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Abstract: Oxidation of cyclobutanol by aqueous Fe(IV) generates cyclobutanone in ~70% yield. In addition
to this two-electron process, a smaller fraction of the reaction takes place by a one-electron process, believed
to yield ring-opened products. A series of aliphatic alcohols, aldehydes, and ethers also react in parallel
hydrogen atom and hydride transfer reactions, but acetone and acetonitrile react by hydrogen atom transfer
only. Precise rate constants for each pathway for a number of substrates were obtained from a combination
of detailed kinetics and product studies and kinetic simulations. Solvent kinetic isotope effect for the self-
decay of Fe(lV), ki,olko,0o = 2.8, is consistent with hydrogen atom abstraction from water.

Introduction

Surprisingly, there is only a limited mechanistic information

High-valent iron oxo complexes have attracted considerable available for the simplest and one of the most reactive high-

attention in the context of catalytic-€H bond activation in

valent iron oxo complexes, aqueous Fe(lV), which can be

both laboratory and biological oxidations. Attempts to unravel conveniently generated from k" and ozon&!°and has a

and mimic the chemistry of both heme and nonheme iron centers!ifetime of several seconds at room temperature in acidic
in enzyme active sites have focused on structures, mechanisms2dUeous solutions. Reactions with a limited number of organic
and intermediates-12 Mononuclear nonheme iron oxo com- Substrates were reported to take place by an initial hydrogen
plexed? are of particular interest for catalytic applications, but &t0m transfer, but no product analyses were carried out to
the successful synthesis and characterization of such compound§°nfirm this assignment which was based on the kinetics &one.
have been limited by their high reactivity and instability under Another report provided kinetic evidence for a two-electron
ambient condition&#-16 Literature data on mechanistic aspects ©Xidation of substituted phenols via an Fe(fgubstrate

of C—H bond activation by iron oxo complexes, for example, COMPleX: .

the preference for 1-electron vs 2-electron mechanisms, are quite. OUr own work on the chemistry of aqueous Cr(IV) has
limited.2517 Such information could be especially useful in the demonstrated quite the opposite trends in reactivity, that is, two-

design of catalytic systems utilizing ;0and HO,, since
successful catalysis often requires two-electron steps.
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electron oxidation of alcohols and one-electron oxidation of
phenols223These unusual findings become even more intrigu-
ing in light of the thermodynamics of these reactions. The
standard reduction potentials for the.f#/M.J' couples are
—0.41 V for chromium and 0.77 V for iron, demonstrating the
thermodynamic preference for the formation of,£r (one-
electron product) and E€* (two-electron product). Clearly,
other factors determine the outcome of these reactions.

The one-electron potential for " is not available. For
the CedV" couple, only an estimate af1.7 V exists. The
reported chemistry of kg¥ suggests that the IV/III potential
may be much greater than that for the 3" couple, and the
1-e path, although less favorable, may still have a great driving
force. Alternatively, the precise chemical environment may be
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different for the two metal(lV) aqua species{liv) is believed
to be an oxoaqua species,of0?*, owing to the great oxophi-

licity of chromium. The iron(lV), on the other hand, has been

suggeste® to exist as a mixture of two hydrolytic forms, f&e
(OH)2" and Fg{OH)s*, related by a K of 2.0. The lack of

Ky (100— %H)
Kulkp = 0 —————
Kop {100 — (%H x Kop/kop)}

wherekzy andkzp are the respective rate constants for reaction 2 (see
later) in HO and DBO.

an oxo group may make the hydrogen atom transfer a preferable Conductivity measurements were carried out at Z&5with the

path for iron provided such a path is thermodynamically allowed. use of a TDI model VI stopped-flow apparatus equipped with a custom-
Here we report the results of a kinetic and mechanistic study built TDI conductivity cell and ranging amplifiéf. The signal output

of the oxidation of a number of organic substrates with aqueous Was amplified and offset to bring it into the dynamic range of the

Fe(IV). To simplify chemical equations, we will use the formula
FeVO?* to represent all forms of Fe(lV) in solution.

Experimental Section

Materials. Methanol, methanatk, ethanol, 2-propanol, 2-propanol-
di, -ds, and dg, 2-butanol, benzyl alcoholpara-substituted benzyl

instrument. An average of three independent runs was used to determine
the rate constants and the associated conductivity changes. Ultimately,
these data yielded the change in proton concentration during the run
and the overall charge on the'"F@?* ion.

Product Analysis. For UV-transparent substrates (methanol, ethanol,
2-propanol, THF, formaldehyde, and cyclobutanol), the yields gffFe
were obtained as a difference between the known initial concentration

alcohols, cyclobutanol, cyclobutanone, propionaldehyde, benzaldehyde,f Fex?" and the amount of k¢* determined by direct conventional

paraform, acetone, diethyl ether, THF, acetonitrile, acetonigjlé;10-

spectrophotometry at 240 nm immediately following the manual mixing

phenanthroline, sodium acetate, hydrogen peroxide, chromium(lll) of the reagents. For benzyl alcohplCFs-benzyl alcohol, acetone, and

perchlorate, iron(lll) perchlorate, titanium(IV) oxysulfate, perchloric
acid, and RO were of highest purity from commercial sources (Aldrich,

acetonitrile, the reaction mixture was combined with 0.17 mM
phenanthroline (added as acetonitrile solution, giving a final acetonitrile

Fisher, Cambridge Isotope Laboratories) and were used as receivedcontent of 3.9%) and 0.14 M sodium acetate. The absorbance reading
Deionized water was obtained by passage of in-house distilled wateryas taken at 510 nm, where Fe(ph#hhas an extinction coefficient

through a Millipore Milli-Q water purification system.

