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N-Hydroxyphthalimide (NHPI) and its derivatives, such as 3-F-NHPI, 4-Me-N#Pacetoxyphthalimide,

and N,N-dihydroxypyromelitimide, were used as promoters with Co(QAealyst for the autoxidation of
p-xylene (pX) and other methyl arenes. All the promoters gave acceptable rates and yields of terephthalic
acid. The initial reaction rates, measured by the rate of oxygen uptake, were analyzed by a rate equation in
terms of [pX], [Co(I)], and [NHPI]. The metal cocatalysts Mn(ll) and Ce(lll) accelerated the reaction
significantly at millimolar concentrations. The reaction occurs by a chain mechanism that involves formation
of the phthalimideN-oxyl radical, PINO (that is, RNO*), which abstracts a hydrogen atom from the methyl
group ofp-xylene to form the carbon-centered radical ArCHh a stepwise fashion, the sequence progresses
through alcohol, aldehyde, and carboxylic acid; at each stagé] @bstraction by PINOis involved. A
significant kinetic isotope effect on the overall oxidation pkylene was foundyi(H)/»i(D) = 3.4. The

activity of the substituted NHPI promoters follows the order NHPB-F-NHPI > 4-Me-NHPI, which can

be interpreted in terms of kinetic stability of the corresponding PINO radical.

Introduction CHART 1: Structural Formulas of Substituted
N-Hydroxyphthalimides

The catalytic oxidation of hydrocarbons by molecular oxygen

. ) . . 4 0 0
is an important reaction for the production of commodity o)

chemicals;? such as terephthalic acid, which is used to NOH NobMe  HON NOH
manufacture poly(ethylene terephthalate), a polymer commonlyg!

made into fibers, resins, films, etc. The most widely used catalyst R2 O o] ) o]
package for the aerobic oxidation pfxylene (pX) to tere- -
phthalic acid combines Co(OAg)Mn(OAc), and HBr3-7 NHPL: R =R"=H

Bromide, whic_h corrodes expensive titanium reactors and formd; g \ppL: R = F,R*=H
CH3Br(g).f which can deplete the ozone layer, is, however, an

NAPI NDHPI

undesirable componeht? 4-Me-NHPL: R' = H, R* = Me
Recently, Ishii et at! have developed an efficient bromide- _ _
free catalyst package, which combines Co(QAand N- Experimental Section

hydroxyphthalimide (NHPI). This catalyst has been reported ©0  Reagents.The following materials were used as obtained
be highly efficient for the aerobic oxidation of organic com-  commercially without purification: cobalt(ll) acetate tetrahy-
pounds containing sufficiently reactive-®1 bonds, such as  qrate, glacial acetic acid, NHPI, manganese(ll) acetate, cerium-
alkanes? alkylbenzened,aromatic compounds containing ben- (Ill) acetate, pX, pXelio (99+% D), mxylene, pseudocumene,
zylic groups;*** and so on. The Co(OAgNHPI catalyst  gyrene, p-toluic acid, 4-methylphthalic anhydride, 3-fluo-
resembles the classical Co(OA#)Br combination that cata-  ophthalic anhydride, 1,2,4,5-benzenetetracarboxylic anhydride,
lyzes oxidation of hydrocarbons in the sense, that under hydroxylamine hydrochloride, and acetic anhydride.
oxidative conditions, NHPI is converted to PINQ.ike the The derivatives 4-Me-NHPI and 3-F-NHPLO were syn-
dibromide rad_icéPformed from the bromide-containing system, ihesized from the phthalic anhydrides and hydroxylamine
the PINO radical abstracts a hydrogen atom from-e+bond hydrochloride according to a literature procedtfr@he purity
of the substrate and propagates radical chain branching. of each product was checked Byl NMR, and the observed
The NHPI-based catalyst also offers the possibility that one values of the!H NMR parameters in DMS®@ agreed with
may be able to tune the catalyst performance by introducing those reported® Anal. Found (Calcd) for 4-Me-NHPI,
substituents on the aryl ring of the NHPI. In this study, we CgH,0sN: C, 60.19 (61.02); H, 3.89 (3.98); N, 8.28 (7.91).
describe the kinetics of autoxidation of pX catalyzed by the Anal. Found (Calcd) for 3-F-NHPH,0, GsHgFO4N: C, 48.21
combination of NHPI and Co(OAg)The promoters investigated  (48.25): H, 2.86 (3.04); N, 6.89 (7.03).
are shown in Chart 1. Kinetic studies have also been carried N-Acetoxyphthalimide, NAPI, was prepared by dissolving
out in the presence of metal cocatalysts Mn(ll) and Ce(lll) to NHPI (0.7 g, 4.2 mmol) in 10 mL of acetic anhydride and

