ¢-C,H,,(2M)

60

40 |-

= ol 4
-20 | 4
-40 1 1 1 1 1
2 1 0 -1 -2
E[V]
B. Fe''(ImM), bpy(2mM), ¢-C H,, (2M)
50 T T T T T
40 | 4
30 | 4
20 | .
10 |
=
& 0+ 4
-10 | _
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-30 4
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Fig. 1. Cyclic voltammograms in MeCN [0.1 M (Et,N)CIO,] for
(A) 1mM [Fe"'(bpy), 13, in the presence of 2 M c-CgH,q under
an argon atmosphere and (B) 1 mM [Fe'(bpy),J3; in the pres-
ence of 2 M ¢-CgH,, under an argon atmosphere. Cyclics were
recorded within 3 min after mixing. Scan rate, 0.1 V s™!, GCE
(0.09 cm?; SCE vs. NHE, +0.242 V).
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A. Fe"(1mM), bpy(2mM), ¢-C H,,(2M), O,(1atm)

T T T Lt T
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60 | 4

40 | .

20 L -
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=
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B. Fe''(ImM), bpy(2mM), c-C H,,(2M), O,(1atm)
60 T T T T T
40 - -
20 | 4
2 0L -
- -20 4
-40 | -
-60 1 1 1 1 1
2 1 0 1 -2
E[V]

Fig. 2. Cyclic voltammograms in MeCN [0.1 M (Et,N)CIO,] for
(A) 1 mM [Fe"'(bpy),I3; in the presence of 2 M c-CgH,, and
0, (1 am), and (B) 1 M [Fe" (bpy), 13 in the presence of 2 M
c-CgH,o and O, (1 atm). Cyclics were recorded within 3 min
after mixing. Scan rate, 0.1 V s™!, GCE (0.09 cm?; SCE vs.
NHE, +0.242 V).

Table 2

Equilibria and redox processes for the 1 mM [Fe”'(bpy)z]3+ and [Fe' (bpy), ]

(Fig. 2B) while oxygenating c-C,H,, (Table 1,
79 product molecules per catalyst molecule in
24 h), and (b) about two-thirds of the
[Fe"'(bpy), I3 catalyst is in the reduced state
(Fig. 2A) while oxygenating c-C4H,, (Table 1,
71 product molecules per catalyst molecule in
24 h). Both systems, during the course of the
reaction, exhibit a unigque reduction peak at
—0.3 V vs. SCE (Fig. 2) that is not observed
with substrate-free solutions, and must be due to
a catalyst/0O,/c-CzH,, reactive intermediate
that exhibits a multi-electron catalytic current.
Analogous electrochemical behavior was ob-
served for the (w-oxo) di-aqua diiron(111) com-
plexes with 2, 2'-bipyridine as a ligand in aceto-
nitrile [29]. Electroreduction of the w-oxo com-
plexes leads to mononuclear iron (I1) complex.
The p-oxo-bridged diiron(I11) complexes are
well known for the catalytic alkane oxidation
and aromatic hydroxylation by hydroperoxides
and dioxygen [16,30-36]. It was, however, es-
tablished, that akylperoxoiron(l11) complexes
are formed during oxidations catalyzed by p.-
oxodiiron(I11) complexes [16].

4, Discussion and conclusions

On the basis of the present electrochemical
results (Figs. 1 and 2) and those from related
studies [3,37-39], the dominant forms of the
catalysts, their equilibria, and their oxidation—
reduction processes can be assigned and are

+

catalysts in acetonitrile

(D [Fe""(bpy) ,(H,O)I*" 2 (bpy)3 ™ Fe''=OH (1) + H,0™

(2) 2(bpy)3* Fe'"'-OH(1) = (bpy); " Fe'"'OFe"'(bpy)5 " + H,0, K; ~4mM~*

(3) [Fe"'(H,0)s** 2 (H,0)" Fe'''-OH (1) + H,0*
(@) [Fe" (bpy) ¥ + H,0 2 (bpy)3* Fe'''=OH (1) + bpyH™*

(5) (bpy)3* Fe'"—OH (1) +Hz0"+ e —[Fe'(bpy),I** (2) + 2H,0E,
(6) (bpy)3* Fe''"OFe"" (bpy)3* + 2H,0™ + 2e~ — Fe''(bpy)3* (2) + 3H OE

, +0.45V vs. SCE
—0.90V vs. SCE

(7) 2[F€" (bpy),(H,0),* T (2)—e~ =2 [Fe“'(bpy)3]3* +[Fe'" (bpy)(H 20)4]“ El/2 +1.05V vs. SCE

(8) 2(H,0); Fe''(bpy) " — 2™ - (H,0),5(bpy)?* Fe''' OFe""! (bpy)(H ,0)5 " + 2H,07 E, ,

, +1.40V vs. SCE

(OIG] 20)3(bpy)2+ Fe''' oFe"" (bpy)(H,0)3 " + 2[Fe'" (bpy), 13T — 2(bpy)3 * Fe'" OFe”'(bpy)“ +2H,;0" + 3H,0