of 1.14 x 10* M~* cm™. This method proved to be less precise than

Fes*" stock solutions were prepared by Zn/Hg reduction of 0.010 the direct spectrophotometry, because somg? F¢5—10 uM) was

M Fe" in 0.10 M HCIQ,. The amount of residual E€" was
determined by UV-vis spectrophotometryaa (Fexd™) = 4160 M1
cm%, and never exceeded 0.1% of initial#&. Ozone was generated

consumed in the reaction with,8, during the analysis.
The yields of HO, were determined by adding 20 of TIOSO,
reagent (1.42 M in 15% $$Qy) to a 3-mL sample solution. The titanium

with an Ozonology L-100 apparatus. Aqueous solutions of 0zone were peroxo complexgsos = 723 Mt cm™%, was formed immediately and

prepared by continuous bubbling of ozone through 0.10 M HG\®

quantitatively. However, in experiments containing both/Feand

at least 30 min at room temperature. Such solutions, standardizedH,0, in the spent solution (see Results), the initially formed titanium

spectrophotometricallyezso (O3) = 3300 Mt cm™124 contained
approximately 0.5 mM @ Titanium oxysulfate test (see below) showed
no detectable quantities<@ uM) of H,O, in ozone stock solutions.
Cr.dO?" solutions were prepared as described previdaialyd contained
approximately 5Q:M CraO?" and 17uM Cr,fOC?*. Stock solutions

peroxo complex decayed rapidly (minutes or I&83)e yields of HO,
were obtained by extrapolation to zero time.

As a double check for solutions containing botbCz and Fei",
the peroxide yields were also calculated from the initial rates of the
Fe.?T/H,0, reaction and the mechanism in Scheme 1, wheis the

of formaldehyde were prepared by dissolving a known amount of rate constant for the Fenton reaction.

paraform in warm 1.0 M HCI@Q
Kinetics All the kinetics studies were carried out at 250.1 °C in

According to the scheme, the hydrolysis of hydroxyalkyl hydro-
peroxides regenerates®h, which thus becomes a catalyst for the co-

0.10 M aqueous HCI® unless stated otherwise. For fast reactions, an oxidation of Fe{" and alcohols by @ Pseudo-first-order kinetics with
OLIS RSM-1000 stopped-flow apparatus was used. The reaction respect to [Fg?*] should be obeyed when sufficient amounts aof O

between FEO?* and Fe#" was studied at high [Rg'] to ensure that
all the F&YO?* was generated in the first few milliseconds, which were

are present. A more complex kinetic behavior results when hydrogen
peroxide is consumed in side reactions or is not regenerated from a

not used in the kinetic fitting. In the experiments on substrate oxidation particular peroxide. Any complications resulting from changingQj

by FéV0?", one stopped-flow syringe contained the ozone solution,

and the other, a mixture of R&" and substrate. After mixing, the typical
concentration of ozone was 0.25 mM, and that ofiFe 0.10 mM.
Under these conditions, F©?>" was generated in the first few

were avoided by use of initial rates. The method was checked with
authentic reagents for the case.fe (43 uM)/H,0, (30—50 uM)/
cyclobutanol (0.102 M). As expected, the initial rat¥s,obeyed the
rate law,V; = 2 x ke x [H20;] x [Fes?'], whereke = 58 M1 s7%, the

milliseconds. The small, controlled excess of ozone was necessary toknown rate constant for the k&/H.O, reactior?” The amount of
scavenge any Rg" produced in 2-e steps (see Results) and, thus, hydrogen peroxide produced in the reactions betweeéhCPe and
prevent the Fg?*/ FeVO*" reaction and the associated absorbance substrates was calculated as@H] = Vi/(2ke x [Fea?*]).

changes caused in large part by the formation and decay of dimeric

Fe(lll). The data, obtained by rapid scannidg & 1 ms) in the 265

392 nm spectral range, were analyzed with the use of OLIS Global-

IH NMR spectra were recorded with a Varian VXR-400 spectrometer
at room temperature.

Works v2.0.190 software. The rate constants were obtained as averageBeSletS

of at least three experiments. Slower reactions were monitored with a

FeV 02" Formation and Decay.Literature data already exist

Shimadzu 3101 PC spectrophotometer. Kinetics of the reaction betweeng hoth the Fe2t/O; reaction and the decay of #@?" in

Fe?t and HO; in the presence of alcohols were studied by monitoring

the increase in B¢ concentration at 240 nm.

The analyses of kinetic data were performed with Kaleidagraph v3.51

for PC software. Kinetic simulations were carried out with Kinsim v4.0
software.

The kinetic isotope effect for the self-decay of&&*" was calculated
from the expression

(24) Hart, E. J.; Sehested, K.; HolcmanAhal. Chem1983 55, 46—49.

13758 J. AM. CHEM. SOC. = VOL. 126, NO. 42, 2004

acidic aqueous solutiort§;2° Because the reaction scheme with
added substrates is complex (see later), precise kinetic data for
reactions 1 and 2 under our exact experimental conditions were

(25) Knipe, A. C.; McLean, D.; Tranter, R. lJ. Phys. E: Sci. Instrunil974
7, 586-590.

(26) This rapid reaction between TiO(9H,SO, and Fgs* stands in contrast
to the very slow reaction reported in the perchlorate medtim.