define their mechanistic roles. continuously stirring the mixture for 4 h. The solution was
filtered to remove any insoluble NHPI, and the clear filtrate
* Corresponding author. was allowed to cool in the refrigerator, whereupon NAPI
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precipitated as white crystal3d NMR (6, HOAc-d,): 2.36 TABLE 1: Maximum Absorption Wavelengths and Molar
(CHa, s); 7.84 (2H, d); 7.9 (2H, d). Anal. Found (Calcd) for Absorptivities for PINO * in HOAc

Ci0H704N: C, 58.43 (58.54); 3.09 (3.44); N, 7.40 (6.83). radical Amax e
N,N-Dihydroxypyromelitimide, NDHPI, was prepared from 3-F-PINO 367 1.35

1,2,4,5-benzenetetracarboxylic anhydride and hydroxylamine PINO 380 1.36

hydrochloride. The latter (1.34 g, 19.2 mmol) angNE{(2.6 4-Me-PINO 397 1.31

mL, 19 mmol) were dissolved in 60 mL of ethanol. After the  ajits 16 L mol2 em-L.

solution had been stirred for 10 min, 1,2,4,5-benzenetetracar-

boxylic anhydride (2.18 g, 9.8 mmol) was added. The mixture full constitution of many metallic species has not been estab-
was refluxed for 8 h. As the reaction progressed, the clear |ished.) The formation of PINOis accompanied by a large
solution gradually changed to yellow and then dark red. The increase in absorbance in the vicinity of 380 nm. Values of the

resulting red solution was poured into ca. 100 mL @O The maximum wavelength and molar absorptivity are given in Table
product precipitated as a yellow powder, which was filtered and 1,

dried under vacuum. Yield: 52% NMR (6, CDsCN): 8.25 The absorbance changes for formation and decomposition of
(2H, br s, NQH); 8.15 (2H, s). Anal. Calcd for {gHsN2Og* these radicals were measured at 380 nm by-Wi¢ spectro-
2H,0: C, 42.2; H, 2.84; N, 9.89. Found: C, 42.2; H, 2.88; N, photometry, using Shimadzu UV-2101 and 2501 spectropho-
9.56. tometers. The absorbanegme data for the rapid formation

A solution of Co(OAc} in glacial acetic acid was prepared reaction were to fitted to pseudo-first-order kinetics, eq 2. The
by passing ozone through a freshly prepared solution of Co- subsequent self-decomposition step then set in, following
(OAc)»4H,0.1718 Excess ozone was purged from the solution second-order kinetics in accord with eq 3, wh¥reepresents
with a vigorous stream of argon. Cobalt(lll) acetate exists in absorbancek, the pseudo-first-order rate constant for PINO
acetic acid in a number of form8 but in these circumstances  formation,ky the second-order rate constant for self-decomposi-
the species is the hydroxo-bridged dimetallic Co(lll) complex tion, ande the molar absorptivity of PINO
known as Co(ll1},2° as confirmed by its characteristic JWis

spectrunt? Yo=Y, + (Yo — Yo)e " )
General Procedure.The progress of the autoxidation reac-

tions was monitored by the oxygen uptake method using a Yo — Y.,

manometric apparatus similar to the one described in the Y= Yot Yo — Y.)kile 3)

literature>22 The reactor, which contains an impeller to maintain
oxygen saturation of the solution, was thermostated atZ0
by means of a circulating water bath. Oxygen consumption was
measured by monitoring the decrease in volume, at a constant The overall oxidation of pX to terephthalic acid is given by

1 atm pressure of pure oxygen, in a buret connected to thethe stoichiometry

reactor. The apparatus is shown in the Supporting Information.