(10) {(bpy)3 " Fe'V(OH) (OOCgHy), 6} + 2H;0" + 2e~ — c-C4H4(0) + [Fe' (bpy), 1> (2) + 4H,0E, .,

(hypothetical)

—0.3V vs. SCE
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summarized in Table 2. In the absence of O,,
only the (bpy).,,, Fe"'-OH (1) species is reac-
tive with c-C4H ,, to produce its alcohol (Table
1 and Fig. 1A):

2(bpy)5" Fe'""—OH(1) + c-C¢H
— ¢-C4H4OH + 2Fe" (bpy)s "+ H,0. (1)

The initial step requires breakage of an alylic
C—H bond in ¢CiH,, (AHpz=83 kca
mol ~%) [39] by 1 (AHpge=53 kca mol 1)
[9,40,41] to form a water molecule.

(bpy),2*Fell-OH + R-H {(bpy),2*Fell-R}
) . )
(c-C¢H, )
(bpy),**Fell-OH

H,0

R-OH + 2 Fell(bpy),2*
)

(2

Because the total bond breakage energy
(AHpge = 83 + 53 = 136 kcal mol ~1) is greater
than the free energy of bond formation for the
HO—H bond (— AGg = 111 kcal mol 1) [9,41],
for the observed process (Eq. 1) to occur at
reasonable rates requires formation of an inter-
mediate with an iron—carbon bond (species 7,
EQ. 2, —AGge~ 25 kcal mol 1) [42]. The lat-
ter will react at diffusion-controlled rates with a
second [(bpy)3*]JFe'"'—OH to give the observed
acohol product (Eq. 2).

When O, is present, the same bond breakage
energy is required (136 kcal mol~1), but the
bond formation free energy is enhanced via the
apparent formation of the 5 bonds[ — AGge = 15
kcal mol~! (est) and 20 kcal mol~! (est)]
[9,39,40] in place of the iron—carbon bond:

(bpy)5 " Fe""-OH(1) + R-H + O,
— (bpy); " Fe"'-O0-R(5) + H,0. (3)

With these bond energy considerations, the pro-
cess is exergonic by about 10 kcal mol ~!. Be-
cause the C—H bond energy of methylenic car-

bons in saturated hydrocarbons (A Hpge = 96
kcal mol %) [9] is 13 kcal mol~* greater than
that for the alylic C—H bonds of cyclohexene,
the [(bpy)3* JFe'"'—OH /O, system is unreactive
with cyclohexane (¢c-C4H ).

Species 5 is believed to be a transient inter-
mediate with several reaction pathways. Rea-
sonable possibilities, which are outlined in
Scheme 1, include (a) decomposition to ketone
[c-CgHg(O)] and 1 and, the most probably, (b)
reaction with the (bpy)3* Fe'""OH /c-C4H,,/ O,
combination to give ketone, Fe'(bpy)s* (2),
H,O, and a reactive intermediate {(bpy)3*-
Fe'V(OH)(OOC4H,), 6}. The latter (whatever
its form) has been shown to facilitate multiple
c-CgH,0/0O, turnovers to produce ketone via
oxygenated Fenton chemistry [4,5] and has been
postulated to be the reactive intermediate in an
iron(11) /O, /reductase (DH,) /RH system [6].

In the preliminary study of iron(I1)-induced
activation of O, for the oxygenation of cyclo-
hexene {[Fe"(bpy),]**/0,/c-C¢H,,} [10], the
rate of product formation was shown to be: (a)
first-order in catalyst concentration up to 1 mM,
but inhibited by larger concentrations; (b) zero
for c-C4H,, concentrations less than 0.5 M, but
approximately first-order for concentrations
above 1.0 M; and (c) inhibited by the presence
of H,0[0.1% H,O (56 mM) reduced the reac-
tion efficiency by 30-50%; 1% H,O com-
pletely gquenched the reaction as did the pres-
ence of 100 mM pyridinel. The results for
[Fe"'(bpy), I3 and [Fe''(bpy),l5 (Table 1)
confirm that the presence of H,O inhibits reac-
tion with c-C4H,,. In the presence of 1 M
c-C4H o, the [Fe"(H,0)]** complex is more
efficient than [Fe"(bpy), 13- the opposite is
observed for 2 M ¢c-CgH .

The results summarized in Table 1 and elec-
trochemical data (Figs. 1 and 2) confirm that
during the course of the oxygenation reaction,
the reduced iron complex (2) is the effective
catalyst. Although 1 is a much more effective
initiator, it is reduced to 2 via its initiation
reactions (Scheme 1). The unique and selective
reactivity of c-CzH,, when al of the catalysts
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; Q)]
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(6) + ¢-C4Hg(O) +H,0
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) l c-CeHyg

c-CcHyOH + ¢-C4H,-epoxide
HFellZ, ]2

¢-CHy(O) +L,2*FellOFell 2+

¢-CHy(O) + ¢-C4HyOH + [FellL, |2+

@

Scheme 1. Iron(l11)-induced activation of O, for the oxygenation of cyclohexane (c-CgH ).