(27) Wang, W. D.; Bakac, A.; Espenson, J.IHorg. Chem.1993 32, 2005~
2009.
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Scheme 1 250
k .
Fe,g?* + H,0, ——» Fe,,*" + OH @
= AN FeVO” > Fe ¥
° . =
OH + R,CHOH — H,0 + R,COH o 200p e “
<
R,COH + 0, ——» R,C(OH)-00" E
. + N —
R,C(OH)-00'+ Feaqz*i> Fe,®" + R,C(OH)-OOH E 1501
2
R,C(OH)-O0OH — R,C=0 + H,0, 2
. . N 2 100} . ]
required. The results of our extensive and detailed kinetics £ \\EL:/EOZ +H' = Fe " +H,0
O

experiments agreed well with those reported in the literature

and are briefly summarized below. 50 L
The reaction between 0.040.020 mM Fgf#* and 0.16- 0 5 10 15 20 25 30 35
0.20 mM Q followed pseudo-first-order kinetics with an Time /s
isosbestic point at 291 nm, eq 1. Figure 1. Conductivity changes observed in the reaction between 0.20
mM Fet and 9.7 mM HO; (bottom) and in self-decay of 0.18 mM
Fedq2+ +0,— FdVo?t + 0, 1) géﬁ)o:; F[iocbltg:naetdzg)écnj|xmg 0.20 mM Rg" and 0.25 mM @] (top) in
The disappearance of ozone dominated the absorbance changes 12
below 291 nm, and the formation of '#&?" was observed
above 291 nm, Figure S1 (Supporting Information). Global 10r
fitting of the kinetic data to thd A — B} model afforded a sl
series of pseudo-first-order rate constants, which varied linearly "o
with [O3] and yieldedk; = (8.30 + 0.10) x 10 M—1 s71. At 8 6l
longer times, an approximately exponential decay df G&" =
was detected above 300 nigy = 0.10 st at pH 1.0, eq 2. 4r

Solutions of F&O%* in D,O (7.6% H) at pD 1.0 were somewhat
more stable, with a decay rate constat= 0.040 s, yielding
a solvent kinetic isotope effect of 2.85. 0

-3
FE'O* (+ H) —Fe, " +,0,+,H0 (2 [EtOH)107 M
Figure 2. Plot of pseudo-first-order rate constants (circles) against the

In experiments using E&* (0.460-0.720 mM) in excess concentration of ethanol for the reaction witH'&@?*. Solid line represents
P 9 aé ( ) the fit to eq 6 forkes > 4 s™1. Simulated data (see text) are shown as

over G (0.023 mM), the disappearance of '¥@*" was  gigmonds. Conditions: [Ré*] = 0.10 mM, [Q} = 0.25 mM, [HCIQ] =
accompanied by hydrolysis of BfOH),Fe.",*° eqs 3 and 4. 0.10 M, [O)] = 0.4 mM, 25°C.

FVo? + F%qZJr —2 F%qH/Fed q(o|-|)2|:9aq4+ ©) 0.20 mM Fe#t and 9.7 mM HO; yielded the bottom trace in
Figure 1. This reaction is known to take place as in eq 5 and to

Fe {OH),Fe,, " +(2H)—2Fg " +2H,0 (4)  consume 1 equiv of Hfor each Fgf* oxidized. The nearly
identical amplitudes cleanly demonstrate the same overall

A global fit to the{ A — B — C} model affordedks = (4.33 consumption of proton equivalents in the two experiments. Since
+ 0.01) x 10* M~tslandks = 0.79 s (in 0.10 M HCIQy), both reactions 2 and 5 yield kg™ as a product, and they
Figure S2. consume the same number of hydrogen ions, the reactants must

A cursory study of the oxidation of several substrates with also have the same overall charge. We conclude that Fe(IV) in

O3 was carried out by monitoring the disappearance 9O 0.10 M HCIQ, bears a 2 charge.

260 nm. These single-point experiments utilized a large excess

of the substrate @30 mM) over Q (0.2 mM). The reactions Fedq2+ +0.5H,0,+ HY — Feaq3+ + H,0 (5)
were assumed to be first-order in each reagent, and second-

order rate constants were obtained by dividing the measured Kinetics of Substrate Oxidations by F& O2". The reaction
pseudo-first-order rate constants by the substrate concentrationshetween F&¥O?+ and ethanol utilized a large excess of ethanol,
The rate constants (ethanol, 0.59 M1 propionaldehyde, 5.9  0.50-3.8 mM. The pseudo-first-order disappearance ¢fG&
M~ s71; benzaldehyde, 9.7 M s7%; cyclobutanol, 2.1 M!? was observed above 300 nm inl s, followed by small
s™1) were several orders of magnitude smaller than those for absorbance changes %% of the total) in approximately 10
the reactions of these substrates withVBE&*. This rules out 20 s. We attribute the slower process to the combination of the
any interference from ozone in the'F@2*/substrate reactions  ethanol/Q reaction and hydrolysis of E§OH)Fe,(**. Global
under any conditions in this work. fitting of the data to th¢ A — B — C} model produced pseudo-

A series of stopped-flow conductivity measurements was first-order rate constants shown as a function of [EtOH] in
carried out to determine the number of proton equivalents Figure 2. The dependence is described by eq 6, wher.10
consumed during the F&?+ decay. The top trace in Figure 1  s71) is the rate constant for the %" decay in the absence
shows the decay of 0.18 mM F&?* (obtained by mixing 0.20 of ethanol. The slope, calculated only from the rate constants
mM Fet and 0.25 mM @). The control reaction between > 4 s (see Discussion) yieldeks = (2.51 + 0.08) x 1C°