The initial reaction rates were calculated from the slope of the CeH4(CHy), + 30, —~ C4H,(COOH), + 2H,0  (4)

linear plots of the volume of oxygen consumption against time. _ _ o _

The oxidation products of some reactions were monitored Various partially oxidized forms of pX are produced during the
by HPLC, having calibrated the method with known compounds, COUrse of the complex free radlpal chain reaction. One can use
qualitatively and quantitatively. For these analyses, a«R0  the oxygen uptake rate to monitor the reaction progress, but a
aliquot was removed from the reactor at different times during c@utionary note is in order:-d[O]/dt = —3 d[pX]/dt only in
the reaction and diluted to 1 mL with 1:4 DMSO/@EN (v/ the.I|m|t in which the organic intermediates do_not accumulaf[e,
v). The diluted solution was then run through the HPLC column. Which has not proved to be the case. Despite the numerical
A Waters model 501 solvent delivery system, Waters 996 uncertainty so |ntroduce_d, we have chosen to tal_<e the oxygen
photodiode array detector, and Novapak .9 x 150 mm gptake rate as a convenient measure of the reaction rate. These
column were used for this method. A binary solvent of 50% intermediates may be 4-methylbenzyl alcofmtolualdehyde,
H,0/0.5% CHCOOH and 50% CKCN with a flow rate of 0.7 p-toluic acid, 4-carboxybenzyl alcohol, and 4-carboxyben-
mL/min was used in the isocratic mode. Identification of Zzaldeyde. _ o
oxidation products was performed by comparing the retention ~ OXidation of pX with NHPI as Promoter. A preliminary
time of the HPLC chromatogram peaks with those of authentic Study of the oxidation was carried out with 820 mM pX, 0.3
samples ofp-tolualdehyde p-toluic acid, 4-carboxybenzalde- MM NHPI, and 40 mM Co(OAg)in HOAc. The initial change
hyde, and terephthalic acid. Each peak in the HPLC chromato- in the volume of @ consumption was a linear function of time.
gram was properly integrated, and the actual concentration of The slope of the linear p!ot gives the initial reaction rate; when
each component was obtained from the precalibrated plot of converted to concentration units, = 61.3 x 10°° mol L™
peak area against concentration, as presented in Figure S1 i§ = s compared to 7.k 10°° mol L™t s7+22 with 10 mM

Results

the Supporting Information. NaBr in place of NHPI. Thus, the NHPI promoter is superior
Substituted PINO radicals were generated in glacial acetic ©© Promide. However, the NHPI-promoted reaction almost
acid by the oxidation of substituted NHPI with Co(L) stopped at ca. 1500 s, after consuming ca. 28 mL pfadich

amounts to the oxidation of only 7% of pX conversion to
. p-tolualdehyde; by way of comparison, the bromide-promoted
RoNOH + Co(OAC); — R;NO™ + Co(OAc), + HOAc (k) reaction resulted in ca. 1% pX oxidation in the same time. It
1) was noticed that the NHPI reaction stopped as the solution took
on a green color with a UMvis spectrum that matched that of
(In equations such as the one shown here, and others writtenCo(lll)s. Further addition of 0.4 mM NHPI immediately turned
subsequently, it is convenient to show stoichiometric formulas; the solution to a slightly darker pink color than that of the
ions are inappropriate in this low dielectric medium, and the starting Co(ll) solution. As shown in Figure 1, the reaction
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Figure 1. Volume of Q, consumed as a function of time in an
experiment with the following concentrations: 820 mM pX, 40 mM
Co(OAc), and (a) 0.3 mM or (b) an additional 0.4 mM NHPI at 70
°C in HOAc.
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Figure 2. Volume of G consumed as a function of time in an

experiment utilizing a syringe pump to introduce a 20 mM NHPI
solution at a flow rate of 0.82 mL/h. Other concentrations: 820 mM
pX and 40 mM Co(OAg)at 70°C in HOAc.