are initialy in the reduced form appears to be
due to adduct formation {(bpy)3* Fe''(c-C4H ),
3} prior to reaction with O, to give
{(bpy)2* Fe'"V(OOH)(C4H,), 4} (Scheme 1). The
apparent formation constant (K’) for 3 is ap-
proximately 0.5 M~ (Table 1) [10]. On the
basis of reasonable estimates of —AGge
[9,40,41], formation of intermediate 4 is exoer-

gonic by 7 kcal mol ~%; in turn, it reacts with (a)
0,/c-C4H,, to give {(bpy)s*Fe'"(OH)-
(OOC4H ), 6} and c-C4H4OH (path A, Scheme
1; estimated to be a 23 kcal mol ~! exergonic
reaction), or (b) c-C¢H,, to give c-C4H4OH,
epoxide (c-C4H,,0), and 2 (path B, Scheme 1;
estimated to be a 10 kcal mol~! exoergonic
reaction).
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Species 6 appearsto be identical to the species
6 of oxygenated Fenton chemistry [4,5] and of
iron(11) /reductant (DH ,)-induced activation of
O, [6], and is believed to be the intermediate
that is reduced at —0.3 V vs. SCE (Fig. 2B and
Table 2) during steady-state reaction [3,16]. The
product profiles of Table 1 and from the prelim-
inary study {[Fe" (bpy), ]2 n/0,/c-CH o) [10]
indicate that 6 can react with (a) another O, /c-
CgH,, combination to give 6 and c-C4H4(O)
(path C, Scheme 1); (b) c-C4H,, alone to give
c-C¢Hg(O), ¢-C4H,OH, and 2 (path D), or a
reduced catalyst (e.g., 2) to give c-CzHg(O)
and inactive oxidized iron {eg., (bpy)3'-
Fe''"OFe""'(bpy)3*} (path E). The results of
Table 1 indicate that with O, at 1 atm, path C is
followed two to three times {two times for
[Fe'(bpy), 15t} before path D terminates a
6-t0-6 cycle to give three to four ketones and
two acohols (-one/-ol ratio, 1.5-2.0). With air
(0.2 am O,) and [Fe'"(bpy),]55 path C is
followed one time before path D to give two
ketones and two alcohols (-one/-ol ratio, 0.9);
0.1 atm O, gives an -one/-ol ratio of 0.8 (if
Scheme 1 is an accurate representation of the
catalytic chemistry, complete suppression of
path C would give an -one/-ol ratio of 0.5)
[10]. With 0.5 M ¢-C¢H,,/[Fe" (bpy), 13/ O,
(1 atm), path C is followed three times before
path D to give four ketones and two alcohols
(-one/-ol ratio, 2.0) [10]. The presence of H,O
in the coordination sphere {e.g., [Fe"(bpy),I
H,0)3" and [Fe"(H,0)¢]*"} favors the 6-to-6
cycle (path C) three times prior to path D.

When [Fe'"'(bpy), I3 is the catalyst, the ini-
tial dominant process is reduction to [Fe'-
(bpy), 57 and production of alcohol (Eqg. 2).
Because the latter is a more basic ligand than
H .0, it has a similar inhibitory effect on path C
to that of excess water (as does excess bipyri-
dine, Table 1). Subsequent product formation
appears to involve solely reduced catalyst
{[Fe" (bpy), 15 .

The inhibitory effect of antioxidants (e.g.,
BHT or vitamin E, Ar—OH) appears to be stoi-
chiometric with respect to iron catalyst (com-

plete suppression for one-to-one combinations
for all catalysts). A reasonable possibility is that
BHT reacts with 1 to form an inactive oxidized
catalyst:

Ar—OH(BHT) + (bpy)5" Fe'"—OH(1)
— (bpy)5 " Fe'"-OAr + H,0. (4)

Species 6 also should be highly reactive with
BHT or vitamin E; one possibility would be to
also deactivate 2:

2 Ar—OH(BHT)
+{(bpy)3 " Fe'V(OH)(OOC¢H,) 6}

+[Fe' (bpy),| 2 (2) - 2(bpy)5 " Fe'"-OAr
+ ¢-C4H4(0) + 2H,0. (5)

Hence, the apparent means by which BHT is an
effective *‘anti-oxidant’” is to functionalize the
iron catalysts into an unreactive form {eg.,
(bpy)3* Fe'"'-OAr}. This, in turn, leads to the
suggestion that the search for other effective
inhibitory agents should focus on those that
inactivate iron catalysts via the chemistry of
Egs. 4 and 5.

The iron(I11, I1)-induced activation of O, for
the oxygenation of alylic carbon centers (Table
1) makes such systems more reasonable cyto-
toxic agents than the non-selective free hy-
droxyl radical (HO-) within the oxy-radical
theory of aging and heart disease [11,12]. In the
preliminary study [10], the reactivity and prod-
uct profiles with the [Fe"(bpy),155n/0, Sys
tem for methyl linoleate closely paralleled those
for c-C4H,,, which indicates that cyclohexene
is a good model substrate for unsaturated fatty
acid esters and there oxygenation via iron(ll,
111) /O, combinations.
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