J. AM. CHEM. SOC. = VOL. 126, NO. 42, 2004 13759
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Table 1. Summary of Observed Second-Order Rate Constants ks
for the Oxidations with FeVO?* 2

Table 2. Final Concentrations of Feaq®" and HyO; in Feaq? O3/
Substrate Reactions?

ks/ ksl

substrate M-tgtbe substrate M-tgtbe
CH;OH 5.72x 1® p-CH3—CgHs—CH,OH  1.50x 10*
CH,0Dd 5.72x 1®* p-CH30—-CgHs;~CH,OH 1.59x 10
CD3;OH 1.26x 1? cyclobutanol 3.13« 108
C;HsOH 251x 10° CH;O 7.72x 17
2.50x 10%¢ 4.00x 10°¢
(CHs),CHOH 3.22x 108 CHsCHO 2.85x 10*
(CD3),CHOH 3.07x 10®  CgHsCHO 2.07x 10¢
(CHs),CDOH 7.00x 1* EtO 4.74% 103
(CD3),CDOH 6.60x 10 THF 7.46x 10°
CH3CH(OH)CH,CH; 4.04x 10* HCOOH 1.60x 10%¢
(CHs)sCOH 6.0x 10 HCOO 3 x 10P¢
p-CR—CsH,—CH,OH 1.00x 100 CH;COOH 3.E
p-Br—C¢Hs;—CH,OH  1.41x 10* CgHsCOOH 8C¢
16
CHsCN 4.12

a2 Conditions: [Fe/"] = 0.10 mM, [Q] = 0.25 mM, [HCIQ] = 0.10
M, [O2] = 0.4 mM, 25°C. b Obtained from a global fit in the range 265
392 nm.¢ Uncertainty: +£10%.9 In D,0. ¢ Reference 20 Determined at
320 nm, [acetonef 4.5-9.0 mM.

M~1s™1 Although the uncertainty foks obtained from the fit

is £3%, the complexity of the system and the need to remove

the data at low [EtOH] suggest a more realistic errot-0%.
Kobs = Ko 1 Kg x [EtOH] (6)

Similar methodology was also used to determine kinetic

parameters for the rest of the substrates in Table 1. The kinetic

data and results of the global fit analysis for the oxidation of

propionaldehyde are shown in Figures S3 and S4 in the

Supporting Information.
Products and Stoichiometry.For alcohols, aldehydes, and

substrate [Fea® )M [H.0,)[um

methanol 59 2960

45

480

4204

460e
ethanol 40 3433
2-propanol 46 29369
THF 9 49
CH,O" 55 29
cyclobutanol 42 46330
PhCHOH 14 i
p-CR—Ph-CHOH 12 i
CHsCN b,j i
CHsCOCHs b,j i

aConditions: 0.125 mM Fgf™, 0.130 mM @, 45—-560 mM substrate,
0.10 M HCIQy, 0.4 mM @, 25 °C. » By phenanthroline test.In 0.026 M
HCIO4. 91In 0.195 M HCIQ. €In 93% D;O. fInitial rates method; see
Experimental Sectiorf. Titanium oxysulfate method; see Experimental
Section."In 0.156 M HCIQ,. i Not determined! Below detection limit.

the Fet/H,0; reaction is clearly the one responsible for the
slow formation of additional Fg*" in the above experiments.
Next, a series of experiments were carried out to quantitate
the yields of Fe2" and HO, in the reaction of PEO?" with
a number of substrates at nearly equimolar amounts gf Fe
(0.125 mM) and @(0.130 mM). The substrates used were, in
separate experiments, 0.560 M methanol, 0.126 M ethanol,
0.0452 M THF, 0.416 M formaldehyde, 0.0225 M benzyl
alcohol, 0.0162 Mp-CFs-benzyl alcohol, 1.28 M acetonitrile,
0.908 M acetone, or 0.102 M cyclobutanol. These particular
concentrations were chosen to make the rate of @%
consumption identical to that in the experiment with 2-propanol
described above. The amounts of.£e and HO,, determined
as described in the Experimental Section, are shown in Table

ethers as substrates, a slow reaction was detected by conven,

tional UV—vis spectrophotometry after all the'#&?* had been

The yields of Fg?" were largely unaffected by changing the

consumed. The absorbance of the mixture initially having 0.130 a¢ig concentration in the range 0.026.195 M HCIQ, or by

mM Os, 0.125 mM Fg#*, and 0.10 M 2-propanol was followed

replacing HO with D,O as solvent, Table 2.

at 240 nm. The initial absorbance reading, taken immediately The products of the reaction between cyclobutanol (4.16 mM

after the Qinjection, was consistent with only partial formation

in DO containing 3.2% H and 3.2% GDN) and F&O2"

of Fexd™ (~63%). Note that, at such high substrate concentra- (generated from 0.20 mM E@* and 0.20 mM @) were

tion, the reaction between 2-propanol an&/B2" is completed
in milliseconds. All the missing R¢" was formed in a

examined by'H NMR spectrometry. The main product was
cyclobutanone, 0.129 mM, as determined by its characteristic

subsequent slow biexponential step taking approximately 3000triplet at 3.02 ppm, Figure 3. Resonances from other possible
s, Figure S5. It is clear that the theoretical 1:1 stoichiometry products could not be observed in the presence of resicu@l H

for the reaction between k£" and Q is not obeyed in the
presence of organic substrates.

The immediate stoichiometry in the K& /Os/substrate
system was determined by making multiple injections @f O
stock solutions into a mixture of 0.125 mM f& and 0.56 M

and unreacted cyclobutanol.