resumed withy; = 83 x 1075 mol L~ s71, but then stopped
again after consuming another 30 mL of & Co(llly again
accumulated. Starting with a higher concentration of NHPI at
the outset led to a reaction that stopped sooner.
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Figure 3. Dependence afi on the concentration of pX or p# under
the conditions 820 mM pX, 40 mM Co(OAg)and 0.4 mM [NHPI] at
70 °C in HOAc.

[NHPI], [Co(I)], and [pX]. From the series in which two of
the three concentrations were held constant, the reaction is
second-order with respect to both [Co(ll)] and [pX], Figures
S2 and S3, and first-order with respect to [NHPI], Figure S4.
Combining those observations, we start to write k[Co(ll)]?
[PX]4NHPI], but that did not fit the data.

A more elaborate form was used, which is actually in good
accord with the kinetic equations for the scheme put forth by
Zakharov?® This rate law, eq 5, wherk, k4, andky are the

o]

diO) _ _ 2klpX] + kfCo(ll)] + k,[NHPI]}*
t B

Ks

second-order rate constants for the reaction of the peroxyl radical
ArCH,OO with pX, Co(ll), and NHPI, respectively, is based
on the free radical chain mechanism described in the Discussion.
The second-order rate constant for the self-reaction of peroxyl
radical, which is the termination step, is designakted
Least-squares fitting of the 19 experimental data (Table S1)
to eq 5, withks fixed at 1.5x 108 L mol~1 s7124 gavek, = 9.4
+£19L molrts? ky=(2.5+0.1) x 10°L mol~* s, andky
= (7.1£0.3) x 13 L mol~1 st at 70°C. The experimental

®)

=V

From these results we concluded that small, continuous and fitted initial rates agree withis-18%. A comparison of

additions of NHPI might give better results. Thus, a syringe

experimental and fitted rates is given in Figure S5, which shows

pump was used to deliver the NHPI solution into the reactor to that the variations are random with respect to the concentration
test this idea. Two experiments were performed by injecting a variables.

stock NHPI solution (20 mM) into the reaction mixture
containing 820 mM pX and 40 mM Co(OAgcat 70°C, at flow

Kinetic Isotope Effects.The kinetic isotope effect (KIE) for
the autoxidation of pX was measured by performing an

rates of 0.39 and 0.82 mL/h. As long as the NHPI solution was experiment with 820 mM pXt, 40 mM Co(ll), and 0.4 mM

continuously added, in both cases the volume of s
consumed linearly as a function of time, withvalues of 26x
107%and 57x 107% M s, respectively. However, the reaction

NHPI. The result, as shown in Figure 3, yielded a significant
KIE value: »i(H)/»(D) = 3.4 £ 0.2, which accounts for a
hydrogen atom abstraction mechanism.

stopped when the syringe pump was turned off, but started again Different Substrates. Other methyl arenesyxylene, pseudoc-

when it was turned on. As shown in Figure 2, the reaction
continued even after consuming 160 mL of, @ total of 1.24

umene, and durene, were also studied with the Co(&NE)PI
combination, with 820 mM substrate, 40 mM Co(OAcnd

mM NHPI having then been added. Without use of the syringe 0.4 mM NHPI. The initial reaction rates increased with the

pump, the reaction stopped after consuming only 45 mL©f O number of methyl groups. The results are summarized in Table

when the 1.24 mM NHPI had been used. 2. The rate differences are rather small, but perhaps the increase
Kinetics. Interestingly, at the low concentrations of Co(ll), follows the order of the bond dissociation energies of theHC

the reaction continued for a longer time, even without use of a bonds, which decreases fromkxylene to durene.