In a parallel experiment, cyclobutanol was allowed to react
with 50 uM CragO?". In this case, no cyclobutanone was
detected. This result is consistent with our earlier ¥dithk
which the CgO?"/cyclobutanol reaction failed to generate

methanol or 0.126 M ethanol and taking absorbance readingsCrad®* and was concluded to take place by a one-electron,
at 240 nm. The direction of the absorbance change on the 3000hydrogen atom transfer mechanism.

s time scale was then used to determine which reagent was in

excess: an absorbance rise signaled excegs Kbeing slowly
oxidized to Fgs**), while an absorbance decrease indicated
excess @(slowly going away). Complete consumption of both
Fe?" and Q occurred at 1:2.4 (methanol) and 1:1.7 (ethanol)
ratios of Fg/* to ozone. The resulting solutions, containing
no leftover Fg/+ or ozone, were also analyzed fop®} with
titanium oxysulfate. The amounts found were 47 andufi

Discussion

The oxidation of cyclobutanol to cyclobutanone byVieg?+
is a straightforward demonstration of a two-electron process.
Literature precedents on the subject are clear. Only a single-
step, 2-e process will leave the ring intact while oxidizing the
alcohol to the ketoné2-32 We are not aware of any reports on

(28) Rocek, J.; Radkowsky, A. B. Am. Chem. Sod.973 95, 7123-7132.

for experiments with methanol and ethanol, respectively. Thus (29) Rocek, J.; Radkowsky, A. B. Org. Chem1973 38, 89—94.

13760 J. AM. CHEM. SOC. = VOL. 126, NO. 42, 2004
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Figure 3. H NMR spectrum of products generated from cyclobutanol (4.16
mM) and F&’O%* (0.20 mM Fgf* + 0.20 mM Q) in D,O (0.10 M DCIQ,
3.2% H, 3.2% CICN), at 25°C and 0.4 mM G.

Scheme 2
HOH —OH
T [r fast_ "N cHo —= products

ﬁzr"

1-e
—_—

the ring-opening kinetics, but the sequence of 1-e steps appear
to have produced ring-opened products in every case without

exceptior3-3% Scheme 2. On this basis we conclude that the
FevO?t/cyclobutanol reaction proceeds mostty70%) by a
2-e path, as judged by cyclobutanone yield.

Organic oxidation products for the rest of the substrates in

Table 1 are not mechanism-sensitive. Both 1-e and 2-e oxida-
tions produce aldehydes or ketones from the alcohols, carboxylic

acids from aldehydes, and so on. The stoichiometric information

embedded in inorganic products, on the other hand, allowed us
to distinguish between 1-e and 2-e paths and, in combination

with kinetic simulations, to quantify the proportions of each.

Specifically, hydrogen peroxide and organic peroxides result
from one-electron reactions involving radicals. The formation
of Fe,#" in the presence of high concentrations ofddd G,

S

Scheme 3

2e Fe?* + RR'C=0 + H,0

Fe'VO + RR'CHOH < o ?O'
le FelOH?* + RR'C'OH —> RR'COH

Case 1

oo —
2 RR'COH —O> RR'COH RR'COH — 2 RR'C=0 + H,0,
-2
Case 2
[e]0)

i .
(@ RRCOH —> RR'C=0+HO;

+Fe?*, H
IT> H0,

* OOH
(b) Q0 Fe?", H" I
RR'COH FT» RR'COH—>RR'C=0 + H,0,
-re

several orders of magnitude slower than any competing step,
leaving the Fg?t/Os reaction as the only realistic ozone-
consuming step. This reasoning was confirmed by kinetic
simulations described below.

R+ 0O0;— RO + 0, (7)

Our general working mechanism is shown in Scheme 3. The
initial branching between 1-electron and 2-electron paths
determines the ratio of products, for instance, ring-opened
products and Rg*' vs cyclobutanone and Egt in the
cyclobutanol reaction. The radicals are scavenged iy Qive
hydroxyalkyl peroxyl radicals. Those derived from methanol
and ethanol disproportionate rapigflyk > 108 M~1 s71)39.40
and give half an equivalent of hydroxyalkyl peroxide per radical,
as in Case 1 of Scheme 3. Other hydroxyalkyl peroxyl radicals
either eliminate H@/O,*~ (formaldehyde, 2-propandi};*?Case
2a, or react directly with Rg**,* Case 2b. As a result, 1 equiv
of Fex/" is oxidized to Fgd*, and 1 equiv of an organic
hydroxyalkyl hydroperoxide or hydrogen peroxide is generated.
Although hydroxyalkyl peroxides and hydroperoxides have been
reported to hydrolyze rather slowly in slightly acidic or neutral
solutions?*#° acid catalysis must be fast under our conditions
to produce free kD,.#6 The latter was identified unequivocally

or the corollary, the overall [)[Fe.f"] stoichiometric ratio o s
exceeding 1.0 in the presence of alcohols, aldehydes, and etherst,’y the titanium(lV) oxysulfate test, which is known to be

is indicative of a 2-e path. Importantly, this result cannot be (38) Howard, J. A. IfPeroxyl RadicalsAlfassi, Z. B., Ed.; Wiley: Chichester,

explained by any other known chemistry, such as, for example,
the consumption of @by hydroxyalkyl radicals, despite the
rate constants for reaction 7 exceeding M! s71.3% In the
presence of (typically) 0.4 mM ©which also reacts rapidly
with carbon-centered radicals,only a negligible fraction of

R* will react with the small amounts of ozone present. Similarly,
the direct reaction betweens@nd the organic substrates is

(30) Mucientes, A. E.; Gabaldon, R. E.; Poblete, F. J.; Villarreal]. Shys.
Org. Chem.2004 17, 236-240.

(31) Wang, Z.; Chandler, W. D.; Lee, D. Gan. J. Chem1998 76, 919-928.

(32) Wiberg, K. B.; Mukherjee, S. KI. Am. Chem. Sod974 96, 6647-6651.

(33) Meyer, K.; Rocek, JJ. Am. Chem. Sod.972 94, 1209-1201.

(34) Rocek, J.; Radkowsky, A. B. Am. Chem. So0d.968 90, 2986-2988.

(35) Lee, D. G.; Chen, TJ. Org. Chem1991, 56, 5341-5345.

(36) Sehested, K.; Holcman, J.; Bjergbakke, E.; Hart, B. Bhys. Cheml987,
91, 2359-2361.

(37) Neta, P.; Grodkowski, J.; Ross, A. B.Phys. Chem. Ref. Datt996 25,
709-1050.

1997; pp 283-334.

(39) Huie, R. E.; Clifton, C. LChem. Phys. Lettl993 205 163-167.
(40) Bothe, E.; Schuchmann, M. N.; Schulte-Frohlinde, D.; Von Sonntag, C.
Naturforsch., Teil BL983 38B, 212-219.
41) Bothe, E.; Behrens, G.; Schulte-Frohlinde,ZD Naturforsch., B: Anorg.
Chem., Org Chenll977 32B, 886—889.

) Bothe, E.; Schulte-Frohlinde, @. Naturforsch., B: Anorg. Chem., Org

)

)

—~

(42
Chem.198Q 35B, 1035-1039.

(43) Mansano-Weiss, C.; Cohen, H.; Meyerstein JDlnorg. Biochem2002

91, 199-204.

(44) Dowideit, P.; von Sonntag, @&Enwiron. Sci. Technol1998 32, 1112
11109.

(45) Zhou, X.; Lee, Y. NJ. Phys. Chem1992 96, 265-272.

(46) This was confirmed for hydroxymethyl hydroperoxide prepared by
equilibrating 0.10 M HO, and 0.46 M formaldehyde, 40, + CH,O ==
HOOCH:OH. The equilibrated solution was diluted 300-fold in a spectro-
photometric cell, TIO(S@) was injected, and the absorbance increase was
monitored at 408 nm. The rapid initial jump, corresponding to fre@1
was followed by a slower absorbance increase, which we interpret as the
hydrolysis of the hydroperoxide, pulled to completion byOATiO(SOy)
reaction. The rate constant fop®, dissociation in 0.10 M HCI@/0.01 M
H,SO, was 0.013 st, 2 orders of magnitude larger than the reported rate
constant at pH 4 (ref 45).
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Scheme 4 Table 3. Simulation Rate Constants for Scheme 42
(s1) Fey” + 03 = Fe'VO* + 0, reaction
no. CH30H CH,0 CHsOH  2-C3H;0H cyclobutanol® THF
2) Fey’ +Fel'O™ (+2H") - 2 Feog" s1 8.3E-05 8.3E-05 8.3E-05 8.3E-05 8.3E-05 8.3E-05
Noas . . s2 4.3E+04 4.3E-04 4.3E+04 4.3E04 4.3E+t04  4.3E+04
(s3) Fe"O" (+ H) - Fes + OH s3 2.5E-02 25E-02 2.5E-02 2.5E-02 2.5E-02 2.5E-02
s4 1.0B-07 1.0E+07 1.0E+07 1.0E+07 1.0E+07  1.0E+07
(s4) FYO™ + OH’ (+ H") — Fey’" + H0, s5 1.0E-04 1.0E+04 1.0E04 1.0EF04 1.0EF04 1.0EF04
_— ) . ) s6 2.0E-06 2.0E+06 2.0EF06 2.0E+06 2.0E+06  2.0E+06
(s5) Fe''0%" + Hy0, (+ H') = Fe,y + HO» s7 5.3EF02 4.0E+02 2.3E+03 1.7E+03 2.4E+03 7.5E+03
s8 6.3E-02 1.0E+03 1.8D+03 3.3D+03 4.9D+03  2.0E+03
(s6) FeVO?" + HO,' (+H') - Feyg' + 0y s9 1.5E+09 1.5E+09 1.5E+09 1.5E+09 1.5E-09  1.5E+09
s10 8.0B-07 1.0E+09 3.8E+08 5.8E+08 4.0E+03  3.8E-08
(s7) Fe'YO** + RCH,0H (+ HY) — Fe,®" + RC'H(OH) s11 42809 4.5E+09 4.6E+09 3.9E+09 3.8E-09  4.6E-09
s12 1.08-06 1.0EF06 1.0E+06 1.0EF06 1.0E+06 1.0E+06
(s8) Fe'YO? + RCH,0H — Fe,g™ + RCHO s13 9.78-08 8.0E+08 1.9E+09 1.9E-09 1.9E+09  4.0E+09
sl4 1.56-06 1.5E-06 1.5E+06 1.5E+06 1.5E+06  1.5E+06
(s9) RC°H(OH) + O3 — RCH(OH)O" + O, s15 1.08-01 1.0E+06 5.0E+01 6.6E+02 0.0E+00  5.0E+01
s16 1.2B-06 1.2E-06 1.2E+06 1.2E+06 1.2E+06  1.2E+06
(s10) RCH(OH) + Fe,*" — RCHO + Fe,g®" + H' s17 8.38-05 8.3E+05 8.3E+05 8.3E+05 8.3E+05  8.3E-05
s18 7.0B-08 1.0E+09 4.0E+08 5.5E+06 1.0E+06  4.0E-08
(s11) RC’H(OH) + 0, — RCH(OH)00" s19 1.0B8-06 1.0E+06 1.0E+06 1.0E+06 1.0E+06  1.0E+06
H,O; caled 31 31 40 37 40 56
(s12) RCH(OH)O*® + RCH,OH — RCHO + RC*H(OH) H,0,expt 26£29 29 33e34 3629 35e46 49
(s13) OH’+ RCH,OH — RCH(OH) + H,0 aUnits: s or M~1sL. Data from this work, refs 19,37,43,48, and Notre
. . " Dame Radiation Chemistry Data Center compilations, http://www.
(s14) RCH(OH)OO" + Feyg™ (+ H') = RCHO + Hy0; + Feaq rcdc.nd.edu/Solnkinl/. Rate” constants for one-electron and two-electron
reactions of F€O2* are highlighted in bold? Data forn-propyl andn-butyl
(s15) RCH(OH)OO® — RCHO + HO," radicals.c Calculated concentrationgl) of H,O, generated in reaction.
d Experimentally found concentrations 0§®b. Conditions: 12:M Fe,f",
(s16) HO;" + Fey”" (+ HY) = Hy0, + Fey™ 130uM Og, 45-560 mM substrate (see Results), 0.10 M HEI®4 mM
0Oy, 25 °C. € Titanium oxysulfate method.Initial rate method.
(s17) 2 HOz. — H,0,+ 0,
s18) 3 RCH(OH)00" — 2 RCHO + O + H;05 The closeness of the calculated and expe_rlmental yields of
H,0O, was then taken as a measure of the validity of the proposed
(s19) RCH(OH)O" + Fey®" (+ H') = RCHO + Feyg™* + H,0 mechanism. As seen in Table 3, the two sets of data agree to
within 20% for all the substrates, a precision that we consider
insensitive to organic peroxides and hydroperoxide¥he good in view of the large number of reactions.