syringe pump. An experiment under the conditions of 5 mM
Co(OAC), 5 mM NHPI, and 820 mM pX at 70C consumed
275 mL of & in 2.5 h, which amounts to ca. 70% oxidation of

Oxidation of p-Toluic Acid. The intermediate product of
the oxidation of pX with the Co(Il)/NHPI catalyst is-toluic
acid. Once one methyl group of pX has been oxidized, the other

pX to p-tolualdehyde. A series of such experiments was carried methyl group is deactivated by the electron-withdrawing effect

out, varying the concentrations of NHPI, Co(ll), and pX in the
ranges 1.67.9 mM, 5-25 mM, and 0.2-4.0 M, respectively.

of the —CO;H group. Thus, the application of a catalyst in the
manufacture of terephthalic acid depends on its effectiveness

Table S1 shows the dependence of the initial reaction rates onto oxidize p-toluic acid. To explore this furthep-toluic acid
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TABLE 2: Initial Rates of Oxygen Uptake for the
Autoxidation of 820 mM Methylarene, Catalyzed by 40 mM
Co(OAc), and 0.4 mM NHPI at 70 °C in HOAc

substrate  y? vi/nP substrate 72 v1/nP
m-xylene 67 11 pseudocumene 93 16
p-xylene 83 14 durene 98 8.2

aUnits 10°® M s7%; b = number of aliphatic hydrogen atoms (taken
as 6 for pseudocumene).

TABLE 3: Comparison of the Initial Rates of O,
Consumption Obtained from the NHPI- and
Bromide-Promoted Autoxidation of pX under the Conditions
820 mM pX and 40 mM Co(OAc), at 70 °C in HOAc

promoter (mM) ;2
NHPI (0.4) 20
Br~ (10) 1.9

aUnits 10 M s

80
‘_'w 60 el
|
©
£ 40
©
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\>._ 0} o
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0 1.2 24 36
[Metal Co-catalyst]/mM

Figure 4. Dependence of the initial rates;( of O, uptake for the
Co(Il)/NHPI-catalyzed autoxidation of pX on metal cocatalysts at 70
°C in HOAc.

was directly oxidized with the Co(OAgNHPI catalyst. A
reaction with 820 mM substrate, 40 mM Co(OAcand 0.4
mM NHPI resulted iny; = 20 x 1076 mol L~ s%. The same
experiment with 10 mM NaBr in place of NHPI hag= 1.9

x 1076 mol L1 s71.22 Thus, the efficiency of the NHPI-
promoted oxidation ofp-toluic acid is better than that of the
bromide-promoted oxidation (Table 3).

Kinetic Effects of Metal Cocatalysts.The effectiveness of
the Co(OAc)/NHPI catalyst was studied in the presence of a
cocatalyst. Mn(OAg) Ce(OAc), and Zr(IV) (as a solution of
zirconyl chloride in acetic acid) are known to accelerate
reactions in which bromid@26and bromoanthraceffeare used

Saha et al.

[Terephthalic acid] / mM
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Figure 5. Yields of terephthalic acid formed from the autoxidation of
100 mM pX with the Co(OAg) catalyst, NHPI promoters, and metal
cocatalysts, 0.3 mM Mn(OAg)or 0.15 mM Ce(OAg at 70°C in

HOAc.

80% p-toluic acid in less than 1 h. The subsequent oxidation of
p-toluic acid led to the formation of 4-carboxybenzaldehyde and
then terephthalic acid. The formation of intermediate oxidation
products and terephthalic acid as a function of time is shown
in Figure S6. Figure 5 compares the yield of the final product,
terephthalic acid, for different catalysts.

Figure 5 illustrates a number of interesting features. First,
the Co(Il)/Mn(I1)/NHPI catalyst is more efficient than the Co-
(IN/Ce(l1)/NHPI catalyst in terms of yield of terephthalic acid.
Second, the rate of formation of terephthalic acid with the
unsubstituted NHPI is more effective than with the substituted
one, the activity order being NHP 3-F-NHPI1> 4-Me-NHPI.
Under comparable conditions, an experiment wittoluic acid
as a starting substrate afforded a yield of 92% terephthalic acid
in 3.5 h. Thep-toluic acid oxidation, however, proceeded
smoothly with the addition of 5 mM NHPI in one portion at
the beginning of the reaction.