reasonably good agreement between the results obtained by the Thea simulations of the overall stoichiometry of the,&#/

titanium method and the less peroxide-sp_eci_fi_c initial rate Os reaction in the presence of methanol and ethanol were also
method (Table 2) rules out the presence of significant amounts .4 ried out. The measured and predicted values agreed to within
of other peroxo species, which would increase the rate of g_gg,

disappearance of g€" and give a larger calculated concentra-
tion of H,O,. The method is however not precise enough to

rule out completely the presence of small amounts of hydro- g 7 .
peroxides pietely P y conditions in Figure 3, the NMR vyield of cyclobutanone was

The reactions used in kinetic simulations are summarized in 1294M. The simulations predict a reassuringly close value of

Scheme 4 and Table 3. Data are not available for the ring-openedll:smvl'.T.he difference is believed to be a good. measure of
cyclobutanol-derived (alkyl) radical. The rate constants shown the precision one can place on the branching ratios for all the
are those fom-propyl andn-butyl radicals, which are much substra_tes_ in Table 3. _
less reactive than the hydroxyalkyl radicals in reactions with ~ Qualitatively, most of the substrates examined here have
Fe, " (reaction s10). Also, the dissociation of HQreaction S|_m_|lar branching ratios, with the exception of acetone, aceto-
s15) from the alkylperoxyl radicals is slower than for hydroxy- Nitrile, and THF, which clearly prefer the one-electron path.
alkylperoxyl radicals. For reaction s14, the rate constant of 1.5 Similar pattern was observed before in the reactions with
x 10 M~1s T was chosen as the best value from a large number chromyl ions?? Like most other substrates, ethers reacted with
of similar rate constant§43The nearly constarisfor various ~ Clad0”" by @ 2-e mechanism, but the reaction was slower than
peroxyl radicals represents the substitution limit at the Fe(ll) those for other substrates of comparablerCbond strengths.
center. Reactions with acetone and acetonitrile were too slow to
The simulations were carried out for each substrate by Observe?

adjusting the rate constants for one-electron and two-electron Now that the reaction scheme has been established, the shape
processes until both the calculated pseudo-first-order rate of thekyssvs [S] plots, such as that in Figure 2, can be addressed.
constants for the disappearance ofVB8" and the yields of The higher slopes at low substrate concentrations have been
Fe, 2t matched the experimental values to within experimental reported previously for ethanol and formic &€idnd rational-
errors. ized by the reaction of © and F&'O?", eq 8-10. The step in

: eq 10, which doubles the rate of 'F@&*" consumption, is
238 \L,’g‘rfréghhg&egﬁé Eberle, S. Nom Wasse1 991 7&'2035%%} N important only at low substrate concentrations, i.e., when

Francis: London, 1987; pp 5P2. reaction 8 is slovf?