As mentioned above, pX oxidation stopped after-%2%
of total reaction with the combination of 5 mM substituted
NHPI, 5 mM Co(ll), and 0.3 mM Mn(ll); it was therefore
necessary to add more NHPI to complete the oxidation. Starting
the reaction with the total amount of NHPI (10 mM) in one
portion did not improve the yield either, except that the initial
rate of @ consumption was higher. Cessation of the reaction
after 42-50% may be due to the decomposition of NHPI.
Decomposition of NHPI occurs rapidly during the oxidation of
p-tolualdehyde tgo-toluic acid, concurrently with the buildup
of the green color of Co(ll}) If the total quantity of NHPI used
can be reduced by a simple modification, the present oxidation

to promote oxidation in a manner that shows strongly synergistic would be more desirable. In such efforts, the oxidation of pX

rate enhancements. The synergistic effects of Mn(Q&ad
Ce(OAc) with the NHPI promoter are also quite significant.

was carried out with NAPI instead of NHPI. Under comparable
conditions and at 70C, the reaction with NAPI was extremely

Experiments were performed at varying concentrations of metal slow, particularly in the first 20 h. However, complete oxidation

cocatalysts, in the range of 6:2.0 mM for Mn(OAc) and
0.1-3.0 mM for Ce(OAcy, with fixed concentrations of Co-
(OAcC),; (5 mM), NHPI (1.0 mM), and pX (820 mM). The results

to terephthalic acid was found using the NAPI in one portion
at the beginning, without buildup of Co(lil)Moreover, the
mother liquor of the first run was equally active for the second

are shown in Figure 4 and Table S2. In each case the rate attainsun, and was able to catalyze the oxidation of another 100 mM
a maximum value at a particular concentration of cocatalyst pX. The first and second runs produced 98% and 95%

and then declines slowly. One experiment with 10 mM Zr(IV)
showed no effect on the reaction rate.

Product Identification. HPLC determinations were per-
formed on reactions starting with 100 mM pX, 5 mM Co(O#Ac)
5 mM promoter, and the optimum concentration of Mn(OAc)
(0.3 mM) or Ce(OAc) (0.15 mM). However, all reactions came
to a halt after 42-50% of total oxidation due to decomposition
of NHPI, which therefore was added at% mM concentration
in one or two further portions. HPLC monitoring indicated that
p-tolualdehyde was formed in the early stage, followed by 70

terephthalic acid in 70 and 74 h, respectively (Figure 6), the
balance being-toluic acid and 4-carboxybenzaldehyde.
NDHPI Promoter. This promoter contains two hydroxyimide
moieties on the benzene ring. Therefore, we anticipated that it
might be more active. Under comparable conditions 100 mM
pX, 5 mM Co(ll), 5 mM NDHPI, and 0.3 mM Mn(ll) at 70C
in HOAc, the beneficial effect of NDHPI was immediately
realized from the initial reaction rate measuremept 105 x
10¢mol L~1 s71, 33% higher than that of the NHPI-promoted
oxidation. With a total of 6.5 mM NDHPI, the vyield of
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Figure 6. Yields of terephthalic acid (solid bar) angtoluic acid
(hatched bar) formed from the autoxidation of pX with 5 mM Co-
(OACc),, 0.3 mM Mn(OAc), and 10 mM NAPI in both experiments at
70 °C in HOACc.

terephthalic acid was 85% in 4 h. As shown in Figure S6, the
same reaction with the NHPI promoter required 10 mM NHPI
to produce 85% terephthalic acid in 4 h. The beneficial effect
of NDHPI has also been reported for the oxidation of nitro-
toluenes”