Scheme 4 and the calculated branching ratios are further
supported by the product data for cyclobutanol. Under the
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Fé'0* + HCOOH— Fe, " + CO,” +H,0  (8)
CO, +0,—CO,+ 0, (9)
0, + FéY0?" — products (10)

It is now clear that not only reaction 10 but also other side
reactions, especially those consuming or generating?Fe
(Schemes 3 and 4) will also have an impact on the overall
stoichiometry and precise kinetics of the disappearance of
FeVO?t in Feydt/Og/substrate reactions. The chemistry becomes

less complicated at higher substrate concentrations, because

FeVO?" is exhausted in reaction 8 before the side reactions
become important.

log(k )

log(k, )

Figure 4. Correlation of the reactivities of P2+ and excited state

Qualitatively, there is a correlation between the observed rate *U 0,2 toward organic substrates. Second-order rate constaatand

constants for substrate oxidations angt bond strengths of
the substrates, but the data for acetone and acetonitrile woul
fall well below the imaginary line through the rest of the data.

ky, are given for the following, from left to right: acetonitrile, acetone,

dmethanol, ethanol, 2-propanol, benzyl alcohol, propionaldehyde, and

benzaldehyde. Conditions: 0.10 M aqueous HCIBeVO?"); 0.6 M
aqueous BPOy (*U 4022, 25 °C. Data for *UkdO2" from refs 49-51.

Such deviations are not unexpected. Acetone and acetonitrile

typically react in hydrogen transfer reactions more slowly than
alcohols and ethers of comparable-8 bond energies. Rather
than plotting the data against a purely thermodynamic parameter

the data with those for other oxidants with established hydrogen
atom transfer mechanism$As shown in Figure 4, there exists

a linear correlation between the reactivities ofVi@#+ and
excited state *IO-%" toward organic substrates.

It may not be obvious why such a correlation should exist,
given that one oxidant (*U&") reacts by hydrogen atom
transfer, and the other (F©2"), by dual pathways with various
proportions of each for different substrates. The answer lies in
the specifics of both the chemistry and experimental conditions

such as the bond energy, it may be more instructive to correlate

Scheme 5
03 +Feyg" Fe, 0" Feyg(OH),2*
SlZe (or le) Sl le (or 2e)
Scheme 6
diffusion

FeVO* + CH;0H — [Fe,OH**,CH,0H] ——— Fe,,OH*" + CH,0H

1 et
, diffusion
[Feyg®", CHy0] ———— Fe,*" + CH,0

It is certainly possible for hydrogen atom and hydride transfer

(excess ozone; see Experimental Section and Table 1) for theto take place from the same transition state or intermediate. We

FeVO?" reactions. The kinetics are dominated by the one-
electron path, which removes '£©2* irreversibly. The two-
electron, catalytic chemistry does not contribute to the disap-
pearance of F¥O%", because the latter is rapidly regenerated
from Fet and excess ozone, making this path kinetically
invisible until most of the ozone is consumed. At that time, the
concentration of FEO?" has already been severely depleted
by the one-electron chemistry. Kinetic traces are largely
unaffected by the events taking place in the final stages of the
reaction.

Based on the kinetics data alone, previous studies concluded

that F&O2t oxidizes alcohols, ethers, and similar substrates

are, however, intrigued by the possibility that the source of
different products may be the occurrence of slightly different
reactions. For example, there may be more than one Fe(lV)
species in solution. A rapidly equilibrating mixture of two
species, each reacting by one or the other mechanism, could
produce the observed results. A simple adidse equilibrium
will not suffice, however, because the yields of.#é were
unaffected by pH. A more realistic possibility is shown in
Scheme 5, where the initially formed H©)?" undergoes
reversible hydration to RgOH),".

It is also possible that all the oxidations start out as hydrogen
atom abstraction reactions forming£¢ and carbon radicals

exclusively by hydrogen atom abstraction. We have now inside the solvent cage. The competition between cage escape
demonstrated the importance and, in some cases, even domiand second-electron transfer within the cage, Scheme 6, then
nance of two-electron chemistry that couples Fe(lV) to Fe(ll). determines the ratio of one-electron vs two-electron pathways.
Such chemistry is essential for iron-based catalysis, as the We rule out the possibility that different products arise from
intermediate 3- oxidation state cannot be easily reoxidized to the reactions at more than one site in the substrate, as is known
Fe(lV). We are currently exploring the effect of reaction to happen with OH radicaf8.FevO?* reacts much more slowly
conditions, substrates, and other variables on the 1-e/2-ethan HO and is expected to discriminate among various kinds
branching. of C—H bonds. An additional argument against the attack at
On the basis of the observed kie’s of 4.5 for the oxidation of more than one site is found in the oxidation of methanol, which
methanol and 4.6 for 2-propanol, see Table 1, we conclude thathas only one kind of €H bonds, yet both pathways operate.
the one-electron process probably takes place by hydrogen atom Finally, the assumed 2 charg@ for F€VO?* has been
transfer. The two-electron path could involve hydride transfer, confirmed in this study by conductivity measurements. The most
as observed previously for £O%*,2223 although the data are
insufficient for any detailed mechanistic conclusions.

(50) Mao, Y.; Bakac, AJ. Phys. Chem1996 100, 4219-4223.

(51) Wang, W.-D.; Bakac, A. Unpublished results.

(52) Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, AJBPhys.
)

Chem. Ref. Datd 988 17, 513-886.

(49) Wang, W.-D.; Bakac, A.; Espenson, J.IHorg. Chem1995 34, 6034—
6039. (53) Thompson, R. Clnorg. Chem.1986 25, 184—188.
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obvious species consistent with this charge afé@%, FeV- conductivity stopped-flow. This manuscript has been authored
(OH)?*, or a mixture of the two. The reportecKp of 2.0%° by lowa State University under Contract No. W-7405-ENG-82
would appear to tip the scale toward the dihydroxo form in with the U.S. Department of Energy.

equilibrium with the trihydroxo species, but the definite assign-

ment will have to await more spectroscopic data. Supporting Information Available: Examples of kinetic data
and results of the global fit analysis. This material is available
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