Discussion

Ishii et al. have reported a mechanism for the Co(ll)/NHPI-
catalyzed oxidation of methyl aren¥slt has been amply
demonstrated that the metal-catalyzed autoxidations of methyl
arenes are free radical chain reactiéh%:28The initiator is the
small concentration of an aralkyl hydroperoxide that is inevitably
present in the hydrocarbon. The initiation step generates two
reactive species, cobalt(lll) and aralkoxyl radicals:

ArCH,COOH+ Co(OAc), + HOAc —
ArCH,0O" + Cd"(OAc); + H,0 (6)

The highly reactive ArChLID* then reacts with pX (here, ArGj
to form an aralkyl radical:

ArCH,O" + ArCH, — ArCH,OH + ArCH,"  (7)

As mentioned above, the aralkyl radical can also be formed in
the following pair of reactions:

Co(OAc), + R,NOH — Co(OAc), + R,NO" + HOAc (8)

©)

The subsequent oxygenation of Ar@gldroduces the important
alkylperoxyl radical:

R,NO" + ArCH,— R,NOH + ArCH,"

ArCH,’ + O, —~ ArCH,00O' (10)

To justify the occurrence of reaction 8, independent studies
of the reduction of Co(llgwith NHPI were carried out in HOAc
at variable temperatures. PIN®@as formed quite rapidly, with
ty2 = 33 s for a reaction between 0.3 mM Co(l§nd 2.0 mM
NHPI at 15°C (Figure S7). The reaction between pX and PINO
eq 9, exhibits a large KIE valu&y/kp = 25.0 at 25°C.2° Thus,
the hydrogen abstraction in reaction 9 can be justified. Under
the present catalytic condition, the KIE#gH)/vi(D) = 3.4+
0.2, which indicates that the catalytic cycle also involves
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hydrogen abstraction, likely by the contributions from reactions
11 and 13, as given later.

The peroxyl radical formed from reaction 10 reacts with
ArCHs; and Co(ll) to propagate and branch the radical chain
reactions (egs 11 and 12928 and a single peroxyl radical
becomes three, by a sequence of pathways:

ArCH,00" + ArCH; — ArCH,O0H+ ArCH," (k,) (11)

ArCH,00" + Co(OAc), + HOAc —
ArCH,O0H + Co(OAc), (k,) (12)

The peroxyl radical can also abstract a hydrogen atom from
the NHPI and participate in the chain-branching reactions:

ArCH,00" + R,NOH — ArCH,00H + R,NO" (k) (13)

The chain termination step is the self-reaction of the peroxyl
radical by the Russell mechanisth:

2ArCH,00" — ArCHO + ArCH,OH + O, (k) (14)

When the rates of chain branching and termination become
equal, the concentration of the peroxyl radical and the steady-
state oxidation rate can be expressed by eqs 15 and 16,
respectively.

_ ArCH ] + k[Co(Il)] + k [NHPI]

[ArCH, 007, = < (15)
diO] _ _ 2{klArCH] + k,[Co(Il)] + k[NHPI]}?
a7 K
(16)

Recently, Amorati et ai! reported the value dfy as 7.2x
10 L mol~1 s71 at 30°C in benzene for the autoxidation of
cumene catalyzed by NHPI and 2gzobis(2,4-dimethylvale-
ronitrile). The G-H BDE of NHPI in polar solvents is higher
than that in non-hydrogen-bonding solvents such as berfzéhe.
Therefore, the ©H BDE of NHPI can be expected to be larger
in HOAc than in benzene; thuky at 70°C in HOAc seems
reasonable. Zakharov et al. reported valuds ef 4.5 L mol?®
slandk, = 7.2 x 1% L mol~! s for the Co(ll)/bromide-
catalyzed autoxidation of pX at 7 .24 Thus, our values of,
andk, are not in exact agreement, but each is within a factor of
2—3. The source of disagreement may be related to the
accumulation of experimental error, with 3 parameters being
determined from 14 data points.

As noted above, NHPI decomposition occurred during pX
oxidation, particularly when ©was being consumed rapidly,
indicative of a fast chain reaction. Consequently, PilQlso
being formed quite rapidly, and it may suffer partial self-
decomposition (Figure 7), in parallel with its involvement in
the oxidation of substrates. Owing to the gradual decomposition
of PINC, the catalytic cycles become slower. Hence, the
monomeric Co(lll) generated in the chain reaction cannot reenter
the catalytic cycle as efficiently given the net loss of NHPI.
Thus, monomeric Co(lll) gradually accumulates in the solution
and then forms Co(II)!° Once fresh NHPI has been added,
PINC is again generated in the reaction between Cq(dhd
NHPI, and the catalytic cycle resumes.

Metal Cocatalysts.The roles of the redox-active metals Mn-
(1) and Ce(lll) can be explained by their participation in the
chain-branching mechanism, Scheme 1, similar to the one
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Figure 7. Decomposition of PINO radical generated from Cogldnd
NHPI at 60°C in HOACc. Inset: Inks/T) versus 10007, giving AH* =

40.74 0.6 kJ mot! andAS = —1094+ 2 J K- mol-%. ky = second-
order rate constant for self-decomposition of PINO

SCHEME 1: Chain Branching of Peroxyl Radicals in
the Autoxidation of pX with Co(Il)/NHPI

ArCH,00 ArCH,00H ArCHZO'—> ArCH00
>—-< >—< ArCHj, O,
Co(II)
RzNO . RZNOH R2NO . RZNOH
ArCH; ArCH, ArCH, ArCH;
0, ¢ 0,
ArCH,00" ArCH,00°
SCHEME 2: Inhibition of Chain Branching by Excess
Mn(l1)
branching
—— > 3 ArCH,00¢
ArCH,00¢ +Mn" == [ArCH,00~Mn'"] —
excess M
— » ArCH,00-

reported for the Co(ll)/Mn(ll)/bromide-catalyzed oxidation of
pX.18 The second-order rate constant for the step AQEr
+ Mn(ll) is 10° times faster than the corresponding reaction
with Co(l1).2* This can be explained by the lower reduction
potentials of metal cocatalysts, 1.54 V for Mn(lll/Il) and 1.61
V for Ce(IV/IIl), compared with Co(lll/ll) (2.0 V)3* Thus, in
the presence of Mn(ll) or Ce(lll) step A of Scheme 1 becomes
very fast, leading to rapid chain branching. Hence, AsOBr
is formed quickly. Step A with Mn(ll) involves formation of
an intermediate ion pair, ArG@O-Mn'' 24 As shown in
Scheme 2, the ion pair reacts with excess Mn(ll), resulting in
one ArCHOO instead of three. Therefore, the rate passes
through a maximum at an optimal Mn(ll) concentration.
Substituted NHPI Promoters. From Figure 5, the activities
of substituted NHPI follow the order NHP+ 3-F-NHPI >
4-Me-NHPI. Wentzel et al reported the Co(ll)/NHPI-catalyzed

autoxidation of ethylbenzene. They suggested that 3-F-NHPI
is most active, particularly at the initial stage of the reaction. Y

Saha et al.

Co(lll) oxidation and its subsequent decomposition were
determined. The results are as follows: (i) the formation of
unsubstituted PINGis faster than that of 4-Me-PIN¢Xii) the
decomposition of unsubstituted PINGs slower than its
substituted analogues, increasing in the order PINCB-F-
PINO < 4-Me-PINO. Thus, it can be concluded that the kinetic
stability, and hence the available concentration of each type of
PINO for the reaction with pX, follows the order PINO-
3-F-PINO > 4-Me-PINO. This combination of reactivities
explains our observed activity order.

The NAPI-promoted oxidation of pX is slower than that with
NHPI, but NAPI remained active even after recycling. This can
be explained by gradual hydrolysis of NAPI to the active form
of promoter, NHPI, utilizing the water resulting from the
oxidation. Therefore, NAPI is resistant to the rapid decomposi-
tion at an early stage of the reaction when the chain reaction
takes place rapidly.
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